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v

 Hematopoietic stem cells have been introduced to treatment of more than 40 diseases and 
are being used successfully, thanks to the developments in molecular techniques and bio-
technology. Recognition of the histocompatibility complex and development of immuno-
suppressive drugs constitute the major steps leading to almost 50,000 transplants worldwide 
every year. However perfect donor–recipient matching requires typing at non-HLA loci and 
natural killer cell receptors too. The purpose of this book when published in 2007 was to 
gather molecular methods related to stem cell transplantation from hematopoietic stem cell 
molecular profi ling to in vivo tracking, donor–recipient matching and post-transplant moni-
torization as well from molecular genetics to proteomics under one roof. In the following 
years, stem cells have become the core of regenerative medicine, and the scope of stem cell 
transplantation has expanded from transplantation of hematopoietic stem cells to transplan-
tation of progenitors of many non-hematopoietic tissues, i.e., neurons, myocardium, bone, 
and cartilage. Furthermore today, differentiated cells can be de-differentiated to behave as 
embryonic stem cells. In this era, there is a need to update the fi rst edition. Thus we have 
revised the continuously evolving transplantation immunology methods on HLA, minor-
HLA, and Killer Immunoglobulin-Like Receptor Typing. In addition, new chapters on 
immunophenotyping and functional characterization of stem cells are included. Suffi ce to 
say, the authors are eminent experts in this fi eld and we are grateful for their most valuable 
contributions. Also I need to acknowledge the editorial assistance of Dr. Pinar Yurdakul. 

 This book may serve as a guide in the application of molecular methods for routine or 
investigational purposes. As spoken by M. K. Atatürk 80 years ago in Ankara “The truest 
guide in life is Science.” We hope that the book will be a reference for scientists who are 
planning to start or are already advanced in stem cell transplantation studies. Every effort 
towards optimal use of stem cells will bring hope to patients who are in desperate need.  

    Ankara ,  Turkey       Meral     Beksaç      

  Pref ace   
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    Chapter 1   

 Reporter Gene Technologies for Imaging Cell Fates 
in Hematopoiesis 

           Sophie     Kusy     and     Christopher     H.     Contag    

    Abstract 

   Advances in noninvasive imaging technologies that allow for in vivo dynamic monitoring of cells and 
 cellular function in living research subjects have revealed new insights into cell biology in the context of 
intact organs and their native environment. In the fi eld of hematopoiesis and stem cell research, studies 
of cell traffi cking involved in injury repair and hematopoietic engraftment have made great progress using 
these new tools. Stem cells present unique challenges for imaging since after transplantation, they prolifer-
ate dramatically and differentiate. Therefore, the imaging modality used needs to have a large dynamic 
range, and the genetic regulatory elements used need to be stably expressed during differentiation. 
Multiple imaging technologies using different modalities are available, and each varies in sensitivity, ease of 
data acquisition, signal to noise ratios (SNR), substrate availability, and other parameters that affect utility 
for monitoring cell fates and function. For a given application, there may be several different approaches 
that can be used. For mouse models, clinically validated technologies such as magnetic resonance imaging 
(MRI) and positron emission tomography (PET) have been joined by optical imaging techniques such as 
in vivo bioluminescence imaging (BLI) and fl uorescence imaging (FLI), and all have been used to monitor 
bone marrow and stem cells after transplantation into mice. Photoacoustic imaging that utilizes the sound 
created by the thermal expansion of absorbed light to generate an image best represents hybrid technolo-
gies. Each modality requires that the cells of interest be marked with a genetic reporter that acts as a label 
making them uniquely visible using that technology. For each modality, there are several labels to choose 
from. Multiple methods for applying these different labels are available. This chapter provides an overview 
of the imaging technologies and commonly used labels for each, as well as detailed protocols for gene 
delivery into hematopoietic cells for the purposes of applying these specifi c labels to cell traffi cking. The goal 
of this chapter is to provide adequate background information to allow the design and implementation of 
an experimental system for in vivo imaging in mice.  

  Key words     Molecular imaging  ,   Hematopoiesis  ,   Bioluminescence  ,   Reporter genes  ,   Transcription  , 
  Biophotonic imaging  

1      Introduction 

 In vivo imaging of labeled transplanted cells has made it possible to 
observe cell movement and to visualize cell function over time in 
the intact animal. Previous techniques have required sacrifi cing 
animals in order to analyze specifi c tissues and tissue compartments 
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of interest for the presence of the rare labeled cells. Although these 
sorts of analyses certainly have yielded valuable information, their 
two major limitations are (1) each animal can only be analyzed at a 
single time point and (2) tissues of interest must be preselected 
such that potentially informative data on cell traffi cking in other 
regions is lost. Alternatively, biopsies can be taken to address the 
fi rst limitation; however, the second limitation remains. Sampling 
limitations exist for all ex vivo assays, and the lack of temporal 
information can introduce biases into a study. Therefore, a number 
of investigators have been developing and advancing novel nonin-
vasive imaging approaches that can be performed repeatedly in a 
given animal over time. The use of such approaches in our group 
has revealed features of biological processes that were unexpected 
including the apparent tropism of  Listeria monocytogenes  to the 
lumen of the gall bladder, an otherwise sterile environment [ 1 ]; 
the restriction of which malignant cells metastasize and the unique 
sites of metastasis [ 2 ]; and the dynamic nature of hematopoietic 
reconstitution during the earliest stages after stem cell transplanta-
tion (Figs.  1  and  2 ) [ 3 ]. In the stem cell studies, it was observed 
that transplantation of a single hematopoietic stem cell would 
result in a single focus of engraftment and expansion; however, 
some of these foci led to reconstitution and others did not (Fig.  2 ). 
These types of discoveries are only possible because of the ability to 
make longitudinal observations of the whole mouse after the trans-
fer of labeled cells.

    A number of powerful imaging techniques have been described 
and are now being used to understand when, where, and which 
cells move, in many different mouse models of human biology 
and disease, and what cells do under a given set of circumstances. 
Imaging has been applied to the study of injury repair, infectious 
processes, host response to infection, hematopoietic reconstitu-
tion, tumor vascularization, response to chemotherapy, and anti-
tumor immune response. This chapter will focus on the labeling 
and imaging of murine bone marrow cells for the purpose of 
transplantation and analysis using in vivo imaging technologies. 
These types of studies can serve as a demonstration of how imag-
ing can improve the study of biology and reveal the nuances of 
complex biological processes and the subtlety of therapeutic 
responses. 

  Several imaging modalities have been used for the investigation of 
stem cell fates and function, and a number of useful tools have 
been developed by each of these [ 4 ]. The ideal imaging modality is 
the one that has excellent spatial resolution and cell detection sen-
sitivity, can guide the delivery of cells, and can serially follow stem 
cells and their fates and function. Currently, no such imaging 
modality exists. An appropriate imaging modality therefore needs 
to be selected based on the question that is being asked and the 

1.1  Imaging 
Modalities

Sophie Kusy and Christopher H. Contag
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nature of the study. For example, is the objective of the study to 
image the delivery and short-term homing of stem cell or to per-
form a long-term monitoring of stem cells viability? Other consid-
eration, will this approach only be used in animal models or is there 
a need to extend this to human studies? Images of bone marrow 
and immune cell traffi cking have been obtained by magnetic 

  Fig. 1    Location of bioluminescent foci following transplantation of transgenic luc+ hematopoietic stem cells. 
Foci were apparent in individual animals at anatomic sites corresponding to the location of the spleen, skull, 
vertebrae, femurs, and sternum ( a – e , respectively) at 6–9 days after transfer. The patterns of engraftment 
were dynamic with formation and expansion or formation and loss of the bioluminescent foci. One recipient of 
250 HSCs that was monitored over time is shown ( second row  ). In this animal, two initial foci were apparent 
on day 6. By day 9, one was no longer detectable and another remained at nearly the same intensity as on day 
6. New foci were apparent on day 9, and then the intensity at these sites weakened or disappeared by day 11. 
Pseudo- colored images refl ecting optical signal intensity are overlaid upon a gray scale reference image of the 
animal. (Reproduced from Ref. [ 3 ], with permission)       
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 resonance imaging (MRI), positron emission tomography (PET), 
and single-photon emission computed tomography (SPECT) [ 5 – 8 ]. 
Each of these is used clinically for diagnostic applications and could 
be used for stem cell tracking and function. The availability of spe-
cialized MRI, PET, and SPECT scanners for small animal imaging 
has increased dramatically as well as the performance and capabili-
ties of these tools. Their increased use in animal models will likely 

  Fig. 2    Temporal analyses of hematopoiesis following single cell transplants. These mice demonstrate the 
 variability in contribution to reconstitution that was observed following the establishment of initial foci of hema-
topoietic engraftment after transplantation of single transgenic luc+ hematopoietic stem cells. Pseudo- colored 
images refl ecting optical signal intensity are overlaid upon a gray scale reference image of the animal. 
(Reproduced from Ref. [ 3 ], with permission)       
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lead to translational approaches, and they hold great promise for 
advances in a number of fi elds where there are clinical needs. 
In vivo bioluminescence (BLI) and fl uorescence imaging have 
their greatest application in the study of small animal models and 
have been used to assess the traffi cking patterns of cells in vivo [ 1 , 
 3 ,  9 ]. There are a number of additional optical imaging approaches 
that have been developed for sensing and imaging in the living 
body, including diffuse optical tomography (DOT) and optical 
coherence tomography (OCT), but only in vivo BLI and fl uores-
cence have been used to study long-term cell traffi cking patterns, 
and these are amenable to reporter gene approaches. Despite the 
strengths of each of the available imaging modalities, the relatively 
greater accessibility, ease of use, and throughput capabilities have 
contributed greatly to the widespread use of BLI for animal stud-
ies. BLI is now routinely used as an initial step in the development 
of novel cell transfer protocols, and once the effi cacy of the proto-
col is established, the BLI data serve as a guide for its adaptation 
into the clinic. Clinically, however, useful imaging modalities do not 
typically include optical imaging approaches. 

 One strategy for MR imaging of transplanted cells is based on 
the concept of the imaging of highly magnetic particles, named 
super paramagnetic iron oxide (SPIOs). In a direct labeling strat-
egy, SPIOs are incorporated into the cells prior to transplantation 
to the living subject, and MRI is performed. This technique uses 
magnetic fi elds and radio frequency pulses to induce and measure 
signals from hydrogen atoms in the body. The image resolution 
is excellent in animal and human subjects, but the sensitivity to 
molecular changes is in the micromolar range and may not be sen-
sitive enough to detect low signal levels from small numbers of 
cells [ 10 ]. MRI can be used to label stem cells for their localization 
immediately after delivery [ 11 ], but it is not well suited for long- 
term stem cell monitoring due to the dilution of the label through 
cell division and retention of magnetic particles in cells of the 
 reticuloendothelial system [ 10 ]. That is, the particles may not 
stay in the transplanted cells over time but rather be taken up by 
macrophages [ 12 ]. 

 PET and SPECT imaging can be performed on cells after the 
direct introduction of a radiolabel into the cells prior to transplan-
tation. Recently, these techniques have been applied to the labeling 
of stem cells, using different isotopes (e.g.,  18 F-Fluoro-Dexyglucose 
( 18 F-FDG) for PET,  111 In for SPECT) [ 13 – 16 ]. Use of isotopes 
like  18 F-FDG may allow tracking of cells for 6–8 h after transplan-
tation, while use of  111 In may allow cell tracking longer periods of 
time (up to 14 days). One of the major advantages of SPECT and 
PET imaging is their high sensitivity (nano- and femto-molar, 
respectively), which permits the detection of relatively low amounts 
of signal [ 17 – 19 ]. However, SPECT and PET have relatively low 
spatial resolution, which may be a relative disadvantage for signal 
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localization. The recent development of integrated PET-computed 
tomography (CT) and SPECT-CT provides a better anatomical 
guide for the location of the detected signal [ 20 ,  21 ]. The use of 
PET- and SPECT-based reporter genes ( see  Table  1 ) may compen-
sate for the short half-lives of the isotope used for imaging, and the 
development of reporter genes is an area of intense investigation.

   Whole-body imaging using bioluminescence and fl uorescence is 
possible for small animal models of human physiology and disease. 
In general, these technologies are rapid and sensitive, and they can 
be used with molecular markers that are quite versatile. BLI is typi-
cally used to generate planar projection data and is displayed as 
pseudo-colored images to represent signal intensity that is localized 
over gray scale reference images of the subjects (Figs.  1  and  2 ). 
Optimal detection of bioluminescent or  fl uorescent signals requires 
the use of imaging systems that are sensitive to the weak signals that 
escape the scattering and absorbing environment of the mammalian 
body. These systems are typically based on charge-coupled device 
(CCD) detectors and lenses that operate in the visible to near- 
infrared regions of the spectrum. Anatomic resolution is relatively poor 
in whole-body images, but when necessary, a high-magnifi cation 

       Table 1  
  Commonly used, and emerging, genetically encoded reporter proteins and their corresponding 
reporter probes or substrates   

 Modality  Label  Reporter probe 

 MRI  Transferrin, ferritin  Magnetic iron oxides 
 Lysine rich protein (LRP)  None 
 Cytosine deaminase  5-Fluorocytosine 
 Tyrosinase  Iron (Fe) 

 PET/SPECT  HSV1-tk  [ 124 I]-FIAU, [ 131 I]-FIAU, [ 18 F]-FHBG 
 D 2 R  [ 18 F]-FESP 
 NIS   123 I,  124 I,  125 I,  131 I, B 18 F 4 (tetrafl uoroborate), 

 99m TcO 4  or  94m TcO 4 (pertechnetate),  188 ReO 4  
or  186 ReO 4 (perrhenate),  211 At(astatide) 

 hSSTR2  [ 131 I]-DTPA 

 BLI  Fluc   D -luciferin 
 CBRluc   D -luciferin 
 Rluc  Coelenterazine 
 Gluc  Coelenterazine 
 NanoLuc  Furimazine (coelenterazine analog) 

 Fluorescence  Fluorescent proteins 
(e.g., GFP) 

 Excitation light 

 Photoacoustic  Beta galactosidase  X-gal 
 Tyrosinase  Fe 
 Ferritin  Fe 

Sophie Kusy and Christopher H. Contag
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lens can be directed at sites in the body where labeled cells have been 
localized by whole-body imaging to produce high-resolution images 
that complement the lower resolution images taken noninvasively of 
the whole animal. This intravital microscopy approach has been 
published for a number of cell traffi cking studies, and tremendous 
insights have been gained in this manner [ 22 – 27 ]. The lack of radio-
activity and relatively lower costs make optical modalities more 
accessible and more available technologies for studies in small animal 
models. Moreover, signifi cant efforts are being devoted to the devel-
opment of tomographic BLI, either by rotating the subject under 
study or detecting light using two or more cameras or by spectral 
imaging [ 28 ,  29 ]. Efforts to generate tomographic fl uorescence- 
based images have been reported [ 30 – 32 ]. In addition, novel devel-
opments, such as time-domain imaging, incorporate the time domain 
in the analysis and have the potential to provide in-depth informa-
tion of the fl uorescent signal [ 33 – 35 ].  

  In order to be tracked using any of the imaging modalities, cells of 
interest must be labeled for detection. A number of studies have used 
exogenous fl uorescent dyes to label cells outside the body prior to 
transplantation (i.e., fl uorescent semiconductor nanocrystals, known 
as quantum dots [ 36 ], or different fl uorophores [ 37 ]). Although 
these dyes can have a relatively intense signal, a disadvantage of such 
techniques is that these dyes can be short-lived, and as labeled cells 
divide, the progeny cells, depending on the dye, may not be labeled 
and thus the signal is lost over time due to dilution through cell 
 division. Some fl uorescent dyes do not produce suffi cient signal to be 
detectable by cameras placed outside the body, necessitating eutha-
nasia of the animal and tissue sampling for analysis. For these reasons, 
the in vivo imaging techniques, by and large, have required the 
 application of genetic labels. These “labels” are genes that must be 
introduced into cells and encode proteins that interact with “reporter 
probes,” applied substrates (bioluminescence), or exogenous excita-
tion light sources (fl uorescence) to generate a signal that can be 
 localized from outside the body ( see  Table  1 ). 

 MRI-based reporter genes are based on the production of 
 proteins, mostly intracellular metalloproteins (transferrin, ferritin—
 see  Table  1 ) [ 38 ]. They have high affi nity for iron, leading to 
increased relaxivity that can be monitored by MR imaging. The 
signal is based on the accumulation of iron in the transfected cells, 
which may result in toxicity to the cell, and it gets diluted when 
cells divide. Tyrosinase and cytosine deaminase have also been used 
as an MR reporter gene ( see  Table  1 ). 

 There are predominantly three reporter gene systems for PET 
or SPECT that have been used for cell imaging ( see  Table  1 ). The 
most commonly used is the herpes simplex virus thymidine kinase 
(HSV1-tk). At the time of imaging, [ 18 F]-FHBG or [ 124 I]-FIAU is 
administered to the animal as a radioactive reporter probe that has 

1.2  Labels
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specifi city for this TK enzyme. The probe is transported into cells 
and is phosphorylated by the TK protein only in the genetically 
labeled cells. The phosphorylated probe becomes trapped in the 
transfected cell and accumulates there, preferentially fl agging the 
genetically labeled cells for detection. Because it has a viral origin, 
it has the potential to trigger an immunological response, resulting 
in a reaction in the organism with decreased overall signal. Attempts 
to circumvent this problem have included use of a mammalian 
mitochondrial tk [ 39 ], or a destabilized HSV1-tk [ 40 ]. A second 
reporter gene imaging strategy is based on the imaging of dopa-
mine receptor using PET (D 2 R wild type [ 41 ] or D 2 R mutant [ 42 , 
 43 ] version). The reporter gene encodes for a cell membrane protein 
that binds to an exogenously given probe ( 18 F-FESP), and the 
bound probe is imaged with PET. A third approach consists on 
the encoding of the sodium-iodide symporter (NIS) [ 44 – 48 ]. NIS 
is a thyroid transmembrane protein that transports iodine into the 
cells in exchange for sodium. It can be used for PET (with  124 I) and 
SPECT (with  123 I) imaging. Other less frequent reporter genes 
include the somatostatin receptor (hSSTR2), neurotensin receptor 
subtypes, and cytosine deaminase. 

 Bioluminescence optical imaging modalities require the gen-
eration of light by the cells of interest. Genetic labels for BLI are 
genes that encode luciferases. The reporter probes for these pro-
teins are substrates that are oxidized and chemically consumed by 
the luciferases in reactions that generate light. In choosing a label 
for optical imaging, a few key parameters must be considered. 
Specifi cally, absorption and substrate biodistribution signifi cantly 
infl uence the behavior of the experimental system. In the intact 
animal, absorption of light by tissue, and in particular absorption 
by hemoglobin, attenuates the detectable signal generated by cells 
of interest. Red and infrared light (wavelengths >600 nm) suffers 
less signal attenuation in the body due to absorption than does 
light with shorter wavelengths (<600 nm). This is an advantage to 
fi refl y luciferase (Fluc; derived from the North American fi refl y 
 Photinus pyralis ) and click beetle red luciferase (CBRluc; derived from 
 Pyrophorus plagiophalam ) over Renilla luciferase (Rluc; derived 
from the sea pansy  Renilla reniformis ) and Gaussia luciferase (Gluc; 
derived from the copepod  Gaussia princeps ). A related enzyme to 
Gluc called NanoLuc has also been recently reported [ 49 ], and an 
alternate substrate was described for use with this enzyme [ 49 ]. 
Both Fluc and CBRluc show emission peaks at approximately 
620 nm at body temperature (37 °C), whereas the emission peak 
of Rluc and Gluc is at 480 nm, in a region where absorption by 
hemoglobin is relatively high. Recently, red-shifted Rluc variants 
have been developed with increased light emission with slight 
improvement sensitivity and detection capabilities, but the shift 
was not suffi cient to extend beyond the hemoglobin absorption 
peak [ 50 ]. No red-shifted Gluc mutants have been reported; 
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 however, there are brighter variants with a prolonged half-life 
[ 51 – 53 ]. An advantage of Renilla and Gaussia luciferases is the 
fact that they do not require ATP as a cofactor during biolumines-
cent reaction and thus can be used for imaging cells independent 
of their  metabolic state. 

 The biodistribution of the administered substrate is also an 
important consideration for interpreting BLI data. To obtain 
quantitative information from BLI data, the substrate must not be 
limiting in the oxidation reaction that generates light. Therefore, 
proper imaging technique requires appropriate timing from the 
administration of substrate to the acquisition of data. The optimal 
time from administration to acquisition depends upon both the 
route of administration and the rate of clearance of the substrate 
in the body. The substrate for Fluc and CBRluc,  D -luciferin, is rela-
tively stable in the body and has a relatively long circulation time. 
It can be injected intraperitoneally or intravenously [ 54 ], and its 
biodistribution peaks at 15–20 min with a bioluminescence signal 
relatively stable for another 15–20 min before degrading as a result 
of substrate clearance. In contrast, the substrate for Rluc, Gluc, 
and NanoLuc, coelenterazine, is rapidly cleared from the body and 
binds to serum proteins [ 55 ]. Therefore, it can only be adminis-
tered intravenously, and data acquisition must be complete within 
a few seconds to a minute after injection, since the peak of light 
emission occurs at about 1 min and decreases rapidly [ 56 ]. 
Challenges in designing dual-reporter systems, such as fi nding 
 adequate means for separating the two bioluminescent signals 
while retaining sensitivity, remain [ 57 – 60 ]. BLI has been recently 
used for tracking and monitoring different types of stem cells after 
transplantation, such as hematopoietic stem cells (HSCs) [ 61 ] and 
embryonic stem cells [ 62 ,  63 ]. 

 Fluorescence imaging, like detection of any optical signal 
through mammalian tissues, also requires consideration of light 
absorption by tissues. In this case, the wavelengths of both the 
excitation source and emitted light must be considered. The most 
commonly used genetic label for fl uorescence imaging is enhanced 
green fl uorescent protein (eGFP). The excitation and emission 
peaks for eGFP occur well below 600 nm, and light at these wave-
lengths is subject to severe signal attenuation by hemoglobin. 
Moreover, whole-body imaging of labeled cells in deep tissues can 
be diffi cult, and the use of fl uorescent reporter gene imaging is 
usually restricted to the imaging of superfi cial tissues (up to 2 mm) 
such as skin and subcutaneous tissues [ 64 – 66 ]. Several fl uores-
cent proteins with longer emission wavelengths are available 
(i.e., yellow- green fl uorescent proteins mCitrine, Venus and YPet; 
red fl uorescent proteins mCherry and tdTomato; far-red protein 
mPlum), but these have excitation peaks below 600 nm [ 67 ]. For 
these reasons, detection of these labels for deep tissue in vivo fl uo-
rescence imaging requires high levels of reporter gene expression 
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from a large number of cells. Despite limited penetration of light 
through tissues, an advantage of fl uorescent reporter genes is that 
there is a range of different fl uorescent proteins and dyes that can 
be used to label different cell populations permitting concomitant 
imaging of different cell populations and cell functions [ 68 ]. 
Multiplexing is limited in vivo and perhaps the important applica-
tion of fl uorescent reporter genes in cell tracking is the confi rmatory 
ex vivo analysis, when they are used for cell sorting or histology. 
The creation of a triple fusion reporter gene that has a fl uorescent 
reporter gene, a bioluminescent reporter gene, and a PET reporter 
gene, resulting in a fusion protein [ 69 ,  70 ], enables multimodal-
ity imaging and validation. Indeed, mouse embryonic    stem cells 
have been engineered, using the fl uorescent protein mRFP to 
identify the cells that have been effectively transduced with 
the fusion protein (using fl uorescent-activated cell sorting), and 
then those cells were transplanted to the myocardium [ 62 ,  71 ]. 
Subsequently, the bioluminescent Fluc and PET reporter gene 
HSV1-tk were used for long-term monitoring of cell viability 
after transplantation [ 62 ,  71 ]. Using a similar approach to the one 
previously described (bi- or trifusion genes), one can label cells 
with a fl uorescent reporter gene, and then, when the tissue is 
excised, the remaining cells can be easily identifi ed using histo-
logical methods. Combinations of probes and indicators can 
link cell culture in vivo and ex vivo analysis for a more complete 
description of cell tracking. 

 Recent works have also suggested a new approach to imaging 
X-gal reporter gene expression in vivo using photoacoustic tomog-
raphy (PAT) based on optical absorption [ 72 ,  73 ]. 

 Imaging enables the in vivo study of cell biology and, when 
integrated with thorough studies in culture and ex vivo analyses, 
can reveal the nuances of disease mechanisms and therapeutic 
responses. Visible animal models of human biology and disease 
comprise one of the most important contributions of molecular 
imaging to human health as they serve to accelerate and refi ne 
the analyses of mammalian biology and offer rapid readouts for the 
development of new therapies.  

 
 There are several strategies for introducing genetic labels into cells 
of interest for the purpose of tracking using in vivo imaging 
 techniques. Different cells are variably amenable to the different 
labeling methods so the appropriate labeling method for any 
given experimental system will vary based on the cell types involved. 
This chapter includes detailed protocols for retroviral and lentiviral 
transduction. Although other methods, such as electroporation 
and liposome-mediated transfection, have been tried, viral trans-
duction and transgenesis have proven to be the most effective 
methods for labeling bone marrow cells. 

1.3  Strategies
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 Labeling cells using classical transgenesis involves the generation 
of a plasmid encoding the genetic label of interest driven by an appro-
priate promoter. The plasmid is stably transfected (using conventional 
methods such as electroporation or liposome- mediated or calcium 
phosphate-mediated transfection) into an embryonic stem cell line, 
and those cells are microinjected into murine blastocysts. The blasto-
cysts are transferred into pseudopregnant females, and chimeric pups 
are selected and bred until the transgene is found in all progeny 
 tissues. This process can be time-consuming and labor intensive and 
usually requires the technical expertise of an available transgenic core 
facility. Genetic labels applied in this way exhibit a relatively predict-
able expression pattern but can be subject to the vagaries of random 
chromosomal integration. They may integrate into a site that is sub-
ject to transcriptional regulation that is not dictated by the originally 
designed plasmid. This is a so-called founder effect or contextual 
infl uence and is best screened for by examining the behavior of the 
transgene in multiple sibling chimeric lines. 

 Retroviral transduction is accomplished by replication- 
incompetent viral vectors that insert the genetic label directly into 
the genome of the target cell. The genetic label is fi rst cloned 
into a plasmid that contains the viral packaging sequence (ψ) and 
promoter sequences (long terminal repeat [LTR] sequences). The 
plasmid is then transfected into a packaging cell line. The packaging 
line is a cell line that has been stably transfected with genes for viral 
envelope and packaging proteins. When these proteins are present 
in the same cell as DNA fl agged with the ψ packaging sequence, 
viral particles are generated that contain the genetic label. Because 
the genes encoding envelope and packaging proteins are not present 
in the segment of DNA that is fl agged by the viral packaging 
sequence, they are not included in the resulting viral particles. Those 
particles are, thus, replication-incompetent. Once they have infected 
a target cell, they insert the appropriate DNA into the target genome, 
and then, because no packaging or envelope proteins are present in 
the target cell, no further virus is generated. 

 An alternative to using a stably transfected “viral packaging cell 
line” is to use a second plasmid that contains only the genes encod-
ing envelope and packaging proteins. This second plasmid can be 
co-transfected along with the plasmid containing the genetic label 
into an unmodifi ed highly transfectable cell line of choice (e.g., 
293T, as the lentiviral transduction protocol below uses). In the 
cells that receive both plasmids, the presence of ψ-fl agged DNA 
along with envelope and packaging proteins leads to the genera-
tion of viral particles. As with the stably transfected packaging line, 
the fact that the genes encoding envelope and packaging proteins 
are not present on the ψ-fl agged DNA means that those genes will 
not be included in the viral particles and will not be present in the 
target cell. Again, no virus will be generated in the target cell, but 
the genetic label will be inserted into its genome. 
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 Retroviral and lentiviral transduction protocols are available, 
and an example of each is included in this chapter. The retroviral 
transduction protocol is optimized for mouse bone marrow and 
stem cells, and the lentiviral transduction protocol is specifi c for 
sorted HSCs. Both human and mouse cells can be transplanted 
into mice for optical imaging of cell traffi cking patterns, but the 
human cells must be transplanted into immunocompromised mice 
(e.g., severe combined immunodefi cient [SCID]-hu). Although 
lentiviral transduction can be used to label murine bone marrow 
cells, retroviral transduction systems have been used more exten-
sively with mouse cells, and the reagents are readily available. On the 
opposite, human HSCs are less amenable to retroviral transduc-
tion, and the best success with transduction of human HSCs has 
been achieved using lentiviral systems. 

 The disadvantage to using retroviral transduction is that retro-
viral particles are only able to insert their DNA into the genomes 
of cells that are actively dividing. Protocols for retroviral labeling of 
bone marrow cells are thus carefully optimized for activation and 
stimulation of HSCs while preventing lineage differentiation. 
Lentiviral transduction systems do not require the target cells to be 
in cycle so are more appropriate for labeling cells that may not 
be actively dividing. However, if the target cells are HSCs, the 
same issues of maintaining the cells in culture while preventing 
lineage differentiation still arise. Genetic labels applied through 
viral transduction (either retroviral or lentiviral) have the advantage 
of being easier to apply than transgenic labels. The disadvantage is 
the unpredictable impact of cell culture and viral transduction on 
the biological behavior of the target cells.   

2    Materials 

      1.    5-Fluorouracil (5-FU; for human injection), American 
Pharmaceutical Partners, Inc. NDC 63323-117-10 (50 mg/mL, 
10 mL). Stock concentration 25 mg/mL in phosphate- 
buffered saline (PBS), aliquot, and store at –20 °C.   

   2.    Retroviral packaging cell line.   
   3.    Retroviral expression plasmid.   
   4.    Lipofectamine 2000 transfection reagent (Invitrogen, cat. no. 

11668-027) (0.75 mL) ( see   Note 1 ).   
   5.    Opti-MEM I reduced serum medium (Invitrogen, cat. no. 

31985-070) (500 mL).   
   6.    RBC lysing buffer (Sigma, cat. no. R7757) (100 mL).   
   7.    rmIL-3 (Peprotech, cat. no. 213-13 (10 μg). Stock concentration 

100 μg/mL in sterile water, aliquot, and store at –20 °C.   
   8.    rmIL-6 (Peprotech, cat. no. 216-16 (10 μg). Stock concentration 

100 μg/mL in sterile water, aliquot, and store at –20 °C.   

2.1  Retroviral 
Transduction 
of Murine Bone 
Marrow and 
Stem Cells
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   9.    rmSCF (Peprotech, cat. no. 250-03 (10 μg). Stock concentration 
100 μg/mL in sterile water, aliquot, and store at –20 °C.   

   10.    Fetal calf serum, heat inactivated to 56 °C for 45 min 
(Invitrogen, cat. no. 16000-044) (500 mL).   

   11.    Dulbecco’s modifi ed Eagle’s medium (DMEM; Invitrogen, 
cat. no. 10569-010) (500 mL), or StemSpan SFEM (Stem Cell 
Technologies, cat. no. 09650) (500 mL).   

   12.    Hexadimethrine bromide (polybrene; Aldrich, cat. no. 107689-
100G). Stock concentration 5 mg/mL in PBS, store at 4 °C.   

   13.    HEPES buffer solution (1 M; Invitrogen, cat. no. 15630- 080) 
(100 mL).      

      1.    Highly transfectable cell line to be used as packaging cells. This 
protocol describes conditions optimized for 293T cells.   

   2.    Growth media for packaging cells. For 293T: DMEM with 
10 % heat-inactivated fetal bovine serum, 100 U/mL penicillin 
and 100 U/mL streptomycin, 2 mM  L -glutamine, 50 μg/mL 
2-mercaptoethanol.   

   3.    Calcium phosphate transfection kit (Invitrogen, cat. no. K2780-
01) ( see   Note 2 ).   

   4.    Lentiviral expression plasmid (e.g., pWPTS, pWPXL, pWPI, 
pLVTH).   

   5.    Lentiviral packaging plasmid (e.g., pCMV-dR8.91, pCMV-
 dR8.74, psPAX2).   

   6.    Lentiviral envelope plasmid (e.g., pMD2G).   
   7.    Hexadimethrine bromide (polybrene; Aldrich, cat. no. 107689-

100G). Stock concentration 5 mg/mL in PBS, store at 4 °C.   
   8.    Myelocult H5100 media (Stem Cell Technologies, cat. no. 

05150) (500 mL).   
   9.    rh IL-6 (R&D Systems, cat. no. 206-IL-050) (50 μg).   
   10.    rh TPO (R&D Systems, cat. no. 288-TP-025) (25 μg).   
   11.    rh Flt-3L (R&D Systems, cat. no. 308-FKN-025) (25 μg).   
   12.    rh SCF (R&D Systems, cat. no. 255-SC-050) (50 μg).      

      1.    Irradiation source for use with mice.   
   2.    Mouse irradiation chamber (Shadel, Inc., cat. no. 62419).   
   3.    Labeled bone marrow cells in PBS.   
   4.    28-Gage, one-half-inch, 1 cc/U-100 insulin syringes (Becton- 

Dickenson, cat. no. 329424).   
   5.    Heating lamp/restraining device.   
   6.    Trimethoprim/Sulfamethoxazole suspension (40 mg Trime-

thoprim and 200 mg Sulfamethoxazole/5 cc), (Hi-Tech 
Pharmacal, cat. no. NDC 50383-823-16) (200 mL).      

2.2  Lentiviral 
Transduction 
of Human HSCs 
and Progenitor Cells
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      1.    Low-light imaging system for BLI.   
   2.    Anesthetic agent.   
   3.    Substrate:
    (a)     Luciferin (Biosynth, Int, cat. no. L-8220; 1 g). Stock con-

centration 30 mg/mL in PBS, aliquot, and store at –20 °C.   
   (b)     Coelenterazine (Nanolight, cat. no. NFCTZFB; 5 mg). 

Stock concentration 10 mg/mL in ethanol, aliquot, and 
store at –80 °C. For working stock, dilute frozen stock 
10 μL into 1.5 mL of PBS (working stock concentration 
67 μg/mL). Do not store.           

3    Methods 

  Day 1:
    1.    Inject 250 mg/kg 5FU intraperitoneally or intravenously into 

each donor mouse ( see   Note 4 ).     
 Day 3:

    2.    Split packaging cell line for transfection per protocol. For 
Lipofectamine 2000, seed 1–1.5 × 10 6  cells per 6-cm dish. 
Incubate at 37 °C/5 % CO 2  overnight.     

 Day 4:
    3.    Transfect packaging cell line per protocol. For Lipofectamine 

2000, prepare DNA-Lipofectamine 2000 complexes, one tube 
for each sample:

    (a)     Dilute 8 μg DNA in 0.5 mL of Opti-MEM I reduced 
serum medium. Mix gently.   

   (b)     Mix Lipofectamine 2000 gently before use and then dilute 
20 μL in 0.5 mL Opti-MEM. Mix gently and incubate for 
5 min at room temperature. The next step must be done 
within 30 min.   

   (c)     After 5–30 min of incubation, combine the diluted DNA 
with the diluted Lipofectamine 2000 reagent. The total 
volume should now be 1 mL. Mix gently and incubate for 
20 min to 6 h at room temperature.       

   4.    Add the prepared 1 mL of DNA-Lipofectamine 2000 complexes 
to each 6-cm plate containing cells and 5 mL of medium. Mix 
gently by rocking back and forth.   

   5.    Incubate the cells at 37 °C/5 % CO 2  for 48 h before harvesting 
viral supernatant.     

 Day 5:
    6.    Euthanize donor mice according to approved animal protocols.   
   7.    Harvest bilateral femurs and tibias from each mouse. Scrape bones 

with a razor blade to remove any attached muscle, cartilage, and 
connective tissue. Using razor blade or scissors, remove the ends 
of the bones ( see   Note 5 ).   

2.4  Bioluminescence 
Imaging ( See   Note 3 )

3.1  Retroviral 
Transduction 
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Marrow and 
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   8.    Using a 3-cc syringe and a one-half-inch, 25-gage needle, 
insert the needle into each cut end of each bone and squirt the 
marrow from the center using sterile PBS. Squirt into a sterile 
dish and refi ll the syringe with fresh PBS if necessary. Squirt 
the marrow until the bones turn white.   

   9.    Make a single cell suspension of marrow cells by aspirating the 
cells in the sterile dish once through the one-half-inch, 25-gage 
needle and then pushing them back out through the needle 
and into a sterile conical tube.   

   10.    Spin at 300 ×  g  for 5 min at 4 °C.   
   11.    Aspirate supernatant. Resuspend in 3–5 mL RBC lysis buffer 

(depending on the size and “redness” of the cell pellet).   
   12.    Incubate at RT room temperature for 10 min.   
   13.    Spin at 300 ×  g  for 5 min at 4 °C.   
   14.    Resuspend in activation media (DMEM or StemSpan SFEM + 10 % 

HI FCS + 10 ng/mL IL-3 + 50 ng/mL IL-6 + 100 ng/mL SCF), 
1.5 × 10 6  cells/mL ( see   Note 6 ).   

   15.    Plate at 1.5 × 10 6  cells/well in a 24-well plate, 1 mL per well. 
Incubate at 37 °C/5 % CO 2  overnight.     

 Day 6:
    16.    Collect the supernatant from the transfected packaging cell 

line. Replace with fresh media and return the cells to the incu-
bator ( see   Note 7 ).   

   17.    To the supernatant, add polybrene to 5 μg/mL and HEPES to 
10 mM. Mix thoroughly.   

   18.    Filter supernatant through a 0.45-μm fi lter.   
   19.    Centrifuge the bone marrow cells at 920 ×  g  for 5 min. Aspirate 

media.   
   20.    Add 1 mL of fi ltered viral supernatant to each well of bone 

marrow cells.   
   21.    Centrifuge the bone marrow cells at 920 ×  g  for 75 min at 

room temperature. Aspirate media.   
   22.    Add 1 mL activation media to each well of bone marrow cells. 

Return the cells to the incubator.     
 Days 7 and 8:

    23.    Repeat d 6 protocol. On day 8, discard transfected packaging 
cells after removing the viral supernatant.     

 Day 9:
    24.    If there is a fl uorescent protein, assess transduction effi ciency 

using fl ow cytometry.   
   25.    If transduction is adequate, decide on a cell dose and proceed 

to transplantation as described below ( see   Note 8 ). For tail 
vein injection, plan for an injection volume of 200–500 μL 
per mouse.      
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  Day 1:
    1.    Seed 2–3 × 10 6  packaging cells per 10-cm dish in 10 mL of 

growth media. Incubate at 37 °C/5 % CO 2  for 24 h. The cells 
should be 80 % confl uent at the time of transfection.     

 Day 2:
    2.    Remove the media from the packaging cells and wash the cells 

with serum-free media. Leave the cells under 5 mL of serum- 
free media.   

   3.    For each 10-cm plate of cells to be transfected, dispense 0.5 mL 
of 2× HBS buffer (found in a calcium phosphate transfection 
kit) in a 15-mL tube.   

   4.    In a separate 15-mL tube, dispense 100 μL of 2 M CaCl 2  (also 
found in the kit). Add 11 μg lentiviral expression plasmid, 3 μg 
lentiviral packaging plasmid, and 6 μg of LV envelope plasmid. 
Add deionized H 2 O to a fi nal volume of 500 μL.   

   5.    Slowly add the DNA/calcium mixture dropwise to the 2× HBS 
solution while gently vortexing the 15-mL tube. The mixture 
must not spill.   

   6.    Gently vortex for 10–15 min to allow the formation of calcium 
phosphate/DNA precipitates.   

   7.    Remove the packaging cells from incubator at the last moment. 
Add the mixture one drop at a time to the supernatant. Gently 
rock the culture dish to mix and return the cells to the incuba-
tor overnight.     

 Day 3:
    8.    Check the cells under a microscope. Small black particles 

should be visible.   
   9.    Remove the transfection media. Replace with 10 mL fresh 

growth media.     
 Day 5:

    10.    Remove the supernatant and fi lter through 0.45-μm pores.   
   11.    Centrifuge the supernatant at 22,000 ×  g  for 2 h to concentrate 

the virus ( see   Note 9 ).   
   12.    Resuspend the viral pellet in 250 μL/10-cm plate of packaging 

cells. Use myelocult media.   
   13.    Test the concentrated virus for optimal dilution by adding it to 

the supernatant of 293T cells at dilutions of 1:1, 1:10, and 
1:100. Plan to use the dilution that gives maximal transduction 
with minimal cell toxicity.   

   14.    Sort the desired number of HSCs and progenitor cells into 
Eppendorf tubes, each containing 200 μL of PBS with 2 % calf 
serum. Spin at 750 ×  g  in a microfuge for 5 min.   

3.2  Lentiviral 
Transduction 
of Human HSCs 
and Progenitor Cells
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   15.    Remove the supernatant, then resuspend in myelocult media 
supplemented to a fi nal concentration of 50 ng/mL SCF, 
10 ng/mL IL-6, 10 ng/mL TPO, and 50 ng/mL Flt3 ligand. 
Keep in mind the volume of virus that you will be adding. Use 
a volume appropriate to cover the cells lying in a single cell 
layer on the bottom of a tissue culture dish.   

   16.    Add the concentrated lentiviral supernatant to the dilution 
determined in  step 13  above. Remove the cells to a tissue 
 culture dish with adequate surface area to allow the cells to lie 
in single cell thickness at the bottom. Incubate at 37 °C/5 % 
CO 2  for 24 h.     

 Day 6:
    17.    If there is a fl uorescent protein, assess transduction effi ciency 

using fl ow cytometry.   
   18.    If transduction is adequate, proceed to transplantation as 

described later. Cell doses of 10,000–50,000 labeled cells into 
SCID-hu    mice have been used.      

      1.    Transfer the recipient mice to the mouse irradiation chamber 
for lethal irradiation.   

   2.    Deliver 800–900 cGy total body irradiation 24 h before trans-
plantation ( see   Note 10 ).   

   3.    Warm the recipient mice under a heating lamp to encourage 
peripheral vasodilation.   

   4.    One mouse at a time, transfer the mice into a restraining device 
for tail vein injection ( see   Note 11 ) and inject a rescuing dose 
of bone marrow cells.   

   5.    After injection, mice should be maintained in autoclaved cages 
and bedding with autoclaved water supplemented with approx-
imately two capfuls of Trimethoprim/Sulfamethoxazole per 
full water bottle ( see   Note 12 ). These living conditions should 
continue for the fi rst month.      

      1.    Using an approved method of anesthesia, anesthetize the 
mice for imaging. Expect to need them to lie still for up to 
15 min for multiple images using 1–5 min data acquisition 
times.   

   2.    Initialize the camera. The user interface of Living Image has a 
command to initialize which resets all parameters.   

   3.    Before imaging, administer the appropriate luciferase substrate 
by the chosen route. For luciferin, the dose for an adult mouse 
is usually 150 mg/kg body weight given intraperitoneally. For 
coelenterazine, this is typically 6.7 μg injected intravenously 
( see   Note 13 ).   

3.3  Bone Marrow 
Transplantation 
into Mice

3.4  Biolumi-
nescence Imaging 
Considerations
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   4.    Approximately 15 min after an intraperitoneal injection of 
 luciferin or immediately after intravenous injection of any 
 substrate, take the initial image (in Living Image, click on 
the “Acquire” button), keeping in mind the following 
considerations:

    (a)     Stage height should be adjusted such that the fi eld of view 
fi ts the number of mice in the image. It should be at the 
highest setting that allows visualization of all mice to be 
imaged. In Living Image, the “Acquire Continuous Photos” 
button is helpful for adjusting this. It takes photographic 
images only.   

   (b)     Shorter exposure times (e.g., 1 s) are appropriate if the 
signal is expected to be strong. Longer times (e.g., 
5–10 min) are required if the signal is predicted to be 
weak. If the signal strength is unknown, a 1-min initial 
exposure time is a reasonable place to start. These param-
eters are set in the user interface.   

   (c)     Binning pixels can be done with extremely weak signals to 
improve the apparent contrast. The total number of pho-
tons collected does not change when binning the pixels, so 
it is not an increase in sensitivity, but binning does result 
in a loss of resolution, as there are a smaller number of 
 elements on the chip. Smaller binning numbers corre-
spond to higher image resolution and lower contrast. 
Higher binning numbers correspond to better apparent 
contrast and lower image resolution. Medium binning is a 
good place to start.   

   (d)     “Saturated” images are nonquantitative, as the pixels that 
are saturated cannot collect more signals. The previously 
described parameters should be adjusted to collect an 
image that refl ects a signal strength that is adequate for 
anatomic localization but not strong enough to saturate 
the camera.       

   5.    In order to verify and localize a given signal, mice should be 
imaged in multiple positions. Conventional views include ven-
tral, dorsal, and two lateral images.       

4    Notes 

     1.    Any transfection protocol can be used. This protocol will use 
the Lipofectamine 2000 conditions.   

   2.    Both calcium phosphate and liposome-mediated transfection 
methods have been used. This protocol describes a modifi ed 
calcium phosphate-based method.   

Sophie Kusy and Christopher H. Contag



19

   3.    Several options for imaging systems are commercially available. 
This protocol describes the use of the Xenogen IVIS system 
and associated Living Image software.   

   4.    These 5-FU doses are optimized for B6 mice. Doses of 150 mg/
kg have also been used with 48 h pretransduction activation 
times in vitro.   

   5.    Try to remove as little bone as possible as most of the HSCs 
are found near the ends of the bones.   

   6.    Some have found that StemSpan SFEM-based media supple-
mented with calf serum and cytokines result in superior viability 
and activation of the bone marrow cells.   

   7.    Virus can be harvested again from the transfected packaging 
cells in 72 h. After collection, virus can be concentrated as 
above. Discard the supernatant and store the viral pellet in the 
Eppendorf tube at –80 °C.   

   8.    The cell dose required to rescue will vary depending on the qual-
ity of the 5-FU enrichment as well as the quality of the response 
to the activation media. Plan on being able to rescue one or two 
mice per well, depending on the health of the cells in culture as 
assessed by light microscopy.   

   9.    Some have generated high-titer viral preparations by concen-
tration using successive rounds of ultracentrifugation [ 74 ].   

   10.    Lethal doses of total body irradiation vary by background 
strain. Balb/C and FVBN mice typically use 800 cGy, whereas 
C57B6 mice require 900 cGy. For C57B6, the dose can also be 
fractionated into an 800-cGy dose followed by a 400-cGy dose 
approximately 3 h later.   

   11.    Rescuing bone marrow cells can also be introduced by retro- 
orbital injection. In that case, the heating lamp and restraining 
device are not necessary, but anesthesia may be required, and 
the injection volume should be 100–200 μL per mouse.   

   12.    A mixture of Neomycin (1.2 g/L) and Polymyxin-B (1 × 10 6  
U/L) in the drinking water can also be used.   

   13.    Biodistribution and ultimately consumption of the substrate 
throughout the mouse will result in the bioluminescence signal 
strength changing over time. For luciferin given intraperitoneally, 
the signal increases slowly and appears to plateau at approximately 
15–20 min after the injection. It remains relatively stable for an 
additional 15–20 min and then declines. The precise timing of 
the plateau in signal should be measured in each experimental 
system by taking several consecutive images and noting the time 
from injection to signal stability. Luciferin can also be given intra-
venously, and this is helpful for reaching anatomic sites like the 
brain, but clearance of the substrate will occur much more rapidly 
than when substrate is delivered intraperitoneally.         

Imaging Cell Fates With A Reporter Gene
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    Chapter 2   

 Flow Cytometry for Hematopoietic Cells 

           Daniela     S.     Krause      ,     Michelle     E.     DeLelys    , and     Frederic     I.     Preffer   

    Abstract 

   Within the last 25 years, fl ow cytometry and fl uorescence-activated cell sorting have emerged as both 
 routine diagnostic tools in clinical medicine and as advanced analytic tools critical in performing scientifi c 
research. This chapter aims at summarizing the use of fl ow cytometry in benign and malignant hematology 
and the monitoring of inherited and acquired immunodefi ciency states. Numerous fi gures are provided 
from our laboratories at Massachusetts General Hospital that illustrate examples of these conditions.    The 
chapter also describes novel fl ow cytometry-based imaging techniques, the combination of fl ow cytometry 
and mass spectrography, new software tools, and some future directions and applications of advanced 
instrumentation for fl ow cytometry.  

  Key words     Flow cytometry  ,   Diagnostic immunophenotyping  ,   Hematopoietic malignancies  , 
  Hematopathology  ,   Immunodefi ciencies  ,   Hematopoietic stem cells  ,   Bone marrow transplantation  , 
  Paroxysmal nocturnal hemoglobinuria  ,   Amnis imaging cytometry  ,   CyTOF mass cytometry  ,   Gemstone 
probability state model  

1      Introduction 

    The fascination of humans by blood dates back to the ancient 
Greek physician Hippocrates (460–377 B.C.), who referred to 
blood (Greek: “haima”) as one of the four humors besides black 
bile (Greek: “melan chole”), yellow bile (Greek: “chole”), and 
phlegm (Greek: “phlegma”). With the development of the fi rst 
microscopes in the seventeenth century, the interest turned to the 
corpuscular elements of the blood and the fi rst description of cells 
in cork by the English natural philosopher, scientist, and architect 
Robert Hooke. Via the “cell theory” proposed by Theodor 
Schwann, Matthias Jakob Schleiden, Rudolf Virchow, and others 
in the nineteenth century, we have now arrived in an age in which 
hematopoietic cells and their earliest precursor cells can be isolated 
by techniques such as fl ow cytometric cell sorting, analyzed on 
a molecular level, expanded in vitro, and used therapeutically for 
hematopoietic stem cell transplantation. Efforts are now even being 
made to generate hematopoietic stem cells from skin fi broblasts in 
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the form of induced pluripotent stem cells. The easy availability of 
hematopoietic cells has been benefi cial for these developments 
over the centuries. 

 Flow cytometric immunophenotyping has become an indispens-
able part of the clinical laboratory, as it allows enumeration of specifi c 
cell types in different disease settings. This immunophenotyping, in 
conjunction with cytogenetics, molecular studies, and morphological 
assessment, is an essential diagnostic tool in hematopathology. In this 
chapter we will primarily present a broad overview of such possible 
immunophenotypic uses of fl ow cytometry in the clinical diagnostic 
laboratory.  

2    Enumeration of Different Cell Types in Different Clinical Settings 

   CD34+ cells are pluripotent hematopoietic stem cells (HSC) that 
via multiple precursor cell types are able to differentiate into the 
lymphoid, myeloid, erythroid, and megakaryocytic lineages. HSC 
are able to reconstitute hematopoiesis in an individual who 
has received high-dose chemotherapy and/or radiation [ 1 – 4 ]. 
HSC are collected from healthy donors (allogeneic) or patients 
with hematological malignancies (autologous) after mobilization 
of HSC from the HSC niche in the bone marrow by granulocyte 
colony-stimulating factor (G-CSF) and/or the CXCR4- antagonist      , 
plerixafor, apheresis, or direct harvesting from the bone marrow. 
CD34+ HSC are enumerated by fl ow cytometry in order to assess 
whether the amounts of HSCs which have been collected are suffi -
cient for the patient’s body weight, usually around that is generally 
around 2–5 × 10 6  cells/kg body weight. Accurate quantifi cation of 
CD34+ HSC is critical, as they are often transfused into a myeloab-
lated patient. 

 This test is performed using antibodies to CD34 and CD45 
and quantitation has recently been automated utilizing a prob-
ability state model [ 5 ]. Red blood cells are lysed and acquisition 
of 100,000 total CD45+ cells or at least 100 CD34+ cells [ 6 ], 
in order to achieve statistical signifi cance, and analysis are usu-
ally  performed immediately. Viability of HSC may be deter-
mined by the nuclear dye 7-AAD, which is excluded in viable 
cells (Fig.  1 ).

    
 Flow cytometry is a well-established and largely automated method 
for monitoring T-cell subsets in HIV infection or during immuno-
suppression with calcineurin inhibitors like tacrolimus. Peripheral 
blood leukocytes are stained with antibodies to CD3, CD8, CD45, 
and CD4 for T-cell-subset analysis and possibly CD16, CD56, 
and CD19 for a more comprehensive analysis of NK cells and 
B-lymphocytes. The test may be performed as a single-platform 
technology using an internal bead standard to obtain absolute 
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counts of CD4+ and CD8+ T cells, obviating the need for a 
 concomitant blood sample to obtain the patient’s white blood cell 
count [ 7 ] (Fig.  2 ).

   Common variable immune defi ciency (CVID) is a group 
of inherited immune disorders characterized by decreased levels of 
most or all of the immunoglobulin subclasses; a decreased number 
of B cells and plasma cells, both involved in the production of 
 antibodies; and an increased frequency of bacterial infections [ 8 ]. 

  Fig. 1    Representative dot plots from a patient’s apheresis product post bone marrow stem cell mobilization 
using the BD™ Stem Cell Enumeration Kit and the ISHAGE stem cell gating method [ 6 ].    The stem cells are 
gated sequentially fi rst by gating on CD45+ events, next by gating on CD34+SSC low  events, and then by gating 
strictly on the CD45 dim events. Lastly it is ensured that the cells are similar in size (or slightly larger) to normal 
lymphocytes. The BD™ Stem Cell Enumeration Kit utilizes BD Trucount™ tubes, which allow for the determi-
nation of absolute numbers of stem cells as well as the viability dye 7AAD, to exclude nonviable events       

  Fig. 2    Representative dot plots from a patient’s peripheral blood to determine absolute counts of lymphocyte 
subsets using the BD Multitest™ TBNK kit. First lymphocytes are gated using CD45 and low SSC. T-cell 
 subsets are determined as CD3+CD4+ and CD3+CD8+ events, NK cells are determined by gating on CD3− 
CD(16+56+) events, and B cells are determined by gating on CD3− CD19+ events. BD Trucount™ tubes allow 
for the accurate determination of absolute numbers of cells in non-piston delivery fl uidic systems       
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The genetic abnormalities associated with CVID vary greatly 
among patients and may involve the genes encoding CD19, the 
 transmembrane activator and calcium-modulating cyclophilin 
ligand interactor (TACI), and others. Flow cytometry can aid in 
the diagnosis of CVID by investigation of the expression of CD27, 
IgM, and IgD on B cells. In contrast, severe combined immuno-
defi ciency (SCID) is a more severe immune defect, as individuals 
with this disorder have defects in both B- and T-cell lineages. 
Babies born with this defect usually die of severe infections before 
the age of 1 year. Most forms of the disease are due to mutations 
in the gamma chain (γ c ) common to the receptor for several inter-
leukins or due to a defect in adenosine deaminase (ADA). Flow 
cytometry may be helpful in analyzing expression of CD45RA ver-
sus CD45RO on T cells. In the autoimmune lymphoproliferative 
syndrome (ALPS), increased numbers of lymphocytes are found in 
lymph nodes, spleen, and liver leading to enlargement of these 
organs. ALPS can be associated with autoimmune disorders such 
as anemia, thrombocytopenia, and neutropenia. Aberrant T cells in 
this disease may be CD4− CD8− CD3+ TCRαβ+ B220+.  

 
 An adequate response to the B-cell agent Rituxan (anti-CD20 
therapeutic antibody) used for treatment of non-Hodgkin lym-
phoma and as immunosuppressant in several autoimmune disor-
ders can be monitored by fl ow cytometry. The effects of Rituxan 
therapy are monitored by staining patient blood leukocytes 
with antibodies to CD45, CD19, and CD20 and observing the 
rapid and prolonged physical “clearance” of the B-cell lymphocyte 
 subpopulation from the circulation (Fig.  3 ).

2.3  Monitoring 
of B Cells During 
Anti-B-Cell 
Immunosuppressive 
Treatment

  Fig. 3    Representative dot plots from a patient’s peripheral blood pre-rituximab 
treatment ( left  ) and post-rituximab treatment ( right  )       
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3        Diagnostic Use of Flow Cytometry in Hematological Malignancies 

  Flow cytometry is considered an integral part of determining 
the diagnosis of different types of leukemia and lymphoma. A path-
ological diagnosis is now made based on a combination of mor-
phological, cytogenetic, and immunophenotypic criteria. When a 
leukemia is suspected, immunophenotypic analysis of leukocytes is 
usually performed on a whole blood or bone marrow aspirate anti-
coagulated with acid-citrate-dextrose (ACD) or ethylenediamine-
tetraacetic acid (EDTA). Other body fl uids like CSF, ascites, or 
pleuritic fl uid as mentioned in Subheading  3.5 , however, can also 
be used. To determine the presence or absence of an unusual or a 
clonal population of T, B, NK, or myeloid cells that potentially 
represent a leukemia, in our laboratory a patient sample is stained 
in three separate tubes using the following eight directly conju-
gated monoclonal antibodies: 

 Tube 1: CD7, CD16, CD3, CD2, CD8, CD14, CD4, CD45 
 Tube 2: kappa, lambda, CD19, CD10, CD23, CD20, CD5, CD45 
 Tube 3: CD71, myeloperoxidase (MPO), CD34, CD33, CD117, 

HLA-DR, CD13, CD45 

 The antigens these monoclonal antibodies are directed against 
are located on the external surface membrane of the target cell. 
However, the MPO antigen is found within the cytoplasm, which 
thus requires permeabilization of the cell membrane for monoclonal 
antibody access. Acute myeloid leukemia (AML) cells are  usually posi-
tive for permutations of CD13, CD33, CD34, CD117, and/or MPO 
and might variably express HLA-DR, CD56, and/or CD15 (Table  1 ) 
(Fig.  4 ). When lacking CD34 and CD117 and expressing CD14 or 
CD64, monocytic differentiation is likely; aberrant myelomonocytic, 
megakaryoblastic, erythroblastic, or basophilic differentiation may 
also be identifi ed utilizing antibodies specifi c for these cell lineages. 
Myeloid malignancies might also confusingly co-express B- or 
T-lymphoid markers such as CD19, CD7, CD2, and/or CD5.

    If acute promyelocytic leukemia is suspected (APML), CD64, 
CD11c, CD45, and CD11b can be used with CD33 bright + as 
 additional markers to try to identify this malignancy with its 
 diagnostic t(15;17)(q22;q12) translocation and penchant to be asso-
ciated with disseminated intravascular coagulation (DIC) (Fig.  5 ). 
HLA-DR, CD11b, CD11c, CD18, and CD34 are usually negative 
in APML. This disease responds very favorably to all- trans -retinoic 
acid therapy, which acts therapeutically to differentiate the tumor; 
rapid diagnosis of this disease is essential, to avoid DIC.

   While fl ow cytometry is not routinely used yet on a widespread 
basis to diagnose myelodysplastic syndrome (MDS), staining for 
CD13, CD16, and CD11b on neutrophils as well as a variety of 
other markers on lymphocytes and stem cells of patients with 

3.1  Leukemia
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 suspected MDS may be employed. Flow cytometry, however, is 
widely being used to enumerate the percentage of blasts in MDS 
and for estimation of minimal residual disease in AML and B- and 
T-cell acute lymphoblastic leukemia (B-ALL and T-ALL, respec-
tively). Multiple strategies to more directly assess MDS by fl ow 
cytometry are currently under investigation [ 9 – 14 ]. 

 B-ALL cells frequently express CD19, CD10, nuclear terminal 
deoxynucleotidyl transferase (TdT), and cytoplasmic CD79a and/
or CD22 (Fig.  6 ). CD34 and CD20 are variably expressed and 

   Table 1  
  Immunophenotype of selected hematological malignancies   

 Hematological malignancy  Common immunophenotypes 

 Acute myeloid leukemia  CD13+, CD33+, MPO+, CD117+, CD34+, HLA-DR+/−, 
CD14+/−, CD45 dim + 

 Acute promyelocytic leukemia  CD13+, CD33 bright +, MPO+, CD117+, CD34−, HLA-DR−, 
CD64+/−, CD11c+/−, CD45+/−, CD11b+/− 

 B-acute lymphoblastic 
leukemia/lymphoma 

 CD19+, CD20−, CD10+, TdT+, CD34+, CD45 dim-to-negative , 
absent light chain expression 

 Burkitt’s lymphoma  CD19+, CD20+, CD10+, TdT−, CD23−, CD43+, CD5−, 
surface light chain restricted expression 

 Follicular lymphoma  CD19+, CD20+, CD10+, CD23+, CD43−, surface light chain 
restricted expression 

 Diffuse large B-cell lymphoma  CD19+, CD20+, CD10+, CD23+, CD5−, surface light chain 
restricted expression 

 Mantle cell lymphoma  CD19+, CD20+, CD10−, CD23−, CD43+, CD5+, FMC7+ 
surface light chain restricted expression 

 Chronic lymphocytic leukemia  CD19+, CD20 dim +, CD5+, CD23+, CD43+, FMC7−, surface 
light chain dim+  restricted expression 

 Hairy cell leukemia  CD19+, CD20 bright +, CD10−, CD5−, CD23−, CD103+, 
CD11c+, CD25+, surface light chain restricted expression 

 Marginal zone lymphoma  CD19+, CD20+, CD10−, CD23−, CD5−, CD43−, surface 
light chain restricted expression 

 Plasma cell myeloma  CD19−, CD38 bright +, CD138+, CD56+, CD45 dim+to neg  
cytoplasmic light chain restricted expression 

 T-LGL  CD3+, CD2+, CD8+CD57+, CD56+, CD7+, CD16+, CD45+ 

 T acute lymphoblastic 
leukemia/lymphoma 

 CD1a+, CD2+, CD3+, CD4+8+, CD5+, CD7+, TdT+; 
CD99+, CD34+, CD10+ (variably) 

 T-NHL  CD3+, CD7+, CD2+, CD4+ or CD8+ 

 Cutaneous T-cell lymphoma  CD3+, CD2+, CD4+ and/or CD8+, CD5+/−, CD7+/− 
(CD26− in erythroderma) 
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CD45 is usually reduced from that appreciated on normal B cells 
or possibly entirely absent. Expression of the myeloid markers 
CD13 and/or CD33 is also possible and with cytoplasmic MPO 
expression would suggest a biphenotypic leukemia rather than 
diagnosis [ 15 ].

   B cells in chronic lymphocytic leukemia (CLL) can immuno-
phenotypically be described as CD19+, CD20 dim +, CD5+, and CD23+ 
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  Fig. 4    Representative dot plots from a patient’s bone marrow aspirate demonstrating acute myeloid leukemia 
(AML). The myeloid blasts are depicted as the green dots and express the characteristic immunophenotype of 
CD13+CD33+CD34+HLA-DR+MPO+CD117+. There is obvious variation in the expression of CD34, CD117, 
CD13, and HLA-DR demonstrated in this example, showing the heterogeneity of immunophenotypic expres-
sion. Myeloid blasts are larger than normal lymphocytes in size and have increased side scatter       

  Fig. 5    Representative dot plots from a patient’s bone marrow aspirate demonstrating acute promyelocytic 
leukemia (APML). The malignant promyelocytes are depicted as the  green dots  and express the characteristic 
immunophenotype of CD13+CD33 bright +CD64+CD11c+MPO+CD117+CD34−HLA-DR−. Promyelocytes have 
forward and side scatter characteristics similar to monocytes       
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and are either kappa or lambda restricted (Fig.  7 ). The clonal 
immunoglobulin light chain expression is characteristically surface 
“dim” or actually only apparent in the cytoplasm after permeabili-
zation. Hairy cell leukemia is positive for pan-B-cell markers and 
CD103, CD11c, and CD25 and usually negative for CD5, CD10, 

  Fig. 6    Representative dot plots from a patient’s bone marrow aspirate demon-
strating B-cell acute lymphoblastic leukemia (B-ALL).    The B-ALL cells are depicted 
as the  green dots  and the population of comingling normal B cells are depicted as 
the  blue dots . B-ALL cells express the characteristic immunophenotype of CD19+
CD20 dim +CD10+CD34+TdT+CD45 dim/negative  without surface or cytoplasmic immu-
noglobulin light chain. B-ALL cells are typically somewhat larger than normal 
 lymphocytes in size, but have similar side scatter properties       
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and CD23; these tumor cells often have increased forward light 
scatter (Fig.  8 ). Antibody combinations used to detect large granu-
lar lymphocyte (LGL) leukemia include CD57, CD7, CD3, CD2, 
CD56, CD8, CD16, and CD45 (Fig.  9 ).

     A new fl ow cytometric assay for the detection of the  BCR - 
ABL1     oncogene, causative of chronic myelogenous leukemia 
(CML), has been developed. With this methodology mononuclear 
cells are lysed and the  BCR - ABL1  fusion protein is bound by 
 anti- BCR antibodies adsorbed to capture beads. Subsequently, a 
phycoerythrin- tagged anti-ABL1 antibody is used as the detector 
reagent to determine the mean fl uorescence intensity. This assay 
reached 100 % concordance with the polymerase chain reaction 
method for reliable detection of the  BCR - ABL1  fusion protein 
[ 16 ], but its value for clinical diagnosis of CML will need to be 
assessed in the future. Flow cytometry, however, is well established 
as a reliable method to enumerate blast counts. 

 Leukemic stem cells (LSC) are rare leukemic cells which 
are resistant to chemotherapy and have acquired the ability to 
 self- renew and induce disease in immunosuppressed mice upon 
xenotransplantation. As they are thought to reside in an LSC niche, 
from where they are hypothesized to give rise to relapsed disease, 
they have not been accessible for fl ow cytometry and their exact 
immunophenotype is uncertain. However, they are thought to 

  Fig. 7    Representative dot plots from a patient’s peripheral blood demonstrating chronic lymphocytic leukemia 
(CLL). The CLL cells are depicted as the  green dots  and the population of comingling normal B cells are 
depicted as the  blue dots . CLL cells express the characteristic immunophenotype of CD19+CD20 dim +CD5 dim +
CD23+CD38+/−FMC7−CD10− with reduced expression of monotypic light chain. Note the contrast of CD5, 
CD20, and light chain expression of these cells to those demonstrated in mantle cell lymphoma in Fig.  12 . CLL 
cells have similar forward and side scatter properties to that of normal lymphocytes       
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  Fig. 8    Representative dot plots from a patient’s peripheral blood demonstrating hairy cell leukemia. The “hairy 
cells” are depicted as the  green dots  and express the characteristic immunophenotype of CD19+CD20 bright 
+CD11c+CD25+CD103+ with monotypic light chain. Hairy cells are also larger than normal lymphocytes in 
size and have increased side scatter       
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  Fig. 9    Representative dot plots from a patient’s peripheral blood with T-cell large granular lymphocytosis 
(T-LGL). The T-LGLs are depicted as the  blue dots  and immunophenotypically co-express CD3+CD8+ 
CD57+CD7+CD56+. This particular case does not express CD16. T-LGLs are typically slightly larger than 
normal lymphocytes in size and may have slightly increased side scatter       
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reside in the CD34+ CD38− fraction in AML [ 17 ,  18 ] and CML 
[ 19 ,  20 ] and in the CD34+ CD38− CD19+ fraction in B-ALL 
[ 21 ] (reviewed in ref.  4 ). Hematogones, benign lymphoid precur-
sor cells, are frequently found in bone marrow aspirates, especially 
of young patients after chemotherapy (Figs.  10 ,  18 ,  19 ). They 
should not be confused with B-ALL blasts, as their immunopheno-
type (CD19+ CD20+ CD10+) is similar.

    
 Flow cytometry is used to immunophenotype lymphocytes in periph-
eral blood, fi ne needle aspirates, ascites, pleuritic fl uid, or solid tissue 
specimens using T-, B-, and NK-cell markers, if a clonal population 
which may be consistent with a non-Hodgkin lymphoma (NHL) is 
suspected. 
 Our laboratory utilizes the following two tubes with eight conjugated 

monoclonal antibodies: 

 Tube 1: CD7, CD16, CD3, CD2, CD8, CD14, CD4, CD45 
 Tube 2: kappa, lambda, CD19, CD10, CD23, CD20, CD5, CD45 

3.2  Lymphoma

  Fig. 10    Representative dot plots from a patient’s bone marrow aspirate demonstrating normal B-cell maturation 
(hematogones). The least mature B-cell population is depicted as  green dots , with the highest levels of CD10+ 
CD19 dim +CD20−CD45 dim + lacking surface or cytoplasmic light chain expression and exhibiting very low side 
scatter. These also have nuclear TdT+ expression as well as elevated levels of CD38 and CD43 (not shown). The 
 blue dots  are in an intermediate state where the aforementioned markers are downregulated, while CD19, 
CD20, and surface immunoglobulin are upregulated. The  purple dots  represent the mature B-cell population. 
As the B cells undergo the maturation process, the immunophenotype ultimately progresses to TdT-CD10- 
CD19+CD20+CD45+ with either kappa or lambda surface light chain expression.  See  also Figs.  18  and  19        
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 Follicular lymphoma (FL) is generally positive for CD19, 
CD10, CD23, CD20, and clonal kappa or lambda, while diffuse 
large B-cell lymphoma (DLBCL) frequently contains larger cells 
with an increased forward scatter and exhibits a similar immuno-
phenotype: CD19, CD10, cytoplasmic CD79a, CD23, CD20, and 
clonal kappa or lambda, although light chain expression may be 
absent. Several cases of DLBCL overlap immunophenotypically 
with FL. However, some DLBCLs lack germinal center markers 
(as assessed by immunohistochemistry), so the immunophenotype 
can aid in excluding FL. However, cell size and pattern are very 
important in distinguishing between FL and DLBCL. In addition, 
DLBCL almost always has a higher proliferation index. Epstein–
Barr virus or human herpes virus 8 may be detectable in some 
uncommon cases of DLBCL, while these are absent in FL. Burkitt’s 
lymphoma is positive for CD19, CD20, and CD10 and further 
distinction from DLBCL and FL is achieved by histomorphology 
and immunohistochemical stains such as bcl-2 (Fig.  11 ). Similar to 
CLL, CD5-expression on B cells is frequently found in mantle cell 
lymphomas (MCL), but MCL is typically CD23− and FMC7+ 
and expresses CD20 and clonal kappa or lambda light chain 
more brightly than CLL [ 22 ] (Fig.  12 ). For suspected NHL in 
cerebrospinal or vitreous fl uids, our laboratory uses the following 

  Fig. 11    Representative dot plots from a patient’s ovarian mass demonstrating a CD10+ B-cell lymphoma 
(this patient was diagnosed with Burkitt’s lymphoma based on the fi nding of the t(8;14) karyotype. However, 
this immunophenotype could also be consistent with follicular lymphoma). The Burkitt’s cells are depicted as 
the  green dots  and express the characteristic immunophenotype of CD19+CD20+CD10+CD5−CD23+/− with 
monotypic lambda light chain. Burkitt’s lymphoma cells are often larger than normal lymphocytes in size and 
have slightly increased side scatter       
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combination of directly conjugated antibodies: kappa, lambda, 
CD19, CD3, CD4, CD8, CD20, and CD45.

    Common markers in T-NHL are CD3, CD7, CD2, CD4, and/
or CD8. Clonal T-cell receptor rearrangements may be found by 
molecular diagnostic techniques. Sezary syndrome/mycosis 
 fungoides/cutaneous T-cell lymphoma (CTCL) is positive for CD3, 
CD2, CD4, and/or CD8 (Fig.  13 ). Expression of CD5 and/or CD7 
may be variable in CTCL and loss of CD26 is  frequent in erythro-
derma associated with Sezary syndrome [ 23 ]. Although usually 
found in tissue sections and formerly not a good candidate for diag-
nostic testing by fl ow cytometry, Hodgkin’s lymphoma can also be 
identifi ed by fl ow-based immunofl uorescence techniques [ 24 ].

    
 Plasma cell myeloma (PCM) is a malignancy of plasma cells. 
A plasma cell is a fully differentiated manifestation of a B cell that 
functions to produce antibodies. Malignant plasma cells usually 
express CD38 bright +, CD138+, CD19−, and CD45 dim +. They dem-
onstrate monotypic expression of kappa or lambda light chains 
detected by cytoplasmic staining, and many additional markers are 
being investigated for their contribution to diagnosis, management, 
and detection of minimal residual disease (Fig.  14 ) [ 25 – 29 ].

3.3  Plasma 
Cell Myeloma

  Fig. 12    Representative dot plots from a patient’s peripheral blood demonstrating mantle cell lymphoma (MCL). 
   The MCL cells are depicted as the  green dots  and the population of comingling normal B cells are depicted as 
the  blue dots . MCL cells express the characteristic immunophenotype of CD19+CD20+CD5+CD23+/−CD3−
FMC7+CD10− with monotypic light chain. In contrast to CLL, note that the tumor cells of mantle cell 
lymphoma are quite similar in their CD20 expression to the comingling normal B cells but that their restricted 
light chain expression is enhanced. MCL cells have similar forward and side scatter properties to that of 
 normal lymphocytes       
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      Paroxysmal nocturnal hemoglobinuria (PNH) is a rare acquired 
hematopoietic disorder caused by a mutation in the gene encoding 
for phosphatidylinositol glycan A (PIGA) [ 30 ,  31 ]. PIGA is a pro-
tein necessary for producing glycosylphosphatidylinositol (GPI), 
which anchors proteins to the cell membrane, in particular proteins 
which protect the cell from destruction by the complement system, 
like CD55 and CD59. Thus, patients with PNH have a complement- 
induced hemolytic anemia, hemoglobinuria, and thrombosis. Flow 
cytometry allows analysis of the expression of GPI-linked proteins 
on red blood cells (CD59), monocytes (CD14), and neutrophils 
(CD24), as well as the specifi c GPI-linked protein aerolysin 
 identifi ed by the fl uorescently linked aerolysin (FLAER), expressed 
by peripheral blood lymphocytes; similar to CD34 quantitation 

3.4  The Use of Flow 
Cytometry in Other 
Diseases/Tissue Sites

3.4.1  Paroxysmal 
Nocturnal Hemoglobinuria

  Fig. 13    Representative dot plots from a patient’s peripheral blood demonstrating 
cutaneous T-cell lymphoma (CTCL). The CTCL cells are depicted as the  green 
dots  expressing the immunophenotype CD3+CD2+CD7−CD26+CD4+CD5 bright + 
CD8−. However, CTCL immunophenotypes can be variable. CTCL cells have 
similar forward and side scatter properties to that of normal lymphocytes       
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described in Subheading  2.1 , this type of analysis has also been 
automated with a new software approach utilizing a probability 
state model (Fig.  15 ) [ 32 ]. The reagent pallet and method of anal-
ysis continue to expand, with the improvement of the assay with 
CD64 as a marker for monocytes [ 33 ,  34 ]. The expression of these 
proteins is decreased or absent in patients with PNH. Staining with 
directly conjugated monoclonal antibodies is performed as follows:

   Red blood cells (1:100 dilution): glycophorin, CD59 
 Monocytes (undiluted blood): FLAER, CD64, CD14, CD45 
 Neutrophils (undiluted blood): FLAER, CD24, CD15, CD45 [ 35 ] 

 In order to detect abnormal T-cell populations in patients 
infected with human T-cell lymphotropic virus (HTLV)-1, anti-
bodies to CD25, CD7, CD3, CD2, CD5, CD8, CD4, and CD45 
are used. Abnormal populations of eosinophils can be detected by 
staining for CD49d, CD33, CD294, and CD45. 

 Although a less sensitive test for the detection of giardia in stool 
samples than conventional microcopy or direct immunofl uorescence, 
fl ow cytometry may be benefi cial in detecting giardia cysts, particularly 

  Fig. 14    Representative dot plots from a patient’s bone marrow aspirate demon-
strating plasma cell myeloma. The malignant plasma cells are depicted as the 
 green dots  and the population of comingling normal B cells are depicted as 
the  blue dots . Plasma cells in plasma cell myeloma express the characteristic 
immunophenotype of CD138+CD38+CD19−/+CD45 dim + with monotypic cyto-
plasmic light chain. Plasma cells are larger than normal lymphocytes in size and 
have slightly increased side scatter       
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in epidemiological settings or in the absence of an experienced 
microscopist [ 36 ]. Furthermore, fl ow cytometry showed good cor-
relation with the standard Kleihauer-Betke assay for the detection of 
fetomaternal hemorrhage with the use of an anti-hemoglobin F anti-
body [ 37 ]. Used in conjunction with other techniques, fl ow cytom-
etry is also useful in the detection of malignancy by the analysis 
of paucicellular bronchoalveolar lavage (BAL) specimens [ 38 ] and 
GIST tumors [ 39 ] and the analysis of cerebrospinal fl uid [ 40 ].   

  
 The fi eld of fl ow cytometry continues to advance rapidly with 
exciting new developments. The technology may be thought of as 
a “three legged stool” that is supported by the synergy of hard-
ware, software and fl uorochrome biochemistry [ 41 ]. With respect 
to hardware, it has become obvious that high-resolution polychro-
matic fl ow cytometry (both for analysis and cell sorting) is greatly 
enhanced by both reducing the number of fl uorochromes utilized 
per laser excitation beam and simultaneously increasing the number 
of excitation lines per instrument. This permits data production 
with little need for intra- or interlaser compensation and results 
in very clear concise data. This is presently far easier to do since the 
advent of extraordinarily small [relative to legacy water- cooled ion-
gas lasers] fi ber launched diode crystal lasers. With respect to these 
light sources, presently almost any line from the ultraviolet through 

3.5  Recent 
Developments 
and the Near Future 
of Flow Cytometry

  Fig. 15    Representative dot plots from a patient’s peripheral blood demonstrating 
paroxysmal nocturnal hemoglobinuria (PNH). The events characterizing PNH can 
be seen in the red blood cell lineage (as CD59 dim-to-negative events), the 
monocytic lineage (as fl uorescent aerolysin-/CD14− events), and the  neutrophilic 
lineage (as fl uorescent aerolysin-/CD24− events)       
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the infrared can be obtained from laser vendors and can be placed 
in a benchtop cytometer (Fig.  16 ). Filters now transmit light 
with almost 95 % effi ciency, over relatively “fl at” passbands, with 
sharp nanometer cutoff specifi cations (Fig.  17 ). Electronics in fl ow 
cytometers have recently been produced that surpass a 20-parameter 
limit, permitting up to 50 parameters to be monitored. Scalable 
software such as GemStone™ (Verity Software, Topsham ME) 
which is unrestricted regarding the number of parameters it can 
handle is available from a variety of sources (Fig.  18 ). Presently, 
the “bottleneck” in this tripartite paradigm is limitations in the 
organic-dye fl uorochromes available.    These dyes increase the spill-
over between capture channels and require “compensation” which 
reduces data resolution. While not yet fully mature, it is hoped that 
increased fl exibility in fl uorochrome options will soon be forth-
coming from companies such as Sirigen and their High Sensitivity 
Fluorescence™ technology that will not only expand the utility 

  Fig. 16    Seven lasers for seven fl uorochromes. Individual laser excitation of conjugated monoclonal antibodies 
demonstrates high resolution data. The following reagent-fl uorochrome combinations were utilized and 
excited by the indicated laser line: CD71 Alexa 350 (355 nm), CD3 Pacifi c Blue (405 nm), CD45 FITC (488 nm), 
CD19 PE (532 nm), CD16 Alexa 594 (594 nm), CD4 APC (641 nm), and CD8 IRD 800 (785 nm). This results in 
virtually no fl uorescence spillover and almost entirely obviates the need for intra- and interlaser compensation 
which when applied negatively impacts data resolution. The data was produced on the eight-laser platform 
depicted in Fig.  17        
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of the violet beam but lower energy beams further into the red 
spectrum as well.

     Mass cytometry, utilizing the CyTOF™ platform (DVS Sciences, 
Sunnyvale CA), is another emerging technology that combines the 
analytical power of mass spectrometry with  multiparameter fl ow 
cytometry. Antibodies or DNA intercalators are labeled with iso-
topes of transition elements and are mass analyzed and counted 
together with stained, vaporized, atomized, and subsequently ion-
ized cell samples. Similar to immunofl uorescence- based fl ow cytom-
etry, the atomic ions and the tagging isotopes are counted in real 
time and can be analyzed on conventional fl ow cytometric software 
after having been converted to the FCS 3.0 format. With mass-tag 
cellular barcoding, mass cytometry throughput has been increased 
signifi cantly, which will be invaluable for drug discovery, immunology, 

Wavelength Power mw Label
355 40 Coherent Genesis
405 100 Coherent Cube
488 100 Coherent Sapphire
532 150 Coherent Sapphire
552 100 Coherent Sapphire
594 200 MPB
641 100 Coherent Cube
785 40 Coherent Cube

  Fig. 17    Eight-laser SORP LSR (Becton-Dickinson) fl ow cytometer. The benchtop fl ow cytometer depicted 
 contains eight lasers with the indicated power characteristics. This provides highly fl exible excitation capacity 
to the laboratory. When the appropriate fl uorochromes are available, for the highest data resolution, it is best 
to reduce the numbers of fl uorochromes excited per laser and increase the numbers of lasers used. Future 
versions of this platform will have the capacity to incorporate additional excitation lines and acquire up to 50 
distinct parameters simultaneously       
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preclinical analysis, and the understanding of the mechanisms of 
diseases and their treatments [ 42 – 45 ]. 

 A breakthrough technology is found in the form of the Amnis    
instrument where fl ow cytometry can now be integrated with the 
power of visual microscopy. The Amnis platform fi lls an important 
gap in existing technology. While fl ow cytometry provides great 
statistical power, it provides relatively little information content per 
cell (results are based essentially on intensity only). On the other 
hand, fl uorescence microscopy provides extremely high informa-
tion per cell (as it is an image), but typically provides very poor 
statistical power. 

 The Amnis ISX platform couples important attributes of these 
two technologies on the same platform. The high acquisition rates 
obtained by “imaging in fl ow” enable the ability to utilize population 
statistics to assess differences in appearance rather than solely dif-
ferences in fl uorescence expression/intensity. 

 By leveraging the same basic fl uidics (and fl uorochrome 
 excitation/emission) principles as traditional fl ow cytometry, sta-
tistically robust numbers of cells can be acquired for analysis on the 
Amnis platform. Unlike fl ow cytometry, images are taken of each 
cell in bright-fi eld and fl uorescent channels and intensity informa-
tion is collected, enabling “statistical microscopy” to be performed 
on large populations of cells (Fig.  19 ).

  Fig. 18    This representation of normal human marrow B-cell maturation is depicted simultaneously both as a 
parameter profi le plot ( left  ) and four more conventional bivariate dot plots ( right  ) by Gemstone™ Software 
(Verity Software House, Topsham, ME). B-cell maturation is initiated in human bone marrow by CD19 dim + 
CD45 dim + CD34+ CD38+ CD10 bright + cells which downregulate CD10+, CD34+, and then CD38+ as they 
upregulate CD45, CD20, and surface immunoglobulin expression. While the dot-plot format shown is familiar 
to all fl ow cytometrists, interpreting high numbers of them becomes problematic for polychromatic analysis. 
The parameter profi le plots are “scalable” and can display as many data points as the user wishes and are far 
more comprehensible to the non-cytometrist       
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  Fig. 19    Image-based fl ow cytometry. Specimens introduced into the Amnis ISX platform were initially assessed 
to be in focus (high gradient root mean square, in bright fi eld), single cells (area vs. high aspect ratio, in bright 
fi eld), and CD45+ with low side scatter characteristics. These human bone marrow cells were stained by stan-
dard techniques with TdT-FITC, CD10-PE, CD20-V450, CD19-APC, and CD45-V500. A bivariate dot plot ( panel a ) 
depicts TdT versus CD10 expression, with the brightest CD10+TdT+ cells identifi ed in the R4 yellow gate. 
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   Individual cells are captured on one to two cameras and can 
be displayed by both bright-fi eld and fl uorescence features. This 
capacity to localize the staining provides not only information on 
basic immunofl uorescence but additionally the analysis of internaliza-
tion and co-localization of proteins, cell death and autophagy, cell 
signaling, cell cycling, apoptosis, and DNA damage and repair. 
Furthermore, the imaging of cell-cell interactions and discrimination 
of cells from debris are also now far more accessible. These features 
are already being used in the research setting and could be exploited 
clinically in order to assess specifi c killing of a malignant cell in 
response to drug treatment, for example [ 46 ]. One exciting, novel 
clinical application of the Amnis instrument is rapid detection of 
intracellular promyelocytic leukemia (PML) protein in abnormal 
myeloid cells in patients with acute promyelocytic leukemia [ 47 ,  48 ]. 
In these patients, a rapid diagnosis is essential in order to initiate 
treatment with all-trans retinoic acid and cytostatic therapy, in order 
to prevent life-threatening coagulopathy, rapid disease progression, 
and death.  

 
 In summary, fl ow cytometry and its associated technologies are 
 powerful aids in the evaluation and diagnosis of human disease 
states. Not only is fl ow cytometry helpful in the assessment and 
 continuous monitoring of inherited or acquired immune disorders, 
but it is also invaluable in the monitoring of clinical response to 
various immunomodulatory therapies. This is in addition to the 
critical role it continues to play in basic and applied research. This 
is an exciting time in which our knowledge of human disease is 
rapidly growing, yet is becoming more and more complex, due 
to improved genome sequencing methods and technologies to 
understand epigenetic regulation of genes and fi nally personalized 
 medicine. Flow cytometry and its more recent developments will, 
therefore, be instrumental in demonstrating to us the effects of 
genetic, epigenetic, and pharmacological alterations on a cellular, 
morphological, and more functional level.      

3.6  Summary

Fig. 19 (continued) These cells are also shown to be CD20− in the CD10 versus CD20 plot ( panel b ). Each of 
the cells analyzed by the ISX is then individually assessed for their expression of each of the indicated markers 
and their bright- fi eld image, as shown in the next row. For example, in  panel c , the R4-gated CD10+TdT+ cells 
are seen to express nuclear TdT and bright membrane expression of CD10; there is only trace expression of 
CD20 and CD45 and CD19 is present, but this is relatively dimly expressed. The TdT+CD10 bright +CD19 dim 
+CD20− immunophenotype is characteristic of the least mature cells on the B-cell differentiation path in the 
bone marrow. In  panel d , all the TdT and CD10 expression is downregulated, while the cells fully express CD45 
and B-lineage associated CD19 and CD20. Completely novel and specifi c to ISX analysis is that the shape of 
the cells can be both visually inspected, and assessed statistically, and shown to be distinct; that is, the most 
mature B cells are seen to be “round” (bright-fi eld column,  panel d ) compared to the least mature cells which 
are distinctly “not round” (bright-fi eld column,  panel c ). This was enumerated and graphed on 1,143 and 361 
cells, in  panels f  and  g , respectively; the biological signifi cance of this observation is not presently understood. 
Finally, the nuclear staining of TdT and CD10 membrane expression are overlaid in the last column of  panel g        
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    Chapter 3   

 Isolation and Characterization of Mesenchymal Stem Cells 

           Sedat     Odabas    ,     A.     Eser     Elçin    , and     Y.     Murat     Elçin    

    Abstract 

   Mesenchymal stem cells (MSCs) have drawn great interest in the fi eld of regenerative medicine, for cell 
replacement, immunomodulatory, and gene therapies. It has been shown that these multipotent stromal cells 
can be isolated from tissues such as bone marrow, adipose tissue, trimester amniotic tissue, umbilical cord 
blood, and deciduous teeth and can be expanded in adherent culture. They have the capacity to differenti-
ate into cells of the connective tissue lineages in vitro and contribute to tissue parenchyma in vivo. However, 
proper in vitro manipulation of MSCs is a key issue to reveal a potential therapeutic benefi t  following 
transplantation into the patients. This chapter summarizes some of the essential protocols and assays used 
at our laboratory for the isolation, culture, differentiation, and characterization of mesenchymal stem cells 
from the bone marrow and adipose tissue.  

  Key words     Mesenchymal stem cells  ,   Bone marrow  ,   Adipose  ,   Isolation  ,   Culture  ,   Differentiation  , 
  Gene expression  ,   Microarray  

1      Introduction 

 In the last decade, mesenchymal stem cells (MSCs) which also 
may refer to as the multipotent stromal cells have generated con-
siderable excitement for their potential use as universal donor 
cells in the regenerative medicine fi eld as a whole. With their 
unique immune-tolerant nature, they give hope for their thera-
peutic use in cell replacement, gene therapy, and immunomodula-
tory therapy. 

 Friedenstein fi rst described MSCs in the bone marrow as 
fi broblast- like colony-forming units in the late 1960s [ 1 ]. Later, 
these plastic-adhering, extensively replicating clonogenic somatic 
cells were found to have multipotent character both under in vitro 
[ 2 – 4 ] and in vivo settings [ 5 – 7 ]. MSCs are known to maintain 
stem cell niches and have several endogenous roles [ 8 ,  9 ]. 

 To date, MSCs have been isolated from a wide range of adult 
 tissues including the bone marrow, lipo-aspirated adipose, skeletal 
muscle, synovium, and synovium fat pad [ 10 – 15 ]. They can be 
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isolated from the deciduous teeth, from the trimester amniotic 
 tissue, and from placental tissues as well [ 16 – 19 ]. 

 In 2006, the International Society for Cellular Therapy (ISCT) 
described in a position article the minimal set of standards for defi n-
ing MSCs to diminish the ambiguity in their identifi cation based on 
adherence to plastic in standard culture, expression of 
a specifi c surface antigen set (must express CD105, CD73, and 
CD90 and must lack expression of CD45, CD34, CD14, CD19, 
and HLA-DR), and the trilineage mesoderm (namely, osteogenic, 
chondrogenic, and adipogenic) differentiation in vitro (Fig.  1 ) [ 20 ]. 
We now know that MSCs also have the ability to differentiate into 
non-mesodermal tissues [ 21 – 23 ]. Besides, the exact lineage and the 
set of surface antigen markers defi ning MSCs are not in concur-
rence, a feature largely dependent to tissue source, as well as to 
donor age and gender, passage number and seeding density, etc. 
[ 24 ]. However, this set of standards is a benefi cial guide to investi-
gators evaluating the extent of plasticity of the heterogenous 
fi broblast- like cell population. 

 Yet, already, a number of protocols concerning the isolation, 
culture, and characterization of MSCs can be found in the litera-
ture [ 25 – 29 ], investigators still keep digging to identify these cells 
and strive to standardize related protocols. We believe that proven 
isolation and characterization methodologies and well-established 
protocols and regulations are still necessary to facilitate the data 
exchange among researchers that will lead mesenchymal stem cells 
to become prevalent in regenerative medicine. This chapter presents 
some of the essential and useful protocols for bone marrow- and 
adipose tissue-derived    MSCs.

2       Materials 

  The list given below is common for all protocols:

    1.    Class II biological safety cabinet.   
   2.    Carbon dioxide incubator, humidifi ed.   
   3.    Bench-top centrifuge.   
   4.    Circulating water bath at 37 °C.   
   5.    Hemocytometer or automatic cell counter.   
   6.    Electronic transfer pipette controller (Gilson, cat. no. F110751).   
   7.    Serological pipettes (Corning Inc.).   
   8.    Pipette dispenser (a complete set for dispensing 0.1–1,000 μL; 

Eppendorf AG).   
   9.    Sterile-barrier, RNase-free pipette tips (Eppendorf AG).   
   10.    Tissue culture polystyrene (TCPS) fl asks or multi-wells 

(Corning Inc.).   

2.1  Equipments

Sedat Odabas et al.
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   11.    Conical tubes (Corning Inc.).   
   12.    Cryostat.      

      1.    Complete growth medium may consist of: 
 Dulbecco’s modifi ed Eagle’s medium/F12 (DMEM/F12) 
with  L -glutamine (Lonza, cat. no. 12-604F). 

2.2  Isolation 
of Mesenchymal 
Stem Cells

  Fig. 1    Mesenchymal stem cells in culture and their trilineage differentiation. ( a ) Osteogenic induction (Alizarin 
Red S staining); ( b ) adipogenic induction (Oil Red O staining); ( c ) chondrogenic induction (Alcian blue staining) 
( from Elcin Lab )       

 

Mesenchymal Stem Cells
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 Fetal bovine serum, 20 % (FBS, heat inactivated for 30 min 
at 56 °C; Lonza, cat. no. 14-502F). 

 Penicillin/streptomycin solution, 1 % (Lonza, cat. no. 17-602F) 
( see   Note 1 ).   

   2.    Transfer medium: DMEM (Lonza, cat. no. 12-708F) with 
10 % FBS (heat inactivated, Lonza, cat. no. 14-502F) and 5 % 
penicillin/streptomycin solution (Lonza, cat. no. 17-602F) 
( see   Note 1 ).   

   3.    Heparinized tubes (Sarstedt S-Monovette).   
   4.    Collagenase, type IA (Sigma cat. no. C9891).   
   5.    Syringes with 25G needles (BD, cat. no. 305787).   
   6.    Phosphate buffered saline (PBS), w/o Ca 2+  and Mg 2+  (Sigma, 

cat. no. D5662) for washings.   
   7.    Cell strainers: 70 μm (BD, cat. no. 352350).      

      1.    A complete growth medium may consist of: 
 DMEM F/12 with  L -glutamine (Lonza, cat. no. 12-604F). 

 FBS, 10 % (heat inactivated; Lonza, cat. no. 14-502F). 
 Penicillin/streptomycin solution, 1 % (Lonza, cat. no. 

17-602F).   
   2.    Trypsin (Sigma, cat. no. T0646).   
   3.    EDTA (Sigma, cat. no. E6511).   
   4.    PBS, w/o Ca 2+  and Mg 2+  (Sigma, cat. no. D5662).   
   5.    Cell freezing medium-dimethyl sulfoxide (DMSO) 1× (Sigma, 

cat. no. C6164).   
   6.    Cryogenic vial (Corning Inc., cat. no. CLS430662).   
   7.    Freezing container (Nalgene Cryo 1 °C, cat. no. 5100-0036).   
   8.    Isopropyl alcohol, ≥99.5 % (Sigma Aldrich, cat. no. 190764).      

  The osteogenic differentiation medium may consist of:

    1.    DMEM F/12 with  L -glutamine (Lonza, cat. no. 12-604F).   
   2.    FBS, 10 % (heat inactivated; Lonza, cat. no. 14-502F).   
   3.    Dexamethasone, 10 nM (Sigma, cat. no. D4902).   
   4.     β -Glycerophosphate, 10 mM (Sigma, cat. no. 50020).   
   5.     L -Ascorbic acid 2-phosphate, 50 μM (Sigma, cat. no. A4544).   
   6.    Penicillin/streptomycin solution, 1 % (Lonza, cat. no. 17-602F). 

 [For adipose-derived MSCs, add 10 ng/mL BMP-2 (Sigma 
cat. no. B3555) into the osteogenic medium.]      

  The chondrogenic differentiation medium may consist of:

    1.    DMEM F/12 with high glucose (4,500 g/L) (Lonza, cat. no. 
12-604F).   

2.3  Growth, 
subculture, and 
cryopreservation 
of MSCs

2.4  Osteogenic 
Differentiation

2.5  Chondrogenic 
Differentiation
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   2.    FBS, 10 % (heat inactivated; Lonza, cat. no. 14-502F).   
   3.    Dexamethasone, 10 −7  M (Sigma, cat. no. 4902).   
   4.     L -Ascorbic acid 2-phosphate, 50 μM (Sigma, cat. no. A4544).   
   5.    ITS-Premix, 1 % (insulin-transferrin-selenium supplement; 

Lonza, cat. no. 17-838Z).   
   6.    Transforming growth factor-β1, 10 ng/mL (TGF-β1, Sigma, 

cat. no. T7039).   
   7.    Penicillin/streptomycin solution, 1 % (Lonza, cat. no. 17-602F). 

 [For adipose-derived MSCs, switch TGF-β1 with 10 ng/mL 
TGF-β3 (Sigma cat no. T9705) and 10 ng/mL BMP-7 (Sigma 
cat. no. B0814).]      

 
 The adipogenic differentiation medium may consist of:

    1.    DMEM F/12 with  L -glutamine (Lonza, cat. no. 12-604F).   
   2.    FBS, 10 % (heat inactivated for 30 min at 56 °C; Lonza, cat. 

no. 14-502F).   
   3.    Dexamethasone, 50 nM (Sigma, cat. no. D4902).   
   4.    Isobutylmethylxanthine, 0.5 mM (IBMX; Sigma, cat. no. I5879).   
   5.    Indomethacin, 50 μM (Sigma, cat. no. I7378).   
   6.    Penicillin/streptomycin solution, 1 % (Lonza, cat. no. 17-602F).   
   7.    PBS, w/o Mg 2+ and Ca 2+  (Sigma, cat. no. D5662) for washings.      

      1.    Complete growth medium.   
   2.    PBS, w/o Mg 2+ and Ca 2+  (Sigma, cat. no. D5662).   
   3.    Trypsin (Sigma, cat. no. T0646).   
   4.    Ethylenediaminetetraacetic acid (EDTA) (Sigma, cat. no. E6511).   
   5.    Crystal violet (Merck, cat. no. 102543).   
   6.    Methanol (Sigma, cat. no. 676780).      

      1.    Hematoxylin (Sigma Aldrich, cat. no. H3136).   
   2.    Eosin Y-Na salt (Serva, cat. no. 21005).   
   3.    Alizarin Red S (Sigma Aldrich, cat. no. A5533).   
   4.    Alcian blue (Sigma Aldrich, cat. no. A3157).   
   5.    Aluminum sulfate (Sigma Aldrich, cat. no. 202614).   
   6.    Absolute ethanol (Sigma Aldrich, cat. no. 32221).   
   7.    Nuclear Fast Red (Sigma, cat. no. 60700).   
   8.    Glacial acetic acid (Sigma Aldrich, cat. no. 320099).   
   9.    Sodium iodide (Sigma Aldrich, cat. no. 383112).   
   10.    Citric acid (Sigma Aldrich, cat. no. C0759).   
   11.    Sodium bicarbonate (Na 2 CO 3 ) (Sigma, cat. no. S5761).   
   12.    Oil Red O stain (Sigma Aldrich, cat. no. O0625).   

2.6  Adipogenic 
Differentiation

2.7  CFU Assay

2.8  Histochemical 
Staining
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   13.    Methanol (Sigma, cat. no. 676780).   
   14.    Isopropanol (Bioreagent, cat. no. I9516).   
   15.    Hydrochloric acid (Sigma, cat. no. H1758).   
   16.    Whatman fi lter paper (Aldrich, cat. no. Z274852).   
   17.    Ammonium hydroxide (NH 4 OH) solution for pH adjustment 

(Sigma Aldrich, cat. no. 221228).   
   18.    Glutaraldehyde solution (Sigma Aldrich, cat. no. G5882).   
   19.    Tissue freezing solution, Tissue-Tek OCT Compound (Sakura, 

cat. no. 4583).   
   20.    Microscope slide, polysine adhesion (Fischer Scientifi c, cat. no. 

10219280).      

      1.    peqGOLD TriFast reagent kit (PEQLAB Gmbh, cat. no. 
30-2020). Alternatively TRIzol reagent (Invitrogen, cat. no. 
15596-026) can be used for total RNA isolation.   

   2.    RNase-free DNase I (Roche Applied Science, cat. no. 
04716728001).   

   3.    Absolute ethanol (Sigma Aldrich, cat. no. 32221).   
   4.    DNase-free water (Sigma, cat. no. W4502).   
   5.    Diethylpyrocarbonate (DEPC)-treated water (Fischer Bioreagents, 

cat. no. BP5611).   
   6.    Microvolume spectrophotometer (Thermo Scientifi c, 

NanoDrop 2000).   
   7.    Microcentrifuge.      

      1.    Transcriptor First Strand cDNA Synthesis Kit (Roche Applied 
Science, cat. no. 04379012001).   

   2.    UPL Probes (Roche Applied Science).   
   3.    Thermal cycler with heated lid.   
   4.    Sterile-barrier, RNase-free pipette tips (Corning Inc.).      

      1.    Gene-specifi c primers (Roche Applied Science).   
   2.    LightCycler TaqMan Master Mix solution (Roche Applied 

Science, cat. no. 04535286001).   
   3.    Reaction plates, 96-well (Roche Applied Science, cat. no. 

05102413001).   
   4.    Real-time PCR.   
   5.    Sterile, low-binding barrier pipette tips, RNase-/DNase-free 

(Corning Inc.).      

      1.    GeneChip HT 3′ IVT Express Kit (Affymetrix, cat. no. 
901253) ( see   Note 2 ).   

2.9  RNA Isolation

2.10  cDNA Synthesis

2.11  Expression 
Analysis

2.12  Microarray 
Analysis
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   2.    GeneChip ®  Hybridization, Wash, and Stain Kit (Affymetrix, 
cat. no. 900720).   

   3.    Quant-iT™ RiboGreen ®  (Life Technologies, cat. no. R11490).   
   4.    Absolute ethanol (Sigma Aldrich, cat. no. 32221).   
   5.    GeneChip Hybridization Oven 640 (Affymetrix, cat. no. 800139).   
   6.    GeneChip Fluidics Station 450 (Affymetrix, cat. no. 00-0079).   
   7.    GeneChip Scanner 3000 (Affymetrix, cat. no. 00-0213).   
   8.    Thermal cycler with heated lid.   
   9.    Microcentrifuge (with an adapter for PCR strip-tubes or 

plates).   
   10.    Magnetic stand for 96-well plates.   
   11.    Orbital shaker for 96-well plates.   
   12.    Sterile-barrier, RNase-free pipette tips (Corning Inc.).   
   13.    Bioanalyzer.   
   14.    Nonstick RNase-free microfuge tubes: 0.5 mL, 1.5 mL (Ambion, 

cat. nos. 12350, 12450).      

      1.    Flow cytometer (BD FACSAria II).   
   2.    Primary and secondary antibodies (BD Biosciences).   
   3.    Bovine serum albumin, BSA (Sigma, cat. no. A2153).   
   4.    Sodium azide (Sigma Aldrich, cat. no. S2002).   
   5.    Formaldehyde (Merck, cat. no. 1.04003).   
   6.    Fetal bovine serum (Lonza, cat. no. 14-502F).       

3    Methods 

       1.    Under aseptic conditions, collect the marrow aspirate from the 
bone into heparinized tubes (to prevent blood coagulation), 
prefi lled with transport medium.   

   2.    Transfer the tubes immediately to the laboratory.   
   3.    Rinse the aspirates twice with PBS plus 1 % penicillin/streptomycin 

solution.   
   4.    Transfer the solution into a new sterile tube and centrifuge at 

300 ×  g  for 7 min at room temperature.   
   5.    Discard the supernatant and add enough amount of complete 

growth medium. Invert the tube with gently tapping 3–5 times.   
   6.    Perform Ficoll density gradient centrifugation (Sigma, cat. no. 

F2637) for cell enrichment ( see   Note 3 ).   
   7.    Transfer and split the mononuclear cells into culture fl asks and 

incubate in a humidifi ed incubator adjusted to 37 °C and 5 % 
CO 2  for 24 h to allow adherent cells to attach.   

2.13  Flow Cytometry

3.1  Isolation 
of MSCs from 
Bone Marrow
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   8.    Discard the media that may include nonadherent cells and add 
enough amount of warm (37 °C) PBS to wash the surface of 
the culture fl ask. Wash the surface and discard PBS.   

   9.    Add enough amount of complete growth medium and incubate 
the cells at 37 °C with 5 % humidifi ed CO 2 .      

         1.    Weigh the suctioned adipose tissue and wash several times with 
sterile PBS plus 1 % penicillin/streptomycin.   

   2.    Clean out the tissue from any remaining blood vessels and skin 
residues and cut into thin pieces with a sterile scissors or a 
scalpel.   

   3.    Add freshly prepared collagenase solution to the minced tissue 
suspension to reach an enzyme concentration of ~0.1 % 
( see   Note 4 ).   

   4.    Stir the mixture on a magnetic stirrer at 37 °C for 1 h.   
   5.    To stop the enzyme activity, add equal amount of growth 

medium and centrifuge at 300 ×  g  for 7 min.   
   6.    Discard the upper part of the supernatant and fi lter the rest of 

the mixture through a 70 μm cell strainer.   
   7.    Centrifuge the fi ltrate at 300 ×  g  for 7 min.   
   8.    Discard the supernatant and add 20 mL of erythrocytes lysis 

buffer and disrupt by pipetting and remain 10 min at room 
temperature.   

   9.    Centrifuge the mixture at 300 ×  g  for 7 min.   
   10.    Discard the supernatant and add 1 mL of DMEM/F-12 plus 

containing 10 % FBS and 1 % penicillin/streptomycin solution 
onto the pellet and mix gently.   

   11.    Count the cells using a hemocytometer or an automatic cell 
counter and seed the cells at desired density.      

       1.    After    isolation of the cells according to Subheading  3.1  or  3.2 , 
continue to incubate the cells at 37 °C with 5 %CO 2 —95 % 
air—and >90 % humidity, and change the medium twice a 
week until 70–80 % confl uence is reached ( see   Note 5 ).   

   2.    Discard the medium and rinse the fl ask/plate surface with 
 pre- warm PBS in order to remove traces of serum which could 
inhibit the trypsin action.   

   3.    Expose cells to a suffi cient volume of readily prepared and 
 sterile-fi ltered 0.05 % trypsin/0.5 mM EDTA solution to 
 completely cover the monolayer to detach from the surface. 
Place the culture fl ask/plate at 37 °C.   

   4.    Wait until cells round up. Gently tapping the fl ask may help 
cell detachment. Timing is critical.   

3.2  Isolation 
of MSCs from 
Adipose Tissue

3.3  Growth, 
Subculture, and 
Cryopreservation 
of MSCs
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   5.    Add growth medium with 2 times volume of trypsin/EDTA 
solution. Serum in the complete growth medium will neutralize 
the activity of the trypsin enzyme.   

   6.    Collect all the solution into a conical tube and centrifuge at 
300 ×  g  for 5 min.   

   7.    Remove the supernatant, add 1 mL of complete medium, and 
mix gently.   

   8.    Count the cells using a hemocytometer or an automatic cell 
counter; dilute and reseed cells in appropriate concentration 
into new fl asks/plates for subculturing.   

   9.    For cell freezing, resuspend the cells in the freezing medium 
composed of complete medium containing 10 % DMSO at 
about 1–2 × 10 6  cells/mL in a cryovial.   

   10.    Gently mix the cell suspension inside the cryovial; then, 
place the vial in a cryofreezing container containing isopropyl 
alcohol and transfer to a deep freezer at −80 °C.   

   11.    Next day, quickly transfer the cryovial to liquid nitrogen for 
cryopreservation (Table  1 ).

             1.    For differentiation studies use cells from passages 2–5 (P2–P5) 
for bone marrow-derived MSCs and from passages 5–9 (P5–P9) 
for adipose-derived MSCs. Trypsinize MSC culture at 70–80 % 
confl uence and centrifuge for 5 min at 300 ×  g .   

   2.    Discard the supernatant and resuspend the cells in growth 
medium. The inoculation concentration should be adjusted 
close to confl uence.   

   3.    Distribute the cell suspension to any appropriate plate or wells.   

3.4  Osteogenic 
Lineage Differentiation

   Table 1  
  Practical numbers for  h MSC culture   

 Culture substrate 

 Average 
medium 
volume 

 Average volume 
for trypsin/EDTA 

 Average cell 
number at 
confl uence 

 Surface 
area a  (cm 2 ) 

 96-well plate (well)  100 μL  10 μL  4 × 10 3   0.14 

 24-well plate (well)  500 μL  25 μL  4 × 10 4   0.33 

 6-well plate (well)  2 mL  500 μL  4 × 10 5   4.65 

 T-25 fl ask  5 mL  1–2 mL  5 × 10 5 –1 × 10 6   25 

 T-75 fl ask  10–12 mL  3–5 mL  1 × 10 6 –3 × 10 6   75 

 T-150 fl ask  15–20 mL  5–7 mL  3 × 10 6 –5 × 10 6   150 

   a Data may slightly vary between different commercial brands  

Mesenchymal Stem Cells
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   4.    Discard the culture medium on the following day and replace 
with an equal volume of osteogenic medium.   

   5.    Replace the osteogenic medium twice a week and culture the 
cells for 21–28 days.   

   6.    Evaluate differentiation with Alizarin Red S staining for osteo-
genic lineage ( see   Note 6 ).      

      1.    Trypsinize MSCs at 70–80 % confl uence (between P2–P5 for 
bone marrow-derived MSCs and P5–P9 for adipose-derived 
MSCs) and centrifuge 2.5 × 10 5  cells in a 15 mL conical tube at 
300 ×  g  for 5 min to form the cell micropellet.   

   2.    Discard the supernatant and culture the micropellet inside 
the conical tube in the presence of the chondrogenic medium 
(different for bone marrow and adipose MSCs).   

   3.    Replace chondrogenic medium twice a week and culture cells 
for 21–28 days.   

   4.    Evaluate differentiation with Alcian blue staining for chondro-
genic lineage.      

      1.    Trypsinize MSCs at 70–80 % confl uence (between P2–P5 for 
bone marrow-derived MSCs and P5–P9 for adipose-derived 
MSCs) and centrifuge at 300 ×  g  for 5 min.   

   2.    Discard the supernatant and resuspend the cells in growth 
medium. The inoculation concentration should be adjusted close 
to confl uence.   

   3.    Distribute the cell suspension to any appropriate plate or wells.   
   4.    The following day decant the culture medium and replace with 

an equal volume of adipogenic differentiation medium.   
   5.    Replace the adipogenic medium twice a week and culture cells 

for 21–28 days.   
   6.    Evaluate differentiation with Oil Red O staining for adipogenic 

lineage.      

      1.    Harvest expanded MSCs with trypsin/EDTA (Subheading  3.2 ) 
and count the cells using a hemocytometer or an automatic cell 
counter.   

   2.    Resuspend cells in complete medium at 10 7  cells/mL.   
   3.    Distribute cells into 35 mm culture dish as 100 cells/2 mL 

complete medium.   
   4.    Incubate for 14 days by changing the medium twice a week at 

37 °C in 5 % humidifi ed CO 2 . Two weeks of culture is ideal for 
maximum colony size that can be observed.   

   5.    Remove the medium and rinse the culture fl ask/plate with 
PBS twice and discard it.   

3.5  Chondrogenic 
Lineage Differentiation

3.6  Adipogenic 
Lineage Differentiation

3.7  CFU Assay
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   6.    Add 1 mL of methanol and wait for 5 min to fi x the cells. 
Discard the methanol and allow the dish to air-dry at room 
temperature.   

   7.    Add 1 mL of 0.5 % crystal violet stain solution (in methanol; 
w/v) and wait for 5 min at room temperature. Remove the 
stain solution and rinse the dish with water.   

   8.    Discard the water and allow to air-dry.   
   9.    Count the colonies by a microscope using the 4× objective.      

  There are several protocols (Harris, Mayer, Gills) for H&E staining. 
Here we follow the modifi ed Mayer’s protocol.

    1.    Remove the medium and rinse the culture fl ask/plate with 
PBS for twice and discard it.   

   2.    Add enough milliliter of ice-cold methanol to the fl ask/plate 
and wait for 5 min to fi x the cells. Discard methanol and allow 
the fl ask/plate to air-dry at room temperature.   

   3.    Wash briefl y in distilled water.   
   4.    Add freshly prepared Mayer’s hematoxylin stain solution 

 (dissolve 50 g/L aluminum sulfate, 1 g/L hematoxylin, 
0.2 g/L sodium iodide, and 1 g/L citric acid in distilled water, 
respectively) and wait at room temperature for 8–10 min.   

   5.    Rinse in distilled water followed by rinsing in 95 % ethanol for 
5 min.   

   6.    Discard ethanol and counterstain with 0.25 % eosin Y solution 
(in 80 % ethanol; w/v) (or eosin-phloxine B solution) for 1 min.   

   7.    Dehydrate through 95 % ethanol, 2 changes of absolute ethanol, 
10 min each.   

   8.    Analyze microscopically immediately after staining.      

  This stain indicates extracellular calcium deposition around the 
cells as in orange-red color stain that is a characteristic indication of 
osteogenic differentiation. Briefl y:

    1.    Dissolve 2 g Alizarin Red S stain in 100 mL distilled water. Mix 
the solution.   

   2.    Adjust pH to 4.2 by using 0.1 % NH 4 OH solution.   
   3.    Filter the dark-brown solution from Whatman fi lter paper. 

Store the stain solution in the dark. The solution can be stored 
up to 1 month in the dark if pH is stable.   

   4.    For staining, discard the medium and wash the cells with PBS 
w/o Mg 2+  and Ca 2+ .   

   5.    Discard PBS and add enough ice-cold methanol to cover the 
surface of the fl ask or the culture dish. Wait for 10 min at room 
temperature.   

3.8  Hematoxylin 
and Eosin Staining

3.9  Alizarin Red S 
Staining
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   6.    Aspirate the methanol solution and wash the cells with PBS.   
   7.    Add enough volume of Alizarin Red S stain and wait 45 min at 

room temperature in the dark.   
   8.    Discard the stain solution and wash the cells with PBS.   
   9.    Examine microscopically after staining.      

  This method is used to stain in blue color the glycosaminoglycans 
and some of the mucopolysaccharide types in the cartilage tissue 
and also indicates chondrogenic differentiation of cell cultures. 
Briefl y:

    1.    Dissolve 0.1 g Alcian blue in 10 mL 0.1 N HCl.   
   2.    Dissolve 0.1 g Nuclear Fast Red in 5 wt-% solution of alumi-

num sulfate. Cool down the solution and fi lter through a 
Whatman fi lter paper.   

   3.    Remove the medium from the conical tube and add 5 mL of 
2.5 % glutaraldehyde solution onto the micropellet for fi xation 
and wait for 30 min.   

   4.    Remove the fi xative solution and wash the micropellet using 
PBS with care.   

   5.    Remove the micropellet, place inside the tissue freezing 
 solution, and put up into deep freezer at −80 °C.   

   6.    Cryosection the micropellet into 5–6 μm-thick sections, the 
next day.   

   7.    Place cryosections on the slides.   
   8.    Add enough Alcian blue stain solution and wait 2 min at room 

temperature.   
   9.    Wash the cells with distilled water and aspirate all.   
   10.    Wash the cells with 0.1 N HCl for 3 s and aspirate all.   
   11.    Wash the sections with 0.3 % Na 2 CO 3  for 30 s.   
   12.    Add enough Nuclear Fast Red stain and wait for 5 min.   
   13.    Discard the stain solution and wash the sections twice with 

95 % ethanol solution.   
   14.    Examine microscopically after staining.      

  This stain indicates lipid vesicles in the cell cytoplasm in bright red 
color, which is a characteristic indication of adipogenic differentiation. 
Briefl y:

    1.    Dissolve 0.3 % (w/v) Oil Red O in isopropyl alcohol. This 
stock solution can be stored in dark up to a year.   

   2.    Discard the medium and wash the cells with PBS.   
   3.    Discard the PBS and add enough ice-cold methanol to cover 

the surface of the fl ask or the culture dish. Wait for 10 min at 
room temperature.   

3.10  Alcian 
Blue Staining

3.11  Oil Red O 
Staining
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   4.    Dilute Oil Red O stock solution with distilled water to 2:3 
(v/v) ratio.   

   5.    Discard the formalin solution and wash the cells with enough 
60 % isopropyl alcohol to cover the surface of the fl ask. Wait 
for 5 min at room temperature.   

   6.    Discard the isopropanol solution and add enough Oil Red O 
working solution to cover the surface of the fl ask. Wait for 
15 min at room temperature.   

   7.    Discard the Oil Red O stain solution and wash the cells several 
times with distilled water to remove the excess stain residues.   

   8.    Examine microscopically after staining.      

  Protocols have close similarity for most cell types and antibodies. 
For additional information regarding staining or binding, follow 
the instructions of the antibody and kit providers.

    1.    Discard the medium and rinse cells with sterile PBS.   
   2.    Detach cells with trypsin-EDTA solution prepared in PBS 

according to Subheading  3.3 .   
   3.    Centrifuge the cell suspension at 300 ×  g  for 5 min.   
   4.    Add enough PBS plus 2 % FBS solution to the cell pellet to 

obtain a fi nal concentration of 2 × 10 5  cells/100 μL. Mix gently.   
   5.    Add 10 μL specifi c dye-conjugated antibody to each tube and 

wait 20 min at room temperature. For purifi ed antibodies, an 
extra 20 min is needed for dye-conjugated secondary antibody 
staining.   

   6.    Add enough amount of rinse solution containing BSA and 2 % 
FBS and centrifuge at 300 ×  g  for 5 min. Wash twice.   

   7.    Discard the supernatant and add 200 μL rinse solution to each 
tube containing 1 % formaldehyde, 0.1 % sodium azide, and 
0.5 % BSA. Mix gently.   

   8.    Perform fl ow cytometry according to defi ned analysis program 
(Table  2 ).

             1.    Harvest MSCs according to previously described protocol 
(Subheading  3.2 ).   

   2.    Isolate the total RNA from the cell pellet by using the peq-
GOLD TriFast kit or by TRIzol, according to manufacturer’s 
instructions.   

   3.    Wash the pellet twice with 80 % ethanol and air-dry before 
resuspending into DEPC-treated water.   

   4.    Determine the RNA concentration by using a microvolume 
spectrophotometer at 260 and 280 nm. A260/A280 absor-
bance ratio should be between 1.9 and 2.1 to obtain a pure 
RNA sample.      

3.12  Flow Cytometry 
Analysis for MSCs

3.13  RNA Isolation
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      1.    Perform cDNA synthesis with a commercially available cDNA 
synthesis kit by following the manufacturer’s instructions. You 
should consider correlation between kits which mostly depends 
on personal experience.      

      1.    Perform quantitative real-time PCR analysis using previously 
designed primers for related genes. There are several platforms 
for designing the primers and probes for gene expression anal-
ysis; one good example is  Roche Assay Design Center  (  http://
www.roche-applied-science.com/sis/rtpcr/upl/index.
jsp?id=UP030000    ).   

   2.    Run real-time PCR with a defi ned program. For instance, 1 μL 
cDNA and 1 μL TaqMan Master Mix (10×) solution and at 
a condition of 2 min at 50 °C, 50 cycles of 10 s at 95 °C, 
and 20 s at 60 °C. Conditions may vary between different 
instructions.      

      1.    Isolate total RNA from the cells; check the amount and purity. 
RNA samples should be free of contaminating proteins, DNA, 
and other materials.   

   2.    Use poly-A RNA control stock and poly-A control Dil buffer 
provided by the kit. A total RNA amount of 100 ng is usually 
recommended. Dilutions are critical.   

3.14  cDNA Synthesis

3.15  Expression 
Analysis

3.16  Microarray 
Analysis

   Table 2  
  Surface antigen expression a  of cultured human mesenchymal stem cells between passages 2 and 5   

 Surface markers  Bone marrow-derived MSCs  Adipose-derived MSCs b  

 CD 29  +++  +++ 

 CD 31  −  − 

 CD 34  −  −/± 

 CD 44  +++  ++/+++ 

 CD 45  −  − 

 CD 73  +++  +++ 

 CD 90  +++  +++ 

 CD 105  +++  ++/+++ 

 CD 106  ++  − 

 CD 166  +++  ++/+++ 

 HLA ABC (class I)  +++  +++ 

 HLA DP, DQ, DR (class II)  −  − 

   a Indication of marker    expression levels: −, 0–5 %; ± , 5–25 %; +, 25–50 %; ++, 50–75 %; +++, 75–100 % 
  b Some of the surface antigen expressions change in subsequent passages (P5–P9)  

Sedat Odabas et al.
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   3.    Proceed with the instructions described in the kit. The main 
steps of the microarray analysis are as follows:

    (a)     Reverse transcription to synthesize cDNA: This includes 
several steps comprising of the fi rst- and the second-strand 
cDNA assembly.   

   (b)     In vitro transcription to synthesize biotin-modifi ed aRNA 
with IVF labeling master mix (4–16 h): This step sets up 
the conversion of cDNA into dye-binding aRNA.   

   (c)     aRNA purifi cation (0.75 h): This includes several steps to 
purify aRNA by magnetic separation techniques.   

   (d)    Fragmentation of the labeled aRNA (1 h).   
   (e)     Hybridization (16 h/overnight): This step includes several 

sub-steps for the hybridization of fragmented and labeled 
aRNA with defi ned probes.   

   (f)     Following hybridization, the washing, staining, and scanning 
steps should be performed according to manufacturer’s 
instructions.           

4    Notes 

     1.    Media compositions may vary between laboratories. This 
mostly depends on personal experience. Alpha MEM (Life 
Technologies, Carlsbad, CA) can be used as an alternative.   

   2.    Other commercial kits, such as Ambion MessageAmp II 
Amino Allyl with Cy Dyes (Life Technologies cat. no. 1753), 
and Cy3 and Cy5 mono-reactive dye packs (Amersham 
Biosciences, cat. no. PA 23001, PA25001) can be used as 
alternatives.   

   3.    Alternatively, you can use ammonium chloride solution (Sigma, 
cat. no. A9434) to lyse erythrocytes and separate the mono-
nuclear cells.   

   4.    Since the activity of enzyme lots has discrepancies, you should 
optimize tissue digestion according to the collagenase lot that 
is being used.   

   5.    Recent fi ndings suggest the positive infl uence of hypoxic condi-
tions (<2 % oxygen) on the motility and propagation of MSC 
cultures [ 30 ,  31 ]. However, the standard condition (5 % CO 2 —
95 % air containing ~20 % oxygen) is still extensively used.   

   6.    Osteogenic differentiation can also be evaluated by immuno-
histochemistry, using osteonectin, osteopontin, bone sialoprotein, 
and osteocalcin antibodies [ 32 ].         

Mesenchymal Stem Cells
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    Chapter 4   

 Methods for Functional Analysis of Stem Cells 

             Michelle     Escobedo-Cousin    ,     J.     Alejandro     Madrigal,     
   and Aurore     Saudemont   

    Abstract 

   Hematopoietic stem cells (HSC) are rare, multipotent cells characterized by their ability to self-renew and 
to generate all blood cells throughout life. Major advances have been made in the area of HSC research as 
a result of the development of different techniques that allowed HSC identifi cation, purifi cation, and 
analysis of biological functions. This chapter presents methods that are currently used to analyze HSC 
functions in vitro based on their characteristics.  

  Key words     Hematopoietic stem cells  ,   Self-renewal  ,   Differentiation  ,   Reconstitution  ,   In vitro assays  

1       Introduction 

 Following the observation in 1961 by Till and McCulloch [ 1 ] of 
the production of colony-forming units in the spleen (CFU-S) of 
irradiated mice after infusion of bone marrow (BM) cells, different 
studies focused on the discovery of hematopoietic stem cells (HSC) 
in the BM of humans and other animals [ 2 ,  3 ]. HSC are rare, mul-
tipotent cells capable to self-renew, produce, and maintain all 
blood and immune cells of an individual throughout life [ 4 ]. HSC 
are found in a quiescent state in the BM, in the endosteal and peri-
vascular BM compartments that form the HSC niche [ 5 ]. In the 
niche HSC self-renew and undergo differentiation into all blood 
cell lineages. Nevertheless, it has been reported that in steady state 
conditions, a small number of HSC will circulate from the BM to 
the periphery and back [ 6 ,  7 ]. This physiological process has facili-
tated the translation of HSC to the clinic, as HSC injected intrave-
nously will thus home back to niches into the BM. It is noteworthy 
that self-renewal of HSC has only been observed in transplantation 
conditions and that their self-renewal capacities seem to decrease 
after in vitro culture. 

 Hematopoiesis is maintained due to HSC capacity to differenti-
ate into mature blood cells on a daily basis. This process occurs in a 



66

tightly regulated manner, with HSC at the top of this hierarchy. 
HSC differentiates into common lymphoid progenitors (CLP) or 
common myeloid progenitors (CMP) [ 8 ]. These progenitors have 
no or low self-renewal ability and have limited differentiation, as 
they will only differentiate into mature cells of a specifi c lineage. 
CLP can differentiate into T cells, B cells, natural killer cells, as well as 
antigen-presenting cells [ 9 ]. CMP differentiate into  granulocyte-/
monocyte-committed progenitors (GMP) or megakaryocyte- 
committed progenitors (MEP). GMP then give rise to granulocytes, 
monocytes, and dendritic cells and MEP to erythrocytes and  platelets 
[ 8 ,  10 ].    Notably it has been shown that HSC can differentiate into 
myeloerythroid or myelolymphoid progenitors before differentiat-
ing into a specifi c lineage [ 11 ] and for some myeloid-like progeni-
tors to generate lymphoid cells such as NK cells in vitro [ 12 – 14 ]. All 
these studies have been performed using in vitro systems, and fur-
ther studies are needed in order to fully elucidate whether CMP and 
CLP are strictly committed to one specifi c lineage in vitro and in 
vivo in particular in humans. 

 It has been described using animal models of HSC transplanta-
tion that HSC are heterogeneous and exhibit short-term or long- 
term repopulating capacities [ 15 ,  16 ]. It was later demonstrated 
that HSC with long-term repopulating capacities (LT-HSC), also 
termed long-term repopulating cells (LTRC), were capable to 
repopulate all blood cell types in vitro and in vivo as well as gener-
ating cells that could themselves exhibit the same properties when 
transferred to another recipient, properties that could be repeated 
upon secondary or even tertiary transfer [ 17 – 19 ]. In contrast, 
some HSC could demonstrate similar functions but only reconsti-
tute the myeloid and lymphoid compartments after transfer to a 
host for a limited period of time [ 20 ], typically up to 4 months. 
These cells are termed short-term repopulating cells (ST-HSC). 

 The fi elds of HSC biology and hematopoiesis have greatly 
evolved. Nowadays it is possible to isolate with high purity HSC 
populations, human stem/progenitor cells (HSPC), and even sin-
gle HSC. This has been possible as a result of techniques being 
developed such as isolation using magnetic beads, fl uorescence- 
activated cell sorting, and the identifi cation over the years of differ-
ent surface and intracellular markers expressed by HSC. Notably, a 
lot of effort has been dedicated to identify markers that will allow 
discriminating specifi cally between LT-HSC and ST-HSC. 
Currently a combination of markers can be used in order to specifi -
cally identify mouse or human HSC [ 21 ,  22 ]. Mouse HSC were 
fi rst defi ned as lineage (Lin) − , Sca-1 + , c-kit + , referred as LSK cells 
[ 23 ,  24 ]. Later, it was reported that the absence of CD34 antigen 
on mouse HSC correlated with HSC abilities to self-renew and 
provide long-term reconstitution [ 25 ]. In addition, it was shown 
that LT-HSC activity resides in the CD150 +  CD48 −  HSC popula-
tion in mice [ 26 ] but not in humans and in macaques [ 27 ]. 
In humans, CD34 was the fi rst marker reported to be expressed on 
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HSC and HSPC [ 28 ]. Over the years different markers have been 
described to identify HSC; in humans HSC can be characterized 
by the expression of CD34 and Thy1 [ 29 ,  30 ] and the lack of 
expression of CD38 [ 31 ,  32 ] and CD45RA [ 33 ] with the latest 
markers being progressively expressed on HSC while they differen-
tiate and therefore being more specifi c of HSPC. In addition to 
CD34, CD133 can be used to identify HSC (see Note 1); it has been 
reported that HSC are contained within the CD133+CD34+CD38–/lo 
population (see Note 2). Importantly other markers such as CXCR4 
or the lack of expression of lineage markers can also be used to identify 
HSC, but as they are also expressed on other cell types, these markers 
have to be analyzed in conjunction with other markers. Metabolic 
properties of HSC such as HO3342, Rh123, in vivo resistance to 
5- fl uorouracil, or high activity of aldehyde dehydrogenase have also 
been utilized for their identifi cation. Lastly, integrin expression such as 
CD49b in mice [ 34 ] or CD49f in humans [ 35 ] has been used to ana-
lyze or isolate LT-HSC. 

 Different assays have been developed in order to assess HSC 
functions in vitro and in vivo and are summarized in Fig.  1 . The 
colony-forming unit (CFU) also called colony-forming cell (CFC) 

  Fig. 1    Functional assays to identify HSC. The diagram shows the most commonly 
used assays to study HSC. In vivo mouse repopulating cell assay identifi es HSC in 
vivo on their capacity to self-renew, proliferate, and differentiate into all blood 
lineages. Long-term culture-initiating cells (LTC-IC) and cobblestone area- forming 
cells (CAFC) are useful to identify similar populations of HSC and primitive hema-
topoietic progenitor cells (HPC) in vitro. Colony-forming unit assay (CFU) allows 
the identifi cation of HPC and lineage-committed progenitors (LCP) that will lead to 
the formation of colonies. Finally, mature cells derived from HSC can be assessed 
by different assays, such as immunophenotype and functional assays       
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assay tests the ability of HSC and progenitor cells to form colonies 
in a methylcellulose culture medium containing growth factors 
[ 36 ,  37 ]. In these conditions HSC and HSPC will be able to pro-
liferate and differentiate into mature hematopoietic cells that can 
then be enumerated and characterized based on their morphology. 
This assay is used to assess the capacity of HSC and HSPC to dif-
ferentiate into erythroid, granulocytic, monocytic, and megakaryo-
cytic lineages. Each colony indicates the proliferation and 
differentiation of a progenitor cell.

   Cobblestone area-forming cell (CAFC) and long-term culture- 
initiating cell (LTC-IC) assays assess long-term repopulating 
capacities of HSC in vitro [ 38 – 40 ]. For both assays, HSC are cul-
tured using stromal feeder layer cells for 3–5 weeks, as only “true” 
HSC will maintain their properties during that time. LTC-IC assay 
measures the self-renewal ability of HSC over several weeks. In this 
assay HSC maintain their clonogenic capacity and will thus be able 
to proliferate and produce colonies of differentiated cells. CAFC 
assays only assess the ability of HSC to self-renew and proliferate 
during weeks; however, it does not analyze the capacity of HSC to 
differentiate [ 41 ]. The name of CAFC is due to the fact that areas 
of cluster of cells will look like cobblestone when visualized using 
a microscope. CAFC assays have only a visual readout, while 
LTC-IC assays are a CAFC assay followed by CFU assays. 

 The gold standard assay to analyze all HSC biological func-
tions is the SCID-repopulating cell (SRC) assay, which consists in 
analyzing engraftment and immune reconstitution of lethally irra-
diated mice following injection of HSC. Different mouse strains 
support engraftment of human cells and immune reconstitution. 
This has been reviewed extensively elsewhere [ 42 ,  43 ] and will not 
be discussed in detail in this chapter. Typically this assay allows 
assessing different characteristics of HSC such as short-term or 
transient repopulation and long-term repopulation by analyzing 
engraftment around 5 weeks and from 12 weeks post-infusion, 
respectively. Multi-lineage reconstitution can be evaluated in the 
recipient mice at different time points posttransplant according to 
the lineage studied.  

2     Materials 

      1.    MethoCult GF H-84434 medium (Stem Cell Technologies, 
cat. no. 84434).   

   2.    10 mm × 15 mm Petri dish (BD, cat. no. 351029).   
   3.    Culture dishes for optimal colony growth in methylcellulose.   
   4.    Blunt needle.   
   5.    1 mL syringe.   
   6.    Sterile water (Sigma, cat. no. W3500).      

2.1   CFU Assay
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      1.    MS-5 cell line.   
   2.    Alpha-MEM (Lonza, cat. no. BE12-169F).   
   3.    Heat-inactivated fi ltered FBS (Lonza, cat. no. 9SB018).   
   4.    2 mM  L -glutamine (Lonza, cat. no. 17-605C).   
   5.    2 mM sodium pyruvate (Lonza, cat. no. BE13-115E).   
   6.    Penicillin-streptomycin (Lonza, cat. no. 17-602E).   
   7.    75 cm 2  fl ask (BD, cat. no. 353136).   
   8.    Trypsin 0.25 % with EDTA (Invitrogen, cat. no. 25200-056).   
   9.    Tissue-culture-treated fl at-bottom 96-well plates (BD, cat. no. 

353296).   
   10.    10 −5  M hydrocortisone (Sigma, cat. no. HO88).   
   11.    50 mM β-mercaptoethanol (Lonza, cat. no. M/P200/05).   
   12.    Sterile water (Sigma, cat. no. W3500).       

3     Methods 

      1.    Use approximately 200 HSC per culture dish for optimal 
 colony growth.   

   2.    Plate cells using the 1 mL syringe and blunt needle, in  duplicate 
or triplicate in MethoCult GF H-84434 medium, and culture 
at 37 °C in a humidifi ed, 5 % CO 2  air-controlled atmosphere. 
If duplicates are performed, fi ll in a third of the culture dish 
with 5 mL of sterile water.   

   3.    After 2 weeks score all colonies using an inverted microscope. 
Colonies can be defi ned as (see Note 3):
   (a)    CFU-GM: colonies with at least 40 granulocyte macro-

phage (GM) cells   
  (b)    CFU-GEMM: colonies with at least 20 cells of GM lineage 

in close proximity to the erythroid component. GEMM 
stands for granulocyte, erythrocyte, monocyte, and 
 megakaryocyte (see Note 4).          

      1.    Culture MS-5 cells in 90 % alpha-MEM, 10 % heat-inactivated 
fi ltered FBS, 2 mM  L -glutamine, 2 mM sodium pyruvate, and 
1 % penicillin-streptomycin at a concentration of 1–2 × 10 6  in 
25 mL in a 75 cm 2  fl ask and incubate at 37°C in a humidifi ed, 
5 % CO 2  incubator.   

   2.    When 80–90 % cell confl uence is achieved, detach the cells 
with trypsin 0.25 % with EDTA. Collect the cells and centri-
fuge at 300 × g for    10 min. MS-5 cells can then be used for 
LTC-IC assays.   

2.2   CAFC / LTC-IC

3.1   CFU Assay

3.2  CAF C
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   3.    Irradiate MS-5 cells at 30 Gy for 7 min.   
   4.    Plate 2 × 10 4  irradiated MS-5 cells per well of a tissue-culture- 

treated fl at-bottom 96-well plate. Plate the cells into the 60 
inner wells of the plate in 200 μL of cobblestone medium 
(alpha-MEM, 20 % FBS, 10 −5  M hydrocortisone, 50 mM 
β-ME, 1 % pen-strep). Add sterile water to the outer wells of 
the plate. Incubate the cells at 37 °C in a humidifi ed, 5 % CO 2  
incubator for 48–72 h to create a feeder layer in each well.   

   5.    Add 500 HSC in each well with feeder layer cells. Prepare ten 
replicates per condition, in a volume of 200 μL. Incubate the 
plate at 37 °C in a humidifi ed, 5 % CO 2 . Change the medium 
weekly by hemi-depletion.   

   6.    Score the wells after 4 weeks using an inverted microscope. 
A cobblestone area is defi ned as a group of at least six cells in 
proximity to each other growing underneath the stroma. Score 
each well containing one or more cobblestone areas as positive 
and those containing no cobblestone areas as negative.      

      1.    Long-term culture-initiating cells assay consists of cobblestone 
assay followed by CFUs.   

   2.    After 4 weeks of cobblestone assays, rinse adherent cells with 
PBS 1× and detach the cells using trypsin 0.25 % with EDTA 
for 2 min. Centrifuge the cells at 300 × g for 10 min and resus-
pend in IMDM to perform CFU assays as previously described.   

   3.    Score the colonies after 2 weeks of culture at 37 °C in a humid-
ifi ed, 5 % CO 2  air-controlled atmosphere.       

4     Notes 

        1.    Different methods are currently available to isolate HSC from 
different sources. HSC can be isolated on the basis of expres-
sion of only one marker such as CD34 or CD133. The method 
should be optimized according to which cell source is used, 
BM, mobilized peripheral blood, or umbilical cord blood.   

   2.    We recommend to follow the International Society of 
Hematotherapy and Graft Engineering (ISHAGE) guidelines 
when analyzing HSC using fl ow cytometry [ 44 ].   

   3.    One limitation of the CFU assay is that this assay does not 
allow differentiating between true HSC and committed 
progenitors.   

   4.    The results obtained from CFU, CAFC, and LTC-IC assays 
are subject to interobserver error; therefore, it is recommended 
to standardize CFU/cobblestone counting to have homoge-
neous results.   

3.3   LTC-IC
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   5.    The in vitro assays described mostly support myeloid differen-
tiation. However, different systems—that use different feeder 
stromal cell lines and cytokine cocktails—are now available 
that also support lymphoid differentiation [ 45 – 48 ].         
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    Chapter 5   

 An Overview of HLA Typing for Hematopoietic Stem 
Cell Transplantation 

           Katy     Latham     ,     Ann-Margaret     Little    , and     J.     Alejandro     Madrigal   

    Abstract 

   The selection of a related or an unrelated hematopoietic stem cell donor for a patient requires accurate 
matching of human leukocyte antigen (HLA) genes in order to maximize the benefi cial effects of the trans-
plant. There are various different factors a laboratory must consider in order to achieve an HLA type includ-
ing the number of samples being processed, level of resolution to be achieved, cost of providing the various 
tests, and turnaround time required. Each method has its advantages and disadvantages, and in most labo-
ratories, a combination of methods may be used.  

  Key words     HLA typing  ,   PCR-SSP  ,   PCR-SSO  ,   PCR-SBT  ,   NGS  

1      Introduction 

 Polymorphic human leukocyte antigen (HLA) genes are encoded 
within the human major histocompatibility complex (MHC) on 
chromosome 6 (   Table  1 ). These genes encode components of HLA 
molecules involved in antigen presentation to the immune system. 
Determination of HLA polymorphism (referred to as “HLA typing” 
or “tissue typing”) is performed in clinical laboratories in order to 
aid the selection of potential organ and stem cell donors for patients 
and also as an aid in diagnosis of various diseases that are associated 
with a particular HLA genotype [ 1 ]. Stem cell donor registries and 
cord blood banks provide HLA typing on their donors and cord 
units that are available to search for use in stem cell transplantation. 
In addition, polymorphisms within HLA genes and other genes 
linked to HLA genes within the MHC are now known to play a role 
in the responsiveness of individuals to vaccines and other pharma-
ceutical drugs [ 2 ]. HLA typing is also used as a tool to aid genetic 
and anthropological studies of human populations [ 3 ].

   HLA typing methods have evolved signifi cantly since the dis-
covery of the fi rst HLA antigens from studies with sera from mul-
tiparous women [ 4 ]. Originally serological and cellular methods 
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were applied to determine HLA type. However, since the applica-
tion of DNA-based methods, particularly after the introduction of 
the PCR, the sophistication of the methods available for HLA typ-
ing has increased signifi cantly. This technology has taken the next 
step recently with the development of next-generation sequencing 
(NGS). This chapter focuses on the currently available DNA-based 
methods, their applicability for different tests, and their advantages 
and disadvantages. 

  The many HLA alleles found are the product of multiple single- 
nucleotide polymorphisms (SNPs) distributed singly or in group 
“motifs” via recombinatorial mechanisms generating what is often 
referred to as a “patchwork” pattern of polymorphism. This exten-
sive polymorphism of HLA makes this genetic system one of the 
most complex to analyze (Fig.  1 ). A combination of techniques is 
often required to resolve ambiguities arising from a single method 
which is unable to discriminate how polymorphisms are linked on a 
gene, referred to as cis/trans polymorphisms. However advances in 
sequencing technology have the potential to resolve these ambigui-
ties and are beginning to enter clinical HLA typing laboratories.

1.1  HLA Typing 
Methods

   Table 1  
  Human leukocyte antigen (HLA) genes and number of alleles, January 2013   

 Number of HLA class I alleles  6,919 

 Number of HLA class II alleles  1,875 

 Total number of HLA alleles  8,794 

 HLA locus  Alleles  Expressed proteins 

 HLA-A  2,188  1,571 

 HLA-B  2,862  2,156 

 HLA-C  1,746  1,252 

 HLA-DRA  7  2 

 HLA-DRB1  1,285  959 

 HLA-DRB3  58  46 

 HLA-DRB4  15  8 

 HLA-DRB5  20  17 

 HLA-DQA1  49  31 

 HLA-DQB1  193  137 

 HLA-DPA1  39  18 

 HLA-DPB1  159  136 

   See  ref.  31   
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   The four main molecular methodologies for HLA typing are: 

   1.    PCR using sequence-specifi c oligonucleotides (PCR-SSO).   
   2.    PCR using sequence-specifi c primers (PCR-SSP).   
   3.    PCR sequence-based typing (PCR-SBT).   
   4.    NGS.    

   PCR-SSO involves a PCR producing an amplicon from an HLA 
locus, e.g., HLA-A, which is then hybridized against a panel of 
oligonucleotide probes that have sequences complementary to 
stretches of polymorphisms within the target HLA region e.g., 
exon 2 and 3. Originally, denatured PCR products were immobi-
lized to multiple nitrocellulose or nylon membranes, the number 
of membranes equating with the number of oligonucleotide probes 
to be used. After hybridization of each membrane with a different 
oligonucleotide probe (which may involve different hybridization 
temperatures for different probes), bound probes were visualized 
using detection systems such as radioisotopes or later chemilumi-
nescence. The process was best suited for large batches [ 5 ] rather 
than individual samples and was extremely labor intensive. 
Although modifi cations were made to this method it has mostly 

1.1.1  PCR-SSO

Individual 1

Individual 2

allele 1

allele 1

allele 2

allele 2

+ + + +

Ambiguous Combination

DRB1*04:13

DRB1*04:08

DRB1*04:01

DRB1*04:04

+

+ + + + +

  Fig. 1    Example of HLA ambiguity. There are four different HLA-DRB1*04 alleles 
present in the two individuals. Both individuals are heterozygous and do not 
share either of their HLA-DRB1 alleles. The polymorphic positions that distin-
guish those alleles are represented by the  colored blocks . In PCR-SSO where 
each polymorphic area is targeted individually the reaction pattern will be identi-
cal for the two individuals. In generic PCR-SBT the heterozygous peaks in the 
electropherogram traces will be identical. Resolution of this ambiguity requires 
methods to link the polymorphic areas together or a combination of techniques 
that are able to link the polymorphisms differently, the results of which can be 
combined       
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been superseded by the introduction of “reverse” PCR-SSO meth-
ods which are the  predominant HLA typing methodology in use 
today. 

 The reverse PCR-SSO methods involve immobilization of the 
oligonucleotide probes on a solid-phase support and subsequent 
hybridization of the solid-phase immobilized oligonucleotide 
probes with liquid-phase PCR. The introduction of reliable auto-
mation for PCR-SSO, fl exibility in the level of resolution achieved, 
e.g., low, intermediate, and in some cases high (Table  2 ), plus a 
single procedure for all HLA loci and resolutions have allowed 
these systems to be extremely fl exible for both small clinical labo-
ratories and large-scale donor registries alike [ 6 ]. Solid-phase sup-
ports most widely in use include the following:

     1.    Oligonucleotide-coated polystyrene microspheres (Luminex ®  
xMAP technology, Luminex Corp, Austin, TX; LIFEMATCH™, 
Hologic Gen-probe, San Diego CA; and LABType ®  SSO, One 
Lambda Inc., Los Angeles, CA).   

   2.    Nitrocellulose membrane strips (INNOLiPA line probe assay, 
Innogenetics, Ghent, Belgium).    

  One of the limitations of PCR-SSO methods has been the 
inability to link cis and trans polymorphisms. However, with the 
design of longer probes that discriminate multiple polymorphisms, 
this problem can be reduced. 

 A brief overview of PCR-SSO: After DNA extraction, locus- 
specifi c PCR product is produced, e.g., HLA-A. To enable subse-
quent detection biotin is incorporated into the PCR primers. The 
presence of correct sized PCR product without contamination is 
determined by separating an aliquot of the amplicon by agarose 

   Table 2  
  An example of the different resolution of HLA typing that can be achieved through the use of different 
bead and oligonucleotide probe profi les   

 LABType ®  SSO assay 
details 

 HLA-A alleles defi ned using LABType ®  SSO and analyzed using Fusion 
(One Lambda, part of Thermo Fisher, Canoga Park, California, USA) 

 Intermediate assay 
RSSO1A_12R_00 

 01:01/01:01N/01:02/01:04N/01:06/01:09/01:11N/01:16N/01:18
N/01:20/01:22N/01:24/01:25/01:29/01:30/01:32/01:33/01:34
N/01:35/01:36/01:37/01:38/01:39/01:40/01:41/01:42/01:44/0
1:45/01:47/01:50/01:52N/01:53N/01:54/01:55/01:56N/01:
57N/01:58/01:59/01:62/01:65/01:66/01:67/01:69/01:70/01:74
/01:75/01:76/01:77/01:78/01:79/01:80/01:81/01:82/01:83/01:
84/01:85 

 High-defi nition assay 
RSSO1HA _007_001 

 01:01/01:01N/01:04N/01:22N/01:32/01:34N/01:37/01:45/01:
56N/01:81 

  Both these assays follow the same work fl ow allowing fl exibility of the procedure  
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gel electrophoresis; this check allows the procedure to be halted 
prior to the hybridization phase. The PCR amplicon is denatured 
(chemically or heat) to produce single-stranded DNA for both 
sense and antisense strands. The single-stranded amplicons are 
hybridized to the immobilized oligonucleotide probe, which is 
attached to a solid support, e.g., membrane, microplate well, and 
bead. Amplicons that do not hybridize are washed away. The pres-
ence of bound amplicon to oligonucleotide probe is measured 
using an enzymatic color reaction, e.g., addition of streptavidin 
conjugated to an enzyme, e.g., horseradish peroxidase or alkaline 
phosphatase which will catalyze the formation of a colored complex 
in the presence of appropriate substrate or alternatively the addition 
of fl uorescently labelled streptavidin allows identifi cation of bound 
PCR product. For systems using a membrane-bound strip format 
the physical location of the oligonucleotide probe on the strip acts 
as an identifi er. For microbead assays each bead has a unique spec-
tral signature determined by its red/infrared mixture which is 
detected by the analyzer upon excitation by a light source. The 
analyzer interprets the bead’s signature and the presence of the 
reporter indicating a positive    reaction. The absence of the reporter 
indicates a negative meaning that the oligonucleotide probe has no 
complementary sequence present in the DNA template (xMap ® , 
Luminex Corporation). Interpretation of the results is the most 
complex aspect of the PCR-SSO test and requires the use of specifi c 
software if all known HLA alleles are included in the analysis.  

  PCR-SSP involves the use of multiple PCR reactions targeting 
the presence and absence of polymorphisms within the target 
HLA gene [ 7 ,  8 ]. Each PCR primer pair is designed to be either 
complementary to the target polymorphism or a mismatch 
through substitution of the complementary nucleotide at the 
3′-end of either or both primers with a noncomplementary nucle-
otide. This approach is also called the amplifi cation refractory 
mutation system (ARMS) [ 9 ]. As the Taq polymerase enzyme 
used in the PCR reaction does not have a 3–5 exonuclease proof-
reading ability, mismatched priming does not result in produc-
tion of a PCR amplicon. In order for this approach to be successful 
and for PCR-SSP to be used routinely for HLA typing, it is nec-
essary to optimize the annealing and other PCR conditions 
including buffer components, for each primer pair utilized. The 
amplicons produced, which are indicative of the presence of the 
target polymorphism within the sample DNA being tested, are 
visualized after agarose gel electrophoresis and staining, usually 
with ethidium bromide. Most PCR- SSP protocols include, within 
each amplifi cation mix, primers for amplifi cation of a segment 
from a housekeeping gene. The presence of this additional ampli-
con serves as an internal control, as it should be amplifi ed from 
all human samples tested (Fig.  2 ).

1.1.2  PCR-SSP
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   PCR-SSP is an extremely fl exible method that can be performed 
in laboratories with minimum molecular biology equipment (thermal 
cycler, agarose gel electrophoresis unit, ultraviolet transilluminator, 
and system for documenting gel image). Depending on the design 
and number of primer mixes prepared, PCR-SSP can be used to pro-
vide a low- to medium-resolution type for each locus. If the low-
resolution type is known, additional PCR-SSP testing can target the 
HLA allele group giving allelic level typing. 

 PCR-SSP is currently the quickest of the DNA-based method-
ologies and therefore can be used to provide fast HLA typing in 
urgent clinical scenarios within a few hours of sample receipt. The 
cost of PCR-SSP can be kept low with in-house-developed primer 
mixes used, but this requires the laboratory to ensure that allele 
lists and interpretation tables are kept up to date. The laboratory 
must also have the ability to search primer sequences against 

  Fig. 2    PCR using sequence-specifi c primers (PCR-SSP) results for low- and high-resolution typing.  N  =  negative 
control;  M  = molecular weight marker; + = positive reaction. The band present in all lanes except the negative 
control is the positive internal control amplicon. An example of a low-resolution human leukocyte antigen 
(HLA)-DRB and -DQB1 PCR-SSP typing result is given in ( a ). All HLA-DRB1, 3, 4, 5, and DQB1 specifi cities are 
covered by this test, which uses 31 primer pairs. The positive reactions in lanes 4, 9, 22, 24, 27, and 29 (num-
bering of lanes is from top left-hand corner, reading from left-hand side to right-hand side) indicate the pres-
ence of HLA-DRB1*04, *15; DRB4*01; DRB5*01; and DQB1*03, *05. The results of further PCR-SSP testing of 
the same sample for high-resolution (allele level) HLA typing of the DRB1*15 allele only are given in ( b ). Using 
16 primer pairs, the four-digit alleles of the DRB1*15/*16 group can be distinguished. Positivity in lanes 1, 3, 
5, 11, and 13 indicate the presence of DRB1*15:01       
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 current alleles as more alleles are defi ned. There are many 
 commercially available HLA PCR-SSP solutions. PCR-SSP is not 
used for large-scale HLA typing such as that undertaken by the 
larger hematopoietic stem cell registries because of the rate-limit-
ing step of agarose gel electrophoresis. This step could be improved 
by the use of fl uorescence detection systems such as that used in 
real-time PCR, which allows both detection and quantifi cation of 
PCR amplicons and may allow discrimination of homozygous and 
heterozygous polymorphisms. Real-time PCR is also more open to 
automation as a result of the nonrequirement for electrophoresis. 
This approach has been developed commercially for HLA typing 
by Inno-Train (HLA FluoGene). Simpler systems involving the 
addition of PicoGreen ®  dye, which binds to the minor groove of 
double-stranded DNA molecules produced during the extension 
phases of the PCR reaction, can also be used. As the quantity of 
double-stranded DNA increases, the fl uorescent emissions from 
the PicoGreen also increase, and this can be detected using a fl uo-
rescence reader. Such fl uorescent systems, however, do not directly 
allow discrimination of molecular weights, and therefore false- 
negative results may be missed. 

 One of the advantages of PCR-SSP is the reduction in the num-
ber of ambiguous results compared with PCR-SSO. Cis polymor-
phisms can be linked by the generation of a product using primers 
designed to amplify from sequences containing both mutations.  

  The resolution of results obtained with both PCR-SSO and PCR- 
SSP is limited by the number of oligonucleotide probes and primer 
mixes used, respectively. Current protocols do not cover the full 
genomic region of the HLA genes, and therefore it is always pos-
sible that novel mutations may not be observed. HLA gene 
sequencing was originally described using cloned PCR products to 
allow unambiguous identifi cation of allele sequences, and the data 
generated from these studies led to the establishment of sequence 
databases that are used to develop reagents used in methods such 
as PCR-SSO and PCR-SSP. Improvements in automated DNA 
sequencing in the 1990s, concomitant with the introduction of 
robust dye-terminator chemistry protocols to allow accurate dis-
tinction between homozygous and heterozygous sequences, have 
permitted the establishment of routine HLA sequencing protocols 
from PCR-produced amplicons. Current PCR sequencing proto-
cols have been described for all HLA loci using generic PCR ampli-
fi cation systems (the most widely used approach targets exons 2, 3, 
and 4 of the HLA class I loci and exon 2 of the class II loci), and 
also group-specifi c PCR sequencing protocols are described [ 10 –
 12 ]. The latter approach has been most useful for analysis of the 
HLA-DRB1 locus, as it is diffi cult to amplify all HLA-DRB1 alleles 
in a single PCR reaction without coamplifi cation of other HLA- 
DRB alleles as a result of sequence similarities [ 13 ]. 

1.1.3  PCR Sequence- 
Based Typing
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 Sequencing heterozygous PCR products necessitates the use 
of dedicated software to allow identifi cation of all heterozygous 
positions and to allow comparison of the various possible sequences 
obtained against a database of known HLA sequences [ 14 ,  15 ].  

  NGS technology has been used to generate vast amounts of whole- 
genome data quickly and cheaply; however, the amount of data 
generated and the ability to interpret this data have identifi ed the 
need to develop robust bioinformatics alongside any NGS 
approach. NGS is becoming more widely used clinically for exam-
ple in oncology where utilization of whole-genome data can aid 
diagnosis. In the HLA setting the mega base amounts of sequence 
data generated has been successfully used to target the HLA genes. 
This can be achieved by targeting specifi c exons or by amplifying 
the whole gene using long-range PCR followed by a fragmentation 
and library preparation whereby the resulting sequence fragments 
are aligned to provide the genomic sequence. The benefi ts to HLA 
typing are the ability to produce allelic level typing incorporating 
exonic and intronic data [ 16 ,  17 ]. The uptake of this technology is 
expected to further increase the detection of novel HLA alleles. 
The current NGS platforms produce data through massively paral-
lel clonal amplifi cation of DNA molecules allowing the sequence 
to be generated to be unambiguous as the polymorphisms are 
aligned in phase. The ability to apply a DNA barcode to the ampli-
con and fragments enables multiplexing of many individual sam-
ples. Many commercially available platforms now provide high- and 
low- throughput options making this a realistic option for a clinical 
laboratory. Consideration of the platform capacity, cost, through-
put, ability to automate, read length, accuracy, GC-rich and homo-
polymer presence in the template, output reads, and time to 
prepare the library and perform a run are important considerations. 
A summary of currently available systems that are being used for 
HLA typing is given here: 

 Roche 454 system (GS Junior and GS FLX+): This system uti-
lizes pyrosequencing to monitor the pyrophosphate released dur-
ing DNA polymerization. Single-stranded DNA templates are 
generated either from specifi c size amplicon incorporating fusion 
primers with 454 sequencing adaptor primers or by ligation of 
library adaptors to DNA fragments. These adaptors enable ligation 
to capture beads followed by an emulsion PCR step. This results in 
clonal amplifi cation of the single-stranded DNA fragment; follow-
ing breaking of the emulsion a single bead with the clonally ampli-
fi ed product attached is applied to a picotiter plate, and dNTPs are 
fl owed over the plate in a sequential order. Incorporation of a 
dNTP triggers the release of pyrophosphatase (PPi) equal to the 
dNTP. Through the transformation of luciferin into oxyluciferin 
via the action of ATP and PPi visible light is generated propor-
tional to the number of the specifi c dNTPs incorporated. 

1.1.4  Next-Generation 
Sequencing
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The remaining dNTPs are degraded through the fl owing of  apyrase 
over the picotiter plate, and the process is repeated [ 18 ]. The use 
of microfl uidics and the development of automation means that 
scalability is an option for this system [ 19 ]. 

 Illumina TruSeq (Miseq and Hiseq): Following generation of 
a sample library with fi xed adapters single-stranded DNA is grafted 
to the surface of the fl ow cell. Cluster amplifi cation allows clonal 
amplifi cation of the DNA fragments. The addition of paired end 
reads allows the sequencing of both the forward and the reverse 
templates allowing for more accurate aligning in the analysis phase. 
The sequencing by synthesis technology utilizes a reversible 
terminator- based method that allows detection of single dNTPs as 
they are incorporated. During each fl ow cycle all four fl uorescently 
labelled dNTPs are present. Detection of the incorporated base is 
via a charge-coupled device, and the incorporated terminator is 
cleaved allowing the synthesis to continue. 

 Life Technologies (Ion Torrent PGM): This platform utilizes 
semiconductor sequencing technology detecting the proton 
released during nucleotide incorporation. This results in a slight 
change in pH which is detected as a change in voltage. dNTPs are 
fl owed over the chip in a known order allowing the DNA sequence 
to be elucidated. The voltage will increase in relation to the num-
ber of homologous bases incorporated, e.g., AA and AAA. 
Development of automation to support the emulsion PCR step 
and fl ow cell loading and the small footprint of the platform opens 
up NGS to smaller scale HLA typing laboratories.   

  Even though NGS platforms are only just being to be embraced by 
clinical HLA typing laboratories the so-called third-generation 
technologies are emerging. Although currently they are not being 
widely used they should be noted as a potential for HLA typing in 
the future. These technologies have developed strategies for the 
direct sequencing of a single DNA molecule, rather than requiring 
clonal expansion, and represent an opportunity to resolve HLA 
ambiguity across both exons and introns by analysis of long DNA 
fragments, up to 3 kb currently and likely to increase. 

 Third-generation sequencing platforms: Pacifi c Biosciences 
(single-molecule real-time (SMRT) cell): This exploits the rapid 
processivity of DNA polymerase and interprets fl uorescently 
labelled dNTP incorporation in a real-time setting. In principle a 
single template DNA molecule is captured per reaction well with a 
modifi ed DNA polymerase. A phospholinked nucleotide is incor-
porated as part of DNA synthesis; fl uorescent elevation following 
this event is captured by a corresponding color channel. Separation 
of the fl uorescent dye following incorporation and diffusion out of 
the capture well ends the fl uorescent detection allowing a new 
nucleotide to be incorporated. The addition of adapted linkers 
(SMRTBell) allows the circulation of the single DNA molecule 

1.2  Third Generation
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which allows strand displacement of the growing replicated strand 
[ 20 ]. Good-quality DNA template to allow long-range sequencing 
is essential and likely to be an area targeted for improvement. The 
cost–benefi t from the large scale of the throughput may be more 
suited to larger HLA typing facilities such as stem cell registries. 

 Oxford Nanopore Technologies: Oxford Nanopore 
Technologies Strand Sequencing is a technique that passes intact 
single DNA polymers through a protein nanopore, sequencing in 
real time as the DNA translocates the pore by electrophoresis [ 21 ]. 
By measuring the disruption of that current, it is possible to iden-
tify the nucleotide that has passed through. Although in the early 
stages of development for clinical use the potential for cheap 
sequencing in a platform as small as a key ring makes this an  exciting 
area of future development.  

  Usually, the search for a hematopoietic stem cell donor begins 
within the patient’s family, and the identifi cation of a matched 
related donor can be made with a minimum HLA-A, -B, and 
-DRB1 type when the haplotypes present are unique. However 
when similar haplotypes exist (e.g., if one of the parents is appar-
ently homozygous by low-resolution typing (Fig.  3 )), or if the four 
parental haplotypes cannot be established in the available family 
members, it is advisable to perform more extended typing at high 
resolution and to include HLA-C and DQB1. Where there is no 
fully matched related donor, extended familial typing may result in 

1.3  HLA Typing 
Resolution 
Requirements for 
Hematopoietic Stem 
Cell Transplantation

Father

Patient

HLA-A *02:01, 02:01
HLA-B *44:02, 44:03
HLA-C *05:01, 16:02
HLA-DRB1 *04:01, 04:02
HLA-DQB1

HLA-A
HLA-B
HLA-C
HLA-DRB1
HLA-DQB1

*03:01, 03:02

Mother
*01:01, 03:01
*08:01, 07:02
*07:01, 07:02
*03:01, 15:01
*02:01, 06:02

*02:01, 01:01
*44:02, 08:01
*05:01, 07:01
*04:01, 03:01
*03:01, 02:01

Sibling 1
*02:01, 01:01
*44:02, 08:01
*05:01, 07:01
*04:01, 03:01
*03:01, 02:01

Sibling 2
*02:01, 01:01
*44:03, 08:01
*16:02, 07:01
*04:02, 03:01
*03:02, 02:01

  Fig. 3    Identifi cation of a matched related donor may require extended and high-
resolution human leukocyte antigen (HLA) typing. This example of HLA typing 
within a family highlights the potential for error when only fi rst-fi eld (low resolu-
tion) HLA-A, -B, and -DRB1 typing is performed (the HLA type before the : delim-
iter). At fi rst-fi eld HLA typing, the father appears to be homozygous for HLA- A, -B, 
and -DRB1, and both siblings appear to match the patient. However, extending 
the HLA type to include HLA-C and -DQB1 and performing second- fi eld HLA typ-
ing (numbers after the “:” delimiter) demonstrate the father to possess two dif-
ferent haplotypes, and only one of the two siblings is a true match for the patient       
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the identifi cation of a single antigen mismatched donor. This has 
been reported to have favorable outcomes post transplant com-
pared to a fully matched unrelated donor and should be considered 
[ 22 ]. HLA-DPB1 typing is also informative as recombination 
between HLA-DPB1 and -DQB1 has been observed in as many as 
5 % of related cases as a result of a lack of linkage disequilibrium 
between HLA-DPB1 and other HLA loci [ 23 ].

   When a search is extended to unrelated donors, it is an increas-
ing requirement to perform high-resolution or allele-level typing 
for both patient and selected unrelated donor. The largest volun-
teer donor registry, the national marrow donor program (NMDP), 
since June 2005 requires high-resolution typing of all unrelated 
donors and patients for HLA-A, -B, -C, and -DRB1 prior to 
 releasing the donor for stem cell harvest, and other registries have 
followed suit [ 24 ]. There are now extensive data supporting the 
importance of matching at high resolution for HLA-A, -B, -C, and 
-DRB1 loci vs. low resolution [ 25 ]. There are also data to support 
the use of single-allele mismatched donors when a perfect match 
cannot be found [ 26 ]. In order to know if a donor is only mis-
matched for one allele, high resolution is required to eliminate 
mismatches not detected by lower resolution typing methods. The 
role of HLA-DQB1 and -DPB1 matching has been more diffi cult 
to ascertain. As a result of linkage disequilibrium between HLA- 
DRB and -DQB1 loci, there are few cases of donor and patient 
pairs mismatched for HLA-DQB1 in the presence of no other mis-
matches; however, the presence of DQB1 mismatches in addition 
to other HLA mismatches was associated with increased mortality 
in a study published by the Fred Hutchinson Cancer Research 
Center [ 26 ]. Yet, the NMDP did not fi nd a negative contribution 
of HLA-DQB1 mismatching in their analysis [ 25 ]. The differences 
in these studies are likely a refl ection of differences in the cohorts 
used and analyses performed. HLA-DPB1 is not in linkage dis-
equilibrium with other HLA loci, presenting the scenario where a 
10/10 HLA matched donor (HLA-A, -B, -C, -DRB1, -DQB1) 
may not be matched for HLA-DPB1. DPB1 mismatches based on 
T-cell epitope groups do indicate the potential for permissive and 
non-permissive mismatches, whereby avoiding non-permissive 
mismatches decreases the mortality risk post transplant [ 27 ]. This 
indicates that HLA-DPB1 typing should be performed in certain 
clinical settings [ 28 ]. 

 The number of banked cord blood units is increasing world-
wide with bone marrow donors worldwide reporting 563,082 
available [ 29 ]. Current HLA typing requirements are to consider 
HLA matching at HLA-A and -B at low resolution (antigen level) 
and HLA-DRB1 at allele level (second fi eld level). However the 
effect of high-resolution typing and matching at other HLA loci is 
being reported [ 30 ].  
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    Chapter 6   

 HLA Typing with Sequence-Specifi c Oligonucleotide Primed 
PCR (PCR-SSO) and Use of the Luminex™ Technology 

           Klara     Dalva     and     Meral     Beksac    

    Abstract 

   The hybridization products obtained by PCR using sequence-specifi c oligonucleotides can be traced either 
by colorimetric (streptavidin–biotin)-, X-ray (digoxigenin–CSPD)-, or fl uorescence (FITC, PE)-based 
detection systems. To achieve a faster, reliable, automated typing technique microbead and fl uorescence 
detection technology have been combined and introduced to this fi eld (XMAP™ technology). For each 
locus, a series of microspheres, which are recognizable by their specifi c color originating from two internal 
fl uorescent dyes, are used. Each microsphere is coupled with a single probe that is capable of hybridizing 
with the biotin-labeled complementary amplicon. Once hybridization occurs, it can be quantifi ed by mea-
suring the fl uorescence signal originating from fl uorescently (streptavidin–PE) labeled amplicons captured 
by the beads. Currently, there are two commercially available systems that differ in the scale of probes and 
the methods used for amplifi cation and denaturation. One of these is described in detail in this chapter.  

  Key words     PCR-SSO  ,   Luminex™  ,   XMAP™ technology  ,   HLA typing  

1      Introduction 

    The fi rst applications of PCR using sequence-specifi c oligonucleotides 
(PCR-SSO) in the fi eld of human leukocyte antigen (HLA) were 
started with the DQA1 locus and followed by class I and other 
class II specifi cities [ 1 – 8 ]. In order to eliminate ambiguities, pro-
tocols that use PCR primers designed to amplify the entire hyper-
variable region of a particular HLA locus (group-specifi c primers) 
were introduced. These PCR products are incubated in the presence 
of a panel of labeled oligonucleotides designed for the detection of 
different polymorphic positions specifi c for an allele or an allelic 
group [ 9 ]. The primers for HLA-A, -B, and -C loci usually give a 
locus-specifi c product covering exons 2 and 3. Primer for HLA-DR 
gives a product from exon 2 [ 1 ,  8 ,  10 ]. 

 The introductory chapter on molecular HLA typing authored 
by Katy Latham, Ann-Margaret Little, and J Alejandro Madrigal 
(Chapter   5    ) summarizes the main features of PCR-SSO typing and 
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compares it with the other methods. Here, we describe an 
 automated system, Luminex™ technology, that is capable of typing 
of multiple individuals simultaneously. The xMAP™ technology 
developed by Luminex (Austin, TX) is a microsphere-based, mul-
tiplexed, fl ow cytometric analysis system that makes it possible to 
combine hybridization with fl uorescence detection [ 11 ,  12 ]. 
Classifi cation of HLA alleles by Luminex system was fi rst described 
by Fulton et al. [ 13 ]. The xMAP™ technology employs simultane-
ous applications of up to 100 probes, which are already coated on 
microspheres. To be able to recognize these probes, 100 shades of 
two colors that are formed by the ratio of two internal fl uorescent 
dyes are assigned for each probe. The fl uoroanalyzer contains a red 
laser that excites the dyes in the microspheres and categorizes them 
based on their dye content. The microspheres are coated with 
 carboxyl groups in order to achieve a covalent bridge between 
the oligonucleotides that contain terminal amino groups and the 
beads. Thus, the bound oligonucleotides also become color coded. 
In addition to the red laser, the instrument contains a green laser 
that is used to quantify fl uorescently (streptavidin–PE (SA–PE)) 
labeled amplicons captured by the beads. Each probe mix contains 
one or more oligonucleotides that react with all alleles within the 
locus of interest, which also serves as an internal control. They are 
used in the normalization of the values during the calculation of 
reaction patterns. If the minimum fl uorescent intensity values 
defi ned for this control probes are not achieved, the sample test 
must be repeated. All probe-coated beads can be applied within a 
well. For an enhanced resolution an additional well is used to add 
a new set of probe-coated beads. This unique feature enables 
one locus typing of 96 samples or more loci on smaller number of 
samples. Currently, there are two commercially available kits, 
namely, One-Lambda LabType-SSO and Gen-Probe Lifecodes 
HLA-SSO typing kits. The probe number, specifi city, and cutoff 
levels may vary between lots and commercial sources. In this chapter, 
we focus on Gen-Probe Lifecodes HLA-SSO typing kits.  

2    Materials 

   DNA is usually obtained from EDTA- or ACD-anticoagulated 
venous blood samples. Heparin interferes with Taq polymerase 
activity and should not be used as an anticoagulant. Final DNA 
concentration must be 10–200 ng/μL.  

  A previously run DNA sample can be used as a positive control. 
Purifi ed DNA/RNA-free water can be used as a negative control.   

     Reagents 

   1.    EZ1 DNA Blood 350 μL kit (the kit includes prefi lled reagent 
cartridges, 2-mL screw-cap Eppendorf tubes required for 

2.1  Specimen

2.1.1  Patient/
Donor Sample

2.1.2  Controls

2.2  DNA Extraction

2.2.1  Isolation with EZ1 
Advanced XL Instrument
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 distribution of blood samples, 1.5-mL screw-cap Eppendorf 
tubes for the elution of extracted DNA, plugged pipet tips, and 
pipet tip holders suffi cient for DNA isolation from 48 samples).    

  Equipment 

   1.    EZ1 Advanced XL instrument (or GenoM™ 6 Robotic 
Workstation).    

     This method is a modifi cation of Miller’s salting-out procedure, 
with the omission of proteinase K and addition of a chloroform 
extraction phase [ 4 ].

  Reagents 

   1.    Red cell lysis buffer (RCLB): 0.144 M ammonium chloride 
(NH 4 Cl), 1 mM sodium bicarbonate (NaHCO 3 ): 15.4 g of 
NH 4 Cl and 1.68 g of NaHCO 3  are dissolved in 2 L of double- 
distilled (dd) H 2 O.   

   2.    Nuclear lysis buffer (NLB): 10 mM Tris–HCl pH 8.2, 0.4 M 
sodium chloride (NaCl), 2 mM disodium EDTA (Na 2 EDTA) 
pH 8.0: Dissolve 23.37 g of NaCl in 900 mL of ddH 2 O. Add 
10 mL 1 M Tris–HCl pH 8.2 and 10 mL Na 2 EDTA pH 8.0 
and adjust to 1 L with ddH 2 O.   

   3.    10 % w/v sodium dodecyl sulfate (SDS): Dissolve 100 g of 
SDS in 1 L ddH 2 O. Store at room temperature to prevent the 
formation of precipitates.   

   4.    NLB + SDS buffer: 300 mL of NLB and 20 mL of 10 w/v SDS 
are mixed. Store at room temperature.   

   5.    95 % Ethanol: Dilute 950 mL of absolute ethanol with 50 mL 
of ddH 2 O.   

   6.    70 % Ethanol: Dilute 700 mL of absolute ethanol with 300 mL 
of ddH 2 O.   

   7.    6 M NaCl: 350.64 g sodium chloride was dissolved in 800 mL 
ddH 2 O by warming the solution and the volume adjusted to 
1 L by ddH 2 O. As 6 M NaCl is a saturated solution, not all of 
the NaCl will dissolve into the solution.    

  Equipment 

   1.    Centrifuge.   
   2.    Plastic tubes (15 mL, 2 mL).    

       Reagents 

   1.    Lifecodes HLA-SSO typing kits (HLA-A, -B, -C, -DRB1, -DQB 
typing kits): Each kit contains the appropriate master mix (MX) 
including 10× PCR buffer, 10× dNTPs, locus- specifi c biotin-
conjugated primers (MX-A, -B, -C, -DRB1, -DQB), an appro-
priate fl uorescently coded probe mix (BM), a dilution solution 

2.2.2  Salting-Out 
Technique

2.3  PCR 
Amplifi cation
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(DS) necessary for the hybridization step and the threshold 
table, probe hit chart(s) (store at +4 °C).   

   2.    Recombinant Taq polymerase (5 U/μL) (store at −20 °C).   
   3.    Nuclease-free water.    

  Equipment 

   1.    Microcentrifuge.   
   2.    Vortex mixer.   
   3.    Cooling block or melting ice.   
   4.    DNase/RNase-free tubes (2 mL).   
   5.    DNase/RNase-free thin-wall tubes/strips (0.2 mL).   
   6.    PCR thermocycler(s): Model with a 96-well format (e.g.: 

LabCycler—Sensoquest, CGI-960 Corbett Research).   
   7.    Dispensing equipment: Adjustable pipet(s), plastic tips.    

      Reagents 

   1.    Lifecodes HLA-SSO typing kits (HLA-A, -B, -C, DRB, -DQB) 
(keep at +4 °C): Each kit contains an appropriate fl uorescently 
coded probe mix (BM), a dilution solution (DS) necessary for 
the hybridization step. If you want to increase the resolution of 
the results you may select the eRES kits for loci-A, -B, and 
-DRB1 which contain an additional probe mix within the kit. 
Examples for the available probe numbers in these kits are 
 presented in Table  1 .

       2.    SA–PE (1 mg/mL, GenProbe).    

  Equipment 

   1.    Heating block.   
   2.    Ultrasonic bath.   
   3.    Vortex mixer with adjustable speed.   
   4.    PCR plates (thin-wall, 96-well, 250 μL/well).   

2.4  Hybridization

   Table 1  
  Number of probes for HLA typing (IVD certifi ed) (March 2013)   

 Locus  Lifecodes HLA-SSO  Lifecodes HLA-SSO (eRES) 

 A  72  140 (72 + 68) 

 B  92  166 (92 + 64) 

 C  55  77 

 DRB1  93  138 (93 + 45) 

 DRB3,4,5  52  – 

 DQB  56  – 

   eRES  enhanced resolution,  IVD  in vitro diagnostic use  
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   5.    Polyethylene sealing tape.   
   6.    Dispensing equipment, adjustable pipette(s), plastic tips.    

      Reagents 

   1.    Sheath fl uid (store at room temperature).   
   2.    Daily maintenance reagents (70 % isopropanol, ddH 2 O).    

  Equipment 

   1.    Luminex100 Instrument and XY Platform.   
   2.    Luminex100 IS software, Quick Type for Lifematch 2.6 

software.    

    Quick Type for Lifematch 2.6 software.   

3    Method 

  Extracted, highly pure DNA is required for PCR-SSP typing. 
Because the class I amplicon is larger than the class II amplicon, 
the DNA preparation method is critical for the success of the PCR. 
Here, two different methods are described. The optimal DNA 
concentration for EZ1 isolations is 15 and 30 μg/mL for the other 
methods. High-quality DNA results in an optical density (OD) 
260/280 ratio greater than 1.6 ( see   Notes 1  and  2 ). 
 
 The EZ1 Advanced XL instrument can be used for an easy, auto-
mated nucleic acid isolation and purifi cation. The procedure 
involves binding of GenoPrep magnetic beads to the nucleic acids. 
The EZ1 Advanced XL instrument performs all the steps involved 
in sample preparation, including sample lysis, binding of nucleic 
acids to the beads, and washing and elution in an automated sys-
tem. Protocols can be scaled up and down according to the needs 
of the user.

  Principle 

  Isolation of the DNA relies upon its binding to the silica surface 
of the paramagnetic beads in the presence of a chaotropic salt 
solution such as sodium iodide.  

  The addition of chaotropic solutions (GTC) and silica magnetic 
beads results in complete cell lysis and release of DNA. DNAses 
are denaturated and inactivated during this step. Magnetic beads 
are mixed with the sample, resulting in binding of the DNA to 
the GenoPrep DNA magnetic beads. Subsequently, immobi-
lized DNA bound to magnetic beads are collected by application 
of a magnetic force. Three consecutive washing steps are per-
formed during the application of magnetic force. During the 
fi rst wash, a chaotropic solution removes any unbound material. 

2.5  Data Collection

2.6  Analysis

3.1  DNA Extraction

3.1.1  Isolation with EZ1 
Advanced XL Instrument
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In the second wash, ethanol is applied and removes GTC, fol-
lowed by a third wash, in which water removes the ethanol. 
DNA is released from the GenoPrep DNA magnetic beads via 
thorough resuspension in ddH2O.   

  Operation 

   1.    Select and insert the program card, “DNA Blood Card,” into 
the card inlet located on the front of the EZ1 Advanced XL 
instrument.   

   2.    Switch on the main power of the EZ1 Advanced XL 
instrument.   

   3.    Choose the desired volume from the top menu. 350 μL 
 protocol is selected for a low-resolution typing of HLA-A, -B, 
-C, -DR, and -DQ.   

   4.    Load disposables on the instrument platform (1.5-mL elution 
tubes to the fi rst row, tips to the second row, and 2-mL sample 
tubes to the fourth row). Prefi lled cartridges are inserted in the 
predefi ned positions.   

   5.    Place the sample tubes that include a minimum of 1 mL of a 
homogenized anticoagulated blood sample on the instrument 
platform.   

   6.    Close the instrument, and start the extraction procedure. The 
Menu Screen will indicate at which stage the isolation process 
is in.   

   7.    Retrieve the isolated DNA from the elution row (fi rst row).   
   8.    Proceed with the PCR amplifi cation step immediately or other-

wise store the DNA at +4 °C for up to 7 days or at −20 °C for 
several months.    

      Operation 

   1.    Centrifuge 5 mL of EDTA or ACD-A-anticoagulated blood to 
obtain a buffy coat.   

   2.    Aspirate the buffy coat into a 15-mL polypropylene tube.   
   3.    Add 10 mL of RCLB, invert several times, and leave to stand 

for 5 min at room temperature.   
   4.    Centrifuge the tube at 1,000 ×  g  for 10 min. Discard the super-

natant, and gently rinse the pellet with 2 mL of RCLB buffer. 
The pellet will appear white with a pink halo. If there is excess 
hemoglobin, resuspend the pellet in RCLB and gently agitate, 
continuing with further centrifugation (10 min, 1,000 ×  g ).   

   5.    Resuspend the pellet in 3 mL of NLB + SDS buffer. Add 1 mL 
of 6 M NaCl, and vortex. At this stage, the precipitate should 
be visible.   

   6.    Add 2 mL of chloroform, and gently mix until a homogenous 
milky solution is obtained. Centrifuge the tube (10 min, 1,000 ×  g ).   

3.1.2  Salting-Out 
Technique
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   7.    Aspirate the top phase containing the DNA into a 20-mL tube. 
Avoid aspirating protein from the interphase. If the DNA 
phase is not clear, transfer the aspirate into a clean polypropyl-
ene tube, and repeat the chloroform extraction step.   

   8.    Add 2 mL of 95 % ethanol, and gently invert the tubes until all 
of the DNA is precipitated.   

   9.    Centrifuge the tubes (5 min, 700 ×  g ), and resuspend the pellet 
in 2 mL of 70 % ethanol. Repeat once more.   

   10.    Transfer the DNA precipitate into a sterile 0.5-mL microcentri-
fuge tube, and centrifuge the tubes in order to obtain a DNA 
pellet. Remove the excess ethanol by a further centrifugation step.   

   11.    Resuspend the DNA in 0.3 mL of sterile ddH 2 O. A DNA yield 
of 0.2–1.0 mg/mL is expected.       

 
 The Lifecodes kits utilize an asymmetric PCR that increase the 
amount of one primer approx 10× and allow to generate single- 
stranded DNA products in addition to the double-stranded products 
( see   Note 3 ).

    1.    Allow the master mix to warm to room temperature.   
   2.    Gently vortex for 10 s, and centrifuge briefl y to ensure that 

salts are in solution ( see   Note 4 ).   
   3.    Prepare the amplifi cation mix suffi cient for  n  + 1 samples 

(Table  2 ) ( see   Notes 5  and  6 ).
       4.    Pipette 10 μL of genomic DNA isolated by GenoPrep™ 

(approx 200 ng of DNA) into the PCR tubes (except the nega-
tive control tube, in which DNA–RNA-free water is added 
instead of DNA).   

   5.    Dispence 40 μL of the amplifi cation mix into the PCR tubes 
containing the DNA.   

   6.    Close the tubes tightly to prevent evaporation during PCR.   
   7.    Place samples in the thermal cycler, and run program (Table  3 ). 

Identical PCR cycling conditions are used for all applications 
( see   Notes 7  and  8 ).

3.2  PCR 
Amplifi cation

   Table 2  
  Reaction components of an amplifi cation mix   

 Component  Amount suffi cient for 1 reaction (prepare for  n  + 1 reactions) 

 Master mix (MX)  15.0 μL 

 ddH 2 O  24.5 μL 

 Taq polymerase  0.5 μL (2.5 U) 

 Total  40 μL 

HLA Typing Using PCR-SSO and Luminex Technology
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         This technique excludes the prehybridization denaturation step. 
Single-stranded DNA is achieved by asymmetric PCR and by the 
addition of a 5-min incubation at 97 °C prior to the hybridization 
( see   Notes 9  and  10 ). 

 Before starting with the hybridization, turn on the Luminex100 
instrument and XY platform to allow warming of the laser at least 
for 30 min prior to the analysis.

    1.    Warm probe mix to 55 °C in a 55–60 °C heat block for 7 min 
[ 5 – 10 ] to obtain the solubilization of the components 
 thoroughly. Protect from light to avoid photobleaching, do 
not refreeze bead mixture after thawing, and store at 2–8 °C 
( see   Note 11 ).   

   2.    Sonicate the probe carrier beads briefl y for 15 s and then  vortex 
it for another 15–30 s to thoroughly suspend the beads 
( see   Note 11 ).   

   3.    Aliquot 5 μL of locus-specifi c PCR product (amplicon) into a 
thermal cycler 96-well plate ( see  Fig.  1 ).

       4.    Aliquot 15 μL of appropriate probe mix into each well 
( see   Note 12 ). When aliquoting probe mix to more than ten wells, 
gently vortex the probe mix for each set of 10 ( see   Note 13 ).   

   5.    Seal the plate with a polyethylene sealing tape ( see   Note 14 ).   
   6.    Hybridize the samples under the following incubation condi-

tions in a thermocycler:

   97 °C for 5 min.  
  47 °C for 30 min.  
  56 °C for 10 min.  
  56 °C hold.      

3.3  Hybridization

   Table 3  
  PCR cycling conditions   

 Number of cycles  Condition 

 1 Cycle  95 °C for 5 min, denaturation 

 8 Cycles  95 °C for 30 s, denaturation 
 60 °C for 45 s, annealing 
 72 °C for 45 s, extension 

 32 Cycles  95 °C for 30 s, denaturation 
 63 °C for 45 s, annealing 
 72 °C for 45 s, extension 

 1 Cycle  72 °C for 15 min 
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   7.    While hybridization is in progress, prepare the working SA–PE 
solution by mixing 0.85 μL of SA–PE and 170 μL of DS per 
sample. 

 Prepare the solution for  n +  1 samples. SA–PE is light sensitive, 
so keep the DS/SA–PE solution in the dark, at room temperature. 
Do not reuse; discard any remaining solution ( see   Note 15 ).   

   8.    While the tray is still on the thermocycler at the 56 °C “hold” 
step, serially aliquot 170 μL of SA–PE/DS mixture to each 
well containing the hybridized sample(s). It is critical to dilute 
all of the samples within 5 min following the 10-min incuba-
tion at 56 °C ( see   Note 16 ).   

   9.    Remove the samples from the thermocycler and place in the 
Luminex100 instrument to analyze the samples.   

   10.    Turn off the thermal cycler.     

 Assay the samples immediately using the prewarmed 
Luminex100 instrument. If immediate reading is not possible, 
protect samples from light. Samples can be read within 30 min 
 following the addition of SA–PE/DS mixture. 

 Prior to data acquisition and analysis steps, set up a “batch 
run” by which the samples will be analyzed.  
 
 The steps described next are a general guide for data acquisition. 
Daily startup, calibration, maintenance, and shutdown procedures 
may be found in the user’s manual.

    1.    Turn on the Luminex100 30 min to 4 h before acquisition of 
the samples.   

   2.    Prior to acquisition, check the level of the sheath fl uid, tighten 
the cap, empty the waste tank, perform a “prime” and a wash 
with 70 % isopropanol, and proceed with a wash using the 
sheath fl uid.   

3.4  Data Acquisition

  Fig. 1    Sample of hybridization data sheet prepared for this application       
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   3.    Set up a “batch run” by which the samples will be analyzed. 
For each locus, follow the directions for the analysis.   

   4.    Open Luminex100 IS software from desktop, and open 
 “submitted batch.” Follow directions. To analyze multiple loci 
in one plate, “Create Multi-batch” by adding batches, and 
click “fi nish” after naming the multi-batch.   

   5.    Eject the plate holder, and place the 96-well plate containing 
the samples in the XYP heater block present on the plate 
holder. Click the “retract” icon to start the acquisition.   

   6.    Once the sample tray has been placed into the XY Platform of 
the Luminex100 instrument, click the “Start Plate” icon to 
start with acquisition.   

   7.    After running of the samples, perform a sanitization wash by 
rinsing two times with 70 % isopropanol and perform “soak” 
with ddH 2 O.   

   8.    Release the pressure on the sheath fl uid tank.   
   9.    Turn off the instrument. Completed batches are exported 

automatically as comma-separated values (csv), and named as 
“output.csv,” and saved in a folder with batch name defi ned on 
the third step. This data are available for the assignments of the 
results.      

 
 Interpretation of the results is performed by using the Quick Type 
for Lifematch 2.6 software with which the opened csv fi les may be 
analyzed. The steps described next are only a general guide to data 
analysis.

    1.    Select “Final Typing Assignments.”   
   2.    Select fi le(s) to be analyzed.   
   3.    Verify the number of counted events to be greater than 60 for 

each probe including the controls in each sample (this infor-
mation is present in “data type” and count section of csv fi les).   

   4.    The values for the consensus probes(con) for each sample 
must exceed the minimum median fl uorescent intensity (MFI) 
( see   Notes 4  and  8 ). These values can be found on the threshold 
tables supplied with each kit or can be loaded to the analyzer by 
the technical services during updating process. The minimum 
thresholds are lot specifi c.   

   5.    For each probe, compare the normalized value with the thresh-
old values supplied with the kits. The software makes this 
assignment automatically. However, the current result must 
be validated before continuing to the next step. Normalized 
 values are calculated as 
 [MFI (probe) − MFI (control blank or probe)]/[MFI (consensus) − 
MFI (control blank or consensus)].   

3.5  Interpretation 
of Results
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   6.    If the measured value for a particular probe falls above the 
maximum threshold of a negative assignment and below the 
minimum value of a positive assignment, the software evaluates 
this value as “undetermined” ( see   Note 17 ).   

   7.    Save and print the results.       

4    Notes 

     1.    Poor-quality, degraded, or insuffi cient amount of DNA may 
lead to reaction failures. Reisolate DNA. The DNA quality 
should be checked. WBC counts less than 1,000 μL may lead 
to an insuffi cient amount of DNA. Repeat the isolation with 
buffy coat collected from 10 mL instead of 350 μL of blood. 
The DNA extracted by the GenoPrep kits is highly purifi ed. If a 
DNA sample was isolated with a different extraction method, 
repeat the extraction with the GenoPrep kits by using diluted 
DNA which is adjusted to 350 μL with ddH 2 O. If degradation 
or poor-quality DNA is suspected, increase the amount of Taq 
(50 % more) and reduce DNA volume.   

   2.    A sample contamination may lead to failure to yield an HLA 
typing result.   

   3.    The differences between Lifecodes and LabType are the 
 amplifi cation policy (asymmetric PCR vs. regular PCR) and 
the availability of ready-to-use mixtures and the amplifi cation 
conditions; the number of probes is also currently different.   

   4.    Pipetting errors owing to poor homogenization of reagents 
(master mix) may result in reaction failures (low MFI for the 
control probes). This can be avoided by prewarming the master 
mix at 37 °C for 5 min.   

   5.    Poor-quality Taq polymerase may result in reaction failures. 
Use only recombinant Taq.   

   6.    Before adding to the amplifi cation mix the Taq polymerase 
gently to protect from denaturation (mix by low-speed vortex 
or by fl icking the tube with fi ngers).   

   7.    Before proceeding to hybridization, check sample amplifi ca-
tion by gel electrophoresis.   

   8.    PCR program errors, temperature failures, and poor contact 
with the PCR block may lead to multiple SSO failures. Perform 
gel electrophoresis to be sure of sample amplifi cation.   

   9.    For LabType SSO, there is a separate 10-min denaturation/
neutralization step prior to hybridization that is applied by the 
addition of denaturation buffer and neutralization buffers, 
respectively.   
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   10.    For LabType SSO, the hybridization conditions are different. 
There are three wash steps prior to labeling with SA–PE and one 
wash step after labeling in order to eliminate unbound probes.   

   11.    A probe mix that is not suspended thoroughly may lead to low 
bead counts and, as a result, interpretation failures.   

   12.    The eRES kits require two wells per sample, one for the stan-
dard probe mix and one for eRES probe mix.   

   13.    Poor-quality tubes/pipet tips may lead to the adhesion of the 
beads to their surface and may cause too low bead counts.   

   14.    Evaporation during hybridization may lead to random failures 
in various samples within a batch or batches. In situations in 
which partial use of plates is planned, keep one row empty on 
each side of the samples to allow space for tight sealing. Layer 
a silicone pad over the sealing tape to prevent evaporation.   

   15.    Warm DS at 45 °C for 5 min upon arrival. Before the labeling, 
warm the DS to room temperature, vortex, and store at 
room temperature until pipetting. DS/SA–PE mixture must 
be  protected from light.   

   16.    Do not cancel hybridization program before removing the tray 
from the thermal cycler.   

   17.    If more than two probes are indeterminate, repeat the assay. 
If less than two probes are indeterminate, analyze the sample 
with the probe as negative and repeat with the probe as positive.

    (a)     One of the choices provides a match, continue to the next 
step.   

   (b)    Both choices provide matches, reassay the sample.   
   (c)     Neither choices produce a match, check for the other pos-

sible incorrectly assigned probes, check for an amplifi cation 
failure, and repeat the assay.             
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    Chapter 7   

 Sequence-Based Typing of HLA: An Improved 
Group- Specifi c Full-Length Gene Sequencing Approach 

           Christina     E.    M.     Voorter     ,     Fausto     Palusci    , and     Marcel     G.    J.     Tilanus   

    Abstract 

   Matching for HLA at the allele level is crucial for stem cell transplantation. The golden standard approach 
for allele defi nition of full gene polymorphism, the so-called high-resolution HLA typing, is sequence- 
based typing (SBT). Although the majority of the polymorphism for class I is located in exons 2 and 3 and 
for class II in exon 2, for allele defi nition it is necessary to unravel the complete coding and intron sequences 
leading to an ultrahigh HLA typing resolution at the allele level, i.e., a full-length gene polymorphism 
identifi cation. 

 This chapter describes our recently developed SBT method for HLA-A, -B, -C, and -DQB1, that is 
based on full-length hemizygous Sanger sequencing of the alleles, separated by group-specifi c amplifi cation 
using the low-resolution typing result as reference starting point. Group-specifi c amplifi cation has already 
been established for DRB. This method enables a cost-effi cient, user-friendly SBT approach resulting in a 
timely unambiguous HLA typing to an ultrahigh resolution level with minimal hands-on time.  

  Key words     Sequence-based typing  ,   Human leukocyte antigen  ,   HLA class I  ,   HLA class II  ,   Full-length 
HLA gene polymorphism  ,   Group-specifi c sequencing  ,   Unambiguous HLA typing  

1      Introduction 

 The human leukocyte antigen (HLA) is one of the most polymorphic 
gene systems present in the human genome. The function of HLA 
molecules to eliminate foreign intruders is complicating transplan-
tation. For stem cell transplantation matching of HLA-A, -B, -C, 
-DRB1, and -DQB1 at the allele level is determined as crucial [ 1 ,  2 ]. 
Furthermore, recent studies have shown that also DPA1 and DPB1 
matching might play an important role in correct engraftment of 
donor stem cells [ 3 – 5 ], based on cellular reactivity in response to 
permissible and non-permissible mismatches. Also in cord blood 
transplantation high-resolution allele defi nition is relevant for 
at least HLA-DRB1 [ 6 ], and the need for high- resolution allele 
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 identifi cation for other loci is currently evaluated. In disease 
 association, drug hypersensitivity association, and HLA antibody 
studies the identifi cation of epitopes rather than alleles becomes 
more and more predictive for the associations with diseases and 
specifi city of the HLA antibodies [ 7 – 10 ]. 

 Due to the high polymorphism of HLA, the golden standard for 
typing at the allele level has been and still is sequence-based typing 
(SBT). Sequencing determines the full nucleotide sequence of the 
alleles present [ 11 ]. Although the clinical relevance of  polymorphism 
outside the peptide-binding groove is under discussion, it is clear 
that allele defi nition depends on the full-gene polymorphism and 
the so-called ultrahigh-resolution typing results [ 12 ]. Although 
exons 2 and 3 have a high polymorphic index, at least exons 1, 4, and 
5 of class I show high polymorphic indexes as well (M. Groeneweg, 
personal communication) based on IMGT 3.9.0. 

 Since 1990 the HLA SBT method has evolved from sequencing 
only exons 2 and 3 for class I and exon 2 for class II, using ampli-
fi cation primers that were already located in the exons of interest, 
to sequencing all exons needed using primers located in the introns 
[ 13 – 21 ]. However, with the increasing number of HLA alleles 
identifi ed [ 22 ], also the number of ambiguities increased using the 
heterozygous way of sequencing. 

 Three different types of ambiguities can occur: a genotype 
ambiguity, an allele ambiguity, and ambiguities that occur from 
allele combinations with unknown parts of the allele sequences. 

 A genotypic ambiguity includes a combination of two alleles 
that has an identical heterozygous sequence to another or more 
combinations of two alleles. For instance the sequence of HLA- 
A*23:01 with A*24:03 is identical to the sequence of HLA- A*23:04 
with A*24:02 (IMGT/HLA database, [ 22 ]). For resolving this 
kind of ambiguity the cis–trans location of the nucleotides involved 
needs to be identifi ed. An allelic ambiguity includes an HLA class I 
allele that has an exon 2 and 3 sequence identical to another HLA 
class I allele or a class II allele that has an exon 2 sequence identical 
to another class II allele; the difference between the alleles is located 
outside of these exons. For example the exon 2 and 3 sequence of 
HLA-A*02:01:01 is identical to A*02:09, A*02:43N, and 19 other 
HLA-A*02 alleles. To resolve these ambiguities other exons need to 
be sequenced. A third type of ambiguity occurs when the sequence 
of an allele is not completely known, and this can be resolved by 
identifying the complete genomic sequence of the allele. 

 In 2008–2009 the percentage of ambiguities found in our 
 laboratory by heterozygous SBT was 66 % for HLA-A, 71 % for 
HLA- B, and 58 % for HLA-C. In all these cases additional sequenc-
ing was needed to obtain an unambiguous result. Null alleles often 
are identifi ed by polymorphism in introns, for instance by defi ning 
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alternative splice sites. Full sequence characterization adds to the 
understanding of the mechanisms that lead to null alleles [ 23 ]. 

 Next-generation sequencing (NGS) methods have been a 
promising tool for sequencing whole genomes. Detailed reviews 
have been recently published [ 24 – 26 ]. Since it is based on emul-
sion PCR with only one sequence being present per bead, alleles 
will be separated if different alleles are present. Therefore, this 
method has been thought to give the solution for the increasing 
list of ambiguities obtained with heterozygous sequencing of HLA. 
Although the method has been used [ 27 ,  28 ] there are some major 
drawbacks. The individual length of sequence that can be obtained 
with NGS is limited; thus, either overlapping sequences (using 
shotgun library method) or different PCR reactions (using the 
amplicon method) are needed to obtain a complete gene. Since the 
polymorphism of HLA originated evolutionarily by gene amplifi ca-
tion, inter-allelic and intergenic recombinations, point mutations, 
deletions, and insertions [ 29 ], resulting in different combinations 
of existing sequence motifs, both methods (shotgun library and 
amplicon method) have the possibility of connecting the wrong 
sequences to each other, resulting in a different allele. Furthermore, 
another drawback of NGS is the long turnaround time, before 
individual results can be analyzed. Due to these two drawbacks, 
NGS is less suitable for HLA typing in routine diagnostics and 
patient care. 

 In this chapter we describe our recently developed unambigu-
ous SBT Sanger method for HLA-A, -B, -C, and -DQB1 typing, 
based on group-specifi c amplifi cation and sequencing of full-length 
HLA genes, using the low-resolution typing result as reference 
starting point. The method has been validated, using selected 
 samples covering all different allele groups as available, and has 
been implemented since 2011 in the routine laboratory diagnostic 
setting. With this improved method, ambiguities were reduced to 
4.4 % for HLA-A, 4.4 % for HLA-B, and 0 % for HLA-C. Current 
available analysis software can be used once individual sequence 
analysis for one sample can be combined into an allele assignment 
as applicable with SeqPilot (JSI medical systems,    Kirpenstein). 
Other analysis software mostly is adjusted on the industrial SBT 
kits available [ 30 ]. Furthermore, an approach for HLA-DRB1 and 
-DRB345 is being developed to simultaneously amplify exons 2, 3, 
and 4. Our individual group-specifi c DRB1 and DRB345 strategy 
with separately amplifying the exons is still full applicable and 
 routinely used [ 15 ,  31 ]. 

 Overall, the method described here enables a cost-effi cient, 
user-friendly SBT approach resulting in a timely unambiguous 
HLA typing to an ultrahigh-resolution level with minimal hands 
on time.  

Improved SBT for HLA Typing
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2    Materials 

       1.    Expand High Fidelity PCR kit (Roche, 11759078001), con-
taining 10× Expand High Fidelity buffer (including 15 mM 
MgCl 2 ) and Expand High Fidelity enzyme mix, store at 
 temperatures between −15 and −25 °C.   

   2.    HLA-A, -B, -C, and -DQB1 group-specifi c amplifi cation mixes 
will be provided with the Maastricht SBT reagents ( see   Note 1 ).   

   3.    HLA-A, -B, -C, and -DQB1 generic and specifi c sequencing 
primers for the different exons will be provided with the 
Maastricht SBT reagents.   

   4.    ExoSAP-IT (USB corporation, 78202), store at −20 °C.   
   5.    BigDye Terminator v1.1 Cycle Sequencing kit (Applied 

Biosystems, 4337451) consisting of:
 –    5× BigDye Terminator v1.1/3.1 sequencing buffer, store 

at 2–8 °C.  
 –   BigDye Terminator v1.1 cycle sequencing mix RR-2500 

(BDT) in 2.5× sequencing buffer, store at temperatures 
between −15 and −25 °C.      

   6.    10× 3730 buffer with EDTA (Applied Biosystems, 4335613), 
store at 2–8 °C, prepare 1× solution daily by adding 16 mL of 
buffer to 144 mL MilliQ water.   

   7.    POP-7 (Performance optimized polymer) (Applied Biosystems, 
4332241), store at 2–8 °C, change weekly.   

   8.    Sephadex G50 DNA grade (GE Healthcare, 17-0573-02), store 
at room temperature.   

   9.    Aqua Dest (Braun, 756030599), store at RT.     

 Reagents 6 and 7 are specifi cally for sequencing with a 3730 
automated DNA analyzer; for other analyzers different reagents 
might be needed.  

      1.    Agarose electrophoresis grade (Invitrogen, 16500100). Store 
at room temperature (RT).   

   2.    10× TBE buffer (Invitrogen, 15581044), dilute 20× with 
MilliQ to obtain 0.5× TBE, store at RT.   

   3.    Ethidium Bromide (Fluka Biochemika, 46067), 10 mg/mL in 
water, store at 2–8 °C.   

   4.    500 bp molecular ruler (Biorad 170–8203), dilute 20 μL DNA 
marker with 80 μL Aqua Dest and 20 μL loading buffer 
 (dissolve in 10 mL AD 100 mg Orange G, 10 mg SDS, 200 μL 
0.5 M EDTA, 500 μL 1 M Tris–HCl pH 8.0, 1 g Ficoll 400, 
add 6 mL glycerol and Aqua Dest to a fi nal volume of 20 mL). 
Store at 4 °C for max. 1 year.       

2.1  Reagents

2.1.1  Amplifi cation 
and Sequencing

2.1.2  Agarose Gel 
Electrophoresis
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  The PCR setup (Subheading  3.1 ) must be performed in a pre-PCR 
laboratory, preferably in a biohazard, with dedicated equipment, 
pipettes, and disposables. Amplifi cation to obtain the template for 
sequencing and all further steps (Subheadings  3.2 – 3.8 ) are per-
formed in a post-PCR lab, including the PCR machines.  

       1.    96-well Optical Reaction plate with barcode (Applied 
Biosystems, 4306737).   

   2.    3730 Trayholder (Applied Biosystems, 4334869 and 4334873).   
   3.    Septa overlay 96 well (Applied Biosystems, 4315933).   
   4.    Multiscreen column loader 45 μL (Millipore, MACL09645).   
   5.    Multiscreen HV fi lterplate (Millipore, MAHVN4550).   
   6.    Multiscreen column loader scraper (Millipore, MACL0SC03).   
   7.    Multiscreen centrifuge alignment frame (Millipore, MACF09604).   
   8.    Vortex.   
   9.    Centrifuge with swing bucket rotor for 96-well microplate.   
   10.    Micropipettes for the appropriate volumes.   
   11.    Pipette tips.   
   12.    1.5 mL microfuge tubes (sterile).   
   13.    PCR tubes and trays (sterile).   
   14.    Thermocycler.   
   15.    3730 DNA analyzer (Applied Biosystems) or other automated 

DNA analyzers able to detect the BigDye Terminator-labelled 
nucleotides and to read lengths of approximately 500 bp with 
data collection software.   

   16.    Software SeqPilot (JSI medisys).   
   17.    Optional: Biohazard.     

 Equipment 1, 2, and 3 are specifi cally for sequencing with a 
3730 automated DNA analyzer; for other analyzers different 
equipment might be needed.  

 

     1.    Gel electrophoresis system (e.g., Biorad), including gel tray 
and combs.   

   2.    Microgram scale.   
   3.    50 °C water bath.   
   4.    Electrophoresis power supply.   
   5.    UV transilluminator (e.g., Geldoc system, Biorad).        

3    Methods 

 For unambiguous HLA class I typing the HLA-A, -B, and -C genes 
are amplifi ed using group-specifi c primers located in the 5′ UT and 
3′ UT region or intron 7 ( see   Note 2 ). For HLA-DQB1 typing, 

2.2  Laboratory 
Design

2.3  Equipment 
(Apparatus and 
Software)

2.3.1  Amplifi cation 
and Sequencing Reaction

2.3.2  Agarose Gel 
Electrophoresis

Improved SBT for HLA Typing
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exons 2 and 3 are amplifi ed, using group-specifi c primers located 
in intron 1 and intron 3 or exon 4. The low-resolution typing 
result is used as starting point to determine which primer mixes 
need to be used. The HLA-A alleles were clustered into 8 groups, 
for HLA-B 15 different groups were distinguished, for HLA-C 13 
groups were distinguished, and HLA-DQB1 alleles were clustered 
into 5 different groups. Furthermore, also gene-specifi c primer 
mixes are available for heterozygous amplifi cation and sequencing 
for those individuals that show homozygosity at the low-resolution 
level to confi rm this homozygosity with SBT. After amplifi cation, 
the PCR products can be analyzed by agarose gel electrophoresis 
to determine the quality and quantity ( see   Note 3 ). PCR amplicons 
are purifi ed by ExoSAP treatment to remove excess amplifi cation 
primers and dNTPs that can disturb in the sequencing process. For 
cycle sequencing with dye terminator chemistry, different generic 
sequencing primers are available for all exons and intervening 
introns, resulting in a full-length sequence. The sequencing reac-
tion products are purifi ed before capillary electrophoresis on an 
automated DNA analyzer. The sequences obtained are analyzed 
using the SeqPilot software program ( see   Note 4 ), enabling analysis 
of both hemizygous sequences simultaneously. Due to the hemizy-
gosity of the sequences the manual analysis time has been 10–15× 
reduced compared to heterozygous sequencing and analysis is suit-
able for automation. 

       1.    Provide a clean work environment, e.g., a biohazard. Keep the 
reaction mixes on ice throughout the entire protocol.   

   2.    Transfer PCR tubes with the HLA-A, -B, -C, and -DQB1 
mixes, according to the low-resolution typing of the individual, 
to a PCR tray, centrifuge briefl y, and put on ice. Include appro-
priate negative controls.   

   3.    Calculate the total number of reactions, and prepare an 
enzyme/water dilution, using 0.4 μL Expand High Fidelity 
enzyme mix with 2.6 μL Aqua Dest per reaction.   

   4.    Add 3 μL of DNA (at a concentration of 100 ng/μL) per PCR 
tube.   

   5.    Add 3 μL of enzyme/water dilution per PCR tube, and close 
tubes either by a lid or a rubber overlay.   

   6.    Centrifuge PCR tray (pulse centrifugation until reaching 
1,000 ×  g ).   

   7.    Move the PCR tray directly to the PCR thermocycler (in post- 
PCR lab).   

   8.    Run PCR program: 
 2 min 94 °C. 
 7 min 68 °C Hold on 4 °C.

3.1  Preparing 
Sequencing Template 
(Amplifi cation)

Christina E.M. Voorter et al.
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 10 Cycles  15 s 94 °C 
 30 s 63 °C 
 4 min 68 °C 

 10 Cycles  15 s 94 °C 
 30 s 60 °C 
 6 min 68 °C 

 10 Cycles  15 s 94 °C 
 30 s 60 °C 
 10 min 68 °C   

   9.    After the PCR reaction, 1–2 μL of the PCR products can be 
checked by agarose gel electrophoresis according to the proto-
col in Subheading  3.2 . Store PCR tray at 2–8 °C overnight or 
at −25 to −35 °C for max. 1 month.      

        1.    Transfer 200 mL of 0.5× TBE to an Erlenmeyer, add 1.6 g 
agarose, and mix.   

   2.    Transfer the Erlenmeyer with TBE and agarose to a microwave 
and boil until the agarose is fully solved ( see   Note 5 ).   

   3.    Cool the solvent to ca. 50 °C by holding the Erlenmeyer under 
cold running water, swirling the Erlenmeyer to obtain an even 
temperature and to prevent partial solidifi cation of the gel.   

   4.    Put the Erlenmeyer covered with parafi lm in a 50 °C water 
bath for a minimum of 10 min ( see   Note 6 ).   

   5.    Add 10 μL ethidium bromide (fi nal concentration 0.5 μg/
mL), swirl the Erlenmeyer, and pour the gel solvent in a gel 
tray. Discard the air bubbles, and put combs in the gel.   

   6.    Leave the gel for a minimum of 10 min at RT to solidify, 
 followed by approximately 30 min at 4 °C.   

   7.    Put suffi cient 0.5× TBE buffer in the gel electrophoresis  system 
and add 20 μL ethidium bromide (the gel must be  completely 
covered by buffer).   

   8.    Remove the combs from the gel tray, and put the gel tray in 
the electrophoresis system.   

   9.    Take the PCR tray out of the thermocycler, and centrifuge the 
tray (pulse centrifugation until reaching 1,000 ×  g ).   

   10.    Load 1–2 μL of each PCR product in each lane of the gel and 
10 μL of 500 bp molecular ruler (size marker) in one lane.   

   11.    Close the electrophoresis lid, and run the gel for 3 h at 
10 V/cm.   

3.2  Agarose Gel 
Electrophoresis

Improved SBT for HLA Typing
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   12.    Following electrophoresis transfer the gel to a Geldoc system 
to visualize the ethidium bromide-stained bands under UV 
light. An example is shown in Fig.  1 . The length of the PCR 
product depends on the alleles present and the primer mixes 
used. For HLA-A the length of the PCR products varies 
between 2.9 and 3.2 kb, for HLA-B between 2.8 and 3.8 kb, 
for HLA-C between 2.8 and 3.3 kb, and for HLA-DQB1 
between 3.5 and 4.2 kb. The band intensity must be suffi cient 
to obtain reliable sequencing patterns.

  Fig. 1    Example of agarose gel electrophoresis pattern for PCR products of HLA-A 
( lane 2 ), -B ( lane 3 ), -C ( lane 4 ), and -DQB1 ( lane 5 ). 1 μL of PCR product was applied 
to a 0.8 % agarose gel and run for 3 h at 10 V/cm. The approximate length of the 
PCR products can be determined by comparison with the 500 bp marker ( lane 1 )       
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             1.    All steps need to be performed on ice. Pipette 1 part ExoSAP-IT 
and 2.5 parts PCR product in a PCR tube (e.g., 4 μL 
ExoSAP-IT and 10 μL of PCR product) and mix well with the 
pipette. Close tubes either by a lid or a rubber overlay.   

   2.    Transfer the PCR tubes to the PCR thermocycler.   
   3.    Run PCR program:

   15 min 37 °C.  
  15 min 80 °C.  
  Hold on 4 °C ( see   Note 7 ).         

      1.    Prepare the sequencing mixes on ice; per sequencing primer 
one mix has to be prepared:

 Per reaction  1.0 μL BDT sequencing mix ( see   Note 8 ) 

 1.5 μL BDT sequencing buffer (5×) 

 0.5 μL sequencing primer (5 pmol) 

 6.0 μL Aqua Dest 

 9.0 μL total volume 

       2.    Pipette 9 μL sequencing mix in a new PCR tube on ice and add 
1 μL purifi ed PCR product, mix well, and close tubes either by 
a lid or a rubber overlay.   

   3.    Transfer the tubes to a PCR thermocycler.   
   4.    Run PCR program:

 1 min 96 °C 

 25 cycles  10 s 96 °C 

 5 s 50 °C 

 4 min 60 °C 

   Hold on 4 °C      
 

     1.    Following the sequencing reaction, purify the products by sep-
aration on Sephadex G50 columns (other purifi cation methods 
to remove fl uorescently labelled ddNTPs can be used).   

   2.    Fill the Multiscreen column loader with Sephadex G50  powder 
using the multiscreen column loader scraper. Place an empty 
Multiscreen HV fi lterplate upside down on the column loader, 
turn around, and gently tap the Sephadex powder into the 
 fi lter plate.   

   3.    Pipette 300 μL Milli-Q water in each Sephadex-fi lled well of 
the fi lter plate.   

3.3  Purifi cation of 
Sequencing Template

3.4  Sequencing 
Reaction

3.5  Purifi cation 
of Sequencing 
Reaction Products

Improved SBT for HLA Typing
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   4.    Wrap the plate with parafi lm and close with the lid. Leave the 
plate 3 h at room temperature before use ( see   Note 9 ).   

   5.    Remove the parafi lm, and centrifuge the plate for 5 min at 
1,000 ×  g  to remove the water, using the multiscreen centri-
fuge alignment frame and an empty waste plate underneath.   

   6.    Add 20 μL of MilliQ water to the sequencing reaction products. 
Bring the total of 30 μL onto the Sephadex columns in the 
fi lter plate.   

   7.    Use an empty 96-well optical reaction plate for the sequencer 
to put underneath the Sephadex fi lter plate. Centrifuge this 
combination for 5 min at 1,000 ×  g . The sequencing reaction 
products are now purifi ed in the 96-well optical reaction plate.      

 
 The purifi ed sequencing reaction products can be analyzed by any 
automated DNA sequencer that is able to detect the BigDye 
Terminator-labelled nucleotides and able to read lengths of approx-
imately 500 bp. 

 For running the sequencing reaction products on a 3730 
DNA analyzer, overlay the 96-well optical reaction plate (with the 
sequencing reaction products) with a septa overlay and place the 
plate into the tray holder. Place this combination in the 3730 DNA 
analyzer ( see   Note 10 ). Capillary electrophoresis is performed 
using 50 cm capillaries, POP7 ( see   Note 11 ), and the following 
conditions:

 Oven temperature  60 °C 

 Prerun voltage  15.0 KV 

 Prerun time  180 s 

 Injection voltage  1.5 V 

 Injection time  15 s 

 First readout time  300 ms 

 Second readout time  300 ms 

 Run voltage  8.5 KV 

 Voltage number of steps  40 steps 

 Voltage step interval  15 s 

 Voltage tolerance  0.6 KV 

 Current stability  30.0 μA 

 Ramp delay  600 s 

 Data delay  405 s 

 Run time  5,640 s 

3.6  Capillary 
Electrophoresis

Christina E.M. Voorter et al.
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     The sequence output is analyzed by the software SeqPilot or 
 equivalents ( see   Note 4 ). Sequencing is always performed in the 
forward and reverse direction. An example of analysis of HLA-A is 
illustrated in Fig.  2 . The quality of sequence data should be assessed 
by trained laboratory personnel to exclude those sequences that 
cannot be interpreted reliably. However, due to hemizygosity of 
sequences, background noise and poor separation of peaks will be 
less interfering with correct allele assignment, and the necessity for 
editing the sequence is drastically reduced.

4         Notes 

     1.    Details of the group-specifi c and sequencing-defi ned primers 
are available on request, after signing a nondisclosure agree-
ment. Enrolment in the user group for training and evaluation 
for this approach is still possible. Contact Dr. Christien Voorter 
for more information.   

   2.    The procedure and reagents described here are owned by 
Maastricht University Medical Center+ (MUMC), Department 
of Transplantation Immunology, and are available after CE 
certifi cation.   

   3.    This step can be omitted in experienced laboratories.   
   4.    SeqPilot is the only analysis software that is able to assign both 

hemizygous allele sequences of one sample simultaneously. 
With other programs (Assign, U-type) the hemizygous sequence 
of one allele is analyzed separately from the other allele.   

   5.    It is important to boil long enough until all agarose particles 
are fully dissolved in the TBE buffer.   

   6.    The temperature of the gel mixture must not exceed 60 °C 
when ethidium bromide is added, because at this temperature 
the ethidium bromide will be destroyed.   

   7.    The purifi ed PCR product can be stored for a maximum of 
1 week at 4 °C.   

   8.    BDT contains fl uorescently labelled ddNTPs; keep the reagent 
in the dark as much as possible.   

   9.    The Sephadex plate can be stored at 4 °C (after 3 h at room 
temperature) for a maximum of 1 week.   

   10.    A sequencing standard can be run to check for any inconsisten-
cies during the capillary electrophoresis and analysis procedure.   

   11.    The POP7 solution has to be changed every week. Water, 
waste, and buffer are prepared fresh each day.         

3.7  Analysis 
of Results

Improved SBT for HLA Typing
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    Chapter 8   

 Molecular Typing Methods for Minor Histocompatibility 
Antigens 

           Eric     Spierings    

    Abstract 

   Minor histocompatibility (H) antigen mismatching leads to clinically relevant alloimmune reactivity. 
Depending on the tissue expression pattern of the involved minor H antigens, the immune response may 
either cause graft-versus-host disease and a graft-versus-tumor effect or lead to only a graft-versus-leukemia 
effect. Thus, identifi cation of recipient–donor pairs with minor H antigen mismatches has clinical impor-
tance. This chapter describes molecular typing methods for molecular typing of minor H antigens.  

  Key words     Minor histocompatibility antigens  ,   Transplantation  ,   Stem cells  ,   Solid organ  ,   Graft-versus- 
host    ,   Graft-versus-tumor  ,   Graft rejection  ,   Genotyping  

1      Introduction 

 Minor histocompatibility (H) antigens have been defi ned as 
 immunogenic peptides derived from polymorphic intracellular 
proteins and presented on the cell surface by MHC class I and class 
II molecules [ 1 ]. They induce human leukocyte antigen (HLA)-
restricted T cell responses in the setting of HLA-matched stem cell 
transplantation (SCT). Minor H antigens have to be considered as 
key molecules in the alloimmune responses of the pathophysiology 
of graft-versus-host-disease (GvHD) and in the curative graft-
versus- tumor (GvT) reactivity after HLA-matched SCT [ 2 ]. Minor 
H antigens have been shown to play a role in renal allograft 
 tolerance; minor H antigen HA-1-specifi c regulatory T cells, 
HA-1-specifi c effector T cells, and HA-1 microchimerism were 
observed in renal allograft-tolerant recipients [ 3 ]. Interestingly, 
also in the physiological setting of pregnancy, minor H antigen-
specifi c T cells could be identifi ed in the mutual direction of 
mother and child [ 4 – 6 ]. Moreover, minor H antigen-specifi c 
 antibody titers are increased in unexplained secondary recurrent 
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miscarriage patients [ 7 ]. These increased titers are associated with 
low male:female ratios in subsequent live births. 

 The clinical usefulness of minor H antigen typing is evident in 
the area of SCT. As mentioned above, two clinically related 
 components justify minor H antigen typing, i.e., GvHD and GvT. 
The mode of tissue expression, i.e., hematopoietic restricted or 
ubiquitous, of minor H antigens determines their role as target 
molecules in GvHD and/or GvT. The minor H antigens with 
ubiquitous expression including expression on the GvHD target 
organs are particularly relevant in the development and mainte-
nance of GvHD. Minor H antigens with expression limited to cells 
of the hematopoietic system and to solid tumors are especially 
 relevant for the GvT activity [ 8 – 10 ]. The latter minor H antigens 
can be exploited as curative tools for SCT-based immunotherapy 
of hematological malignancies and solid tumors. The therapeutic 
GvT effect of these minor H antigen disparities seems, however, to 
depend upon the presence of GvHD [ 11 ]. 

 Nowadays, there are two options to exploit the differences in 
minor H antigen expression between donor and recipients. In both 
cases, HLA-matched minor H antigen-mismatched recipient/
donor combinations are selected. One strategy is the adoptive 
transfer of in vitro-generated SCT donor-derived minor H antigen- 
specifi c CTLs. The other, more practical, and potentially effi cient 
strategy is post-SCT “vaccination.” In this concept, the relevant 
recipient-specifi c minor H peptides are administered to boost the 
donor-derived minor H antigen-specifi c T cells to achieve optimal 
GvT responses in vivo. Both strategies are currently ongoing in 
clinical phase I/II studies [ 2 ]. Although not frequently observed, 
minor H antigens have been shown to infl uence SCT graft rejection 
[ 12 ,  13 ]. In this respect, the expression of minor H antigens on the 
donor progenitor cells might be relevant in sensitized patients 
receiving a minor H antigen-disparate T cell-depleted SCT. 

 Minor H antigen typing is useful in the clinical-related research 
investigating the role of minor H antigen-specifi c T cells in HLA- 
matched solid organ transplants. The observation of coexistence of 
CD8+ memory T-effector and T-regulator cells, both specifi c for 
the same minor H antigen HA-1 in the context of renal allograft 
tolerance, validates further exploration of the relevance of minor H 
antigen mismatching in solid organ transplantation [ 3 ]. The rele-
vance of minor H antigen typing recently further extended towards 
two types of SCT donors, i.e., the parous woman and the cord 
blood donor. Examination of multiparous women demonstrated 
that pregnancy can lead to alloimmune responses against the 
infant’s paternal minor H antigens [ 4 ,  6 ]. Interestingly, a similar 
immunization status has been observed in cord blood samples, 
where minor H antigen-specifi c cytotoxic T cells directed at the 
non-inherited maternal minor H antigens could be demonstrated 
[ 5 ]. The minor H antigen immunization status of SCT donors 
raises important questions for clinical practice. 
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 Next to minor H antigen geno- and phenotyping, quantifi cation 
of the minor H antigen gene product at the RNA level may be 
 useful. For some minor H antigens a quantitative real-time Taqman 
PCR method for the analysis of minor H RNA expression levels 
has been developed [ 14 ,  15 ]. Analysis of the membrane expression 
of minor H antigens by various cell types may be relevant. This 
analysis can be performed by functional assays such as cell- mediated 
lympholysis (CML), by growth inhibition of clonogenic normal 
and leukemic precursor cells (as reviewed in ref.  16 ), or by using 
the skin explant assay [ 17 ]. Tables  1  and  2     list all currently available 
information on the human autosomally and Y chromosome- 
encoded minor H genes, the immunogenic peptides they encode, 
and the minor H antigen tissue distribution.

    In this chapter we summarize all methodologies for minor H 
antigen typing on the genomic and on the RNA level that have 
been described to date. With regard to the genomic typing, differ-
ent technologies have been developed by the various laboratories.  

2    Materials 

     1.    5 – 10 mL peripheral blood or 5–10 × 10 6  cells.   
   2.    Phosphate-buffered saline (PBS).   
   3.    Ficoll–Isopaque.   
   4.    Reagents for DNA isolation.   
   5.    Minor H antigen-specifi c oligonucleotide primers as listed.   
   6.    Standard thin-wall PCR tubes.   
   7.    Taq polymerase and buffers.   
   8.    dNTPs.   
   9.    PCR thermal cycler.   
   10.    Real-time PCR equipment.   
   11.    Restriction enzymes and buffers.   
   12.    Agarose.   
   13.    Gel electrophoresis equipment.   
   14.    Agarose, molecular biology grade.   
   15.    Gel Red.   
   16.    Loading buffer (0.5 g Orange G and 40 g sucrose in 100 mL 

H 2 O).   
   17.    Tris–acetate–EDTA (TAE) buffer.   
   18.    Exonuclease I.   
   19.    SAP.   
   20.    Big dye terminator (BDT) Cycle sequence kit v1.1.   
   21.    Sephadex G-50 Superfi ne DNA Grade.   

Molecular Typing for Minor Histocompatibility Antigens
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   22.    Sephadex 96-well matrix plate.   
   23.    96-wells MultiScreen fi lter plate (Millipore).   
   24.    POP7 (Applied Biosystems).   
   25.    10× Genetic analyzer buffer with EDTA.   
   26.    DNA size marker, ranging from 100 bp to at least 1,000 bp with 

a size interval of approximately 100 bp, e.g., the 1 kb+ ladder.      

3    Methods 

   The methods described below outline: 
   1.    The isolation of material for minor H typing.   
   2.    Standard PCR procedures.   
   3.    Methods for allele-specifi c PCR based on sequence-specifi c 

primers (SSP-PCR) for HA-1, HA-2, and HA-3.   
   4.    PCR-RFLP for HA-1, HA-2, HA-8, and HB-1.   
   5.    Gene-specifi c PCR for UGT2B17 and H-Y.   
   6.    Real-time PCR for ACC-1 and H-Y.   
   7.    PCR with melting curve analyses for HA-1.   
   8.    Reference strand conformation analysis (RSCA) for HA-1.     

     Table 2  
  Y chromosome-encoded minor H antigens order by HLA restriction molecule   

 Minor H antigen  HLA restriction  Gene  Peptide  Reference 

 A1/HY  HLA-A1  USP9Y  IVDCLTEMY  [ 57 ,  58 ] 

 A2/HY  HLA-A2  KDM5D  FIDSYICQV  [ 59 ] 

 A33/HY  HLA-A33  TMSB4Y  EVLLRPGLHFR  [ 60 ] 

 B27/HY  HLA-B27  DDX3Y  RDSRGKPGY  [ 61 ] 

 B52/HY  HLA-B52  RPS4Y1  TIRYPDPVI  [ 62 ] 

 B60/HY  HLA-B60  UTY  RESEEESVSL  [ 63 ] 

 B7/HY  HLA-B7  KDM5D  SPSVDKARAEL  [ 64 ] 

 B8/HY  HLA-B8  UTY  LPHNHTDL  [ 65 ] 

 DQ5/HY  HLA-DQ5  DDX3Y  HIENFSDIDMGE  [ 66 ] 

 DR15/HY  HLA-DR15  DDX3Y  SKGRYIPPHLR  [ 67 ] 

 DRB3*0301/HY  HLA-DRB3*0301  RPS4Y1  VIKVNDTVQI  [ 68 ] 
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  Molecular typing for minor H antigens is preferentially performed 
on genomic DNA above cDNA. For cDNA, RNA has to be  isolated 
and cDNA must be synthesized prior to the PCR amplifi cations. 
The use of RNA will require extra work and costs. Furthermore 
additional care has to be taken with the source of the cells used for 
RNA isolation since the expression of the, e.g., minor H antigens 
HA-1 and HB-1 can be restricted [ 18 ,  19 ]. 

 All cell types are suitable for genomic DNA extraction. 
Furthermore genomic DNA is routinely prepared for HLA typing. 
Numerous kits and protocols are available for genomic DNA 
 isolation, and they work all equally well. One should take into 
account that it is important that the isolated nucleic acid is free of 
contaminants and pure enough for PCR purposes. In most cases 
genomic DNA will be extracted from peripheral blood derived 
from peripheral blood mononuclear cells (PBMCs) isolated by 
Ficoll–Isopaque density gradient centrifugation. The use of refer-
ence material is strongly advised ( see   Note 1 ).  

 
 Generally, a PCR mix contains a Taq polymerase, a buffer, MgCl 2 , 
dNTPs, and primers. Bovine serum albumin can be included to 
improve performance. Since concentrations of reagents highly 
depend on the chosen buffers, enzymes, and methodology, the 
reader is referred to the original reports and the protocols of the 
enzyme manufacturer for detailed information. Primers, probes, 
and restriction enzymes used for minor H antigen typing are listed in 
separate tables for each methodology. Take appropriate measures 
to prevent contamination ( see   Note 2 ).  

 
 SSP-PCR identifi es the different alleles by using sequence-specifi c 
primers. For optimal performance, the polymorphic nucleic acid is 
generally located at the last 3′ position of the oligonucleotide 
primer. This method has been developed for the minor H antigens 
HA-1 [ 20 ], HA-2 [ 21 ], and HA-3 [ 22 ]. The primers for these loci 
are listed in Table  3 . PCR amplifi cations are analyzed by agarose 
gel electrophoresis.

   
 HA-1 was the fi rst minor H antigen for which allele-specifi c  SSP- PCR 
was described [ 20 ]. The two allele-specifi c primers, for HA-1 H  and 
HA-1 R , respectively, are derived from exon A of the HA-1-encoding 
gene KIAA0223. Polymorphic primer sets were designed both in 
the reverse direction (set 1) and in the forward direction (set 2) in 
combination with two different common primers (Table  3 ). Cycling 
condition for the HA-1 SSP-PCR are 1 cycle of 5 min at 95 °C, fol-
lowed by 10 cycles of 1 min 95 °C and 1 min 65 °C, and fi nally 20 
cycles of 95 °C for 1 min, 62 °C for 1 min, and 72 °C for 1 min. 
Amplifi cation products of unknown samples are compared with 
individuals homozygous for either the HA-1 H  allele or the HA-1 R  
allele. The product size for primer set 1 is 190 and 331 bp for set 2.  

3.1  Chromosomal 
DNA Isolation

3.2  Polymerase 
Chain Reaction

3.3  Allele-Specifi c 
SSP-PCR

3.3.1  HA-1 SSP-PCR

Molecular Typing for Minor Histocompatibility Antigens



122

     Ta
bl

e 
3  

  Ol
ig

on
uc

le
ot

id
e 

pr
im

er
s 

fo
r a

lle
le

-s
pe

ci
fi c

 S
SP

-P
CR

   

 M
in

or
 H

 a
nt

ig
en

 
 Al

le
le

 
 Fo

rw
ar

d 
pr

im
er

 
 Re

ve
rs

e 
pr

im
er

 
 Fr

ag
m

en
t s

iz
e 

 H
A

-1
 

 H
 

 C
T

T
A

A
G

G
A

G
T

G
T

G
T

G
C

T
G

C
A

 
 A

C
T

C
C

T
A

C
A

C
A

T
C

C
C

T
C

A
G

A
G

 
 19

0 

 R
 

 C
T

T
A

A
G

G
A

G
T

G
T

G
T

G
T

T
G

C
G

 
 A

C
T

C
C

T
A

C
A

C
A

T
C

C
C

T
C

A
G

A
G

 
 19

0 

 H
A

-2
 

 V
 

 A
C

A
G

T
C

T
C

T
G

A
G

T
G

G
C

T
C

A
G

 
 G

C
A

G
C

T
C

C
T

G
G

T
A

G
G

G
G

T
T

A
A

C
 

 27
1 

 M
 

 A
C

A
G

T
C

T
C

T
G

A
G

T
G

G
C

T
C

A
G

 
 G

C
A

G
C

T
C

C
T

G
G

T
A

G
G

G
G

T
T

A
A

T
 

 27
1 

 H
A

-3
 

 M
 

 G
T

C
C

T
T

C
A

G
A

G
A

G
A

C
T

T
G

G
G

C
A

T
 

 A
G

A
C

T
C

A
G

C
A

G
G

T
T

T
G

T
T

A
C

 
 12

9 

 T
 

 G
T

C
C

T
T

C
A

G
A

G
A

G
A

C
T

T
G

G
G

C
A

C
 

 A
G

A
C

T
C

A
G

C
A

G
G

T
T

T
G

T
T

A
C

 
 31

8 

 H
A

-8
 

 R
 

 T
G

C
A

G
T

C
A

G
C

A
G

A
T

C
A

C
C

G
 

 C
T

T
C

T
G

G
G

C
A

A
C

A
G

T
T

A
T

G
G

A
 

 18
6 

 P 
 T

G
C

A
G

T
C

A
G

C
A

G
A

T
C

A
C

C
C

 
 C

T
T

C
T

G
G

G
C

A
A

C
A

G
T

T
A

T
G

G
A

 
 18

6 

 H
B

-1
 

 Y 
 G

C
C

A
T

T
C

T
T

T
T

C
T

A
T

A
G

G
T

T
C

T
T

T
G

T
 

 A
G

G
G

C
A

T
A

T
G

T
T

C
C

A
C

T
T

G
C

T
T

 
 21

3 

 H
 

 A
T

T
C

T
T

T
T

C
T

A
T

A
G

G
T

T
C

T
C

T
G

C
 

 A
G

G
G

C
A

T
A

T
G

T
T

C
C

A
C

T
T

G
C

T
T

 
 21

0 

 A
C

C
-1

 
 Y 

 C
A

T
T

G
C

C
T

C
A

A
C

A
G

C
T

T
C

A
A

G
 

 G
G

T
T

G
T

G
G

T
A

T
C

T
G

T
A

G
G

G
C

G
T

 
 13

6 

 C
 

 C
A

T
T

G
C

C
T

C
A

A
C

A
G

C
T

T
C

A
A

G
 

 G
G

T
T

G
T

G
G

T
A

T
C

T
G

T
A

G
G

G
C

G
C

 
 13

6 

 A
C

C
-2

 
 D

 
 G

A
T

G
G

A
A

A
A

G
G

A
G

T
T

T
G

A
A

G
G

C
G

A
 

 C
A

G
C

C
T

C
C

G
T

T
T

T
G

C
C

T
T

A
T

C
 

 19
7 

 G
 

 G
A

T
G

G
A

A
A

A
G

G
A

G
T

T
T

G
A

A
G

G
C

G
G

 
 C

A
G

C
C

T
C

C
G

T
T

T
T

G
C

C
T

T
A

T
C

 
 19

7 

 SP
11

0 
 R

 
 A

A
T

G
T

G
G

T
T

T
G

A
A

G
A

C
C

A
A

A
A

G
T

 
 C

T
T

G
T

A
C

T
C

T
C

A
T

C
T

T
A

C
C

T
C

C
 

 18
5 

 G
 

 A
A

T
G

T
G

G
T

T
T

G
A

A
G

A
C

C
A

A
A

A
G

T
 

 C
T

T
G

T
A

C
T

C
T

C
A

T
C

T
T

A
C

C
T

C
T

 
 18

5 

Eric Spierings



123
 M

in
or

 H
 a

nt
ig

en
 

 Al
le

le
 

 Fo
rw

ar
d 

pr
im

er
 

 Re
ve

rs
e 

pr
im

er
 

 Fr
ag

m
en

t s
iz

e 

 PA
N

E
1 

 R
 

 A
G

G
C

A
A

G
T

C
C

C
A

C
A

C
T

C
G

 
 A

A
T

G
G

G
G

T
A

A
A

T
G

A
C

G
T

G
C

T
G

 
 20

7 

 st
op

 
 C

A
G

G
C

A
A

G
T

C
C

C
A

C
A

C
T

C
A

 
 A

A
T

G
G

G
G

T
A

A
A

T
G

A
C

G
T

G
C

T
G

1 
 20

7 

 L
B

-E
C

G
F 

 H
 

 C
C

T
G

G
C

T
C

C
G

C
G

T
G

C
A

C
C

G
 

 G
A

G
G

G
G

G
C

G
G

C
G

A
A

T
G

 T
 C

G
T

 
 10

5 

 R
 

 C
C

T
G

G
C

T
C

C
G

C
G

T
G

C
A

C
C

G
 

 A
G

G
G

G
G

C
G

G
C

G
A

A
T

G
G

C
G

C
 

 10
5 

 C
T

SH
 

 R
 

 T
G

C
C

G
C

T
G

C
T

C
T

G
C

G
C

C
A

 
 C

A
G

A
G

T
T

C
C

T
G

G
C

C
T

C
T

C
A

C
 

 21
0 

 G
 

 T
G

C
C

G
C

T
G

C
T

C
T

G
C

G
C

C
G

 
 C

A
G

A
G

T
T

C
C

T
G

G
C

C
T

C
T

C
A

C
 

 21
0 

 L
R

H
1 

 5C
 

 G
C

C
C

A
C

A
C

A
C

A
C

T
C

T
G

A
G

A
A

 
 A

C
C

T
G

A
T

T
G

T
G

A
C

C
C

 A
 C

A
A

C
 

 19
3 

 4C
 

 G
C

C
C

A
C

A
C

A
C

A
C

T
C

T
G

A
G

A
A

 
 A

A
C

C
T

G
A

T
T

G
T

G
A

C
C

 A
 C

A
A

C
 

 19
3 

 L
B

-A
D

IR
 

 F 
 G

C
T

G
A

A
G

A
G

C
G

T
C

C
A

A
G

T
A

C
C

 
 G

C
G

C
C

A
G

C
T

T
T

G
G

C
T

C
T

T
T

T
 

 18
3 

 S 
 G

C
T

G
A

A
G

A
G

C
G

T
C

C
A

A
G

T
A

C
C

 
 C

G
C

C
A

G
C

T
T

T
G

G
C

T
C

T
T

T
C

 
 18

3 

Molecular Typing for Minor Histocompatibility Antigens



124

 
 The HA-2-encoding gene, designated as MYO1G, consists of two 
alleles: HA-2 V  and HA-2 M  [ 23 ]. SSP-PCR has been developed 
based upon the genomic sequences [ 21 ]. The PCR mix for HA-2 
contains a common forward primer and polymorphic reverse prim-
ers. Cycling conditions are 1 cycle of 2 min at 95 °C, followed by 
10 cycles of 1 min 95 °C and 1 min 70 °C, and fi nally 20 cycles of 
1 min 95 °C, 1 min 67 °C, and 1 min 72 °C. Both primer combi-
nations result in a PCR product with a size of 274 bp.  

 
 Genomic typing for HA-3 is based on the sequence of the Rho- GEF 
AKAP13 [ 22 ] .  Polymorphic primers were designed at the same 
position within the HA-3 gene. They were, however, combined 
with different reverse oligonucleotides. Cycling conditions are 1 
cycle of 2 min at 95 °C, followed by 10 cycles of 1 min 95 °C and 
1 min 70 °C, and fi nally 20 cycles of 1 min 95 °C, 1 min 67 °C, 
and 1 min 72 °C. As a result of the use of different reverse primers, 
the HA-3 T  SSP-PCR yields a product of 129 bp, while its negative 
counterpart HA-3 M  has a size of 318 bp. Despite the fact that a 
single-tube analysis is still excluded by this design, misinterpretation 
of the results is avoided due to these differences in product size. 
Eventually, analysis of the PCR products on agarose gel can be 
performed by combining the two PCR products into one single lane.  

 
 The abovementioned techniques have been merged into a single 
protocol, allowing typing for a large number of minor H antigens 
in a single PCR run [ 24 ]. The full primer set has been listed in 
Table  3 . The PCR program used for this typing tray starts with 
2 min at 94 °C, followed by 10 cycles of 10 s at 94 °C and 60 s at 
65 °C. Subsequently, 20 cycles were run using the following con-
ditions: 10 s at 94 °C, 50 s at 61 °C, and 30 s at 72 °C. Samples 
can be analyzed on a 2 % agarose gel. 

 Primers for human platelet antigen (HPA; 5′-ACCTAGAT 
AGGTGCGAGCTCACC-3′ and 5′-CAGACTGAGCTTCTCCA 
GCTTGG-3′; 439 bp product) and the human growth hormone-2 
(GH2; 5′-CAGTGCCTTCCCAACCATTCCCTTA-3′ and 5′-AT 
CCACTCACGGATTTCTGTTGTGTTTC-3; 504 bp product) 
can be used as an internal control, 0.125 μM each ( see   Note 3 ). 
To facilitate the analyses, include the HPA primers in the immuno-
genic amplifi cation primer mix and the GH2 primers in the non-
immunogenic primer mix.   

 
 The RFLP-PCR identifi es point mutations [ 25 ] and polymor-
phisms [ 26 ] by using restriction endonucleases ( see   Note 4 ). In this 
methodology, the entire polymorphic region of the minor H gene 
is amplifi ed by PCR fi rst using non-polymorphic primers (Table     4 ). 
In a second step, an aliquot of the PCR products is digested with 
the appropriate restriction endonuclease. The products of the 

3.3.2  HA-2 SSP-PCR

3.3.3  HA-3 SSP-PCR

3.3.4  A Uniform Typing 
Methodology Using 
SSP-PCR

3.4  Allele-Specifi c 
PCR-RFLP

Eric Spierings
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restriction digest are analyzed either by agarose gel electrophoresis 
or by electrophoresis on an acrylamide gel depending on the length 
of the resulting fragments. PCR-RFLP genomic typing of minor H 
antigens has been described for HA-1 [ 27 ], HA-2 [ 28 ], HA-8 
[ 29 ], and HB-1 [ 15 ].

   
 HA-1 PCR-RFLP uses primers to produce a 295 bp product after 
PCR. Cycling conditions for the PCR are 40 cycles of 30 s 94 °C, 
30 s 58 °C, and 1 min 72 °C. Products from the HA-1 H  allele are 
susceptible for cleavage by  Fnu4HI , while the HA-1 R  product can 
be digested with  Tsp45I . Digestions are performed at 37 °C for 2 h 
and analyzed by electrophoresis on 2.2 % agarose gels. Successful 
digestions result in fragments of 85 and 215 bp.  

 
 For RFLP analysis of HA-2, a fragment with a size of 218 bp is 
generated by PCR. Cycle parameters are as follows: denaturation 
at 94 °C for 2 min; 36 cycles of denaturation at 94 °C for 1 min, 
annealing at 60.5 °C for 1 min, extension at 72 °C for 1 min, and 
fi nal extension at 72 °C for 10 min. Samples are digested at 37 °C 
for 12 h with either  Hsp92 II  or  NlaIII . The HA-2 V -derived 
sequence will not be digested under these conditions, whereas the 
HA-2 M  allele will result in fragments of 163 and 55 bp.  

 
 Primers for amplifying the HA-8-encoding gene KIAA0020 have 
been designed to result in a 183 bp PCR product. The A at posi-
tion 20 in the reverse primer has been introduced to artifi cially 
create an  EcoRI  site but only when the primer anneals to the HA-8 R  
allele. The exact cycling conditions for amplifi cation have not been 
described. PCR products are digested with  EcoRI  and analyzed on 
a 2.5 % agarose gel. The HA-8 P  polymorphism produces a single 
183-bp band, whereas the HA-8 R  allele will result in bands of 165 
and 22 bp.  

 
 PCR-RFLP for HB-1 is performed on cDNA. The PCR is per-
formed for 33 cycles (1 min at 94 °C, 1 min at 60 °C, and 1 min 
at 72 °C). The product has a length of 234 bp. PCR products are 
digested with  NlaIII  to discriminate between HB-1 H  and HB-1 Y  
alleles. The  NlaIII  enzyme digests the HB-1 Y  allele into two frag-
ments of 99 and 135 bp. The HB-1 H  allele will not be cut.   

 
 Gene-specifi c PCR can be applied for the analysis of minor H anti-
gens encoded by genes that lack a negative counterpart. For these 
minor H antigens the negative allele cannot be demonstrated 
directly. Its absence is indicated simply by a negative signal after 
PCR. Two minor H antigens of this type have been described. 

   All HY minor H antigens are located on the Y chromosome 
Tables  2 . Therefore presence of the Y chromosome implicates 

3.4.1  HA-1 PCR-RFLP

3.4.2  HA-2 PCR-RFLP

3.4.3  HA-8 PCR-RFLP

3.4.4  HB-1 PCR-RFLP

3.5  Gene-
Specifi c PCR

3.5.1   HY PCR

Eric Spierings



127

 positivity for all of the HY minor H antigens. The gene-specifi c 
PCR for HY is based on SRY [ 30 ]. Primers are identical to the 
ones used in the real-time PCR protocol described in 
Subheading  3.6.1 , except for the fact that no probe is included in 
the procedure. Cycling conditions are 1 cycle of 2 min at 95 °C, 
followed by 10 cycles of 1 min 95 °C and 1 min 70 °C, and fi nally 
20 cycles of 1 min 95 °C, 1 min 67 °C, and 1 min 72 °C. Product 
size for HY-positive samples is 136 bp.  

 
 Individuals that are negative for UGT2B17 completely lack the 
 UGT2B17  gene on both chromosomes [ 31 ]. As a result of this, 
this minor H antigen resembles the HY antigens, and full genotyp-
ing cannot be performed. Three different primer sets have been 
designed to demonstrate the presence of at least one positive allele: 
two are located on exon 1, one on exon 6, and one set is designed 
to amplify the region 5′ to  UGT2B17 . Amplifi cation is performed 
for 38 cycles for genomic DNA or cDNA synthesized from total 
RNA. Each cycle consists of denaturation (94 °C; 30 s), annealing 
(68 °C; 20 s), and elongation (72 °C; 30 s). PCR products are 
analyzed by electrophoresis on a 1.5 % agarose gel. The size of the 
PCR product depends on the selected primer set (Table  5 ).

     
 The real-time PCR identifi es polymorphisms by the usage of 
 allele- specifi c fl uorogenic hybridization probes ( see   Note 5 ). The 
method is based on the 5′–3′ exonuclease activity of the Taq DNA 
polymerase, which results in cleavage of fl uorescent dye-labeled 
probes during PCR [ 32 ]. The hybridization probes emit a fl uores-
cent signal that directly correlates with the amount of target 
sequence. Forward and reverse PCR primers and a probe, labeled 
with a reporter dye, e.g., FAM or VIC, and a quencher dye, e.g., 
TAMRA or MGB, bind to the DNA template. A 3′ phosphate 

3.5.2  UGT2B17 PCR

3.6  Real-Time PCR

   Table 5  
  Oligonucleotide primers for gene-specifi c PCR   

 Minor H 
antigen  Forward primer  Reverse primer  Size 

 UGT2B17 

 5′ region  GGCAGTATCTTGCCAATGT  AGACTCCAAGTGCCAGTT  341 

 Exon 1a  TGTTGGGAATATTCTGACTATAA  CCCACTTCTTCAGATCATATGC  352 

 Exon 1b  AAATGACAGAAAGAAACAA  GCATCTTCACAGAGCTTATAT  443 

 Exon 6  GAATTCATCATGATCAACCG  ACAGGCAACATTTTGTGATC  201 

 HY (SRY)  TGGCGATTAAGTCAAATTCGC  CCCCCTAGTACCCTGACAATGTATT  136 
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group prevents extension of the probe during PCR. The Taq poly-
merase enzyme enables extension of the primer displacing the 
probe. The displaced probe is cleaved by Taq DNA polymerase 
resulting in an increase in relative fl uorescence of the reporter dye. 
The real-time PCR continuously measures the amount of hybrid-
ization probe annealing to the target sequence in every cycle. 

 Rapid genotyping by the real-time PCR method has been 
described for the detection of the alleles of ACC-1 [ 33 ] and for 
detection of HY [ 30 ,  34 ]. 

  
 The fragment covering the ACC-1 polymorphic site of  BCL2A1  
can be amplifi ed by primers fl anking the polymorphic region. 
Amplifi cation is performed in the presence of probes complemen-
tary to the polymorphic region. These probes are labeled with a 
fl uorescent dye and a quencher as described above. PCR cycling 
conditions are 95 °C for 10 min, followed by 35 cycles of 92 °C for 
15 s and 60 °C for 1 min. Amplifi cation and analyses are carried out 
in a real-time PCR cycler. Since two different fl uorochromes are 
used for each allele, this assay can be performed in a single tube.  

 
 Y chromosome-specifi c real-time PCR was developed for measuring 
the concentration of fetal DNA in maternal plasma or serum [ 30 ] 
and for the detection of remaining male cells after sex- mismatched 
transplantation [ 34 ]. This methodology can also be applied for sex 
determination of individuals. Oligonucleotides for amplifi cation 
are located on the SRY gene or the DFFRY gene, both situated on 
the Y chromosome. Amplifi cation primers for SRY real-time PCR, 
which are identical to the gene-specifi c PCR primers described in 
Subheading  3.5.1 , are combined with a dual- labeled FAM-TAMRA 
SRY probe containing a 3′-blocking phosphate group (Table  6 ). 
PCR is initiated with 2 min of 50 °C for uracil DNA glycosylase 
treatment [ 35 ] ( see   Notes  for details), followed by 10 min of 95 °C 
and 40 cycles of 15 s 95 °C and 1 min 60 °C.

   The described methodology to detect DFFRY is similar as for 
SRY. Amplifi cation conditions were as follows: 95 °C for 2.5 min, 
then 30 cycles at 95 °C for 45 s, 58 °C for 30 s, and 72 °C for 
1 min, followed by extension at 72 °C for 10 min.   

 
 The PCR with melting curve analysis for HA-1 genotyping [ 36 ] 
uses fl uorescence resonance energy transfer (FRET) occurring 
between two closely adjacent fl uorescent oligonucleotides binding 
to the same strand of DNA [ 37 ]. A long oligonucleotide 
(5′-TTTCTCAAGGCCCTCAGCGAAGCGG-3′) is labeled with 
fl uorescein as donor fl uorophore, and the shorter one 
(5′-CTCTCACCGTCATGCAGCACACACTCCTT-3′) is labeled 
with acceptor fl uorophore LightCycler Red 640 (RED640) on the 
adjacent sites. After binding, the fl uorescein is excited by the light 
source of the LightCycler instrument. A part of this energy is 

3.6.1  ACC-1 
Real-Time PCR

3.6.2  HY Real-Time PCR

3.7  PCR with Melting 
Curve Analysis

Eric Spierings
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 transferred by FRET to RED640, which consecutively emits the 
measured light of a different wavelength. 

 Amplifi cation with primers 5′-AGGACATCTCCCATCTG 
CTG-3′ and 5′-GCATTCTCTGTTTCCGTGTT-3′ is performed 
using the following conditions: 1 cycle of 30 s at 95 °C, followed 
by 40 cycles of 1 s 95 °C, 10 s 64 °C, and 20 s 72 °C. After ampli-
fi cation of the polymorphic region with fl anking primers, melting 
curve analyses are executed. In this analysis, the PCR product is 
fi rst denatured at 95 °C, followed by a probe annealing step at 
59 °C for 15 s. Subsequently, the temperature is raised to 85 °C in 
steps of 0.1 °C/s. Since the RED640-labeled probe has a lower 
melting temperature, it will be released earlier than the fl uorescein-
labeled probe. This process can be measured in real time in FRET 
analyses. Since the RED640 probe is matched for the HA-1 H  allele 
and has two nucleotides mismatched with the HA-1 R  allele, the 
FRET signal of the HA-1 R  allele will show up earlier in the melting 
process than the HA-1 H  allele (67.8 °C versus 71.5 °C, respec-
tively). Although complicated in design, this methodology allows 
rapid analysis in a single tube.  

 
 The RSCA ( see   Note 6 ) uses fl uorescent-labeled reference (FLR) 
DNA (sense strand) derived from a PCR of the locus of interest [ 38 ]. 
This fl uorescent reference DNA is hybridized with a locus- specifi c 
PCR product from the sample to be tested. Duplexes are formed 
between the sense and antisense strands present in the mixture. 
Because only the sense strand is labeled, duplexes formed with this 
strand can be identifi ed by a laser detection system after electrophore-
sis in an automated DNA sequencer. Each duplex generated has a 
unique mobility, and therefore each allele is represented. Initially, the 
RSCA method was used for the detection of new polymorphisms. 

 The RSCA method has been described as a reliable method for 
genomic typing of the minor H antigen HA-1 [ 39 ]. A fragment of 
486 bp derived from the HA-1 locus-specifi c region is fi rst ampli-
fi ed by PCR using a common forward primer (5′-GTGCTG 
CCTCCTTGGACACTG-3′) in combination with a common 
reverse primer (5′-GCATTCTCTGTTTCCGTGTT-3′). Cycling 
conditions are 1 cycle of 5 min at 95 °C, followed by 10 cycles of 
1 min 95 °C and 1 min 65 °C, and fi nally 25 cycles of 95 °C for 
1 min, 62 °C for 1 min, and 72 °C for 1 min. An FLR is generated 
using HA-1 H  and HA-1 R  homozygous material using a Cy5-labeled 
forward primer. Hybridization of the FLR with the PCR product 
from the samples with the FLR is performed at a ratio of 1:3. 
Electrophoresis is executed on 6 % non-denaturing polyacrylamide 
gels in an automated sequencer.  

  The sequencing-based typing (SBT) is a commonly used technique 
for determining high-resolution HLA typing. This methodology is 
highly fl exible and allows identifi cation of multi-SNPs on one gene 

3.8  Reference Strand 
Conformation Analysis

3.9  Sequencing- 
Based Typing

Eric Spierings
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in one analysis. In this methodology, the entire polymorphic region 
of the minor H gene is amplifi ed by PCR using non-polymorphic 
primers (Table  7 ). In a second step, an aliquot of the PCR  products 
is preferentially sequenced in two directions using non- polymorphic 
gene-specifi c sequencing primers (forward and reverse sequencing 
primers). Alternatively, amplifi cation primers can be tagged with, 
e.g., an M13 sequence. Although this latter approach facilitates 
uniform sequencing procedures with an M13 sequencing primer, 
it also increases the risk of sequencing PCR side products. Sequence 
analyses can be performed using regular analysis programs by hand. 
Homozygous typing results appear as single peaks, and heterozygous 
typing results can be identifi ed by double peaks. Recently, auto-
mated minor H antigen typing analyses were implemented in 
the SBTEngine© Software (GenDx BV, Utrecht, The Netherlands).

   Genomic SBT of minor H antigens has been developed 
for HA-1, HA-2, HA-3, HA-8, HB-1, ACC-1, ACC-2, SP110, 
PANE1, LB-ECGF, CTSH, LRH-1, LB-ADIR, and CD19. As 
ACC-1 and ACC-2 are located on the same gene, both polymor-
phisms can be determined by one single PCR followed by a single 
sequencing procedure. Below we describe in detail our local setup 
for minor H antigen typing by SBT. 

      1.    Prepare a PCR mix containing 80 ng genomic DNA, 0.25 U 
AmpliTaq, 0.8 mM dNTP, 0.5 μM specifi c primers, 1.5 mM 
MgCl 2 , 50 mM KCl, and 10 mM Tris–HCl (pH 8.3) in a total 
volume of 50 μL. Sequences of the amplifi cation primers for all 
minor H antigens have been listed in Table  7 . Start the PCR 
with the following cycling conditions: 10 min at 95 °C, fol-
lowed by 35 cycles of 30 s at 54 °C (56 °C for HA-1) and 30 s 
at 72 °C. Subsequently, run one cycle of 10 min at 72 °C.   

   2.    Before continuing with the sequencing step, analyze the PCR 
products on a 2 % agarose gel. If the products display the cor-
rect size, purify the PCR product to remove the remaining 
enzyme. To this end, add 1 μL SAP (1 U/μL) and 0.5 μL 
ExoR1 (20 U/μL). Mix, spin down, and incubate for 30 min 
at 37 °C and 20 min at 80 °C in a PCR cycler.   

   3.    Transfer 1 μL of the purifi ed PCR product to a fresh tube and 
add 9 μL ready reaction sequence mix to it. This mix contains 
0.2 μL BDT Ready Reaction V1.1 mix (enzyme; ABI), BDT 
Buffer (ABI), and 100 pmol/μL sequencing primer.   

   4.    Prepare the sequencing mixes consisting of 1.0 μL BDT Ready 
Reaction V1.1 mix (enzyme), 9 μL BDT Buffer (5× stock), 
and sequencing primer (100 pmol/μL). Start the sequencing 
reactions in a PCR machine using the following cycling 
 conditions: 10 s at 96 °C, followed by 25 cycles of 10 s at 
96 °C, 10 s at 50 °C, and 2 min at 60 °C.   

3.9.1  SBT Methods

Molecular Typing for Minor Histocompatibility Antigens
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   5.    Prepare a 96-well Millipore plate fi lled with Sephadex. Add 
20 μL H 2 O to 30 μL PCR product. Add the mixture drop by 
drop to the Sephadex, place the Sephadex plate on top of a 
sequencing plate, and spin the plates for 5 min at 400 ×  g . The 
purifi ed product can be applied to an automated sequence 
analyzer.       

 
 As listed in Table  1  and  2 , most minor H polymorphisms have 
been  identifi ed as being a single-nucleotide polymorphism (SNP) 
or deletion/insertion polymorphism (DIP). A large number of 
these SNPs and DIPs have been included in microarrays for typ-
ing of genomic variation. Novel high-throughput minor H anti-
gen identifi cation methods make use of these arrays [ 40 – 42 ]. 
Logically, these arrays are good tools to genotype patients and 
donors for their minor H alleles. Currently, the costs of setting 
up SNP typing  facilities for the purpose of minor H antigen typ-
ing are high. It is, however, anticipated that costs will drop in the 
near future and that this methodology will provide a universal 
tool for typing.   

4    Notes 

     1.    Local validation of all protocols is essential. Control DNA can 
be obtained from the IHW cell panel. A large number of the 
cell lines in this panel have been typed for most of the known 
minor H antigens [ 24 ].   

   2.    Carryover contamination from previous PCR can be a signifi -
cant problem due to the abundance of PCR products and the 
ideal structure of the contaminant material for re-amplifi ca-
tion. Therefore controls to detect contamination should always 
be included. An option to control carryover contamination 
with PCR products is using uracil DNA glycosylase in all PCR 
samples [ 35 ]. The procedure requires the following two steps: 
(1) incorporating dUTP in all PCR products by substituting 
dUPT for dTTP and (2) treating all subsequent fully preas-
sembled starting reactions with uracil DNA glycosylase (UDG), 
followed by thermal inactivation of UDG. UDG cleaves the 
uracil base from uracil-containing DNA but has no effect on 
thymidine- containing DNA. This cleavage blocks replication 
by DNA polymerases. UDG does not react with dUTP and is 
inactivated during denaturation at 95 °C.   

   3.    A disadvantage of SSP-PCR is the possibility to miss an 
allele when the amplifi cation conditions are suboptimal. 
Internal controls should be included in the PCR reaction. 
In the above- described SSP-PCR protocol for the minor H 
antigen HA-1 an internal control has been introduced for the 
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one-tube assay. Here, the common reverse and the common 
forward primer must amplify a band of 486 bp in all samples. 
Alternatively, primers for a non-polymorphic gene can be 
included.   

   4.    PCR-RFLP analysis is a reliable technique. However, it is 
 laborious and time consuming, since multiple manipulations 
are required for each sample. Furthermore, different endonu-
cleases are required for detecting the alleles of all minor H 
antigens.   

   5.    The real-time PCR method is a rapid and reliable method without 
any post-PCR sample manipulation, allowing high- throughput 
analyses. The method, however, requires the use of expensive 
equipment. Furthermore, cross-reaction of allele- specifi c oligo-
nucleotide primers can occur and give false- positive signals.   

   6.    With the RSCA method a lot of samples can be processed at 
the same time. Major drawback is that the RSCA method 
needs special equipment and computer programs that are not 
available in each laboratory.         
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    Chapter 9   

 Natural Killer Cells and Killer-Cell Immunoglobulin-Like 
Receptor Polymorphisms: Their Role in Hematopoietic 
Stem Cell Transplantation 

           Jennifer     Schellekens    ,          Katia     Gagne    , and     Steven     G.    E.     Marsh   

    Abstract 

   Natural killer (NK) cells are important effector cells in the early control of infected, malignant, and 
 “nonself” cells. Various receptor families are involved in enabling NK cells to detect and effi ciently elimi-
nate these target cells. The killer-cell immunoglobulin-like receptor (KIR) family is a set of receptors that 
are very polymorphic with regard to gene content, expression level, and expression pattern. KIRs are 
responsible for the induction of a NK cell alloreactive response through their interaction with HLA class I 
molecules. The role of NK cells in hematopoietic stem cell transplantation (HSCT) has been studied for 
many years, and induction of antileukemic responses by donor NK cells has been reported. Confl icting 
data still exist on the exact circumstances in which the KIR repertoire affects and infl uences clinical out-
come after HSCT. More large-scale studies are needed on well-defi ned cohorts to unravel the mechanism 
of action of the NK cell-mediated alloresponse in an HSCT setting.  

  Key words     NK cells  ,   KIR  ,   KIR genotyping  ,   KIR polymorphism  ,   HLA class I  ,   HSCT  

1       Introduction 

 Natural killer (NK) cells are a diverse population of granular, 
mononuclear lymphocytes, which account for 5–20 % of all 
 circulating lymphocytes in humans. They are considered the key 
effector cells in the innate immune response because they are capa-
ble of rapidly lysing target cells without the need for prior sensitiza-
tion or antibody recognition [ 1 ]. More recently, a role for NK cells 
in the adaptive immune response has also been defi ned as the exis-
tence of antigen-specifi c memory NK cells was established as well 
as adaptation of NK cell responsiveness to the environment [ 2 – 4 ]. 
NK cells are important for the early control of infected, malignant, 
and “nonself” cells and also play an important role in reproduction 
[ 5 ]. NK cells are tightly regulated by a sophisticated repertoire of 
cell surface receptors, which control NK cell activation, prolifera-
tion, and effector function [ 6 ,  7 ]. 
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 Effector function of NK cells was fi rst defi ned by the missing- self 
hypothesis, based on the observation that tumor cells defi cient of 
any surface MHC class I expression are susceptible to killing by NK 
cells [ 8 ,  9 ]. By monitoring the expression of suffi cient levels of self-
MHC class I on the membrane of the target cells, NK cells are capa-
ble of distinguishing between “self” and “nonself” and recognizing 
malignant or infected cells. This interaction between NK cell recep-
tors and MHC class I is proving to be a major mechanism that infl u-
ences both the developmental maturation of NK cells and the 
execution of their effector function [ 10 ]. 

 NK cells are generally identifi ed by their absence of CD3 and 
the expression of CD56 and NKp46 [ 11 ,  12 ]. No unique NK cell 
marker has been identifi ed yet as CD56 and NKp46 are also pres-
ent on a subset of T cells [ 13 ,  14 ]. Thus far, phenotypic identifi ca-
tion of NK cells still relies on the unique combination of surface 
antigens that are non-NK cell restricted. Two distinct subsets of 
NK cells can be distinguished based on the expression level of the 
adhesion molecule CD56. In peripheral blood the majority, 
approximately 90 %, of human NK cells are CD56 dim  with the 
remainder being characterized as CD56 bright . The CD56 dim  NK 
cells express high levels of CD16, produce only low levels of cyto-
kines, and are the dominant subset in mediating natural cytotoxic-
ity [ 15 ]. The CD56 bright  subpopulation is either CD16 dim  or 
CD16 −  and has only limited cytotoxic ability. The main importance 
of CD56 bright  NK cells lies in their capacity to produce abundant 
levels of immunoregulatory cytokines, such as IFN - γ upon activa-
tion [ 16 ,  17 ]. This cytokine production is important to set off a 
proper innate immune response by providing early IFN - γ and 
other cytokines for macrophages and other antigen-presenting 
cells. Using this mechanism, a positive cytokine feedback loop is 
induced resulting in effi cient control of infection. NK cells elimi-
nate target cells by releasing granzyme and perforin or via the 
death receptor-related pathways, such as Fas or TRAIL [ 18 ]. 

 Unlike T- and B-cell receptors, NK cell receptors do not 
require somatic gene rearrangements to generate receptor diversity 
and specifi city. Instead, a wide variety of germline-encoded recep-
tor families are expressed on the NK cell membrane. Four major 
families of inhibitory and activating NK cell receptors have been 
described, including killer-cell immunoglobulin-like receptors 
(KIRs), C-type lectin receptors such as CD94/NKG2, leukocyte 
immunoglobulin-like receptors (LILRs), and the natural cytotox-
icity receptors such as NKp46 [ 19 – 21 ]. NK cell receptors are 
expressed in a variegated, stochastic way, which means that within 
every individual, a multitude of NK cell subsets exist each with 
their own receptor repertoire and specifi city [ 22 ]. Each NK cell 
expresses at least one inhibitory receptor that is specifi c for the 
“self” MHC class I ligand present in that individual. This interac-
tion means that autoreactivity of the NK cells against healthy, 
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“self” cells is avoided. The expression of both inhibitory and 
 activating receptors on the NK cell membrane ensures a balance is 
maintained in which “nonself” or diseased cells will be effi ciently 
eliminated yet healthy “self” cells are spared from killing [ 23 ]. 
Regulation of NK cell effector function is a dynamic process in 
which the NK cells will eliminate the target cell if either they have 
downregulated their cognate MHC class I expression or they 
have up-regulated stress-induced molecules [ 24 ]. 

  The KIR gene family is part of a broad family of NK cell receptors 
each with their own ligand specifi cities and function [ 25 ,  26 ]. KIRs 
encompass an important set of receptors that enable the NK cells 
to carry out a crucial role in immune defense, which allows 
individuals to survive infection and also contribute to reproduction 
allowing populations to survive to the next generation. For most of 
the inhibitory KIRs, HLA class I has been identifi ed as the ligand. 
This allows NK cells to discriminate between healthy, “self” cells 
and cells that have lost HLA class I expression or present “nonself” 
HLA class I molecules. 

 KIRs are membrane-bound glycoproteins with either two or 
three extracellular domains, which are refl ected in the name of 
each receptor as 2D or 3D, respectively. Variation in the intracel-
lular part of the KIRs is caused by the length of the cytoplasmic 
tail, which is displayed in the name as an “L” for long or an “S” for 
a short tail. Two immunoreceptor tyrosine-based inhibitory motifs 
(ITIM) are present in the KIRs with a long cytoplasmic tail. Upon 
binding of its ligand, these receptors generate an inhibitory signal, 
which prevents killing of the target cell by these NK cells. The 
KIRs with a short cytoplasmic tail lack the presence of these ITIMs. 
Instead they have a positively charged residue in their transmem-
brane part. This enables the formation of a heterodimer with an 
adaptor molecule, usually DAP12 [ 27 ]. Two immunoreceptor 
tyrosine-based activating motifs are present in the DAP12 mole-
cule that will generate an activating signal upon binding of the KIR 
with its ligand. 

 A total of 14 different KIRs have been identifi ed. Seven KIRs, 
KIR2DL1, KIR2DL2, KIR2DL3, KIR2DL5, KIR3DL1, 
KIR3DL2, and KIR3DL3, generate an inhibitory signal upon 
ligand binding. An activating signal is generated by six KIRs, 
KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS4, KIR2DS5, and 
KIR3DS1. KIR2DL4 is able to generate both inhibitory and acti-
vating signals upon binding of its ligand [ 28 ]. Also, two pseudo-
genes have been identifi ed, KIR2DP1 and KIR3DP1, but these 
two KIRs do not play a role in NK cell immune surveillance as 
they do not encode a functional, membrane-bound receptor [ 29 ]. 
For KIR2DL5, two loci have been characterized each containing 
a copy of the KIR2DL5 gene with a 99.5–99.7 % similarity in 
their coding sequence [ 30 ]. KIR2DL5A is located in the  telomeric 
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half of the haplotype and KIR2DL5B in the centromeric half. 
It has also been established that KIR2DL2 and KIR2DL3 
 segregate as alleles of a single locus on the centromeric half of the 
haplotype [ 31 ,  32 ]. In the telomeric half the inhibitory KIR3DL1 
and its activating counterpart KIR3DS1 also behave as alleles of 
the same locus [ 29 ]. 

 Allelic variants of the KIR genes are named in a similar system 
to that used for HLA alleles [ 29 ]. After the gene name an asterisk 
is used as a separator after which a total of seven digits indicate the 
different levels of polymorphism between alleles of the same gene 
(Fig.  1 ). The fi rst three digits after the separator indicate alleles of 
the same gene that differ from each other by one or more amino 
acids present in the mature protein. The second two digits indicate 
alleles that differ by a synonymous substitution within the coding 
region. The last two digits indicate alleles that differ from each 
other in the noncoding region like the intron or the promoter 
region (Fig.  1 ) [ 29 ].

     A large cluster of closely related Ig-type receptor families including 
the KIR gene family is located in the leukocyte receptor complex 
(LRC). The LRC is located on chromosome 19q13.4 and spans an 
area of approximately 1 Mb [ 26 ]. The KIR gene cluster is fl anked 
by the genes encoding Fc alpha receptor (CD89) and another 
family of NK cell receptors, LILR [ 26 ]. LILRs are predominately 
expressed on cells of the myeloid lineage. They recognize a broad 
range of classical and nonclassical HLA class I molecules and UL18 
and are thought to exert an infl uence on the signalling pathway of 
both the innate and adaptive immune systems [ 19 ]. 

 The KIR genes are clustered in a head-to-tail fashion covering 
approximately 150 kb. Two main haplotypes have been distin-
guished, referred to as haplotype A and B [ 33 ]. Each haplotype 

1.2  KIR Gene 
Organization

KIR 2DS1*00201 01

Acronym

Two Ig-like domains

Short cytoplasmic tail

First 2DS protein described

Separator Member of the second series of
KIR2DS1 proteins

Differs from other KIR2DS1*002
proteins by a synonymous DNA
substitution within the coding region

Differs from other
KIR2DS1*00201 alleles by a DNA
substitution within a non-coding
region

  Fig. 1    Nomenclature of KIR alleles. The number of extracellular domains and the length of the intracellular tail 
of the receptor are refl ected in the gene name. After the gene name an asterisks is used as a separator before 
a numerical allele designation. The KIR allele sequences are named in a similar fashion to that used for HLA 
alleles       
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varies in the number and combination of KIR genes present. Four 
framework genes are present on every haplotype which are 
KIR3DL3 and KIR3DP1 fl anking the centromeric and KIR2DL4 
and KIR3DL2 fl anking the telomeric side of each haplotype [ 31 , 
 34 ]. The group A haplotype carries a fi xed gene content compris-
ing KIR2DL3, KIR2DP1, KIR2DL1, KIR3DL1, and KIR2DS4 
or any combination or fewer of these genes. The group B haplo-
type is much more variable in number and combination of KIR 
genes and is characterized by the presence of at least one of the 
group B-specifi c KIRs which are KIR2DS2, KIR2DL2, KIR2DL5, 
KIR2DS3, KIR2DS5, KIR3DS1, or KIR2DS1 [ 31 ,  33 ]. The pres-
ence of the group A-specifi c genes is not restricted to just the 
A haplotype as, for example, KIR2DL1 and KIR2DP1 are also 
present on many B haplotypes [ 35 ,  36 ]. 

 A striking difference between A and B haplotypes is the varia-
tion in the number of activating KIR genes present. KIR2DS4 is 
the only activating KIR present on the A haplotype, but the most 
common variant is a variant allele with a 22 bp deletion rendering 
it nonfunctional [ 37 ]. As many as 75 % of A haplotypes do not pos-
sess a KIR gene encoding a functional, activating receptor [ 38 ]. 
For B haplotypes a total of between one and fi ve activating KIRs 
can be present. The presence of activating KIRs in the mother has 
been linked with successful reproduction [ 39 ]. 

 The frequency of the two haplotypes varies within different 
populations. For example, the A haplotype is the most common 
haplotype in the Japanese population with 56 % bearing the AA 
genotype [ 40 ]. The Aboriginal Australians have a predominance of 
B haplotypes with 77 % having at least one B haplotype [ 41 ]. For 
Caucasians the distribution of A and B haplotypes is relatively even 
[ 42 ]. Balancing selection has ensured that all human populations 
have retained the presence of both the A and the B haplotypes 
[ 43 ]. Overall it is believed that A haplotypes favor successful 
immune defense, whereas B haplotypes favor reproductive success 
[ 44 ]. This illustrates the complementary function that both haplo-
types fulfi ll to ensure survival of a population. 

 It is believed that the KIR haplotypes we commonly encounter 
today have all originated from a small number of haplotypes. 
Multiple crossover and recombination events have diversifi ed the 
gene content for KIR haplotypes. Copy number variation, even 
including the framework KIR genes, has been shown to be more 
frequent in B haplotypes compared to A haplotypes [ 45 ]. Reciprocal 
recombination in the central part of the KIR gene cluster, between 
KIR3DP1 and KIR2DL4, linked together different centromeric 
and telomeric KIR gene motifs. A total of four common centro-
meric (Cen) and two telomeric (Tel) KIR gene motifs have been 
identifi ed which in various permutations are responsible for the 
vast majority of all haplotypes (Fig.  2 ) [ 46 ]. One A-specifi c and 
three B-specifi c Cen motifs were defi ned as well as one A- and one 
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B-specifi c Tel gene motif. A group A haplotype by defi nition 
 consists of two A motifs in both the centromeric and telomeric 
parts. A group B haplotype is built up of either a Cen B motif or a 
Tel B motif combined with an A motif or consists of a Cen B and 
a Tel B gene motif (Fig.  2 ). A minority of haplotypes have been 
identifi ed with aberrant KIR gene content caused by unequal 
crossing over events that has resulted in either loss or gain of KIR 
loci or the presence of fusion genes [ 47 – 50 ].

     An individual’s KIR genotype can be determined by RT-PCR 
[ 51 ,  52 ], quantitative RT-PCR at the RNA level [ 53 ] or DNA 
level [ 54 – 56 ], or by a variety of methods at the DNA level such as 
polymerase chain reaction-sequence-specifi c primer (PCR-SSP), 
PCR-sequence- specifi c oligoprobe (PCR-SSO), reverse PCR-SSO 
Luminex-based technology, or sequence-based typing (SBT). 
A matrix-assisted laser/desorption ionization-time-of-fl ight mass 
spectrometer method using primer extension has also been 
described [ 57 ]. The choice of KIR genotyping technique depends 
on different parameters including the quality and/or quantity 
of material available (genomic DNA, mRNA) [ 58 – 60 ], the 
required laboratory equipment (thermocycler, Luminex platform, 
sequencer, incubator), the level of resolution desired (gene and/or 
allelic resolution), and the number of samples to be tested. 

 Numerous methods for KIR genotyping have been described 
so far. The PCR-SSP method was the fi rst used [ 33 ] and remains 
the most widely used [ 61 ]. The PCR-SSP methods currently in 
use are based on the fi rst scheme described by Uhrberg et al. [ 33 ] 
to account for newly discovered loci, previously undetected 
alleles, and for variants affecting primer annealing. PCR-SSP is 
also one of the methods proposed by the International 
Histocompatibility Working Group NK Receptors and HLA 
Polymorphism [ 62 ]. Both commercial and in-house kits based on 
the PCR-SSP method also enable detection of the presence or 
absence of all 16 KIR genes but provide only limited information 
on common variants of KIR2DL5, KIR2DS4, and KIR3DP1. 
For these PCR-SSP methods, each KIR gene is amplifi ed using at 
least one KIR gene- specifi c primer pair. In general, a positive 
internal control is included together with each specifi c KIR primer 
pair. A duplex [ 63 ] and multiplex PCR-SSP method [ 64 – 67 ] has 
also been described requiring less genomic DNA to provide a full 
KIR genotype profi le. RT-PCR based on PCR-SSP is the method of 
choice for allotyping NK cell clones and remains largely unchanged 
from previous description [ 33 ]. Overall, performing KIR genotyp-
ing using a PCR-SSP method is easy and fast but is not convenient 
for a high number of samples, and occasionally this method fails to 
detect all known KIR alleles of one KIR locus. For a high number 
of samples, KIR genotyping can be done by PCR-SSO [ 68 ,  69 ] or 

1.3   KIR Genotyping

KIR Polymorphisms



146

by reverse PCR-SSO using the Luminex platform [ 70 ,  71 ]. 
With these PCR-SSO methods, each KIR gene is detected using 
 different probes targeting specifi c KIR gene polymorphism. PCR-
SSO is perfectly suited for analyzing large number of samples. 
However, PCR-SSO methods are usually more time consuming 
compared to PCR-SSP. The pattern reactivity of each KIR probe 
must also be validated using KIR genotyped control DNAs and 
updated depending on the KIR gene and/or corresponding 
alleles identifi ed. KIR genotypes can be further divided in terms 
of AA or Bx KIR genotypes [ 33 ,  72 ] and give information on 
centromeric and/or telomeric KIR gene content [ 46 ]. Even 
without parental KIR genotyping, KIR haplotypes can also be 
deduced [ 73 ]. KIR genotypes/haplotypes may serve as anthropo-
logical genetic markers [ 74 – 76 ] or be applied to a clinical setting 
such as hematopoietic stem cell transplantation (HSCT) [ 77 ,  78 ], 
organ transplantation [ 79 ], or viral infectious diseases [ 80 ]. 

 A combination of the most up-to-date schemes may be needed 
for the most comprehensive analysis of the KIR gene content. 
However, some of the DNA-based methods for KIR genotyping 
described above only address the variable KIR gene content but do 
not detect allelic polymorphism [ 81 ]. In contrast to HLA class I 
genes where polymorphism is mainly located in exons 2 and 3, KIR 
allele polymorphism must be investigated all along the coding 
regions and even in intron regions as illustrated in particular for 
KIR3DL1 [ 82 ,  83 ]. Discordances between KIR genotyping and 
phenotyping could be observed for some KIR genes as non- 
expressed KIR allelic variants have been described [ 84 ]. However, 
allele-level typing can now be done on 14 KIR loci [ 85 ] using 
either PCR-SSO [ 86 – 89 ], PCR-SSP [ 84 ], SNP assay [ 90 ], high- 
resolution melting [ 91 ], and SBT methods [ 82 ,  92 – 97 ]. KIR    SBT 
including pyrosequencing or next-generation sequencing is an 
emerging technology to type different KIR alleles. KIR SBT 
remains the method of choice to identify new KIR alleles as it 
enables the detection of single nucleotide polymorphisms between 
two KIR alleles. Different methods of high-resolution KIR typing 
can also be combined in order to identify all KIR alleles of one 
specifi c KIR loci without residual ambiguities [ 83 ,  98 ]. 

 Within the last decade the focus has been mainly on develop-
ment of KIR allele typing methods [ 85 ] as KIR allele polymor-
phism has been proven to impact on NK cell phenotype [ 99 ]. 
Control DNAs with known KIR allele repertoires such as the 
UCLA international KIR DNA exchange samples are often used to 
validate KIR genotyping. KIR allele, haplotype, and genotype fre-
quencies are available on dedicated websites (  http://www. 
allelefrequencies.net/    ) or can be collected from the last KIR 
anthropology component of the International Histocompatibility 
Working Group [ 74 ,  85 ].  
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  The KIR gene region exhibits multiple levels of polymorphic and 
structural diversity [ 31 ,  35 ,  48 ]. Each of these levels of 
polymorphism contributes to the extensive variation in KIR 
repertoire between individuals but also between NK cells within an 
individual. This diversity enables the NK cells to detect every 
alteration in HLA class I expression which makes them such potent 
effector cells within the innate immune response. 

  In addition to KIR gene content variation as is displayed within the 
various haplotypes, KIRs also show an abundant level of 
polymorphism on the allelic level [ 81 ]. To date, 614 different KIR 
alleles have been identifi ed and subsequently named by the IPD-
KIR database (version 2.4.0, 15 April 2011). The IPD-KIR 
database provides a centralized repository for human KIR sequences 
and allows easy comparison between alignments of various KIRs 
[ 100 ]. This great number of KIR alleles means that two unrelated 
individuals with a similar KIR haplotype will almost always differ in 
the combination of KIR alleles present for each gene [ 81 ]. 
KIR3DL1, KIR3DL2, and KIR3DL3 seem to be the loci with 
most allelic variability with a total of 73, 84, and 107 alleles 
identifi ed for these KIRs, respectively (  http://www.ebi.ac.uk/ipd/
kir/     version 2.4.0). However, the great number of alleles identifi ed 
for these loci is most likely a bias caused by great interest of many 
research groups into unravelling more about the structure and 
function of these particular KIR genes. Further diversity in other 
KIR genes will undoubtedly be described in the future. 

 For many KIR genes a variation in expression levels between 
different alleles of the same loci has been identifi ed. This variation 
in expression level was fi rst confi rmed for KIR3DL1 when Gardiner 
and co-workers identifi ed KIR3DL1 alleles with high, low, or no 
expression on the NK cell membrane [ 84 ]. The infl uence of 
KIR3DL1 allelic polymorphism not only on expression levels but 
also on ligand binding, cytokine secretion, and cytolytic functions 
has been described [ 84 ,  99 ,  101 ,  102 ]. Similar infl uences of allelic 
polymorphism on expression level and function have been described 
for other KIR genes as well [ 103 ,  104 ].  

  The receptor repertoire expressed on the NK cell membrane on 
the one hand must enable self-tolerance, but it should also on the 
other hand enable the NK cell to rapidly and specifi cally eliminate 
any unhealthy or foreign cells. The discovery that multiple KIRs 
are expressed on NK cells in a largely stochastic way has been 
fundamental in understanding the mechanism NK cells use to 
maintain self-tolerance. As such, KIRs are being expressed in a 
clonal fashion on mature NK cells, which means that not every 
KIR present in the genome is expressed on every NK cell within 
one individual [ 22 ]. The clonal expression pattern results in a 
large pool of NK cell clones each with their own specifi city. 

1.4  KIR 
Polymorphisms

1.4.1  Allelic 
Polymorphism

1.4.2   KIR Expression
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This broad range of functionally distinct clones makes the NK cell 
population as a whole perfectly adapted for rapid and sensitive 
detection of reduced “self” or “nonself” HLA class I molecules. 
Each NK cell clone maintains its acquired KIR expression 
repertoire even after cell division [ 105 ]. There is repertoire 
stability within an individual but variability in KIR expression 
patterns within a population [ 106 ]. All KIRs are subject to clonal 
expression patterns with the exception of KIR2DL4 and 
KIR3DL3. KIR2DL4 is ubiquitously detected on the 
transcriptional level by all NK cell clones, although the expression 
on the cell surface seems to be variable [ 22 ,  107 ,  108 ]. KIR3DL3 
transcripts have been revealed to be only present at low or 
sometimes even undetectable levels [ 109 ,  110 ]. The fi rst 
controlling factor infl uencing the KIR repertoire is of genetic 
origin as the KIR gene content of an individual is the sole 
dominant factor in dictating the KIR expression repertoire [ 106 ]. 
However, epigenetic mechanisms are also described that modify 
the KIR expression patterns. Firstly, the HLA class I repertoire 
has been shown to subtly adjust the relative KIR expression 
frequencies [ 99 ,  106 ]. Shilling    and co-workers showed that the 
impact of HLA is to change the frequency of KIR-expressing cells 
but not the surface levels of KIR expression [ 106 ], although 
others have contradicted this infl uence of cognate HLA class I on 
KIR expression repertoires [ 111 ]. A second mechanism of 
epigenetic modulation of KIR expression is caused by the 
methylation state of the promoter regions of the KIR loci. The 
consistent demethylated state of small CpG islands in the promoter 
region of the expressed KIR genes as opposed to the methylated 
state of this region in non-expressed KIRs has been proven to play 
a crucial role in controlling KIR expression patterns [ 112 – 114 ]. 
This also explains how, despite high sequence similarity, KIR 
genes can be regulated independently.   

  The interaction between inhibitory KIRs and HLA class I is well 
established. Specifi city of KIR2DL1, KIR2DL2, and KIR2DL3 for 
HLA-C was fi rst identifi ed in the early 1990s [ 115 ,  116 ]. 
A subdivision can be made between these three KIRs based on the 
HLA-C epitopes for which they are specifi c. A dimorphism at 
position 80 of the HLA-C protein divides the HLA-C alleles in 
two epitope groups, C1 and C2. The C1 epitope group includes all 
HLA-C molecules that have an asparagine at position 80, and the 
C2 epitopes include the HLA-C molecules that possess a lysine at 
this position [ 117 ]. KIR2DL1 binds to proteins of the C2 group, 
whereas KIR2DL2 and KIR2DL3 both bind to HLA-C proteins 
of the C1 group [ 115 ,  118 ]. In addition to the C1 specifi city, 
interaction of KIR2DL2 and KIR2DL3 with some C2 epitopes has 
also been reported [ 119 ]. The affi nity of the interaction of KIRs 
and HLA-C differs with the affi nity of KIR2DL3 for C1 being 

1.5   KIR Ligands
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much weaker compared to the KIR2DL2–C1 interaction [ 119 ]. 
The specifi city of KIRs for either C1 or C2 is determined by a 
dimorphism at position 44 in the D1 domain of the KIR protein. 
A mutation at this position can convert the specifi city of the 
receptor from C1 to C2 and vice versa [ 120 ]. 

 Other inhibitory KIRs for which the ligand has been identifi ed 
are KIR3DL1, KIR3DL2, and KIR2DL4. KIR3DL1 specifi cally 
binds the Bw4 serological motif presented by many HLA-B and 
some HLA-A molecules [ 121 ]. Bw4 epitopes have either an isoleu-
cine or a threonine at position 80 (80I and 80T, respectively) 
[ 117 ]. The Bw4-80I epitopes serve as stronger ligands for 
KIR3DL1 [ 121 ]. Peptide-dependent variation in binding between 
KIR3DL1 and Bw4 epitopes has also been reported [ 92 ]. HLA-B 
molecules with the Bw6 epitope have an asparagine at position 80 
and do not bind to KIR3DL1. KIR3DL2 is specifi c for HLA-A3 
and HLA-A11 allotypes. The strength of this interaction has been 
shown to be highly dependent on the peptide presented by the A3 
and A11 allotype [ 122 ,  123 ]. KIR2DL4 is important in the pro-
cess of placentation as it binds to trophoblast-specifi c HLA-G 
[ 107 ,  124 ]. Both inhibitory and activating properties have been 
identifi ed for KIR2DL4 [ 28 ]. 

 The activating KIR2DS1 receptor, as its inhibitory homologue 
KIR2DL1, binds C2 epitopes [ 125 ]. KIR2DS1 and KIR2DL1 are 
similar in their extracellular, ligand-binding domains yet KIR2DS1 
binds C2 epitopes with a lower affi nity. For both KIR2DL1 and 
KIR2DS1 the interaction with the C2 epitope is infl uenced by cer-
tain peptide sequence alterations [ 126 ]. KIR2DS4 is the most 
commonly present activating receptor and is specifi c for subsets of 
HLA-C1 and C2 epitopes and HLA-A11 [ 127 ]. The ligands for 
KIR2DL5, KIR3DL3, KIR2DS2, KIR2DS3, KIR2DS5, and 
KIR3DS1 remain to be elucidated.  

  The KIR gene complex segregates independently from the HLA 
class I complex which could potentially result in self-destructive 
NK cells when the inhibitory KIR does not fi nd its cognate HLA 
class I ligand. Yet, NK cells are generally self-tolerant because the 
majority of the circulating NK cells express at least one inhibitory 
KIR specifi c for “self” HLA class I [ 106 ]. Interaction between 
inhibitory KIRs and HLA class I during NK cell development 
triggers the acquisition of functional competence which allows the 
mature NK cells to effi ciently eliminate target cells that have 
downregulated or lost HLA class I expression. The process of 
acquisition of functional ability is referred to as “licensing” [ 10 ], 
“arming” [ 128 ], or “education” [ 129 ]. This also ensures that 
potentially autoreactive NK cells remain hyporesponsive and 
functionally incapable of inducing target cell killing [ 10 ,  130 ]. As 
such, the interaction with HLA class I serves as a functional tuning 
mechanism of randomly generated NK cell repertoires. 

1.6  Control of NK 
Cell Effector Function
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 Apart from KIR, NK cells can also express inhibitory  CD94/
NKG2A heterodimers. CD94/NKG2A recognizes HLA-E which 
presents the peptide derived from the leader sequence of other 
HLA class I molecules [ 131 ]. This enables the NK cell to survey 
the net overall expression of total HLA class I by the target cells. 
The expression of CD94/NKG2A is inversely correlated with the 
expression of KIR and is believed to serve as a buffer to ensure 
functional competence of the NK cells [ 106 ,  132 ].  

  NK cells have been the focus of many research projects. Their role 
in cancer surveillance was established in a large prospective study 
published in 2000 [ 133 ]. The vital regulatory infl uence of the KIR 
gene family on NK cell alloreactivity was demonstrated around the 
same time [ 134 – 136 ]. The potential in the curative application of 
NK cells in an HSCT setting is obvious with alloreactive donor NK 
cells eliminating residual leukemic cells in the recipient and thereby 
preventing relapse of the disease. The fi rst report to show the 
impact of alloreactive NK cells on clinical outcome after HSCT was 
published by Ruggeri and co-workers in 2002 [ 137 ]. They studied 
the infl uence of KIR ligand incompatibility on the clinical outcome 
after HLA-haploidentical HSCT for acute myeloid leukemia 
(AML) or acute lymphoid leukemia (ALL). In the AML group a 
signifi cant benefi cial effect was seen on relapse rates, rejection, and 
graft-versus-host disease (GvHD) when the donor possessed 
alloreactive NK cell clones directed against the recipient’s cells. 
These effects were not seen in the recipients who received a 
transplant from a donor who did not possess any NK cell clones 
with KIR ligand incompatibility in the graft-versus-host (GvH) 
direction. Nevertheless, subsequent publications by other research 
groups often did not reproduce this benefi cial effect of KIR 
repertoire on HSCT outcome. A comprehensive overview of the 
contradictory fi ndings between the various studies was reviewed by 
Professor Wing Leung in 2011 [ 138 ]. Comparison of the diverse 
results revealed some likely causes for the confl icting outcomes, 
and it was proposed by Leung and others that the three main 
causes are heterogeneity within and between study groups, the 
model used for prediction of NK alloreactivity, and polymorphism 
in KIR expression [ 138 ,  139 ]. 

 The fi rst major cause for the confounding data on the infl u-
ence of KIR repertoire on transplantation outcome is heterogene-
ity of the study group. A lot of variation is present between various 
study cohorts, but T cell content of the graft and underlying dis-
ease are considered the most important factors. These two factors 
have both been described to infl uence or mask the effect that NK 
cell alloreactive responses exert on the clinical outcome after 
HSCT. Davies et al. speculated that variation in the number of T 
cells in the graft may alter immune reconstitution and in turn mask 
effects mediated by alloreactive NK cells [ 140 ]. Others then 
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 confi rmed that the alloreactive effects mediated by donor T cells 
can obscure the effects mediated by alloreactive NK cells [ 141 , 
 142 ]. It was also speculated that the presence of T cells in the graft 
infl uences NK cell differentiation in vivo after haploidentical HSCT 
[ 143 ]. The level in which donor T cells infl uence, mask, or even 
counteract a NK cell-mediated alloreactive response will be hard to 
unravel. 

 Many publications on the infl uence of KIR repertoire on the 
clinical outcome after HSCT still include a heterogeneous cohort 
with regard to underlying disease. However, not all hematological 
diseases have similar susceptibility to NK cell-mediated alloreactiv-
ity. The most prominent infl uence of KIR repertoire on clinical 
outcome has been observed in AML patients [ 137 ,  144 – 146 ]. 
However, alloreactive NK cell-mediated effects have also been 
reported for patients suffering from ALL or chronic myeloid leu-
kemia albeit not as prominent as in AML patients [ 147 ,  148 ]. 
Studies on large cohorts of patients suffering from the same disease 
type are needed to shed more light on the infl uence of KIR incom-
patibility in HSCT and the level of susceptibility of the various 
hematological disorders for which HSCT is performed. 

 The reliable prediction of the NK cell alloreactive response 
after HSCT has been the focus of research of many research groups, 
and different models have now been defi ned. The fi rst model to 
predict NK cell alloreactivity was described by Ruggeri and co- 
workers in Perugia, Italy [ 137 ]. This model was based on the com-
bination of the ligands present in the recipient and the donor and 
was suitably described as the ligand–ligand model. In this ligand–
ligand model the assumption was made that if the ligand is present, 
then the cognate KIR would also be present in that individual. 
This means that NK cell alloreactivity in the GvH direction was 
predicted when HLA class I epitope groups recognized by KIR 
were absent in the recipient but present in the donor. No KIR 
genotyping was done to confi rm actual presence of the KIRs. 

 The second NK cell alloreactivity prediction tool is known as 
the receptor–ligand model and was proposed by Leung and co- 
workers in Memphis, USA [ 149 ]. In this model the KIR repertoire 
of the donor is compared with the HLA ligand repertoire of the 
recipient. A benefi cial antileukemic NK cell alloresponse is pre-
dicted when an inhibitory KIR of the donor does not fi nd its cog-
nate HLA ligand in the recipient. By this mismatching the 
generation of an inhibitory signal is prevented, and therefore donor 
NK cell alloreactivity towards the recipient’s residual leukemic cells 
is assumed to be present preventing relapse of the disease. In this 
model the HLA repertoire of the donor nor the KIR status of the 
recipient is considered to affect the prediction of NK cell 
alloresponse. 

 The receptor–receptor model otherwise known as the gene–
gene model was fi rst described by Gagne and co-workers in Nantes, 
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France [ 150 ]. In this model it was hypothesized that there is a 
potential for NK cell-mediated response in the GvH direction 
when KIR genes that are present in the donor are absent in the 
recipient. On the other hand, a NK cell alloresponse in the host-
versus- graft direction was predicted when the donor fails to express 
the KIR genes present in the recipient. The HLA repertoire of 
both recipient and donor was not included in this model to predict 
a potential NK cell alloresponse. 

 The last factor resulting in heterogeneity between and within 
study cohorts is caused by variation in the expression level of KIRs. 
As has been described before, variation is present in the level of 
expression between alleles of a single KIR gene. In many publica-
tions the assessment of KIR repertoire is only done by genotyping. 
However, genotyping only establishes the presence of the gene, 
but it does not give any further information on the allele or the 
subsequent expression level of the actual KIR protein on the cell 
membrane. The studies that are based on just KIR genotyping 
could therefore mistakenly assume an interaction or lack thereof 
between a KIR receptor and its ligand resulting in a NK cell- 
mediated alloresponse refl ected in improved clinical outcome. In 
order to reliably assign an improved clinical outcome to the NK 
cell-mediated alloresponse, KIR phenotypic analyses should be 
performed. The heterogeneity in expression level between KIR 
alleles adds an extra level of complexity to be taken into account 
when comparing the various results. 

 The work by two research groups deserves a special mention 
and can be considered leading in the fi eld as they describe large, 
well-defi ned cohorts which improve the understanding of the 
mechanism of action of KIR repertoire on clinical outcome after 
HSCT. In 2009, Cooley et al. described that donors with a B hap-
lotype improve relapse-free survival after unrelated HSCT for 
patients suffering from AML [ 145 ]. In an even more extensive 
cohort of AML and ALL patients, they showed that for patients 
suffering from AML both centromeric and telomeric B motifs 
present in the donor contribute to relapse protection and improved 
survival with the presence of two B motifs in the centromeric part 
having the strongest independent effect. No infl uence of donor 
KIR genotype was observed in patients suffering from ALL [ 144 ]. 
In 2012, Hsu and co-workers reported on the infl uence of the 
combination of KIR and HLA repertoire in a cohort of 1,277 
AML patients who had received HSCT from an unrelated donor. 
They reported that presence of KIR2DS1 in the donor provides 
protection against relapse in an HLA-C-dependent manner and 
donor KIR3DS1 was associated with reduced mortality [ 151 ]. 

 Donor NK cells are considered good candidates to use as 
adoptive immunotherapy after HSCT or as a cytoreductive ther-
apy before HSCT because they can induce a graft-versus- leukemia 
effect without causing GvHD. In order to maximize their 
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 potential, the reliable prediction of their alloreactive state needs 
to be defi ned. Many retrospective reports have been published 
but no consensus has been achieved about the ideal HSCT setting 
to maximize the NK cell alloreactive effect. Concordantly, ques-
tions also still remain about how to incorporate KIR repertoire 
into the donor selection procedure. More large-scale studies are 
needed to answer the question on how to use NK cell alloreactiv-
ity to our advantage in the clinic.      
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    Chapter 10   

 Methods of Detection of Immune Reconstitution 
and T Regulatory Cells by Flow Cytometry 

           Richard     Charles     Duggleby      and     J.     Alejandro     Madrigal   

    Abstract 

   Allogeneic hematopoietic stem cell therapy (HSCT) remains one of the few curative treatments for 
 high-risk hematological malignancies (high-risk leukemia, myelodysplastic syndromes, advanced myelo-
proliferative disorders, high-risk lymphomas, and multiple myeloma) and is currently applied in more than 
15,000 patients per year in Europe. Following HSCT, patients experience a period of reconstitution of the 
immune system, which seems to be highly dependent on conditioning, immunosuppression regimes, and 
the level of adverse events the patients experience. During this reconstitution period, the patient is immune 
compromised and susceptible to opportunistic infections and disease relapse. Consequently, a large num-
ber of clinical studies have been devoted to monitoring the recovery of the immune system following 
HSCT in the hopes of determining which cellular subsets are indicative of a favorable outcome. In this 
chapter we review the methods that have been employed to monitor the immune reconstitution and what 
clinical observations have been made. Of particular interest is the regulatory T cell (Treg) subset, which 
has been associated with tolerance and has been the subject of recent clinical trials as a possible cellular 
therapy for rejection reactions. Finally we will detail a proposed methodology for the fl ow cytometric 
assessment of cellular reconstitution post-HSCT.  

  Key words     Hematopoietic stem cell therapy  ,   Cellular reconstitution  ,   B cells  ,   NK cells  ,   T cells  , 
  Regulatory T cells  ,   Dendritic cells  ,   Whole blood fl ow cytometry  

1            Introduction 

    Since its introduction in the 1970s, allogeneic HSCT remains the 
only curative treatment for high-risk hematological malignancies 
(high-risk leukemia, myelodysplastic syndromes, advanced myelo-
proliferative disorders, high-risk lymphomas, and multiple 
myeloma) and is currently applied in more than 15,000 patients 
per year in Europe. While patient numbers are rapidly increasing, 
the treatment still carries a signifi cant risk to the patient in the form 
of treatment failure and life-threatening complications. Treatment 
modalities and patient disease variability and background condi-
tions necessitate a patient-tailored therapy as physicians try to 
respond to early indications of failure and treatment complications. 
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Depending on the conditioning the patient receives, patients will 
invariably be either completely or partially immune defi cient imme-
diately following transplantation of the stem cell graft. As a result, 
three main issues can occur as the immune system reconstitutes, 
two associated with transplant toxicity and the third related to 
treatment failure. The fi rst is graft versus host disease (GvHD); 
with HSCT in malignant diseases, the purpose of the transplanta-
tion is to allow the reconstituting donor cells to recognize the 
recipient malignant cells as foreign and therefore mount an immune 
response that clears the malignant cells (a graft versus leukemia 
(GvL) response). Unfortunately while recognition of the donor as 
foreign seems to allow for a GvL effect, it also appears to allow for 
unwanted responses to tissues and immune cells to varying degrees. 
While there has been extensive research attempting to separate 
these effects, the ability to promote GvL over without GvHD 
remains elusive. The second is opportunistic infections; prior to 
full immune reconstitution, the patients lack the ability to control 
either preexisting or opportunistic infections, often common infec-
tions such as Epstein–Barr virus (EBV) and cytomegalovirus 
(CMV), with potentially fatal consequences. Finally there is relapse; 
while GvHD is an unwanted side effect of allogeneic HSCT, failure 
to mount a successful GvL response will mean failure to clear the 
malignant cells and results in disease relapse. 

 The    purpose of monitoring immune reconstitution is to be 
able to determine which cell types are involved in these events, to 
both be able predict their onset and be able to infl uence their effect 
in the future. This chapter will discuss which cell subsets have been 
monitored in clinical studies in the past, how they were monitored, 
and how relevant they were to patient outcome. Also discussed will 
be the practical aspects of monitoring regulatory T cells (Treg). 
These cells, as natural immune regulators, have attracted increasing 
interest for their role in central and peripheral tolerance and how 
their reconstitution after HSCT might infl uence GvHD, GvL, and 
responses to infection. Finally a recommended method of cellular 
monitoring by fl ow cytometry is detailed, including potential prac-
tical issues that arise when analyzing patient blood. 

  This chapter will discuss the various markers that can be used to 
follow immune reconstitution. However, how these markers are 
interpreted is highly dependent on the patient background in 
which the reconstitution is taking place. As HSCT therapies have 
become more common in patients of different ages and diseases, a 
number of overlaying factors have emerged that can infl uence the 
course of reconstitution. Among these are age, conditioning, and 
the appearance of GvHD. 

  Age of the Recipient . There have been a number of studies that have 
indicated an impact of age on reconstitution, in particular T cell 
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reconstitution, either through CD4+ cell reconstitution [ 1 ] or 
through quantifi cation of T cell receptor excision circles or TRECs 
[ 2 ,  3 ]. TRECs, found in recent thymic emigrants as the result of 
generation of the variable region of the T cell receptor (TCR), are 
known to decline with age [ 4 ]. It is likely, therefore, that the 
underlying effect of age on reconstitution is due to its impact on 
the thymic-dependent pathway of T cell reconstitution; T cell 
reconstitution can be broken down into two main pathways, 
thymic- dependent and thymic-independent homeostatic reconsti-
tution. The thymic pathway is the well-studied conventional T cell 
development pathway; mobilized stem cells enter a lymphocyte 
differentiation path whereby progenitor T cells traffi c to the thy-
mus and undergo positive and negative selection resulting in 
mature T cells exiting into the periphery. In homeostatic prolifera-
tion, naïve T cells expand in the lymphopenic environment follow-
ing HSCT. The hypothesis is, therefore, that age will affect the 
thymic pathway over homeostatic proliferation. As is reviewed by 
Mackall et al. [ 5 ], the difference is that homeostatic proliferation 
might lead to defi ciencies in the resulting T cell pool due to limita-
tions in TCR repertoire. 

  Immunosuppressive Therapy . Another factor that needs to be con-
sidered is the effect of the conditioning and treatment to prevent 
GvHD. As reviewed by Chinen et al. [ 6 ], agents such as mycophe-
nolate mofetil (MMF) and cyclosporin A (CSA) are designed to 
inhibit lymphocyte (in particular T cells) proliferation and differ-
entiation, while antibodies such as anti-thymocyte globulin (ATG) 
and campath (anti-CD52) cause depletion of many cells but may 
favor particular subsets. All of which are likely to affect cellular 
reconstitution. 

  GvHD . From the start it was found that GvHD was adversely 
affecting reconstitution; delayed B and T cell reconstitution with 
reduced lymphocyte numbers and/or TRECs [ 7 – 10 ], with restric-
tions of the TCR repertoire [ 11 ]; and increased opportunistic 
infections [ 9 ,  12 ]. Animal studies suggest that GvHD causes thy-
mic damage [ 13 – 15 ], which in turn would lead to poor thymic 
function. 

  Conditioning . Full myeloablative conditioning (MAC) is designed 
to remove as much of the residual disease as possible prior to trans-
plantation. Conditioning can involve total body irradiation and 
chemotherapy that removes much of the recipient bone marrow 
and immune system. By comparison, reduced intensity condition-
ing (RIC) relies more on the GvL effect of the graft and involves 
less harsh conditioning. It has been noted that MAC regimes have 
a more delayed engraftment than RIC (as reviewed by Jimenez 
et al. ref.  16 ). RIC also tends to have less GvHD than MAC. In fact 
the reduced GvHD has such a profound effect on reconstitution 
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that in multivariate analysis it was found that RIC is the most 
important factor on the recovery of the T cell subset and TREC 
levels in the fi rst few months following HSCT [ 16 ]. Thus, in this 
case, it is diffi cult to determine if the effect on reconstitution was 
due to the conditioning or due to reduced GvHD.  

  The majority of clinical studies follow a panel of cell subsets to 
monitor the course of the HSCT. Unfortunately, apart from a basic 
panel of cell types (platelets, neutrophils, and NK, T, B, and 
dendritic cells), there is very little consensus between centers, 
especially on subtypes. This is because the import of different 
subtypes of cells is very often dependent on the patient (disease, 
conditioning, and posttransplant therapy), which, as discussed 
above, can affect how each of these cell types reconstitutes and 
thereby skews the results from the “expected” reconstitution. 
However, in the following introduction, each of the main cell types 
will be reviewed for examples of how they have been assessed in the 
past and what clinical relevance has been observed. The subsequently 
suggested protocol will then refl ect a “standard” panel. 

  Platelets and neutrophils along with the white blood cell count are 
typically assessed as part of the standard, automated cellular 
assessment in clinical laboratories, sometimes referred to as the 
complete blood count (CBC). The CBC measures a number of 
parameters including white blood cell count and differential 
(numbers of neutrophils, lymphocytes, monocytes, eosinophils, 
and basophils). As platelets and neutrophils are some of the fi rst 
populations to emerge following HSCT, they are often used as the 
earliest indication of engraftment. Standard indicators are levels 
above end points for several days. For example, Prasad et al. [ 17 ], 
in unrelated umbilical cord HSCT for pediatric patients with 
inherited metabolic disorders (no underlying GvL), used a 
neutrophil engraftment end point of greater or equal to 0.5 × 10 9  
donor cells/L for 3 consecutive days and a platelet engraftment 
end point of 50 × 10 9 /L or more, for 7 days. Using these end 
points, these pediatric patients (median age 1.5 year) had a 
median neutrophil engraftment of 22 days with 87 % cumulative 
engraftment by day 42. Meanwhile, platelets engrafted in a median 
of 87 days with a cumulative incidence of 71 % by day 180 [ 17 ]. 
As discussed above, in the 159 patients studied, underlying effects 
such as patient age, HLA, and seropositive status of the recipient 
were factors that affected time to engraftment along with more 
expected parameters such as CD34+ cell dose infused and colony-
forming unit (CFU, a stem cell functional assay) infused. In adult 
recipient and donor peripheral blood HSCT (median recipient age 
41, range 16–68), a study by Allan et al. [ 18 ] had a similar platelet 
and neutrophil engraftment end point criteria. In this study, platelet 
recovery was defi ned as three consecutive days with a platelet count 
of greater than 20 × 10 9 /L. In both cases the median time to 
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platelet and neutrophil engraftment was 14 and 13 days, respectively. 
The time to engraftment also was associated with CD34+ dose 
infused. It can be seen from these two studies that these parameters 
can be wildly different in different clinical settings. However, in 
both studies the parameter fulfi ls the same basic role, as the earliest 
measure of engraftment, and in both cases refl ected the effi cacy of 
the transplantation by being affected by the CD34+/stem cell 
dose infused.  

    As one of the fi rst lymphocyte subsets to return to normal levels 
post-HSCT (usually with 1–2 months), Natural killer (NK) cells 
have been extensively studied, as described in a recent review by 
Bosch et al. [ 19 ]. As part of the innate immune system, they have 
antimicrobial and antiviral activity as well as, importantly, 
antitumor/leukemic activity. It is for that reason that NK cells have 
attracted interest as possible therapeutic targets, with the aim to 
improve their reconstitution and function to combat both relapse 
and opportunistic infections without accompanying GVHD. In 
fact, it is hypothesized that by deleting mismatched allo-antigen 
presenting cells (NKs are activated by the absence of the correct 
HLA molecules; the missing self-hypotheses [ 20 ]), they might 
reduce GvHD. Early clinical studies tended to follow a basic 
defi nition of NK cells (Fujimaku et al. [ 21 ]), reporting that CD3−
CD56+ had recovered to normal levels by 1 year, with no 
correlation with GvHD. More currently studies use a more detailed 
defi nition with NK cells being characterized as CD3−
CD56 bright CD16+/− or CD3−CD56 dim CD16+ with the former 
producing cytokines and the latter having high CTL activity 
(Reviewed by Cooper et al. [ 22 ]). Following these populations, 
Komanduri et al. found that NK reconstitution was favored in T 
cell-depleted environment [ 23 ].    By observing CD56 bright CD16 dim  
and CD56 dim CD16 bright  populations, it has been noted that the 
CD56 bright CD16 dim  population is the most prominent reconstituting 
population [ 19 ,  24 ], although CD56−CD16+ cells can be found 
in signifi cantly higher numbers than in healthy subjects [ 24 ]. 

 Using these markers, a number of studies have linked NK 
reconstruction with clinical outcomes of HSCT. Porrata et al. 
observed in autologous HSCT that low numbers of total NK 
(CD56 bright and dim) cells (less than 80 cells/µL) in the fi rst 2 
weeks were associated with low overall survival (OS) and pathogen- 
free survival [ 25 ]. Chang et al., following CD56 bright  cells (less than 
7 cells/µL in 14 days), found a similar association in haploidentical 
HSCT and with Transplant related mortality (TRM) [ 26 ]. Finally 
Baron et al., following donor chimerism of fl ow-sorted NKs, found 
that less than 50 % donor chimerism at day 14 was associated with 
rejection and slower establishment of complete donor chimerism 
led to a decrease in relapse- free survival [ 27 ]. Taken together 
these would seem to support the hypothesis that low NK numbers 
might result in increased  pathogen infections and NK tolerance of 
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either the recipient or the donor leading to relapse. There is also 
 association with killer cell immunoglobulin-like receptor (KIR) 
mismatching with their ligands but this will be dealt with compre-
hensively in other chapters.  

  B cells play an important role in the adaptive immune response to 
microbial and viral infections, their absence during reconstitution 
indicating a comprised immune system. The B cell development 
phenotype is reviewed by Marie-Cardine et al. [ 28 ]. Briefl y, the 
reconstitution of B cells as they differentiate from stem cells can 
be followed using CD19 expression. CD19+ pre-B cells 
differentiate from CD34+ stem cells and then into pro-B cells 
following immunoglobulin (Ig) heavy chain rearrangement. Light 
Ig chain rearrangement leads to immature B cells, which, when in 
the periphery, are known as transitional B cells. Pre-, pro-, and 
immature/transitional B cells all express CD24, CD38, and 
CD10. Encounters with antigens lead to either deletion (with self- 
antigens) or maturation into mature/naïve B cells and expression 
of IgM and IgD. By selecting on CD19+ cells, transitional B cells 
can be distinguished from mature B cells, in the peripheral blood, 
by CD24 hi CD38 hi  expression and the presence of CD10, compared 
to the CD24 int CD38 int CD10− mature phenotype [ 28 ]. As is nicely 
demonstrated by Sugalski et al. [ 29 ], naive B cells, memory B 
cells, and activated B cells can then be distinguished as CD10−
CD21+CD27−, CD10−CD21+CD27+, and CD10−CD21−
CD27+, respectively. 

 B cells take considerable time to reconstitute, with normal lev-
els not being reached until 1–2 years [ 30 ]. Reconstitution is remi-
niscent of normal B cell development with naïve or immature cell 
predominating and very few memory B cells (defi ned by IgD− [ 30 , 
 31 ]). Clinical observations include low numbers at 6 months being 
associated with poor outcome (death, relapse, graft failure [ 32 ]) 
and low numbers at 80 days with increased infection [ 33 ]. There is 
also evidence that both acute GvHD (aGVHD; GVHD <100 days 
posttransplant) and its treatment can lead to depressed B cell pre-
cursors and in turn depressed B cell numbers [ 34 ]. Fujimaki et al. 
also found evidence for suppressed B cell reconstitution with 
chronic GvHD (cGvHD; GvHD +100 days), by serum Ig levels. 
   However, this was also associated with depressed CD4 cell recon-
stitution leading to the speculation that the B cell effect is a result 
of less T helper cell activity [ 21 ]. Taken together this would sug-
gest that a depressed reconstitution might indicate increased risk of 
graft failure and infection but that underlying GvHD and effects of 
T cell reconstitution could be contributing factors.   

  T and B cells represent reconstitution of the adaptive immune 
response and are attributed (along with NK cells) with the majority 
of GvL effects; T cell-depleted grafts while having lower risk of 

 B Cells

 T Helper/Cytotoxic Cells
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GvHD but carry a higher risk of relapse and graft failure [ 35 – 37 ]. 
Consequently, T cells are followed with the expectation that they 
are indications of recovery of the immune system and the source of 
a GvL effect. In line with this, a recent study by Bartelink et al. 
found that higher numbers of CD4+ T cells at earlier time points 
(0–90 days) were predictive of reduced patient mortality in 
pediatric HSCT [ 38 ]. 

 The standard enumeration of T cells is usually through abso-
lute counts of CD3+, CD4+, and CD8+ cells. However, the pres-
ence of the CD45RO+CD62L+ and CD62L− expressing cells 
indicate central and effector memory populations (as reviewed by 
Sallusto, Geginat, and Lanzavecchia [ 39 ] and shown in Fig.  1 ). 
The emergence of naïve CD45RA+CD62L+CCR7+ cells would 
indicate reconstitution, probably through the thymic-dependent 
pathway (Fig.  1 ). However, the emergence of these markers alone 
from the T cell pool is not conclusive. Due to the possibility of 
reversion of memory cells to a CD45RA+ phenotype ([ 40 ] and 
shown in Fig.  1 ), it can be argued that this phenotype alone is not 
suffi cient to defi ne the naïve T cell pool. As a result some studies 
have also included enumeration of TRECs (as discussed above) to 
ensure that this population is truly naïve [ 2 ,  7 ,  16 ,  41 ]. Since 
TRECs are affected by proliferation, it might be more accurate to 
associate their presence with recent thymic emigrants; while they 
often express CD45RA [ 2 ], cells with high TRECs best correlate 
with a CD45RA+CD31+ phenotype [ 42 ].

  Fig. 1    T cell phenotype during reconstitution. Hypothesis of T cell reconstitution. Shown are common T cell 
subtypes and their hypothetical progression through thymic reconstitution ( bold arrows ). It has been observed 
that in a lymphopenic environment, CD45RA+ and CD45RO+ can undergo homeostatic expansion with 
CD45RO+ cells predominating [ 112 ]. Finally, indicated by the  question mark , there is evidence that reversion 
of the CD45RO+CD45RA− phenotype can occur to a CD45RA+ phenotype [ 40 ]       
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   As reviewed by Bosch et al. [ 19 ], CD8 T cells typically take 6 
months to reach normal levels with CD4 cells lagging behind at 
almost a year. It has also been noted that following HSCT there is 
a predominance of memory/effector cells, with very low numbers 
of naïve cells and TRECs [ 2 ,  41 ,  43 ]. This suggests that either 
these cells are mature cells from the graft/donor or they have been 
derived from homeostatic expansion of mature cells. However, 
high levels of T cell proliferation, such as GvHD, could be reduc-
ing the apparent naïve population (affecting both CD45RA and 
TRECs). In a study performed by Jimenez et al., HSCT patients 
on a RIC regime had lower levels of GvHD compared with patients 
on MAC regime [ 16 ]. In this study, there were signifi cantly higher 
naïve cells and TRECs at earlier time points in the RIC patients 
compared to the MAC patients. Since they did not correlate with 
the naïve cell and TREC numbers in the graft, it can only be 
assumed that this apparent increase in the thymic-dependent 
reconstitution was through either improved thymic function or 
lower GvHD [ 16 ]. 

 As discussed above, GvHD and therapies used to treat GvHD 
have been found to affect T cell reconstitution in a number of 
studies. Fujimaki et al. [ 21 ] reported that naïve cells 
(CD4+CD45RA+) were suppressed in chronic GVHD patients 
with all other subtypes unaffected and returning to normal after 1 
year. In a more recent study, Komanduri el al. observed longer 
lymphopenia and reduced naïve cell (CD45RA+CCR7+) reconsti-
tution in patients receiving CB as a stem cell source compared to 
adult donors [ 23 ]. However   , the authors had to note that the CB 
recipients tended to have received more pre-transplant treatments 
and more myeloablative conditioning than the adult allo-SCT, 
highlighting that interpretation of the T cell reconstitution data is 
highly dependent on the preconditioning, GvHD, and therapy. 

  The Komanduri study of 2007 also demonstrates another important 
parameter that can be assessed: functional T cell recovery [ 23 ]. In 
the case of the Komanduri study, this was in the form of superantigen 
responses (streptococcal enterotoxin B, SEB) and, in seropositive 
recipients, a determination of both the functional response to and 
recovery of CMV-specifi c responses. CMV is one of the most 
common posttransplant opportunistic infections, especially since 
seropositive allo-SCT donors may not be available for a seropositive 
donor while, in the case of CB SCT, the donor will be completely 
naïve to CMV. Komanduri et al. assessed the recovery of CMV-
seropositive recipient PBMC with CMV peptides (pp65) and 
seronegative recipient PBMC with the superantigen SEB. The 
results showed that the delayed lymphopenia that had been 
observed in the CB SCT patients also refl ected a reduced activity 
to SEB and CMV peptides. 

 Functional T Cell Recovery
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 If the patients respond to pp65 peptide, then they may also 
respond to pp65 tetramers. This enables the CMV-specifi c response 
to be enumerated by fl ow cytometry. Using this technology, 
Gratama et al. [ 44 ] followed the reconstitution of CMV-specifi c 
responses post-HSCT in seropositive recipients with either sero-
positive or seronegative donors. They found that failure to recover 
HLA-A2-specifi c CD8+ T cell responses was associated with devel-
opment of disease and that the number of tetramer-positive CD8 
cells in the graft inversely correlated with the number of recurrent 
CMV infections. In this study only 1 in 5 of the seronegative 
donors generated a CMV-specifi c response. Interestingly, in the 
Komanduri study, despite depressed functional responses to SEB 
and pp65, there were signifi cant numbers (in 50 % of recipients) of 
CMV-specifi c T cells present after CB SCT, despite the naïve 
nature of the CB [ 23 ].  

 While tetramer technology has been used to monitor the 
reconstitution of CMV responses with some success (see above), 
this methodology has some serious limitations; fi rstly, the domi-
nant epitopes in the infection are required to be known and even 
then are likely to be restricted to specifi c HLA. In the case of CMV, 
for example, the NLV peptide (NLVPMVSTV reviewed [ 45 ]) is 
restricted to HLA-A*0201. Obviously this limits the patients that 
reconstitution can be followed in. Secondly the response only 
monitors CD8+ responses (class II tetramers are very rare); there-
fore, patients defi cient in CD4 help will be missed while apparently 
reconstituting a specifi c response normally. In cases where the 
dominant epitopes are not well known, such as in adenovirus 
responses, the only real option is the more recently developed 
INFγ capture assay. The most widely available is that developed by 
Miltenyi Biotec. This conjugates anti-INFγ antibody to anti-CD45 
such that IFNγ released by the cell is captured after secretion. This 
allows for longer stimulations than brefeldin A-treated cells for 
intracellular cytokine detection and allows for live isolation for 
adoptive therapy. Using this technology Feuchtinger et al. [ 46 ] 
showed that the number of adenovirus (ADV)-specifi c cells was 
signifi cantly higher in HSCT patients that went on to clear the 
infection.   

  In recent years it has become clear that regulatory T cells (Tregs) 
are a critical component of both central and peripheral tolerance 
mechanisms. This subset of T cells has been further subdivided 
into thymically derived Tregs (sometimes referred to as “natural” 
Tregs reviewed [ 47 ]) and induced forms, such as Tr1 and Th3 
cells, that can be generated from non-regulatory CD4+CD25− 
cells [ 48 ,  49 ]. In humans, imbalances in this subset have been 
reported in an increasing list of autoimmune diseases (reviewed 
[ 50 ]), and a role for Tregs in controlling responses to infectious 

 Regulatory T Cells
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agents has also been demonstrated [ 51 – 55 ]. There is even evidence 
that some pathogens elicit Tregs to inhibit the T cell responses 
mounted by the host [ 56 ,  57 ]. 

 Ever since regulatory T cells (Tregs) were discovered to have a 
central role in peripheral tolerance, transplant researchers have spec-
ulated if these properties could be manipulated to promote graft 
tolerance. This is interest was heightened by the discovery of their 
prominent role in nature’s temporary graft; pregnancy [ 58 ]. It is 
attractive, therefore, to speculate that Tregs could be used to pro-
mote tolerance in solid organ and allo-HSCT to ensure long- term 
acceptance of the graft. To date, there have been two phase I clinical 
trials held in HSCT, to determine the safety and feasibility of using 
Treg cell therapy to prevent GvHD. In these trials Tregs were either 
autologous to the stem cell graft [ 59 ] or third-party expanded cell 
lines from CB [ 60 ], and no safety issues were indicated. 

 Historically Tregs have been distinguished by the surface phe-
notype by which they were originally identifi ed of CD4+CD25+/
hi [ 61 ], examples of which are shown in Fig.  2 . Later observations 
by Sedikki et al. [ 62 ] indicated that low surface expression of the 
IL-7 receptor (CD127) could separate CD25hi Tregs from 
CD25intermediate conventional T cells (Tcons) in PBMC (Fig.  2 ). 
The naïve state observed in CBMC results in a more distinct 
Treg population (Fig.  2 ). Unfortunately, CD25 expression is also 
up-regulated on activated Tcons.    The only truly unique marker of 
Tregs so far elucidated is high and sustained expression of transcrip-
tion factor FOXP3; introduction of FOXP3 expression into 
CD4+CD25− cells is suffi cient to confer regulatory activity [ 63 – 65 ], 
although caution should be applied as lower levels of FOXP3 expres-
sion have been detected in strongly activated Tcons [ 66 ]. The 
harsh membrane permeabilization conditions required for detec-
tion of FOXP3 make it unsuitable for quantitative analysis and for 

  Fig. 2    Characterization of Tregs from adult and cord mononuclear cells. PBMC ( a ) and cord blood CBMC ( b ) by 
fi rst comparing CD4 and CD25 expression on lymphocytes by forward and side scatter and then CD25 and 
CD127 expression on CD4+ cells as described by Seddiki et al. [ 62 ]       
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isolation, but it remains the best marker to determine the effi cacy 
of any surface gating strategy. As shown in the example character-
izations (Fig.  3 ), combinations of gating on CD4, CD25, CD127, 
and FOXP3 can help defi ne this relative rare  population from the 
Tcons.

    The identifi cation of regulatory T cells as a suppressive subset 
of cells that appear to be integral to central and peripheral toler-
ance led to a great interest as to how this subset might be involved 
in the control of GVHD following HSCT. The hypothesis was that 
Tregs would naturally resist GVHD, and, therefore, low Treg 
numbers during reconstitution would be associated with increased 
GVHD. As a result a number of clinical studies have followed the 
involvement of Tregs in GVHD and infection. Several different 
studies found that the Treg content of the graft seems to be impor-
tant to control GVHD [ 67 – 69 ]. It should be noted, however, that 
these observations seem to only apply in myeloablative condition-
ing. In fact, Wolf et al. noted that this association was lost in a 
parallel study performed in RIC [ 67 ]. It could therefore be specu-
lated that the Treg content of the donor graft might be important, 
but only in myeloablative conditions, where residual conditioning 
can still affect the incoming donor cells, might the Treg load be 
particularly crucial. 

 The story as regards the reconstituting Treg populations has 
been less clear-cut. Some studies show a suppression of Treg 
numbers in aGVHD and cGVHD patients, while others show 
either increased numbers or no association at all. It has been 
noted in reviews [ 70 ] that these discrepancies might arise from 
differences in the methods used to identify Tregs (whether 
CD4+CD25+ alone are considered to be Treg or if FOXP3 
assessment is employed) as mentioned above. Certainly this 
might be true for Clark et al.’s study in 2004 [ 71 ], who found 
that increased CD4+CD25+ numbers were linked to increased 
GVHD, and Sanchez et al. [ 72 ] who found no signifi cant cor-
relation between CD4+CD25+ numbers and cGVHD in the 
long term. However, this is not always the case; Watanabe et al. 
[ 73 ] showed increased CD4+CD25+FOXP3+ cells with aGVHD 
at day 100 post-HSCT and with cGVHD after that. By contrast 
Rezvani et al. [ 68 ] and Magenau et al. [ 74 ] both found that 
low CD4+CD25hiFOXP3+ numbers at very early time points 
(30 days and 14 days, respectively) could predict the onset of 
aGVHD. Zorn et al. [ 75 ] linked decreased FOXP3+ Tregs with 
cGVHD, but in the same year Meignin et al. did not detect any 
correlation [ 76 ]. The timing of the observations does seem to 
be crucial. Observations predicting aGVHD seem to be at early 
time points, where the differences between GVHD and non-
GVHD patients seem to be greater. In the Zorn study, the 
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median sampling time was 19–24 months, while in the Meignin 
study it was 31 months. One could speculate, therefore, that 
early suppression of Treg numbers might indicate a predilection 
to GVHD, while later the Treg numbers might even be higher, 
in response to infl ammation (but failing to control it). Recently, 
Kawano et al. [ 77 ] noted that telomere lengths in Tcons and 
Tregs were signifi cantly shorter in patients with GVHD;  however, 
telomerase activity (enabling the telomere to be replaced and, 
therefore, allowing continued cell division) was higher in Tcons 
compared to Tregs, as was the anti-apoptotic marker Bcl-2. This 
might indicate that Tregs might even be proliferating in response 
to GVHD and that longer term these cells are likely to die rather 
than be maintained. 

 Other observations include those by Miura et al. [ 78 ] of low 
FOXP3 mRNA in GVHD patients and Ngoma et al. [ 79 ], associ-
ating delayed CD4+CD25hiFOXP3+ cells and GVHD.    Finally 
those of Mielke et al. [ 80 ] who observed that after CD25+ cell 
deleted donor lymphocyte infusions (after culture to activate allo-
reactive cells) that patients with the highest GVHD had donors 
with the lowest Treg numbers. Taken together these studies sug-
gest that Treg numbers early refl ect the ability to control GVHD. 
However, an added complication to interpretation of the periph-
eral Treg numbers is the possibility of active GVHD in the tissues 
recruiting Tregs to the tissues; Rieger et al. [ 81 ] showed that active 
intestinal GVHD was associated with decrease FOXP3+ cell num-
bers in the gastric mucosa. Ngoma et al. [ 79 ] observed a similar 
effect in skin biopsies, while Wu et al. [ 82 ] demonstrated increased 
Tregs in skin biopsies after active GVHD. Unlike in the previous 
study, however, there was no comparison with the CD3+CD8+ 
population to determine if this was proportional to infl ammation 
(Ngoma et al. found that the Tregs/CD3+CD8+ ratio favored 
CD8+ cells in skin GVHD)[ 79 ]. 

 In conclusion, following Tregs can be predictive of GVHD, 
especially if care is taken to distinguish between activated Tcons 
and Tregs, either with FOXP3+ (which can only be used to deter-
mine a proportion of the absolute CD4+CD25+ cells) or using 
additional surface markers such as CD62L, CD27, and CD127. 
Either way, it is recommended that any defi nition of Tregs be 
validated with FOXP3 labelling even if it is not used in the fi nal 
study.   

  Dendritic cell involvement in HSCT has recently been extensively 
reviewed by Stenger et al. [ 83 ]. It is important to note that while 
extensive research has been performed on the pathways of DC 
generation, it is clear from these studies that all DC subsets can be 
generated from both common lymphoid and myeloid progenitors. 

1.2.3   DC Reconstitution
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The majority of these progenitors are CD135+ (Flt3) with Flt3L 
having a central role in DC generation and GM-CSF in generating 
DCs from monocytes. 

 In immune reconstitution, two main subtypes, myeloid DCs 
(mDC) and plasmacytoid DCs (pDC), have been surveyed for cell 
numbers and phenotype resulting in associations with GVHD and 
patient outcome. Conventional mDC are considered to be profes-
sional antigen-presenting cells, with the mature forms expressing 
high levels of MHC II and co-stimulatory molecules (CD83 and 
CD86). By contrast pDC display lower levels of MHC and 
 co- stimulatory molecules [ 84 ]. After activation through toll-like 
receptors (TLR), pDC secrete type I IFN and stimulate CD4+ and 
CD8+ cells [ 85 ,  86 ], while mDC promote Th1 and CTL responses 
by secreting IL-12 [ 83 ]. This has led to the idea that pDC may 
promote peripheral tolerance, which may have implications post- 
HSCT. However, it is also thought that pDC are more likely to 
cross-present antigens (external antigen loading onto MHC I) and 
promote cross-presentation in mDC, which is more likely to pro-
mote tissue rejection by CD8+ cells (reviewed [ 85 ]). 

 Both DC subtypes are characterized by fl ow cytometry as 
MHC II+ and lineage or lin− (lacking mature surface markers 
CD2, CD3, CD4, CD8, CD5, CD14, CD16, CD56, CD19, 
CD20, B220). They have then been subcategorized as 
CD11c+CD123−BDCA3 (CD141)+ or BDCA1 (CD1b/c)+ 
for mDC and CD11c−CD123+BDCA2 (CD303)+ for pDC [ 83 ]. 
Also CD304 (BDCA-4/neuropilin-1) is almost exclusively 
expressed by pDC, even after culture (unlike CD303), as described 
by Dzionek et al. [ 87 ]. 

 In animal studies, GVHD responses are CD4+ and CD8+ 
dependent and require recipient DCs [ 88 – 90 ] and donor DCs for 
maximal effect [ 90 ]. However, DCs also play a crucial role in T 
cell-dependent GvL with recipient DC being required for a full 
GvL effect [ 90 – 92 ]. For purposes of monitoring, however, a 
number of clinical observations link mDC and pDC absolute 
numbers to GVHD and patient survival. Reddy et al. have linked 
low total DC after median 500 days posttransplant with low over-
all survival (OS), increased relapse, and increased GVHD [ 93 ]. In 
MAC and RIC studies, pDC have been linked with increased 
GVHD and pDC and mDC with increased severity of GVHD. In 
one study, low pDC 3 months posttransplant (RIC) was associ-
ated with severe aGVHD, decreased OS, and increased non-
relapse mortality; NRM (GVHD and infections) [ 94 ]. However, 
another study linked high pDC at 14 months with cGVHD [ 95 ]. 
Waller et al. found that higher pDC in BM (Bone Marrow) grafts 
was linked with cGVHD and increased relapse [ 96 ], while another 
study using mobilized stem cells (peripheral blood) found no cor-
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relation with pDC and GVHD, but there was with relapse and OS 
(reviewed [ 83 ]). Clearly DCs are linked to GvHD, but the story 
remains unclear. In early reconstitution, they are perhaps impor-
tant for preserving GvL and, therefore, are likely linked with out-
come. Monitoring activation status of the DCs has met with 
limited success; CMRF-44+ in CD11c+ (mDC) correlated with 
the inset and severity of aGVHD; however, other maturation 
markers such as CD83 and CD86 do not seem to correlate [ 97 ]. 
It is possible, however, that cytokine secretion of IL-10 and IL-12 
might be more predictive. 

 Overall, therefore, the timing of pDC and mDC reconstitution 
might be predictive of GVHD and OS, while initial and graft DCs 
numbers might be important for relapse. Again though, the 
 infl uence of background conditioning and GVHD prophylaxis 
must be considered; calcineurin inhibitors (CNI), such as CsA, 
suppress antigen presentation, and glucocorticoid steroids inhibit 
maturation, activation of DCs, and secretion of TNFα, IL-1B, and 
IL-12 [ 98 – 100 ]. Meanwhile CNI and rapamycin can both decrease 
the expression of co-stimulatory molecules and stimulation of 
 allo-T cells [ 101 ,  102 ]. Any of these backgrounds could poten-
tially mask any predictive markers with DCs.   

  The method detailed below is designed to be a general method for 
current standard practice. Consequently, this protocol has been 
developed around four-color fl ow cytometry, principally using the 
BD FACSCalibur. However, the method can be modifi ed for use 
with a Beckman and Coulter FC500.   

2     Materials 

  Shown in Table  1  is a recommended assessment panel for assessing 
cellular reconstitution in whole blood patient samples. The panel 
has been optimized for use on the FACSCalibur but with 
modifi cations can be adapted for use with a Beckman and Coulter 
FC500 ( see   Note 1 ). Antibody concentrations are not displayed as 
they should be optimized by the user ( see   Note 2 ). The use of 
whole blood can lead to complications associated with live/
partially lysed red blood cells (RBCs) affecting both analysis 
( see   Note 3 ) and compensation. Consequently, Table  2  details a 
suggested whole blood compensation panel. The panels should 
then be preprepared with 50 μl/tube with a fi nal labelling volume 
(when including a 50 μL blood sample) of 100 μl in a suitable fl ow 
cytometry buffer (e.g., 2 % fetal bovine serum (FBS) in phosphate 
buffer saline (PBS)).

1.3  Monitoring 
Immune Reconstitution

2.1  Flow Cytometric 
Monitoring of Immune 
Reconstitution

Monitoring Immune Reconstitution by Flow Cytometry
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    Table 2  
  Whole blood compensation panel   

 FL1  FL2  FL3  FL4 

 Control 1  CD45-FITC 
(BD: HI30) 

 –  –  CD45-APC 
(BD: HI30) 

 Control 2  –  CD3-PE 
(BD: HIT3a) 

 –  CD45-APC 
(BD: HI30) 

 Control 3  CD45-FITC 
(BD: HI30) 

 –  CD3-PerCP 
(BD: SK7) 

 – 

 Control 3b a   CD45-FITC 
(BD: HI30) 

 –  CD3-PeCy5 
(BD: UCHT1) 

 – 

 Control 4  –  CD3-PE 
(BD: HIT3a) 

 –  – 

 Control 5  –  –  –  CD45-APC 
(BD: HI30) 

 Control 6  –  –  –  – 

   a Indicates alternate control 3 for Pe-Cy5 compensation matrix  

3          Methods 

  The reconstitution data described in Subheading  1  is summarized 
in Fig.  4 . Using Fig.  4  as a guideline indicates that samples should 
be taken at short intervals initially ( t  = 0, 14, 30, 100, and 180 
days) with wider intervals later (1, 1.5, and 2 years). Full cellular 
recovery should be completed by 2 years. Useful data can also be 
obtained from the graft ( see   Note 4 ).

         1.    Before performing fl ow analysis, a total nucleated cell count 
should be done for each unit under test using an automatic cell 
counter or Turk’s solution assessment by hemocytometer.   

   2.    Calculate the volume of blood required for 1.0 × 10 6  to 
0.6 × 10 6  cells. If possible, check if the total RBC count (using 
an automatic cell counter) will exceed 175 × 10 6 , and if so, 
reduce the calculated volume of blood accordingly. This is to 
ensure complete lysis of red cells occurs in the assay.   

   3.    If absolute counts are being recorded, then use either TruCount 
(BD) tubes or equivalent. If absolute counts are not required, 
use a standard 5 mL round-bottomed tube.   

   4.    Using the reverse pipetting technique, add the prescribed vol-
ume of blood. Adjust to 50 μL with fl ow cytometry buffer if 
required.   

3.1   Sampling Times

3.2  Assessments of 
Samples Whole Blood
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   5.    Add 50 μL of the required antibody cocktail to each tube and 
incubate 10 min 4 °C in the dark.   

   6.    Add 900 μL of freshly prepared BD Pharm Lyse solution. 
Vortex gently to mix and incubate at 15 min room 
temperature.   

   7.    Once the samples have resolved (become as clear as possible), 
they can be acquired. Note that if they do not resolve, add 
more lysis buffer, noting the fi nal total volume.   

   8.    Acquire sample after performing a compensation setup. 
TruCount beads are only 6 μm. Therefore, ensure that the 
FSC used to exclude debris is not also excluding the beads.   

   9.    For intranuclear labelling of FOXP3, collect the lysed cells by 
centrifugation at 400–500 ×  g  5 min 4 °C. Then resuspend in 
perm/fi x buffer (eBioscience). Intranuclear labelling can then 
be performed following the eBioscience recommended proto-
col in the same manner as surface labelling of mononuclear 
isolated cells.      

  For acquisition of beads, refer to the ISHAGE guidelines [ 103 ] or 
later studies, removing duplexes [ 104 ].

  Calculation 

 ●   Bead concentration = total number of beads/volume of sample 
in TruCount tube.  

 ●   Volume of sample passed through fl ow cell = bead count/bead 
concentration.  

 ●   Cell concentration in sample in TruCount tube = events of 
interest/volume passed through fl ow cell.  

 ●   Cell concentration in blood sample = cell concentration in 
 sample in TruCount tube × (volume of sample in TruCount 
tube/volume of blood added).     

3.3  Absolute Count 
Calculation

  Fig. 4    Cellular recovery time scales. Shown is a summary of the time course of reported cellular recovery as 
described in Subheading  1        
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   Refer to Table  2 , compensation panel, and  see   Note 5 .

    1.    Use unlabelled control 6 to set background.   
   2.    Take an aliquot from control 1 (FITC and APC) and an ali-

quot from control 5 (APC only) and combine. During acquisi-
tion, gate on CD45-APC-positive lymphocyte (CD45 high SSC low ) 
events to remove RBCs (RBC-). Adjust the background fl uo-
rescence (FL1 and FL2 voltage) on the RBC- and FL1- and 
FL2- negative events (the APC only added cells). Compensate 
FL1 to FL2 (using the double-stained cells).   

   3.    Acquire control 2 gating on CD45-APC events (RBC-). Adjust 
the FL3 voltage to adjust the RBC- background. Compensate 
FL2 into FL1 and FL3 using CD3+ and CD3− lymphocytes.   

   4.    Acquire control 3 gating on CD45-FITC-labelled lympho-
cytes to exclude RBCs. Compensate FL3 into FL2 and FL4 
using CD3+ and CD3− labelling.   

   5.    Take and aliquot of control 2 (PE and APC labelled) and mix 
with an aliquot of control 4 (PE only labelled). Gate on CD3+ 
lymphocytes and compensate FL4 into FL3.    

     Detailed below is a suggested gating protocol for analysis of the panel. 
A small pilot study is recommended to optimize both acquisition 
times ( see   Note 6 ) and controls to aid analysis ( see   Note 7 ). 

  Panel 1: T Cells and NK Cells  ( T/NK ). Gate all CD45+ cells as 
described in the ISHAGE guidelines for the assessment of stem 
cells in BM, peripheral blood, and umbilical cord blood [ 103 ]. 
From this, a plot of CD3 against CD56 gives CD3+ CD56− 
T cells, CD3+CD56+ NKT cells, and CD3−CD56+ NK cells. 
Gating CD3− and a plot of CD56 against CD16 distinguishes 
CD56bright and CD56dim as shown by Takahashi et al. [ 105 ]. 

  Panel 2: Monocytes and B cells  ( Mono/B ). Gate all CD45+ and then 
CD14+ and CD19+ after gating lymphocyte-/monocyte- sized 
cells by forward (FSC) and side scatter (SSC). CD14+ monocytes 
are larger by FSC and SSC than CD19+ B cells. 

  Panel 3: Regulatory T cells  ( Tregs ). Gate CD3+ and then gate 
CD4+CD25hiCD127lo Tregs as shown in Fig.  2 . As indicated 
(panel 3b), CD3 can be substituted with FOXP3 (PCH101) with 
intranuclear staining to stain FOXP3+ cells (as shown in Fig.  3 ). 
While absolute counts can be performed from whole blood using 
the stated panel 3, the permeabilization and extensive washing 
required means that absolute counts from this alternative panel 
would be inaccurate. However, a surrogate FOXP3+ absolute 
count, using the proportion of FOXP3+ cells of the CD4+ cells, 
can be derived from the CD4 absolute count, as described by 
Meganau et al. [ 74 ]. 

3.4  Compensation

3.4.1  Whole Blood 
Compensation

3.5  Gating Cells from 
the Recommended 
Panel
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  Panel 4 and 5: T cell stages  ( T stages ). Gate CD3+CD4+ events, 
then CCR7+CD45RA+ naïve cells, CCR7+CD45RA− central 
memory, and CCR7−CD45RA− effector memory. If CD45RA 
labelling does not generate a clear positive and negative popula-
tion, CD45RA can be substituted for CD45RO (CD45RO+ and 
either CCR7+ or CCR7− for central and effector memory popula-
tions). Similar gating is performed for CD8 cells. Phenotypes are 
reviewed by Sallusto et al. [ 39 ] and are also summarized in Fig.  1 . 
An example characterization of healthy cells before and after leuke-
mic expansion is shown by Barbui et al. [ 106 ]. 

  Panel 6 and 7: B Cell Stages  ( B Stages ). Gating CD19+ lympho-
cytes (FSC and SSC then CD19+CD4−) allows for detection of 
transitional and mature B cells by CD24 and CD38 expression, as 
described in Subheading  1  and by Marie-Cardine et al. [ 28 ]. CD4 
labelling is included as T cells can also express CD38. With panel 
7, gating on CD19+ lymphocytes, the naïve B cell population, 
resting memory, and mature/activated B cells can be  distinguished 
from a plot of CD27 and CD10 and then CD21 and CD27 (on 
the CD10- population). Naïve B cells are CD10−CD21+CD27−, 
resting memory cells are CD10−CD21+CD27+, while CD10−
CD21−CD27+ represents the mature/active B cells. An example 
of such gating is shown by Sugalski et al. [ 29 ]. 

  Panel 8 and 9: Recent Thymic Emigrants  ( RTE ). Gate CD3+CD4+ 
cells and then CD31+CD4RA+ as described by Kimmig et al. [ 42 ]. 
This population represents recent thymic emigrants and also has 
the highest TREC content by PCR. Gate the same way for CD8+ 
cells (panel 9) as there is evidence that CD8+CD31+CD45RA+ 
cells are also thymic emigrants; however, the correlation is less in 
disease states [ 107 ]. 

  Panel 10: Stem Cells  ( Stems ). Stem cells CD34+ and CD133+ 
should be assessed from the CD45+ population, with CD38+ cells 
indicating a more mature population. Ideally, gating should refer 
to the ISHAGE guidelines (CD45low, lymphomono back gating 
to reduce nonspecifi c events) [ 103 ,  104 ]. 

  Panel 11, Myeloid Dendritic Cells  ( MDC ) , and Panel 12, 
Plasmacytoid Dendritic Cells  ( PDC ). Panel 11: gate Lin- events 
against FSC or SSC and then select HLA−DR+ events (also against 
either FSC or SSC). A plot of CD11c against CD1c should give a 
CD11c+CD1c+mDC population (MacDonald et al. illustrates a 
characterization of human peripheral blood DCs [ 108 ]). Panel 12: 
gate Lin- events against FSC or SSC and then HLA−DR+ in the 
same manner as panel 11. Myeloid and plasmacytoid DC are both 
CD123+, however, CD304 expression almost exclusive to pDC, 
even after culture (unlike CD303), as described by Dzionek et al. 
[ 87 ]. Consequently a plot of CD123 against CD304 should distin-
guish mDC from pDC.   
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4     Notes 

     1.     Adapting to Other Flow Cytometers.  Unless a two-laser FC500 
machine, with a laser exciting in the 635 nm range is specifi ed, 
then the use of the fl uorochrome allophycocyanin is restricted. 
In these circumstances, this fl uorochrome should be substi-
tuted for the tandem dye conjugate ECD (PE-Texas Red). On 
the FC500 the dye is detected in the FL3 channel with dyes 
that are detected in the FL3 on a FACSCalibur (PE-Cy5, 
PerCP, PE-Cy5.5) being detected in the FL4 channel on the 
FC500.   

   2.     Optimization of Labelling . All antibody labelling should be 
optimized/titrated using health control PBMC and/or whole 
blood. For robust, repeatable identifi cation and absolute 
counts, the labelling should be optimized for gating rather 
than for characterization, i.e., CD3, CD4, and CD8 labelling 
should be optimized to achieve the most defi ned populations, 
with the greatest difference between positive and negative 
events, even if this means higher background labelling. Whole 
blood and patient blood can have high background noise, 
especially in an infl ammatory setting. Consequently, well- 
defi ned populations ensure that absolute count data is as accu-
rate as possible and allow for minimal control samples. For a 
more detailed review, Maecker et al. discuss the issues associ-
ated with standardization of cellular subset analysis in clinical 
studies, including antibody selection and the extension of fl ow 
cytometry panels from 4 colors to 8 colors with the newer 
model fl ow cytometers [ 109 ].   

   3.     Use of Whole Blood . Whole blood samples rarely lyse with com-
plete effi ciency and cord and patient samples are often separate 
with varying degrees of effi ciency on Ficoll-Paque density gra-
dients. The practicalities of collecting patient samples often 
involve comprises such that the time between collection and 
assessment can be less than ideal. As a result RBC contamina-
tion of both lysed and non-lysed is often a major concern dur-
ing fl ow acquisition and analysis. RBCs are negative for all of 
the markers used in the panel, but where possible CD45 is 
included in the labelling. This allows for a gate for general leu-
kocytes. To verify the effi cacy of lysis and the gating, the 
CD45+ cells should be enumerated; this should correspond 
closely with an automatic cell counter or Turk’s solution 
assessed total nucleated count (TNC). Additional lysis solution 
may be required if discrepancies occur.   

   4.     Sampling Times . As described in Subheading  1 , ideally the 
graft itself can contain useful cellular parameters. However, 
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ethically it is very diffi cult to take any more samples than is 
routinely assessed by the transplant center or risk affecting cell 
dose and, therefore, success of the graft. Transplant centers 
will routinely assess general cellular content CD3 and CD34 as 
these parameters have been found to be risk factors in the suc-
cess of the graft [ 17 ,  110 ,  111 ]. The following suggested 
method, therefore, focuses on samples taken from the 
recipient.   

   5.     Compensation . Ideally, if a mononuclear preparation is being 
used, compensation should be performed with the standard 
single color stains of each marker. However, with whole blood 
usage for absolute counts, a number of problems can arise. 
RBCs have their own intrinsic fl uorescence and can be present 
in such high numbers that they obscure the background fl uo-
rescence of the leukocytes. Compensation can then be errone-
ously made where the MFI of the cells is compared with the 
MFI of unlabelled RBCs. Compensation and calibration with 
beads can be performed, with the advantage that machine 
noise is reduced. However, as indicated by the manufactures of 
calibration and compensation beads, fi nal compensation should 
always be completed using cellular controls. Thus a whole 
compensation matrix has been suggested.

 ●    The matrix relies (on the FACSCalibur) on low spectral 
overlap between FL1 and FL2 channels with the FL4 
channel and reduced interactions between FL1 and FL3 
channels after compensation of the FL1 and FL2 channels. 
For the single-laser FC500, PerCP and PE-Cy5 should be 
used instead of the APC controls (then appear in the FL4 
channel on the FC500). However, it should be noted that 
there is more spectral overlay.  

 ●   It is impractical to compensate on rare events, such as 
CD34+ cells.    Compensation, even automated, requires an 
average MFI for the positive population so that it can be 
compared with the MFI of the unlabelled population for 
that parameter. This often means thousands of events need 
to be collected for an accurate mean fl uorescence. In the 
suggested panel, CD45 and CD3 labelling is used, but any 
substitute population should have equivalent MFI to the 
test labels.      

   6.     Acquisition Times . It is always advisable to have some degree of 
assessment during acquisition to ensure that enough events of 
each subpopulation are collected. However, as described in 
Subheading  1  and summarized in Fig.  4 , some populations will 
be low to nonexistent in early time points. Therefore, users 
must collect as many events as possible but also defi ne the most 
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practical threshold of events, perhaps by performing a small 
pilot study.   

   7.     Controls . Validation steps should determine the practicality of 
identifying subsets with minimal additional controls. We would 
suggest, however, the following additional control may help 
with gating.

 ●    Panel 1: Fluorescence-1 controls (all labels except one) to 
defi ne CD3+ and CD56+ and also CD56+ and CD16+ 
events.  

 ●   Panel 3b: CD4, CD127, and CD25 labelled cells (with 
isotype control for FOXP3) to gate FOXP3+CD127low 
cells.  

 ●   Panel 6: CD19 and CD4 labelled cells to defi ne CD24+ 
and CD38+ events. Note all B cells are CD24+CD38+; 
however, CD4+ cells are CD24low.  

 ●   Panel 11 and 12: Fluorescence-1 controls to allow gating 
on the rare Lin- events. Minimum controls would be panel 
11, all labels but CD11c or CD1c, and panel 12, all labels 
but CD123 or CD304.            
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    Chapter 11   

 Molecular Methods Used for Detection of Minimal Residual 
Disease Following Hematopoietic Stem Cell 
Transplantation in Myeloid Disorders 

                Ahmet     H.     Elmaagacli    

    Abstract 

   The monitoring of minimal residual disease (MRD) in patients with acute or chronic myeloid disorders is 
performed routinely after allogeneic or autologous transplantation. The detection of MRD helps to iden-
tify patients who are at high risk for leukemic relapse after transplantation. The most commonly used 
techniques for MRD detection are qualitative and quantitative PCR methods, fl uorescence in situ hybrid-
ization (FISH), fl uorescence-activated cell sorting (FACS), and cytogenetic analysis, which are often per-
formed complementary in order to assess more precisely MRD. Here we describe the most used sensitive 
real-time RT-PCR methods for chronic and acute myeloid disorders. Besides protocols for real-time 
RT-PCR and multiplex RT-PCR procedures for the most common fusion-gene transcripts in acute and 
chronic myeloid disorders, methods for detections of disease-specifi c genetic mutated alterations, as NPM1 
and FLT3 gene length mutations, and aberrantly expressed genes, as WT1 gene transcripts, are described 
in detail for daily use.  

  Key words     MRD  ,   Transplant  ,   Real-time RT-PCR  ,   Myeloid disorders  ,   Fusion transcripts  ,   FLT3 
length mutations  ,   WT1  

1      Introduction 

    Outcome after transplant has improved mainly due to improve-
ments in supportive care, conditioning regimens, graft-versus- 
host-disease (GVHD) treatment, and prophylaxis schedules during 
the last years, while the rate of relapse of the underlying malignant 
disease after transplant remained essentially unchanged. Early and 
accurate detection of minimal residual disease (MRD) after trans-
plant enables to counter most effectively an impending hemato-
logical relapse by inducing a graft-versus-leukemia effect with 
donor lymphocyte infusion, for example [ 1 – 4 ]. The majority of 
transplant indications nowadays represent acute leukemia for which 
new disease-specifi c markers have been detected recently, which 
could be detected often by use of quantitative polymerase chain 
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reaction (PCR) (Table  1 ) [ 5 – 9 ]. Indeed, quantitative real-time 
RT-PCR methods are able to predict a clinical relapse more reliable 
by monitoring the kinetics of increasing MRD than qualitative 
methods alone [ 10 ]. Nevertheless, qualitative PCR methods and 
other techniques as fl uorescence in situ hybridization (FISH), 
fl uorescence- activated cell sorting (FACS), and cytogenetic analy-
sis are further pillars of MRD detection in hematology [ 11 – 13 ]. 
However, they should not be regarded as competitive methods to 
PCR but moreover as complementing techniques in the detection 
and assessment of MRD. Targets for MRD detection by PCR are 
fusion-gene transcripts, breakpoint regions around molecular rear-
rangements, and aberrantly expressed genes. Table  1  shows the 
frequently expressed fusion genes and mutations in acute and 
chronic myeloid leukemia.

    Table 1  
  Most common MRD marker in chronic and myeloid leukemia   

 Disease  Type of marker 
 Chromosomal 
changes  Molecular changes 

 CML, AML, 
ALL 

 Chromosomal aberration  Translocation (9;22)  BCR-ABL 
(fusion gene) 

 AML  Chromosomal aberration  Translocation (8;21)  AML1-ETO 
(fusion gene) 

 AML  Chromosomal aberration  Translocation (15;17)  PML-RARA 
(fusion gene) 

 AML  Chromosomal aberration  Inversion (16)  CBFβ-MYH11 
(fusion gene) 

 AML  Chromosomal aberration  Translocation 11q23  MLL 

 AML  Length mutation of FLT3 Gene  –  FLT3-LM 

 AML, ALL, 
CML 

 Aberrantly over-expressed 
Wilms tumor 1gene 

 –  WT-1 

 AML  NPM1  Mutations 

 AML  CEBPA  Mutations 

 AML  IDH1, IDH2  Mutations 

 AML  KRAS  Mutations 

 AML  NRAS  Mutations 

 AML  DNMT3A  Mutations 

 AML  FLT3 TKD  Mutations 
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   Real-time RT-PCR measures the mRNA expression level of a 
target gene relative to one or more other reference genes. 
The used RNA per sample or cell may vary greatly in each real-time 
RT-PCR due to the quality of the sample, the time from obtaining 
the sample to RNA preparation, and many other factors. Also, the 
cDNA yield may vary additionally due to variation in enzyme activ-
ities or inhibitors in the sample. To normalize these quality varia-
tions, each target mRNA should be quantifi ed in relation to the 
expression of the so-called housekeeping genes which are expressed 
at similar levels in all different cell types [ 14 ]. Commonly, two dif-
ferent real-time RT-PCR methods are performed routinely based 
on the real-time RT-PCR method using hybridization probes. One 
real-time PCR method is based on the TaqMan™ technology using 
TaqMan™ probes and the other one on the LightCycler ®  method 
using hybridization probes. 

 The TaqMan™ probe has a 5′ fl uorescent reporter dye, which 
is quenched by a 3′ quencher dye through Förster-type energy 
transfer (FRET). After hybridization to the template, the fl uoro-
genic    TaqMan™ probes will be hydrolyzed during PCR by the 5′ 
secondary structure-dependent nuclease activity of the Taq DNA 
polymerase [ 15 ]. After hydrolysis the release of the reporter signal 
caused an increase in fl uorescence intensity that was proportional 
to the accumulation of the PCR product. The LightCycler ®  
method uses two hybridization probes which hybridize at the tem-
plate closely together with a distance of only 1–5 bases. The fi rst 
probe is fl uorescent labeled at the 3′ and the second probe at the 
5′ site. Only after specifi c hybridization of both probes together to 
the template a fl uorescent signal is released in proportion to the 
accumulated PCR product. 

 Both systems then generate a real-time amplifi cation plot based 
upon the normalized (background) fl uorescent signal. Subsequently 
a threshold cycle is determined, i.e., the fractional cycle number at 
which the amount of amplifi ed target reached a fi xed threshold. 
This threshold is defi ned in general as 3–10 times the standard 
deviation of the background fl uorescent signal. When plotting the 
fl uorescent signal versus the cycle number, the higher the initial 
copy number is, the earlier the signal appeared out of the defi ned 
threshold line. The “crossing points” are used to create a standard 
curve by plotting known concentration of serial dilutions of a con-
trol mRNA versus the “crossing points.” The target mRNA expres-
sion in patient samples can be related to a standard curve of a 
control RNA (plasmid or leukemic cell line with the specifi c target 
fusion gene) with the same level of expression or in numbers of the 
copies of the target gene. In the following, the most commonly 
used qualitative and quantitative PCR methods for acute and 
chronic myeloid disorders are described in detail.  

Minimal Residual Disease for Myeloid Leukemia
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2     Materials 

         1.    LightCycler ®  device (Roche Diagnostics, Mannheim, Germany) 
( see   Note 1 ).   

   2.    ABI Prism Genetic Analyzer 310 including Genemapper v.3.10 
software (Applied Biosystems, Darmstadt, Germany).   

   3.    Capillaries for LightCycler ®  device (Roche Diagnostics).   
   4.    Cooling centrifuge for 2 mL Eppendorf tubes (17,500 ×  g) 

(Eppendorf, Hamburg).   
   5.    Agarose gel electrophoresis apparatus (Bio-Rad).   
   6.    UV Light Hofer Scientifi c Instruments (San Francisco).   
   7.    Spectrometer Lambda Bio for RNA/DNA measurement 

(Applied Biosystems).   
   8.    MagNA Pure™ Compact (Roche Diagnostics, Mannheim, 

Germany).      

       1.    RNeasy ®  Mini Kit (Qiagen, Hilden, Germany).   
   2.    Erythrocyte-lysis buffer (Qiagen, Hilden).   
   3.    RLT-buffer (Qiagen, Hilden).      

  MagNA Pure™ compact nucleic acid isolation kit I (Roche 
Diagnostics).  

  Ultrapure deoxynucleosidetriphosphate (dNTP)—set 100 mM 
(Pharmacia, Uppsala, Sweden); add 20 μL of each of the four 
different dNTP:

   dATP, dCTP, dGTP, and dTTP—80.0 μL.  
  Add aqua bidest—1,520 μL.  
  M-MLV reverse transcriptase 200 U/μL (Gibco Life Technologies, 

Eggenstein).  
  rRNAsin ribonuclease inhibitor 40 U/μL (Promega AG, 

Heidelberg).  
  Pd (N)6 random hexamer 10 pM/μL (Pharmacia, Uppsala, 

Sweden).     

      1.    Oligonucleotide primers (Invitrogen).   
   2.    AmpliTaq DNA polymerase 5 U/μL (Applied Biosystems).   
   3.    AmpliTaq Gold polymerase 5 U/μL (Applied Biosystems).   
   4.    PCR buffer includes MgCl 2  25 mM solution (Applied 

Biosystems).   
   5.    SeaKem ®  LE agarose (FMC Bioproducts, Rockland, Maine).      

 2.1  Equipments

 2.2  Reagents

 2.2.1  RNA Isolation

 2.2.2  DNA Isolation

 2.2.3 Reverse 
Transcription

 2.2.4  RT-PCR and PCR
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      1.    TaqMan™ and hybridization probes (TIBMOL, Berlin, 
Germany). 

 TaqMan™ probes are labeled at the 5′-site with a reporter sig-
nal using FAM-6-fl uorescence marker and at the 3′-site with a 
quencher-signal using TAMRA (Applied Biosystems, Darmstadt). 

 The    hybridization probe is labeled at the 3′-site with fl uo-
rescein. The anchor probe is labeled at the 5′-site with Red640 
and at the 3′-site with phosphate (TIP MOLBIOL   ).   

   2.    Oligonucleotide primers (Invitrogen).   
   3.    20 μL Capillaries (Roche Diagnostics).   
   4.    SuperScript II RT-PCR kit includes:

   MgSO 4 , Platinum Taq    ® , 2× reaction mix (Invitrogen).  
  Bovine serum albumin (Roche Diagnostics).  
  RNAsin (Promega).  
  AmpErase uracil- N -glycosylase (UNG) 1 U (μL) (Roche 

Diagnostics).  
  dUTP 25 μM in 250 μL 100 mM (Roche, Diagnostics).         

     FAM fl uorescent-labeled primer (Applied Biosystems).  
  High-fi delity master mix (Roche Diagnostics).  
  Rox 500 internal standard (Applied Biochemicals).     

  The following cell lines can be used: K-562, chronic myeloid 
leukemia in myeloid blast crisis; Kasumi-1, acute myeloid leukemia 
(FAB M2 with t(8;21)); MV4-11, acute monocytic leukemia FAB 
M5 with t(4;11)(q21;q23); and NB-4, acute promyelocytic 
leukemia (FAB M3) with t(15;17), ME-1 with inv(16) AML (all 
purchased from DSMZ, Braunschweig, Germany). The cells can 
be grown in RPMI 1640 medium (Invitrogen, Heidelberg, 
Germany) supplemented with 10 % fetal bovine serum. All cells 
were maintained in a humidifi ed 37 °C incubator with 5 % CO 2  
( see   Note 2 ).    

3     Methods 

  All samples should be collected in EDTA tubes. The fi rst step 
prepares the samples:

   – Use 3–5 mL of blood or bone marrow sample and add 
erythrocyte- lysis buffer up to a total volume of 50 mL.  

  – Place at room temperature for 10 min for erythrocyte lysis.  
  – Centrifuge at 390 RCF for 10 min at room temperature.  
  – Discard the supernatant and refi ll up to 25 mL.  

 2.2.5  Real-Time PCR

 2.2.6 FLT3 Length 
Mutations

 2.2.7 Cell Lines 
as Controls for 
Quantitative PCR

 3.1 Preparation of 
the Samples and RNA 
Isolation Using the 
RNeasy ®  Mini Kit
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  – Centrifuge at 390 RCF for 10 min at room temperature again.  
  – According to the size of the obtained pellet, add 350 μL to 

2 mL of RLT-buffer.  
  – Store at −20 °C until needed.    

 The RNA isolation using the RNeasy ®  Mini Kit should be per-
formed according to Qiagen’s recommendation including the use 
of QIAshredder ( see   Note 3 ).  

   Prepare the following mixture:

   – Add 8 μL of RNA (2 μg) to 2 μL of Pd (N)6 random hexamers 
(10 pM/μL) on ice.  

  – Incubate the mixture at 70 °C for 10 min and then on ice for 
at least 1 min.  

  – Prepare reaction master mix:   

 40 μL total volume  1× (in μL) 

 10× PCR buffer  5 

 dNTP  8 

 M-MLV-RT  0.025 

 RNAsin  0.25 

 H 2 O  27 

    – Mix gently and add 10 μL of RNA and Pd(N)6 random 
 hexamer mixture.  

  – Incubate the tubes at 37 °C for 60 min, heat inactivate at 
95 °C for 5 min, and then chill in ice. Store at −20 °C until use 
for real-time PCR ( see   Note 4 ).     

    Detects a2b2 and a2b3 BCR-ABL transcripts (not e1a2). 

 Primers:

   bcr-abl forward: 5′-ACG TTC CTG ATC TCC TCT GA-3′, 
length: 20.  

  bcr-abl reverse: 5′-AGA TGC TAC TGG CCG CTG AA-3′, 
length: 20.    

 Hybridization probes:

   Anchor probe bcr-abl UP: 5′-GCA GAG TGG AGG GAG AAC ATC 
CGG GAG CAG CAG AA-x (x = 3′ fl uorescein), length: 35.  

  Sensor probe bcr-abl DOWN: 5′-LC Red 640-AAG TGT TTC AGA 
AGC TTC TCC CTG AC-p (p = 3′ phosphat   ), length: 26.    

 3.2  cDNA Synthesis

 3.3 Real-Time 
RT-PCR Protocols

 3.3.1 Real-Time RT-PCR 
Protocol for BCR-ABL 
Transcripts
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 LightCycler conditions: bcr-abl

 Temperature  Incubation time 

 Reverse transcription  55 °C  20 min 

 Initial denaturation  95 °C  30 s 

 Denaturation  95 °C  1 s 

 Annealing  56 °C  15 s 

 Extension  72 °C  18 s 

 Cooling  4 °C  1 min 

 50 cycles 

   Prepare the following master mix for 1×:

 12 μL total volume  1× 

 2× reaction mix  4.8 

 50 mM MgSO 4   0.675 

 20 mg/mL BSA  0.3 

 Primer FOR 10 pmol  0.12 approx. a  

 Primer REV 10 pmol  0.12 approx. a  

 Probe UP 4 pmol  0.24 approx. a  

 Probe Down 8 pmol  0.48 approx. a  

 SuperScript Platinum Taq  0.3 

 RNAsin  0.168 

 dUTP (1:20 freshly prepared)  0.24 

 UNG  0.6 

 RNA 1,000 ng  4 

 Mix  8 

    a May vary in volume 

 Controls (all in duplicate):

   Positive control: RNA of the K562 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
  Negative control: water ( see   Note 5 ).     

  Detects    AML1-ETO transcripts that have only one breakpoint locus. 

 Primers:

   AML M2 A1: 5′-AGC CAT GAA GAA CCA GG-3′, length: 17.  
  AML M2 E1: 5′-AGG CTG TAG GAG AAT GG-3′, length: 17.    

 3.3.2 Real-Time RT-PCR 
Protocol for AML1/ETO 
Transcripts
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 Hybridization probes:

   Anchor probe AML-M2 UP: 5′-ACA ATG CCA GAC TCA CCT 
GTG GAT GTG AAG ACG C-x; (x = 3′ fl uorescein), length: 34.  

  Sensor probe AML-M2 DOWN: 5′-LC Red 640-ATC TAG GCT 
GAC TCC TCC AAC AAT g-p; (p = 3′ phosphat), length: 25.    

 LightCycler conditions—AML M2 RNA:

 Temperature  Incubation time 

 Reverse transcription  95 °C  20 min 

 Initial denaturation  95 °C  30 s 

 Denaturation  95 °C  1 s 

 Annealing  52 °C  15 s 

 Extension  72 °C  18 s 

 Cooling  4 °C  1 min 

 45 cycles 

   Prepare the following master mix (mix for 1×):

 20 μL total volume  1× (in μL) 

 2× reaction mix  10 

 50 mM MgSO 4   1.0 

 20 mg/mL BSA  0.5 

 Primer FOR 10 pmol  0.25 approx. a  

 Primer REV 10 pmol  0.25 approx. a  

 Probe UP 4 pmol  0.4 approx. a  

 Probe Down 8 pmol  0.8 approx. a  

 SuperScript Platinum Taq     0.5 

 RNAsin  0.28 

 RNA  6 

 UNG  14 

 dUTP (1:20 freshly prepared) 

 Mix  14 

    a May vary in volume 

 Controls (all in duplicate):

   Positive control: RNA of the Kasumi-1 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
   Negative control :  water  ( see   Note 6 ).     
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  Detects transcripts A, B, C, D, E, and F. 

 Primers:

   Forward: 5′-GCAGGCAAGGTATATTTGAAGG-   3′, length: 22.  
  Reverse A: 5′-CTCTTCTCCTCATTCTGCTC-3′, length: 20.  
  Reverse B: 5′-TTGAGCATTTTGTTGGTCCG-3′, length: 20.  
  Reverse C: 5′-CTTCCAGAGCTTCCACGGT-3′, length: 19.  
  Reverse D: 5′-TCCCTGTGACGCTCTCAACT-3′, length: 20.  
  Reverse E: 5′-GGCCAGGTCTGCGTTCTCT-3′, length: 19.  
  Reverse F: 5′-TCCTCTTCTCCTCATTCTGCTC-3′, length: 22.    

 Hybridization probes:

   Anchor probe CBFB UP: GGCTCGCTCCTCATCAAACTCCA-x 
(x = 3′ fl uorescein), length: 23.  

  Sensor probe CBFB DOWN: 5′-LC Red 640-ACAGCCCATACCA 
TCCAGTCTTTGG (p = 3′ phosphat), length: 25.    

 PCR conditions for CBFβ:

 Temperature  Incubation time 

 Reverse transcription  55 °C  20 min 

 Initial denaturation  95 °C  30 s 

 Denaturation  95 °C  10 s 

 Annealing  64 °C  10 s 

 Extension  72 °C  26 s 

 Cooling  4 °C  1 min 

 45 cycles 

   Prepare the following master mix for 1×:

 20 μL total volume  1× (in μL) 

 2× reaction mix  4.8 

 50 mM MgSO 4   0.675 

 20 mg/mL BSA  0.3 

 Primer FOR  50 pmol 

 Primer REV  50 pmol 

 Probe UP  25 pmol 

 Probe Down  25 pmol 

 LC FastStart DNA master hybridization probes  2 μL 

 MgCl 2   4 mM 

 cDNA  2 μL 

 Mix 

 3.3.3 Real-Time RT-PCR 
for CBFβ-MYH11 
Transcripts

Minimal Residual Disease for Myeloid Leukemia



196

   Controls (all in duplicate):

   Positive control: RNA of the ME-1 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
  Negative control: water ( see   Note 7 ).     

  Detects S and L transcripts. 

 Primers:

   AML-M3-L-forward: 5′-GTC TTC CTG CCC AAC AGC AAC 
C-3′, length: 22.  

  AML-M3-S-forward: 5′-AGC TCT TGC ATC ACC CAG GGG 
A-3′, length: 22.  

  AML-M3-reverse: 5′-CTC ACA GGC GCT GAC CCC ATA 
GT-3′, length: 23.    

 Hybridization probes:

   AML-M3-UP: 5′-TGA AGA GAT AGT GCC CAG CCC TCC 
CTC-x (x = 3′ fl uorescein), length: 27.  

  AML-M3-DOWN: 5′-LC Red 640-CCA CCC CCT CTA CCC 
CGC ATC TAC A-p (p = 3′ phosphat), length: 25.    

 PCR conditions for PML-RARA:

 Temperature  Incubation time 

 Reverse transcription  55 °C  20 min 

 Initial denaturation  95 °C  30 s 

 Denaturation  95 °C  10 s 

 Annealing  60 °C  10 s 

 Extension  72 °C  30 s 

 Cooling  4 °C  1 min 

 45 cycles 

   Prepare the following master mix for 1×:

 20 μL total volume  1× (in μL) 

 2× reaction mix  10 

 50 mM MgSO 4   0.16 

 20 mg/mL BSA  0.5 

 Primer L FOR 20 pmol  0.094 (approx. a ) 

 Primer S FOR 20 pmol  0.076 (approx. a ) 

 Primer REV 20 pmol  0.078 (approx. a ) 

 3.3.4 Real-Time RT-PCR 
for PML-RARA Transcripts

(continued)
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 Probe UP 10 pmol  0.5 (approx. a ) 

 Probe Down 10 pmol  0.5 (approx. a ) 

 SuperScript Platinum 
Taq 

 0.5 

 RNAsin  0.28 

 dUTP  0.2 

 UNG  0.5 

 Aqua bidest  0.6 

 RNA  6 

 Master mix  16 

    a May vary in volume 

 Controls (all in duplicate):

   Positive control: RNA of the NB-4 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
  Negative control: water ( see   Note 8 ).     

  Primers:

   GAPDH forward: 5′-TTC ACC ACC ATG GAG AAG GCT-3′, 
length: 21.  

  GAPDH reverse: 5′-ATG GCA TGG ACT GTG GTC ATG-3′, 
length: 21.    

 Hybridization probes:

   Anchor probe GAPDH UP: 5′-ATC ATC AGC AAT GCC TCC 
TGC ACC ACC AAC TGC T-x; (x = 3′ fl uorescein), length: 34.  

  Sensor probe GAPDH DOWN: 5′-LC Red 640-AGC ACC CCT 
GGC CAA GGT CAT CCA T-p; (p = 3′ phosphat), length: 25.    

 PCR conditions for GAPDH:

 Temperature  Incubation time 

 Reverse transcription  55 °C  20 min 

 Initial denaturation  95 °C  30 s 

 Denaturation  95 °C  1 s 

 Annealing  56 °C  15 s 

 Extension  72 °C  18 s 

 Cooling   4 °C  1 min 

 50 cycles 

 3.3.5 Real-Time PCR for 
GAPDH as 
Housekeeping Gene

(continued)
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   Prepare the following master mix for 1×:

 12 μL total volume  1× in μL 

 2× reaction mix  4.8 

 50 mM MgSO 4   0.675 

 20 mg/mL BSA  0.3 

 Primer FOR 10 pmol  0.12 (approx. a ) 

 Primer REV 10 pmol  0.12 (approx. a ) 

 Probe UP 4 pmol  0.24 (approx. a ) 

 Sonde Down 8 pmol  0.48 (approx. a ) 

 SuperScript Platinum Taq  0.3 

 RNAsin  0.168 

 dUTP  0.24 

 UNG  0.6 

 RNA  4 

 Master mix  8 

    a May vary in volume 

 Controls (all in duplicate):

   Positive control: RNA of the K562 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
  Negative control: water ( see   Note 9 ).     

  Detects   : aberrantly over-expressed panleukemic marker WT 1 in 
acute leukemia. 

 Primers:

   WT 1 forward: 5′-CGC TAT TCG CAA TCA GGG TTA C-3′, 
length: 22.  

  WT 1 reverse: 5′-ATG GGA TCC TCA TGC TTG AAT G-3′, 
length: 22.    

 TaqMan™ probe:

   WT 1 probe: 6 FAM-CGG TCA CCT TCG ACG GGA CGC 
xT-pH, length: 22.    

 LightCycler conditions for WT1:

 Temperature  Incubation time 

 Reverse transcription  55 °C  20 min 

 Initial denaturation  95 °C  30 s 

 Denaturation  95 °C  1 s 

 3.3.6 Real-Time RT-PCR 
Protocol for WT1

(continued)
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 Temperature  Incubation time 

 Annealing  56 °C  15 s 

 Extension  72 °C  18 s 

 Cooling  4 °C  1 min 

 45 cycles 

   Prepare the following master mix for 1×:

 12 μL total volume  1× (in μL) 

 2× reaction mix  4.8 

 50 mM MgSO 4   0.675 

 UNG  0.6 

 SuperScript  0.3 

 20 mg/mL BSA  0.3 

 dUTP  0.24 

 TaqMan™ probe  0.24 approx. a  

 RNAsin  0.168 

 Primer FOR 20 pmol  0.08 approx. a  

 Primer REV 20 pmol  0.08 approx. a  

 RNA  4 

 Mix  7.5 

    a May vary in volume 

 Controls (all in duplicate):

   Positive control: RNA of the K562 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
  Negative control: water ( see   Note 10 ).     

  Detects in up to 30 % of all acute myeloid leukemia. 

 Primers:

   FLT3 R5: 5′-TGTCGAGCAGTACTCTAAACATG-3′, length: 23.  
  FLT3 12R: 5′-CTTTCAGCATTTTGACGGCAACC-3′, length: 23.    

 PCR program—FLT3-RT-PCR:

 Initial denaturation  94 °C  2 min 

 Denaturation  94 °C  30 s 

 Annealing  56 °C  1 min  35 cycles 

 3.3.7 FLT3 Length 
Mutations Detection 
by RT-PCR

(continued)

(continued)
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 Extension  72 °C  2 min 

 Final extension  72 °C  10 min 

 Cooling  4 °C 

   Prepare the following master mix for 1×:

 50 μL total volume  1× (in μL) 

 25 μL total volume  1× (in μL) 

 Water  15.46 

 DNTP  4.0 

 10× PE buffer  2.5 

 Primer 1  10 pmol 

 Primer 2  10 pmol 

 PE Taq  0.4 

 cDNA  2 μL 

 Mix  22.5 μL 

   1× high-fi delity master mix: 25

 FLT3-5R  10 pmol  0.08 approx. a  

 FLT3- 12R   10 pmol  0.08 approx. a  

     a May vary in volume 

  The    wild type has 456 bp, whereas the peaks (one or more) of 
length mutations can be detected >456 bp.   

  Detects in up to 30 % of all acute myeloid leukemia. 

 Primers:

   FLT3 11F: 5′-6-FAM-GCAATTTAGGTATGAAAGCCAGC-3′, 
length: 23.  

  FLT3 12R: 5′-CTTCAGCATTTTGACGGCAACC-3′, length: 22.    

 PCR program—FLT3-A:

 Initial denaturation  94 °C  2 min 

 Denaturation  94 °C  30 s 

 Annealing  60 °C  1 min  30 cycles 

 Extension  72 °C  1.15 min 

 Final extension  68 °C  45 min 

 Cooling  4 °C 

 Results

 3.3.8 FLT3 Length 
Mutation Detection by 
Using a Genetic Analyzer

(continued)
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   Prepare the following master mix for 1×:

 50 μL total volume  1× (in μL) 

 1× high-fi delity master mix  25 

 FLT3-11 Fam 15 pmol  0.75 approx. a  

 FLT3-12 R 15 pmol  0.07 approx. a  

 Aqua bidest  19.18 

 100 ng DNA 

 Master mix  45 

    a May vary in volume 
 ABI Prism Genetic Analyzer 310 conditions:

 Polymer  POP 4  Injection time in  1 s 

 Capillary  47 cm  Injection  10.0 kV 

 Dye set  DS 30 (Matrix)  Run  15.0 kV 

 Filter set  D (GS STR POP 4-1 mL)  Run  55 ° C 

 Size STD  SSTD 500 Rox FLT3  Run (time)  66 min 

     Mix 1 μL of PCR product with 8.5 μL aqua bidest and 0.5 μL 
ROX500 internal size standard.

   1 μL PCR product.  
  8.5 μL aqua bidest.  
  0.5 μL SSTD Rox 500.    

 Prepare denaturation of the samples:

 95 °C  3 min 

 4 °C  3 min 

    Data can be analyzed with the ABI Prism Genetic Analyzer 310 
including Genemapper v.3.10 software. The wild type has 329 bp, 
whereas the peaks (one or more) of length mutations can be 
detected >329 bp. For controls the cell line MV4-11 can be used 
which shows peaks at 359 bp ( see   Note 11 ).   

  Primers:

   NPM1 forward: 5′-GAAGAATTGCTTCCGGATGACT-3′, 
length: 22.  

  NPM1-A reverse: 5′-CTTCCTCCACTGCCAGACAGA-3′, 
length: 21.  

 3.3.9 Preparation of 
Samples

 Results

 3.3.10 NPM1 Mutation 
Detection by 
Real-Time RT-PCR
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  NPM1-B reverse: 5′-TTCCTCCACTGCCATGCAG-3′, length: 19.    

 TaqMan™ probe:

   NPM1 probe: 5′-FAM-ACCAAgAggCTATTCAA x-3′, length: 17.    

 PCR conditions for NPM1-A:

 Temperature  Incubation time 

 Reverse transcription  55 °C  20 min 

 Initial denaturation  95 °C  10 min 

 Denaturation  95 °C  15 s 

 Annealing and extension  62 °C  1 min 

 Cooling  4 °C  1 min 

 50 cycles 

   For NPM1-B annealing and extension, the temperature is 
59 °C instead of 62 °C. 

 Prepare the following master mix for 1×:

 12 μL total volume  1× (in μL) 

 2× reaction mix  4.8 

 50 mM MgSO 4   0.675 

 UNG  0.6 

 SuperScript  0.3 

 20 mg/mL BSA  0.3 

 dUTP  0.24 

 TaqMan™ probe  0.24 approx. a  

 RNAsin  0.168 

 Primer FOR 20 pmol  0.08 approx. a  

 Primer REV 20 pmol  0.08 approx. a  

 RNA  4 

 Mix  7.5 

    a May vary in volume 

 Controls (all in duplicate):

   For NPM1-A mutations NPM1 forward and NPM1-A reverse 
primer and TaqMan™ probe NPM1 are used; for NPM1-B 
mutations NPM1 forward and NPM1-B reverse primer and 
TaqMan™ probe are used.  

  Positive control: RNA of the Kasumi-1 cell line.  
  Dilution: 100, 10, 1, and 0.1 ng.  
  Negative control: water ( see   Note 12 ).     
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  Detects MLL/AF4, MLL/AF6, MLL/AF9, and MLL/ENL 
transcripts. 

 Primers:

   P1: 5′-CCT GAA TCC AAA CAG GCC ACC ACT-3′, length: 24.  
  P2: 5′-CTT CCA GGA AGT CAA GCA AGC AGG-3′, length: 24.  
  P3: 5′-GTC ACT GAG CTG AAG GTC GTC TTC G-3′, length: 25.  
  P4: 5′-AGC ATG GAT GAC GTT CCT TGC TGA g-3′, length: 25.  
  P5: 5′-TCC AAT TCA GTT GTA CAA CTA GAG G-3′, length: 25.  
  P6: 5′-CCA ATC TTC TTT CTC CGC TGA CAT G-3′, length: 25.  
  P7: 5′-TCT GAT TTG CTT TGC TTT ATT GGA C-3′, length: 25.  
  P8: 5′-CGT GAT GTA GGG GTG AAG AAG CAG-3′, length: 24.  
  P9: 5′-CCA CGA AGT GCT GGA TGT CAC AT-3′, length: 23.  
  P10: 5′-CGG ACA AAC ACC ATC CAG TCG TG-3′, length: 23.    

 First step: cDNA synthesis ( see  Subheading  3.2 ). 
 Nested PCR   :

 Program  11Q23 1. Step  Program  11Q23 2. Step 

 94 °C  1.00 min  94 °C  1.00 min 

 60 °C  2.00 min 35×  60 °C  2.00 min  25× 

  74 °C    2.00 min    74 °C    2.00 min  

 4 °C  ∞  4 °C  ∞ 

   Prepare the following master mix for 1× (1. Step):

 50 μL total volume  1× (in μL) 

 Water  30.92 

 dNTP  8.0 

 10× PE buffer  5.0 

 Primer 1  10 pmol 

 Primer 3  10 pmol 

 Primer 5  10 pmol 

 Primer 7  10 pmol 

 Primer 9  10 pmol 

 PE Taq  0.4 

 cDNA  5 μL 

 Mix  45 μL 

 3.3.11 Multiplex Nested 
Qualitative RT-PCR for 
11Q23 Chromosomal 
Aberrations [t(6;11), 
t(9;11), and t(11;19)]
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   Master mix for 2. PCR (2. Step):

 50 μL volume  1× (in μL) 

 Aqua bidest  30.9 

 dNTP  8.0 

 10× PE buffer  5.0 

 Primer 2  10 pmol 

 Primer 4  10 pmol 

 Primer 6  10 pmol 

 Primer 8  10 pmol 

 Primer 10  10 pmol 

 PE Taq  0.4 

 cDNA  5 μL 

 Mix  45 μL 

   Controls: cDNA of cell line MV4-11. Agarose gel  electrophoresis 
2 % ( see   Note 13 ).    

4     Notes 

     1.    All quantitative PCR protocols here are designed for use of a 
LightCycler™ device.   

   2.    For positive controls RNA of a specifi c cell line was used. The 
use of plasmid as control is also possible but is associated with 
a little bit more crossover decontaminations.   

   3.    In order to avoid carry-over decontamination, the recommen-
dations of Kwok and Higuchi should be considered strictly 
[ 16 ]. RNA or DNA isolation should be performed at different 
places. Use positive-displacement pipettes to avoid inaccura-
cies in pipetting.   

   4.    Reverse transcription of mRNA to cDNA should be done with 
random hexamers (not with oligo-dT). Most of the 
 above- shown real-time RT-PCR protocols do not have a sepa-
rate cDNA-synthesis step here.   

   5.    This is a one-step real-time RT-PCR using mRNA as a tem-
plate [ 5 ]. The master mix contains only 4.8 μL instead of 6 μL 
of a 2× reaction mix in 12 μL total PCR volume, which is 
absolutely suffi cient. 
 It is of importance to know that results of real-time PCR for one 
sample can vary between laboratories and even between indi-
viduals, which perform the test as shown in internal laboratory 
quality assurance tests [ 17 ]. All standard dilutions and patient’s 
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samples should be tested in duplicate. For quantifi cation, the 
average value of both duplicates should be used. Samples that 
had a more than a hundredfold difference for both housekeep-
ing gene values should be excluded from further analysis. 
Samples negative for the housekeeping gene but positive for the 
target gene should be excluded from quantifi cation. A negative 
assay requires the absence of the target PCR product as well as 
no amplifi cation of the “blank” sample and a positive amplifi ca-
tion of the positive control but a successful housekeeping gene 
PCR amplifi cation. The expression of the target gene is given as 
the quotient of the target gene and housekeeping gene. The 
housekeeping gene should also be related to a standard curve 
derived from a serial dilution of plasmids or RNA of a target-
specifi c leukemic cell line into water.   

   6.    UNG is added in the reaction to prevent the re-amplifi cation 
of carry-over PCR products by removing any uracil incorpo-
rated into amplicons. Please  see  also refs.  18 – 20 .   

   7.    Please note that template is cDNA for this real-time PCR here. 
There are six different CBFβ-MYH11 transcripts commonly 
found in AML with inv(16). Type A is most commonly found 
up to 80 %. Further, the control cell line ME-1 does express 
only type A. For each subtype a separate PCR must be per-
formed using the specifi c reverse primer and the common for-
ward primer. The use of SYBR ®  Green instead of hybridization 
probes is not recommended due to the high risk of contamina-
tion, which can shut down every laboratory for a longer period 
of time. Please  see  also refs.  19 – 25 .   

   8.    This real-time RT-PCR is again a single-step PCR using RNA 
as template. It detects the fusion transcripts S and L of PML- 
RARA in a single run, but not the variant type. Please  see  also 
refs.  12 ,  21 ,  26 .   

   9.    As housekeeping genes GAPDH, G6PDH, Abelson (ABL), 
beta-2-microglobulin (B2M), and beta-glucuronidase (GUS) 
are most commonly used. To avoid pseudogenes and maintain 
a stability in the level of expression of mRNA in each cell, B2M, 
ABL, and beta-glucuronidase were recently recommended by 
the Europe Against Cancer (EAC) program [ 14 ]. Nevertheless, 
most laboratories continue to use GAPDH as their housekeep-
ing genes [ 10 ]. For quantifi cation please  see  also  Note 1  above.   

   10.    The use of WT1 as an MRD marker is still discussed contro-
versially and should only be used if no other specifi c MRD 
marker is available. This real-time RT-PCR uses a TaqMan™ 
probe. K562 can be used as a control cell line. Please  see  also 
refs.  27 – 30 .   
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   11.    Use only the high-fi delity master mix kit (from Roche 
Diagnostics) for PCR when subsequently a genetic analyzer is 
used. Results showing more than a single PCR product of 
329 bp indicate that a FLT3 mutation is detected. Please  see  
also refs.  30 – 32 .   

   12.    Detect mutations A and B which consist 90 % of mutations of 
the nucleophosmin (NPM1) gene in AML by a real-time PCR 
assay with a common forward primer and probe and two dif-
ferent mutation-specifi c reverse primers.   

   13.    This is a very robust nested multiplex RT-PCR, which uses 
cDNA as template and detects the most common MLL rear-
rangement genes: MLL/AF4, MLL/AF6, MLL/AF9, and 
MLL/ENL. Please  see  also ref.  33 .         
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    Chapter 12   

 Molecular Methods for Detection of Minimal Residual 
Disease Following Transplantation in Lymphoid 
and Plasma Cell Disorders 

           Paolo     Corradini     and     Cristiana     Carniti    

    Abstract 

   Relapse represents the main cause of treatment failure after stem cell transplantation (SCT). Thus, monitoring 
of minimal residual disease (MRD) in allografted patients allows an early detection of recurrence and a 
subsequent intervention prior to clinically detectable relapse. MRD assessment by polymerase chain reac-
tion-based methods is currently part of the routine clinical management of patients with chronic myeloid 
leukemia after allo-SCT. It is also recognized that it is a useful prognostic tool in several mature lymphoid 
and plasma cell disorders such as chronic lymphocytic leukemia, follicular lymphoma, mantle cell lym-
phoma, and multiple myeloma. In some of these entities, clinical trials employing MRD as a decision- 
making tool are currently ongoing and will defi ne whether sensitive MRD detection allows for earlier 
therapeutic intervention to improve the outcome of SCT. We here discuss the methods of MRD evaluation 
in lymphoid and plasma cell disorders following transplantation with the ultimate aim of providing critical 
information for the setup of molecular approaches to detect MRD.  

  Key words     Minimal residual disease  ,   Stem cell transplantation  ,   Polymerase chain reaction  ,   Lymphoid 
malignancies  ,   Multiple myeloma  

1       Introduction 

 During the last decade, a large number of studies have shown that 
detection of very low numbers of malignant cells, that is, detection 
of minimal residual disease (MRD), signifi cantly correlates with 
clinical outcome in many hematologic malignancies. The sensitive 
quantifi cation of MRD after treatment has been suggested as an 
alternative means to predict response duration and overall survival 
[ 1 ]. The highest sensitivity and specifi city can be achieved by 
molecular monitoring of tumor- or patient-specifi c markers mea-
sured by polymerase chain reaction (PCR)-based techniques. 
Allogeneic stem cell transplant (allo-stem cell transplantation 
(SCT)) is an effective therapeutic option for many hematological 
disorders including follicular lymphoma (FL), chronic lymphocytic 
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leukemia (CLL), Hodgkin’s disease (HD), mantle cell lymphomas 
(MCL), and multiple myeloma (MM) [ 2 – 4 ]. Outcome of patients 
with clinical relapse after transplantation generally remains poor, 
but intervention prior to fl orid relapse might improve the out-
come. Therefore detection of MRD is commonly used after allo- 
SCT in order to closely monitor patients. 

 In the setting of MRD, along with the established qualitative 
PCR-based methods that allow the amplifi cation of a tumor- 
specifi c molecular marker, which ideally consists of a DNA sequence 
that is always detectable in tumor cells and always absent in normal 
cells, a number of quantitative and semiquantitative PCR strategies 
have been investigated to assess the tumor burden. Among them, 
real-time quantitative PCR is a recently introduced technique 
which allows the determination of residual tumor, overcoming 
most of the limitations associated with quantitative or semiquanti-
tative PCR. The main advantages associated with real-time PCR 
method are the following: (1) the measurement of target DNA 
copy number is made in the PCR tube as the reaction proceeds 
without the need for post-PCR sample processing; (2) it greatly 
reduces the occurrence of false-positive results by adding the speci-
fi city of a probe to the one of primers; and (3) it has a relatively 
wide dynamic range, allowing the accurate quantifi cation of sam-
ples over a wide range of tumor contamination with a sensitivity of 
10 −4 –10 −6 . 

 A paradigm for the importance of minimal molecular disease 
and prediction of relapse after allo-SCT is CML. Here, it is now 
well established that the detection of the chimeric  BCR–ABL  
mRNA transcript by reverse-transcriptase polymerase chain reac-
tion (RT-PCR) is a powerful predictor of subsequent relapse [ 5 ]. 
The use of quantitative PCR has greatly increased the clinical value 
of monitoring MRD. 

 The clinical impact of MRD detection in different lymphomas 
is not identical and depends on the markers. The majority of lym-
phoid and plasma cell malignancies are characterized by a clonal 
rearranged immunoglobulin heavy chain (IgH) DNA sequence 
[ 6 ]. This is a  clonotypic  sequence because it is present in all the 
members of the tumor clone. In normal lymphocytes, clones of 
cells with different IgH sequences coexist, refl ecting the normal 
development of polyclonal B-cells in response to antigen. In lym-
phoid and plasma cell malignancies, clonotypic cells greatly out-
number normal polyclonal B-cells, and therefore the clonotypic 
sequence is the most frequently occurring Ig sequence, greatly 
exceeding the frequency of any normal Ig sequence. The clono-
typic sequence can be isolated from tumor samples by PCR using 
consensus primers that amplify the entire repertoire of Ig sequences 
[ 6 ]. In follicular lymphomas and mantle cell lymphomas the clono-
typic IgH sequence can be isolated, but these tumors are also 
 characterized by the presence of specifi c translocation that might 
serve as markers for MRD monitoring. 
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 CLL is the most common adult leukemia. Despite improve-
ments in treatment responses using multiagent therapy, CLL 
remains incurable with available immunochemotherapy regimens 
[ 7 ]. Patients with relapsed CLL and those with high-risk features 
at presentation, such as 17p deletions or unmutated IGH regions, 
are generally referred for allo-SCT [ 8 ]. Fifty percent of CLL 
patients undergoing allo-SCT experience long-term disease-free 
survival (DFS) and may be cured. Nevertheless, 50 % of patients 
will experience disease recurrence [ 8 ]. Quantifi cation of CLL 
MRD has prognostic value because achievement of MRD negativ-
ity 1 year after allo-SCT is associated with long-term DFS [ 1 ]. 
Furthermore, strategies for treating post-allo-SCT relapse, includ-
ing additional chemotherapy, donor lymphocyte infusions, and cell 
vaccines, may be more effective when CLL progression is detected 
with low tumor burden. The utility of MRD assessment in CLL 
has been studied in several clinical contexts, but most reports have 
focused on MRD following hematopoietic cell transplantation 
because only allo-SCT achieves long-term remissions in high-risk 
CLL. PCR quantifi cation of clonal IgH sequences was developed 
>20 years ago [ 9 ], and after demonstration that this technique has 
single-cell sensitivity, allele-specifi c oligonucleotide-PCR (ASO- 
PCR) was developed for MRD quantifi cation [ 10 ]. There is evi-
dence that even qualitative MRD methods can provide prognostic 
information [ 1 ]. However, as the superior prognostic signifi cance 
using certain MRD levels or even MRD kinetics [ 11 ] has been 
shown, MRD quantifi cation nowadays is clearly preferable and 
ASO IgH RQ-PCR is generally considered the more sensitive 
quantitative technique. 

 In multiple myeloma MRD can be detected by PCR using 
patient-specifi c primers derived from the rearrangement of IgH 
genes. It could be shown that durable PCR negativity after allo-
grafting had a cumulative risk of relapse at 5 years of 0 %, in com-
parison to 33 % for PCR-mixed patients and 100 % for patients 
who never achieved PCR negativity [ 4 ]. 

 In FL, allo-SCT should be considered in high-risk populations 
early in the disease process as well as in the setting of relapsed dis-
ease. Monitoring of MRD can be an important tool for early inter-
vention with drugs, cyclosporine withdrawal, or donor lymphocyte 
infusions [ 2 ,  12 ]. In this setting only the major breakpoint region 
(MBR) and minor clustering region (mcr) breakpoints have been 
currently exploited as targets for MRD detection. Thus, only a 
subset of patients ranging from 50 to 65 % can be assessed using 
this approach [ 13 ]. However, there are no technical reasons pre-
cluding development of novel MRD PCR assays that could also 
detect “minor” BCL-2 breakpoints such as the minor cluster 
region breakpoint. This would allow the development of a more 
extensive PCR screening platform and the identifi cation of a tumor 
marker in the majority of patients with FL. 

Molecular Methods for Detection of Minimal Residual Disease…
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 Patients with relapsed or refractory MCL following conven-
tional intensive chemotherapy or auto-SCT have limited therapeu-
tic options. Allogeneic transplant using myeloablative regimens 
was initially studied as a potentially curative approach for these 
patients. Fludarabine-based reduced intensity conditioning (RIC) 
regimens have gained precedence over myeloablative regimens in 
the last decade. The chromosomal translocation t(11;14)(q13;q32) 
represents a chromosomal aberration that is pathogenetically 
related to MCL development and is a stable molecular marker for 
this lymphoma entity [ 14 ]. However, the main disadvantage of 
chromosomal translocations as MRD markers is that they are 
restricted to those cases with a PCR-detectable translocation. 
While the translocation t(11;14)(q13;q32) is detectable in 80–90 % 
of MCL by fl uorescence in situ hybridization (FISH) or chromo-
some banding analysis [ 15 ], PCR is able to detect the translocation 
in only 25–40 %. The most broadly applicable marker for MRD 
studies, the IgH gene rearrangement, can also be applied to MCL 
[ 16 ]. Analysis of MRD by consensus PCR demonstrated evidence 
of a graft-versus-lymphoma effect in four of seven patients. PCR 
monitoring of MRD will be extremely helpful to evaluate effi ciency 
of this treatment approach and will allow programmed infusion of 
donor lymphocytes depending on MRD status. In contrast to FL, 
where a proportion of patients remain in continuous clinical CR 
despite continuous presence of PCR-detectable MRD, data in 
MCL demonstrate that reappearance of MRD after allo-SCT is 
associated with clinical relapse [ 17 ] and patients have an adverse 
prognosis [ 17 ]. Sequential MRD monitoring is therefore a power-
ful predictor for treatment outcome in MCL and allows targeted 
treatment. 

 This chapter focuses on the methods used to determine the 
molecular markers characteristics of lymphoid malignancies and 
multiple myeloma and on the methods for MRD monitoring.  

2     Materials 

      1.    Dulbecco’s phosphate-buffered saline (D-PBS) without 
 calcium and magnesium.   

   2.    Ficoll separating solution (density 1.077 g/mL).   
   3.    Live/dead staining solution for the counting (e.g., Trypan 

Blue).      

      1.    DNAzol reagent (Invitrogen, Carlsbad, California, USA).   
   2.    Ethanol 100 % stored at −20 °C.   
   3.    Ethanol 70 % stored at −20 °C.   
   4.    Sterile water or 8 mM NaOH or 0.1× TE buffer.      

2.1  Mononuclear 
Cell Isolation

2.2  Genomic DNA 
Extraction
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      1.    dNTP mix (dATP, dCTp, dGTP, and dTTP) (various compa-
nies such as Bio-Rad, Invitrogen, and Sigma supply suitable 
dNTP sets) ( see   Note 1 ).   

   2.    10× Buffer Taq DNA polymerase ( see   Note 2 ).   
   3.    25 mM MgCl 2  solution.   
   4.    Any commercially available thermostable DNA polymerase, for 

example,  Taq  DNA Polymerase, native (Invitrogen, cat. no. 
18038-042) 5 Units/μL ( see   Note 3 ).   

   5.    Forward and reverse primers (10 pmol/μL) (Tables  1  and  2 ).
        6.    Sterile water or DNase/RNase-free water.   
   7.    1–3 % (wt./vol) agarose gel (depending on the size of PCR 

product to be analyzed).   
   8.    Low-melting-point (LMP) agarose.   
   9.    12 % polyacrylamide gel (19:1 acrylamide:bisacrylamide).   
   10.    Ethidium bromide (10 mg/mL) ( see   Note 4 ) or fl uorescent 

nucleic acid gel stain (e.g., Lonza GelStar™ Gel Stain 10,000×).   
   11.    Loading buffer (convenient 10× sample buffer stock consists 

of 50 % glycerol, 0.25 % bromophenol blue, and 0.25 % xylene 
cyanol FF in 1× Tris–acetate–EDTA (TAE) buffer (40 mM 
Tris (pH 7.6), 20 mM acetic acid, and 1 mM EDTA)).   

   12.    Buffer 10× Tris–boric acid–EDTA (TBE) (89 mM Tris 
(pH 7.6), 89 mM boric acid, 2 mM EDTA).   

   13.    Double-stranded DNA molecular weight markers.   
   14.    Single-step enzymatic cleanup of PCR products that eliminates 

unincorporated primers and dNTPs (e.g., USB ExoSAP-IT 
reagent, US Biochemicals, Cleveland, OH).   

   15.    Any one-step cloning strategy for the direct insertion of a PCR 
product into a plasmid vector.   

   16.     E. coli  competent cells suitable for transformation.   
   17.    S.O.C. medium (2 % tryptone, 0.5 % yeast extract, 10 mM 

NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 10 mM MgSO4, 20 mM 
glucose).   

   18.    LB plates containing antibiotics (50 μg/mL kanamycin or 
100 μg/mL ampicillin) and 40 mg/mL X-gaL in dimethylfor-
mamide (DMF).   

   19.    Any kit for plasmid purifi cation of cloned inserts from  E. coli .     

 Reagent stocks for the PCR reaction and molecular weight 
marker are stored at –80 °C. Reagent aliquots are stored at –20 °C; 
molecular weight marker and loading buffer aliquots are stored at 
4 °C.  

2.3   Qualitative PCR

Molecular Methods for Detection of Minimal Residual Disease…



214

        Table 1  
  Primers for immunoglobulin heavy chain gene VDJ rearrangement amplifi cation   

  Forward primers  

  FR1 region-derived primers  

 VH/FS  VH1/FS  5′-CAGGTGCAGCTGGTGCA(C/G)(A/T)CTG-3′ 
 VH2/FS  5′-CAG(A/G)TCACCTTGAAGGAGTCTG-3′ 
 VH3/FS  5′-CAGGTGCAGCTGGTG(G/C)AGTC(C/T)G-3′ 
 VH4a/FS  5′-CAG(C/G)TGCAGCTGCAGGAGTC(C/G)G-3′ 
 VH4b/FS  5′-CAGGTGCAGCTACA(A/G)CAGTGGG-3′ 
 VH5/FS  5′-GAGGTGCAGCTG(G/T)TGCAGTCTG-3′ 
 VH6/FS  5′-CAGGTACAGCTGCAGCAGTCAG-3′ 

 VH/D  VH1/D  5′-CCTCAGTGAAGGTCTCCTGCAAGG-3′ 
 VH2/D  5′-TCCTGCGCTGGTGAAAGCCACACA-3′ 
 VH3/D  5′-GGTCCCTGAGACTCTTCCTGTGCA-3′ 
 VH4a/D  5′-TCGGAGACCCTGTCCCTCACCTGCA-3′ 
 VH4b/D  5′-CGCTGTCTCTGGTTACTCCATCAG-3′ 
 VH5/D  5′-GAAAAAGCCCGGGGAGTCTCTGAA-3′ 
 VH6/D  5′-CCTGTGCCATCTCCGGGGACAGTG-3′ 

  Leader region-derived primers  

 VH/LS  VH1/LS  5′-CTCACCATGGACTGGACCTGGAG-3′ 
 VH2/LS  5′-ATGGACATACTTTGTTCCACGCTC-3′ 
 VH3/LS  5′-CCATGGAGTTTGGGCTGAGCTGG-3′ 
 VH4/LS  5′-ACATGAAACA(C/T)CGTGGTTCTTCC-3′ 
 VH5/LS  5′-ATGGGGTCAACCGCCATCCTCG-3′ 
 VH6/LS  5′-ATGTCTGTCTCCTTCCTCATCTTC-3′ 
 VH7/LS  5′-TTCTTGGTGGCAGCAGCCACA-3′ 

 VH/L  VH1/L  5′-CCATGGACTGGACCTGGAGG-3′ 
 VH2/L  5′-ATGGACATACTTTGTTCCAC-3′ 
 VH3/L  5′-CCATGGAGTTTGGGCTGAGC-3′ 
 VH4/L  5′-ATGAAACACCTGTGGTTCTT-3′ 
 VH5/L  5′-ATGGGGTCAACCGCCATCCT-3′ 
 VH6/L  5′-ATGTCTGTCTCCTTCCTCAT-3′ 

  FR3 region-derived primers  

 FR3.3  FR3.3  5′-ACACGGC(C/T)(G/C)TGTATTACTGT-3′ 

  Reverse primers  

  FR1 and leader VH families  

 JHD  5′-ACCTGAGGAGACGGTGACCAGGGT-3′ 

 FR3.3  JH3.3  5′-GTGACCAGGGT(A/G/C/T)
CCTTGGCCCCAG-3′ 
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         Table 2  
  Primers for minimal residual disease analysis of Bcl-2 MBR/mcr and 
Bcl-1 by qualitative PCR   

  Forward primers  

 Bcl-2 MBR fi rst PCR  MBR-2 5′-CAGCCTTGAAACATTGATGG-3′ 

 Bcl-2 MBR second PCR  MBR-3 5′-ATGGTGGTTTGACCTTTAG-3′ 

 Bcl-2 mcr fi rst PCR  mcr-2 5′-CGTGCTGGTACCACTCCTG-3′ 

 Bcl-2 mcr second PCR  mcr-3.1 5′-CCTGGCTTCCTTCCCTCTG-3′ 

 Bcl-1 fi rst PCR  P2 5′-GAAGGACTTGTGGGTTGC-3′ 

 Bcl-1 second PCR  P4 5′-GCTGCTGTACACATCGGT-3′ 

  Reverse primers  

 First PCR JH3  5′-ACCTGAGGAGACGGTGACC-3′ 

 Second PCR JH4  5′-ACCAGGGTCCCTTGGCCCCA-3′ 
   MBR  major breakpoint cluster region,  mcr  minor cluster region  

      1.    Single-step enzymatic cleanup of PCR reagent (such as 
ExoSAP-IT, US Biochemicals, Cleveland, OH).   

   2.    Reagents for automated fl uorescent cycle sequencing such as a 
Big Dye terminator kit (Applied Biosystems, Foster City, CA).      

      1.    IMGT, the international ImMunoGeneTics information sys-
tem (  http://imgt.cines.fr:8104/    ).   

   2.    IMGT/V-QUEST Ig sequence alignment program (  http://
imgt.cines.fr:8104/textes/vquest/    ).   

   3.    V BASE database of human Ig variable region genes (  www.
mrc- cpe.cam.ac.uk/    ).   

   4.    DNAPLOT Ig sequence alignment program (  http://www.
mrc-cpe.cam.ac.uk/DNAPLOT.php?menu=901    ).   

   5.    DNA analysis program such as Genetool 2.0 (BioTools, 
Edmonton, Alberta, Canada).   

   6.    Primer design program such as Primer3 (  www.frodo.wi.
mit.edu/cgi-bin/primer3/primer3_www.cgi    ) and OligoCalc 
(   http://www.basic.northwestern.edu/biotools/oligocalc.
html    )    .   

   7.    Primer analysis such as Primer Blast (  http://www.ncbi.nlm.
nih.gov/tools/primer-blast/    ).      

2.4  Sequencing 
of PCR Products

2.5  Programs and 
Databases for IgH 
Sequence Analysis 
and Primer Design
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      1.    TaqMan ®  Universal PCR Master Mix (Applied Biosystems, 
Warrington, UK).   

   2.    Forward and reverse primers (10 pmol/μL or according to the 
optimization procedure described in Applied Biosystems 
Instrument Manual) (Table  4 ).   

   3.    TaqMan probe (15 pmol/μL or according to the optimization 
procedure described in Applied Biosystems Instrument 
Manual).   

   4.    Sterile water or DNase/RNase-free water.     

 Reagent stocks are stored at –80 °C. Reagent aliquots are 
stored at –20 °C. TaqMan probes are stored in the dark. TaqMan 
universal master mix is stored at 4 °C.  

      1.    Spectrophotometer.   
   2.    Thermal cycler for qualitative PCR.   
   3.    DNA electrophoresis apparatus and power supply.   
   4.    Electrophoresis imaging system.   
   5.    Any genetic analyzer for sequencing or service dedicated.   
   6.    General devices for cloning (42 °C water bath, 37 °C shaking 

and non-shaking incubator, electroporator, hood, general micro-
biological supplies such as plates, spreaders). Cloning should be 
performed in a separate area to avoid contamination.   

   7.    Real-time quantitative PCR system (any device is suitable; we 
use an Applied Biosystems 7900HT Fast Real-Time PCR 
System from Life Technologies, but we have also used an older 
non-laser-based instrument with comparable results).       

3     Methods 

        1.    Dilute peripheral blood or bone marrow samples with 
1× DPBS (dilution factor 1:1 for peripheral blood and from 
1:2 to 1:5 for bone marrow) ( see   Notes 5 – 7 ).   

   2.    Add 4 mL of Ficoll separating reagent to a 15 mL tube for a 
sample volume ≤10 mL or add 10 mL of Ficoll solution to a 
50 mL tube for a sample volume ≥10 mL (the proportion 
between Ficoll and blood should be 1/3 and 2/3, 
respectively).   

   3.    Gently overlay diluted blood on top of Ficoll solution 
( see   Note 8 ).   

   4.    Centrifuge at 500 ×  g  for 40 min, 20 °C, in a swinging-bucket 
rotor without brake ( see   Note 9 ).   

   5.    Carefully remove the mononuclear cells from the Ficoll/
plasma interphase with a 10 mL shorty pipette, and collect 
them into a new 50 mL conical tube.   

2.6   Quantitative PCR

2.7   Instruments

3.1  Mononuclear 
Cell Isolation
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   6.    Add DPBS to 50 mL and centrifuge at 300 ×  g  for 10 min at 
20 °C; repeat twice ( see   Note 10 ).   

   7.    Remove supernatant, and resuspend the pellet in 10 or 20 mL 
1× DPBS (according to the pellet).   

   8.    Count the cells in a counting chamber (1/2 or 1/5 in Trypan 
Blue), and separate the cells according to the aliquots that you 
want to either extract or freeze.   

   9.    Collect the cells in a 1.5 mL sterile plastic microcentrifuge 
tube.   

   10.    Spin the tube in a microcentrifuge at 10,000 ×  g  for 1 min.   
   11.    Remove supernatant and store at –80 °C.      
   

     1.    Add 1 mL of DNAzol (Invitrogen) to 10 × 10 6  frozen cells, 
and gently resuspend the pellet ( see   Notes 11  and  12 ).   

   2.    Centrifuge at 10,000 ×  g  for 10 min at RT.   
   3.    Collect the supernatant in a new tube; do not remove the 

sediment.   
   4.    Add 0.5 mL (for 1 mL of DNAzol) of 100 % ethanol and mix 

gently by inversion.   
   5.    Remove the DNA precipitate by spooling with a pipette tip, 

and collect it into another tube.   
   6.    Wash with 500 μL of 70 % ethanol twice.   
   7.    Remove the DNA precipitate from ethanol and collect into a 

new 1.5 mL sterile plastic microcentrifuge tube.   
   8.    Air-dry the DNA by storing open the tube for 5–15 min at 

RT.   
   9.    Dissolve the DNA in sterile water or 8 mM NaOH (60–130 μL 

based on the precipitate dimensions).   
   10.    Store the sample at 4 °C.   

   11.    Check the DNA quality and quantity by means of a UV spec-
trophotometer (the A260:A280 ratio should be ~1.8 [range 
1.7–2]) ( see   Note 13 ).      

     As discussed, DNA can be extracted from peripheral blood (PB) 
cells, from bone marrow aspirate cells, or from embedded tissues 
depending on the disease for which we need to look for the tumor- 
associated VDJ rearrangement. In details for CLL, given the high 
leukocyte count in most CLL patients, PB, which is easy to obtain, 
is generally the preferred source of cells for the analysis. In cases 
with a low peripheral leukemic burden, other compartments such 
as bone marrow (BM) and lymph node may be used. For multiple 
myeloma, CD138+ malignant plasma cells ( see   Note 14 ) from BM 
aspirates represent the ideal starting material for the analysis. For 

3.2   DNA Extraction

3.3   Qualitative PCR

3.3.1  Biospecimen 
to Be Analyzed
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follicular lymphomas and mantle cell lymphomas, DNA might be 
extracted from BM aspirates in case of bone marrow involvement, 
but the best source would be an affected lymph node.  

  IgH rearrangement is an early event in B-lymphocyte ontogenesis, 
and it can be used as a molecular marker of the tumor clone in the 
vast majority of B-cell malignancies (Fig.  1 ). Three gene segments 
are present in the rearranged IgH genes, namely, the variable (V), 
diversity (D), and joining (J) regions. During B-lymphoid 
differentiation, the D segment joins J segment, and the resulting 
D–J segment joins one V region sequence producing a VDJ 
complex [ 18 ]. Diversity of antigen recognition is generated by the 
existence of many distinct V, D, and J segments with the potential 
to form the VDJ unit: 123–129 V segments (seven different 
families based on sequence homology), 27 D segments, and 9 J 
segments [ 18 ]. Sequence variability at the VDJ junctions [ 18 ] and 
somatic hypermutation [ 18 ] further contribute to the diversity. 
The VDJ region is subdivided into the VH leader region, encoding 
a conserved signal peptide sequence; three hypervariable 
complementarity- determining regions (CDRs) that are involved in 
antigen recognition; and four conserved framework regions (FRs) 
that maintain structural integrity of the molecule (Fig.  1 ).

   The most hypervariable region produced by this phenomenon 
is the third complementarity-determining region (CDR3), which 
can be considered a unique marker for a given B-cell clone [ 18 ]. 
The strategy for amplifying the IgH VDJ region is to use primers 
specifi c for conserved sequences in the VH leader, FR, and con-

3.3.2   IgH Rearrangement

  Fig. 1    Schematic representation of the strategy used to analyze the immunoglobulin heavy chain (IgH) gene 
rearrangement. IgH gene leader ( L ), variable ( V ), diversity ( D ), and joining ( J ) regions are indicated.  Arrows  
indicate the position of primer pairs used for PCR amplifi cation of VDJ segment (1° PCR) and for patient-spe-
cifi c nested or seminested PCR (second PCR)       
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stant JH regions [ 19 ]. Positive PCR products are resolved by gel 
electrophoresis and directly sequenced and aligned with known 
IgH sequences in repositories such as IMGT. Patient-specifi c IgH 
primers can therefore be designed based on this alignment, which 
highlights the regions of the clonotypic sequence that differentiate 
it from the database IgH sequences. To obtain the best specifi city, 
two patient-specifi c primers are designed for each clonotypic 
sequence: a sense primer specifi c for CDR2 and an antisense primer 
specifi c for CDR3. These primers can be used for nested-PCR 
amplifi cation of the tumor-specifi c IgH rearrangement, thus allow-
ing MRD detection with high sensitivity and specifi city [ 20 ]. 

   The FR1-based PCR strategies are frequently employed in IgH 
clonality testing and show a rather high detection rate, especially 
the widely used multiplex FR1 PCR of the BIOMED-2 consortium 
[ 21 ]. We prefer a more comprehensive approach to identify the 
tumor-associated IgH sequence that includes a leader-based 
strategy next to an FR1-based method. This standard PCR protocol 
uses four distinct primer sets that provide the best coverage of the 
VDJ region. 

 The PCR reaction must include a no-template control sample 
with each VH primer to exclude any possible contamination 
( see   Note 15 ). DNA or cDNA is amplifi ed using the four sets of 
forward consensus primers together with a JH region antisense 
primer. Nucleotide sequences of primers used in PCR experiments 
are listed in Table  1 . 

 For each primer pair, set up a reaction ( see  Table  3  for repre-
sentative scheme of PCR setup) in a 0.2-mL thin-walled PCR tube 
on ice as follows:

 PCR Protocol for the 
Identifi cation of Patient- 
Specifi c (Clonotypic) IgH 
Sequences with VH FR1 
and Leader Forward 
Primers

         Table 3  
  Representative qualitative PCR protocol   

 Initial 
concentration 

 Final 
concentration 

 Final volume/
50 μL reaction 

 PCR buffer  10×  1×  5 μL 

 MgCl 2   25 mM  1.5–2 mM  3–5 μL 

 Template DNA   X  μL 

 dNTP mix  2 mM  200 μM  5 μL 

 Forward primer  10 μM  200 μM  1 μL 

 Reverse primer  10 μM  200 μM  1 μL 

 DNA polymerase  5 U/μL  1 U/50 μL  0.25 μL 

 dH 2 O  Up to 50 μL 
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     1.    Add 10 μM of each VH consensus forward primer to each tube 
( see   Note 16 ).   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 0.5–1 μg of DNA sample in each tube except the no- 

template control sample.   
   4.    Amplifi cation profi le: 

  First step : 94 °C 1 min. 
  Second step x 35 cycles : 94 °C 30 s; 62 °C 30 s; 72 °C 30 s. 
  Third step : 72 °C 7 min ( see   Note 3 ).   

   5.    Run 10 μL of PCR product (with 1 μL of loading buffer) and 
10 μL of molecular weight marker (with 1 μL of loading buf-
fer) on a 2 % agarose gel stained with ethidium bromide 
(0.5 μg/mL) or fl uorescent nucleic acid gel stain (e.g., Lonza 
GelStar™ Gel Stain 10,000×) in TBE 1× and visualize under 
UV. Expected size: VH/FS and VH/D → 350–400 bp; VH/
LS and VH/L → 500–550 bp.    

    Where negative results with the FR1 and consensus PCR strategy 
are obtained, an FR3 strategy might be considered as an alternative 
(Table  1 ), although it should be noted that the resulting IGHV 
gene sequences are shorter. The PCR reaction must include a “no- 
template” control sample to exclude any possible contamination.

    1.    Reaction mix (× number of samples + 1): dNTPs 0.2 mM 5 μL; 
10× buffer Taq DNA polymerase 5 μL; 20 mM MgCl 2  5 μL; 
FR3.3 (10 pmol/μL) 1 μL; JH3.3 (10 pmol/μL) 1 μL ( see  
Table  1  for primer sequences); Taq DNA polymerase 0.2 μL; 
and sterile water to a fi nal volume of 50 μL ( see  Table  3  for 
representative scheme of PCR setup).   

   2.    Aliquot PCR reaction mix in each 0.2-mL thin-walled PCR 
tube.   

   3.    Add 0.5–1 μg of DNA sample in each tube out of no-template 
control sample.   

   4.    Amplifi cation profi le: 
  First step : 94 °C 1 min. 
  Second step x 35 cycles : 94 °C 30 s; 55 °C 30 s; 72 °C 30 s. 
  Third step : 72 °C 7 min ( see   Note 3 ).   

   5.    Run 5 μL of PCR product (with 1 μL of loading buffer) and 
5 μL of molecular weight marker (with 1 μL of loading buffer) 
on 12 % polyacrylamide gel (19:1 acrylamide:bisacrylamide) in 
1× TAE buffer. Stain gel in ethidium bromide (0.5 μg/mL) to 
visualize bands. Expected size: ≤120 bp.    

    When a distinct, clear PCR product is obtained from the previous 
steps, this will be subjected to sequencing. Clonal amplifi cations 
give sharp band of the appropriate size that can be directly 
sequenced after enzymatic removal of unincorporated primers and 

 Identifi cation of the IgH 
VDJ Rearrangement with 
VH FR3-Derived 
Forward Primer

 Preparation of PCR 
Products for Sequencing
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nucleotides which can interfere with downstream sequencing 
reactions using USB ExoSAP-IT reagent as follows:

    1.    Mix 5 μL of a post-PCR reaction product with 2 μL of 
ExoSAP-IT reagent for a combined 7 μL reaction volume ( see  
 Note 17 ).   

   2.    Incubate at 37 °C for 15 min to degrade the remaining primers 
and nucleotides.   

   3.    Incubate at 80 °C for 15 min to inactivate ExoSAP-IT reagent.     

 If necessary, PCR products can be electrophoresed through a 
0.8 % LMP agarose gel, excised, and purifi ed using QIAquick gel 
extraction kits (Qiagen). Direct sequencing of amplifi ed DNAs can 
be performed using automated sequencing. The sequencing pro-
cess can be started using either the consensus primer (JHD) or the 
forward FR1 or leader primer to generate a complete sequence.  

   For the analysis of the immunoglobulin (Ig) rearranged nucleotide 
sequences, align the obtained sequence at http://www.imgt.org. 
IMGT/V-QUEST identifi es the V, D, and J genes and alleles by 
alignment with the germline Ig gene and allele sequences of the 
IMGT reference directory; hypervariable regions CDR2 and 
CDR3 should be identifi ed as the junctions including N-insert ( see  
 Note 18 ), from which patient-specifi c primers can be designed for 
the nested PCR approach used in MRD monitoring. 

 If FR3-derived forward primer has been used, the length of the 
DNA sequence allows only the design of a patient-specifi c forward 
primer within the CDR3 region for a seminested PCR to be per-
formed with JH-derived consensus primer as reverse primer 
(Fig.  1 ). 

 These ASO primers are usually 18–20 bp long with a melting 
temperature of approximately 60 °C ( see   Note 19 ). For primer 
design, several software are available ( see   Note 20 ). This is a very 
critical step. The most critical primer for PCR specifi city is the 
CDR3-derived antisense primer. This primer should be chosen in 
the most hypervariable area of the patient sequence. The forward 
5′ primer is less critical. In order to determine the optimal PCR 
conditions that allow the amplifi cation of a single, discrete PCR 
product, the so-called Oligotest should be performed. The optimal 
primer and MgCl 2  concentrations should be determined (usually 
1 μL of 10–20 pmol/μL primers and 5 μL of 15–25 mM MgCl 2 , 
respectively) together with the right annealing temperature ( see  
 Note 21 ); the right annealing temperature is based on the melting 
temperature ( T  m ) estimations. It is necessary to estimate  T  m  to 
design an effective thermal cycling program ( see   Note 22 ).  

  Once the tumor-specifi c IgH rearrangement has been identifi ed 
and characterized and the primers for its analysis have been 
generated, MRD monitoring can be performed on PB or BM 
samples. The PCR reaction must include the following:

 Design of Patient-Specifi c 
Primers

 Minimal Residual Disease 
Monitoring Using Nested 
ASO-PCR
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 –    A patient positive sample as a positive control (ideally the 
patient sample at diagnosis that has been used to generate the 
patient-specifi c primers).  

 –   Healthy individuals’ DNA (polyclonal DNA) as a negative 
sample to assess the specifi city.  

 –   A “no-template” control sample to exclude possible 
contaminations.    

  First PCR amplifi cation  

 The fi rst PCR amplifi cation is performed as described in 
Subheading  3.3.2.1  using only the specifi c IgH forward primer 
that is able to amplify the tumor-associated rearrangement we are 
studying. 

  Second PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× buffer 
Taq DNA polymerase (TaqGold DNA Polymerase is recom-
mended, Applied Biosystems, Warrington, UK) 5 μL; MgCl 2  
(the most appropriate concentration of MgCl 2  determined dur-
ing the “Oligotest”) 5 μL; AmpliTaq Gold (Applied Biosystems, 
Warrington, UK) 0.2 μL; patient-specifi c forward primer 
(as defi ned by “Oligotest”) 1 μL; patient-specifi c reverse primer 
(as defi ned by “Oligotest”) 1 μL; sterile water for a fi nal volume 
of 50 μL ( see  Table  3  for representative scheme of PCR setup).   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 1 μL of fi rst-PCR product ( see   Note 23 ).   
   4.    Amplifi cation profi le: As defi ned by “Oligotest.”   
   5.    Run 10 μL of PCR product (with 1 μL of loading buffer) and 

10 μL of molecular weight marker (with 1 μL of loading buf-
fer) on a 2 % agarose gel stained with ethidium bromide 
(0.5 μg/mL) in TBE 1× or fl uorescent nucleic acid gel stain 
(e.g., Lonza GelStar™ Gel Stain 10,000×) in TBE 1× and visu-
alize under UV ( see   Note 24 ). If the expected size is below 
100–120 bp run 5 μL of PCR product and 5 μL of molecular 
weight marker on 12 % polyacrylamide gel (19:1 acrylamide:bis-
acrylamide) in TAE 1×.    

  All the patient samples that are available for MRD studies are 
amplifi ed in triplicate; this allows the detection of tumor cells that 
are just at the limit of assay sensitivity ( see   Note 24 ).   

  Follicular lymphoma is characterized by the translocation t(14;18)
(q32;q21), in which the bcl-2 proto-oncogene, located on 
chromosome 18, is juxtaposed to the IgH locus on chromosome 
14 [ 22 ]. This rearrangement is detectable in up to 85 % of FCL 
patients and in 25 % of diffuse large-cell lymphomas. The 
translocation occurs most frequently in two molecular sites: the 

3.3.3  Bcl-2/IgH 
Rearrangement
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major breakpoint cluster region    (MBR); a restriction fragment of 
2.8 kb, within the 3′ untranslated region of the bcl-2 gene (70 % 
of patients) [ 23 ]; and the minor cluster region    (mcr), located 
20 kb downstream (10–15 % of patients) [ 24 ]. The clustering of 
the breakpoints at these two main regions and the availability of 
consensus IgH joining regions make this an ideal PCR target for 
the detection of lymphoma cells. Since there is a sequence diversity 
at the site of the breakpoint, the PCR product length, assessed by 
gel electrophoresis, dictates the specifi city for a specifi c patient. 

 The PCR reactions described below are used to identify the 
molecular marker as well as for MRD analysis. PCR reaction must 
include:

 –    A bcl-2/IgH positive sample to assess the sensitivity.  
 –   Healthy individuals’ DNA (polyclonal DNA) as a negative 

sample to assess the specifi city.  
 –   A “no-template” control sample to exclude contamination.    

  IgH/Bcl2 rearrangements cluster to specifi c Bcl2 breakpoint 
regions, with the majority of cases occurring in the MBR. The 
PCR protocol to analyze the presence of this rearrangement is as 
follows: 

  First PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× buffer 
Taq polymerase 5 μL; 20 mM MgCl 2  5 μL; MBR-2 (10 pmol/
μL) 1 μL; JH3 (10 pmol/μL) 1 μL ( see  Table  2  for primer 
sequences); Taq polymerase (0.2 μL); and sterile water for a 
fi nal volume of 50 μL ( see  Table  3  for representative scheme of 
PCR setup).   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 0.5–1 μg of DNA sample in each tube except in the “no- 

template” control sample.   
   4.    Amplifi cation profi le: 

  First step : 94 °C 3 min; 55 °C 1 min; 72 °C 1 min. 
  Second step x 30 cycles : 94 °C 1 min; 55 °C 1 min; 72 °C 1 min. 
  Third step : 72 °C 7 min ( see   Note 3 ).    

   Second PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× DNA 
polymerase buffer 5 μL; 20 mM MgCl 2  5 μL; MBR-3 
(10 pmol/μL) 1 μL; JH4 (10 pmol/μL) 1 μL ( see  Table  2  for 
primer sequences); Taq DNA polymerase 0.2 μL; and sterile 
water for a fi nal volume of 50 μL ( see  Table  3  for representative 
scheme of PCR setup).   

 Bcl-2 MBR Nested PCR
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   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 5 μL of fi rst-PCR product ( see   Note 16 ).   
   4.    Amplifi cation profi le: 

  First step : 94 °C 3 min; 58 °C 1 min; 72 °C 1 min. 
  Second step x 30 cycles : 94 °C 1 min; 58 °C 1 min; 72 °C 1 min. 
  Third step : 72 °C 7 min ( see   Note 3 ).   

   5.    Run 10 μL of PCR product (with 1 μL of loading buffer) and 
10 μL of molecular weight marker (with 1 μL of loading buf-
fer) on a 2 % agarose gel stained with ethidium bromide 
(0.5 μg/mL) or fl uorescent nucleic acid gel stain (e.g., Lonza 
GelStar™ Gel Stain 10,000×) in TBE 1× and visualize under 
UV. Expected size: bcl-2 MBR → 130 ± 50–80 bp. All patient 
samples available for MRD studies are amplifi ed in triplicate; 
this allows the detection of tumor cells that are just at the limit 
of assay sensitivity ( see   Note 24 ).    

    In addition to the breakpoint located in the MBR the mcr should 
be analyzed as follows: 

  First PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× buffer 
Taq DNA polymerase 5 μL; 20 mM MgCl 2  5 μL; mcr-2 
(10 pmol/μL) 1 μL; JH3 (10 pmol/μL) 1 μL ( see  Table  2  for 
primer sequences); Taq DNA polymerase 0.2 μL; and sterile 
water for a fi nal volume of 50 μL.   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 0.5–1 μg of DNA sample in each tube except the no- 

template control sample.   
   4.    Amplifi cation profi le: 

  First step : 94 °C 3 min; 58 °C 1 min; 72 °C 1 min. 
  Second step x 30 cycles : 94 °C 1 min; 58 °C 1 min; 72 °C 1 min. 
  Third step : 72 °C 10 min ( see   Note 3 ).    

   Second PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× buffer 
Taq polymerase 5 μL; 20 mM MgCl 2  5 μL; mcr-3.1 (10 pmol/
μL) 1 μL; JH4 (1 pmol/μL) 1 μL ( see  Table  2  for primer 
sequences); Taq DNA polymerase 0.2 μL; and sterile water for 
a fi nal volume of 50 μL ( see  Table  3  for representative scheme 
of PCR setup).   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 5 μL of fi rst-PCR product ( see   Note 23 ).   
   4.    Amplifi cation profi le: 

 Bcl-2 mcr Nested PCR
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  First step : 94 °C 3 min; 60 °C 1 min; 72 °C 1 min. 
  Second step x 30 cycles : 94 °C 1 min; 60 °C 1 min; 72 °C 1 min. 
  Third step : 72 °C 10 min ( see   Note 3 ).   

   5.    Run 10 μL of PCR product (with 1 μL of loading buffer) and 
10 μL of molecular weight marker (with 1 μL of loading buf-
fer) on a 2 % agarose gel stained with ethidium bromide 
(0.5 μg/mL) or fl uorescent nucleic acid gel stain (e.g., Lonza 
GelStar™ Gel Stain 10,000×) in TBE 1× and visualize under 
UV. Expected size: bcl-2 mcr → 550–600 ± 50–80 bp. All 
patient samples available for MRD studies are amplifi ed in trip-
licate; this allows the detection of tumor cells that are just at 
the limit of assay sensitivity ( see   Note 24 ).    

     MCL is characterized by the t(11;14)(q13;q32) translocation, in 
which the bcl-1 gene on chromosome 11 is juxtaposed to the IgH 
locus on chromosome 14; the t(11;14) is detected by cytogenetic 
or Southern blot analysis in the vast majority of MCL patients (70–
100 %) [ 14 ]. Breakpoints on chromosome 11 have been found 
dispersed over more than 100 kb of genomic DNA; the major 
translocation cluster (MTC) contains approximately 30–50 % of 
these translocations, and it is a suitable target for PCR amplifi cation. 
Because of this large breakpoint area less than 30 % of MCL patients 
have a rearrangement that is detectable by PCR. 

 The PCR reactions described below are used to identify the 
molecular marker as well as for MRD analysis ( see   Note 7 ). They 
must include:

 –    A bcl-1/IgH MTC positive sample to assess the sensitivity.  
 –   Healthy individuals’ DNA (polyclonal DNA) as a negative 

sample to assess the specifi city.  
 –   A no-template control sample to exclude any possible 

contamination.    

   First PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× buffer 
Taq DNA polymerase 5 μL; 15 mM MgCl 2  5 μL; P2 (10 pmol/
μL) 1 μL; JH3 (10 pmol/μL) 1 μL ( see  Table  2  for primer 
sequences); Taq DNA polymerase 0.2 μL; and sterile water for 
a fi nal volume of 50 μL.   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 0.5–1 μg of DNA sample in each tube out of no-template 

control sample.   
   4.    Amplifi cation profi le: 

  First step x 33 cycles : 94 °C 1 min; 58 °C 30 s; 72 °C 30 s. 
  Second step : 72 °C 7 min ( see   Note 3 ).    

3.3.4  Bcl-1/IgH 
Rearrangement

 Bcl-1/IgH MTC Nested PCR
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   Second PCR amplifi cation 

    1.    Reaction mix (×  n  samples + 1): dNTPs 2 mM 5 μL; 10× Buffer 
Taq polymerase (Applied Biosystems, Warrington, UK) 5 μL; 
15 mM MgCl 2  5 μL; P4 (10 pmol/μL) 1 μL; JH3 (10 pmol/
μL) 1 μL ( see  Table  2  for primer sequences); Taq DNA 
 polymerase 0.2 μL; and sterile water for a fi nal volume of 50 μL 
( see  Table  3  for representative scheme of PCR setup).   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 2 μL of fi rst-PCR product ( see   Note 23 ).   
   4.    Amplifi cation profi le: 

  First step x 30 cycles : 94 °C 1 min; 58 °C 30 s; 72 °C 30 s. 
  Second step : 72 °C 7 min ( see   Note 3 ).   

   5.    Run 10 μL of PCR product (with 1 μL of loading buffer) and 
10 μL of molecular weight marker (with 1 μL of loading buf-
fer) on a 2 % agarose gel stained with ethidium bromide 
(0.5 μg/mL) or fl uorescent nucleic acid gel stain (e.g., Lonza 
GelStar™ Gel Stain 10,000×) in TBE 1× and visualize under 
UV. Expected size: 250–350 bp. All patient samples available 
for MRD studies are amplifi ed in triplicate; this allows the 
detection of tumor cells that are just at the limit of assay sensi-
tivity ( see   Note 24 ).    

      Currently, most clinical trials for lymphoid and myeloid malignancies 
tend to include MRD detection by real-time quantitative PCR 
(RQ-PCR) [ 1 ,  25 – 27 ]. It is still a matter of debate whether older 
qualitative approaches based on nested PCR should be considered 
to be obsolete or if they might still have a role together with 
RQ-PCR. Nested PCR is probably more sensitive as higher 
amounts of DNA can be tested in each reaction and it is less 
expensive [ 20 ]. On the other hand, RQ-PCR has the advantage 
not only of being able to quantify the amount of residual tumor 
cells but also of ensuring a lower risk of contamination, so it is 
defi nitely more suitable for standardization programs. 

 As for qualitative PCR-based analysis, several targets are avail-
able for MRD detection in lymphoid and plasma cell malignancies. 
The two main MRD-PCR target categories are (1) rearrangements 
of Ig and/or TCR genes and (2) breakpoint fusion regions of 
chromosome aberrations and fusion gene transcripts. RQ-PCR- 
based MRD detection using tumor-specifi c primers derived from 
the IgH variable region is an established disease-monitoring tool 
with high predictive value in MCL and MM. It is highly sensitive 
and has been standardized in the context of international coopera-
tive groups such as the European Scientifi c Foundation for 
Laboratory Hemato-oncology (ESLHO). 

 Although different equipment and techniques can be utilized 
for real-time PCR-based quantitative MRD monitoring [ 28 ], here 

3.4  Real-Time 
Quantitative PCR
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we present in detail the most common strategy. This strategy utilizes 
a hydrolysis probe approach on a high-throughput instrument for 
absolute quantifi cation of the tumor genomes (number). The 
hydrolysis probe approach is based on the 5′ exo-nuclease activity 
of the Taq polymerase and requires the synthesis of three oligo-
nucleotides: one forward primer, one reverse primer, and one 
probe. The probe is labelled at the 5′ end with reporter fl uoro-
chrome (e.g., 6-carboxyfl uorescein [6-FAM]) and at the 3′ end 
with a quencher fl uorochrome (e.g., 6-carboxy-tetramethyl- 
rhodamine [TAMRA]). This oligonucleotide is designed to be 
inside the amplicon between the two primers in order to be cleaved 
by the Taq polymerase 5′ exo-nuclease activity during the amplifi -
cation. As a result of this cleavage reporter fl uorochrome is sepa-
rated from quencher and the fl uorescence can be detected by the 
instrument. Specifi c PCR product quantity can thus be detected as 
the reaction proceeds ( see   Note 25 ). 

 In lymphomas with chromosomal translocations as tumor 
markers, consensus primers and probes, suitable for a large number 
of patients, can be used to target the specifi c translocation [ 29 ]. 
A TaqMan system (primer pair and fl uorogenic probe) for quanti-
fi cation of the bcl-2-MBR rearrangement is detailed in Table   4  .

   When the molecular marker is based on the IgH gene rear-
rangement, the target gene is unique for each patient; thus, the 
TaqMan system should be designed on each IgH sequence. For 
this purpose different strategies have been proposed. In the “ASO 
probe approach” the probe is positioned in the CDR3 region of 
the IgH gene rearrangement, and therefore it is specifi c for each 
patient, while the forward and reverse primer are designed in VH 
and JH germline sequences, respectively. Since patient-specifi c 
probes are expensive and time consuming, assays based on a  limited 

       Table 4  
  Primers and probes for real-time polymerase chain reaction   

  BCL-2 MBR  

 Forward primer  5′-CTATGGTGGTTTGACCTTTAGAGAG-3′ 

 Reverse primer  5′-ACCTGAGGAGACGGTGACC-3′ 

 Probe  5′-FAM-CTGTTTCAACACAGACCCACCCAGAC- 
TAMRA-3′ 

  GAPDH  

 Forward primer  5′-CAAAGCTGGTGTGGGAGG-3′ 

 Reverse primer  5′-CTCCTGGAAGATGGTGATGG-3′ 

 Probe  5′-VIC-CAAGCTTCCCGTTCTCAGCC-TAMRA-3′ 
   MBR  major breakpoint cluster region,  GAPDH  glyceraldehyde-3-phosphate 
dehydrogenase  
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number of probes designed within FR3 region have been devel-
oped [ 30 ]. In this case (called the ASO primer approach), the spec-
ifi city is given by forward and reverse primers, which are located in 
the VH and CDR3 segments, respectively. As an alternative, the 
forward primer can be positioned in the CDR3 region and the 
reverse primer and probe within the JH segment. The ASO primer 
approach has the advantage that it is much cheaper as no patient-
specifi c probes need to be ordered. For the guidelines to be fol-
lowed for the design of the ASO primer, refer to Subheading  3.3.2.4 . 
Consensus probes are not a fi xed panel, and different authors sug-
gest their own panel [ 29 ]. Consensus probes allow the amplifi ca-
tion of a large proportion of IgH sequences [ 29 ]. These probes 
can easily tolerate one and often two mismatches, provided that 
the fi rst 5′ base is homologous. Historically, probes were preferen-
tially chosen from the reverse strand, but now both sense and anti-
sense probes are used as required. Additional probes might be 
designed if required. For primer and probe design, several software 
are available (e.g., Primer Express ® , Applied Biosystems, 
Warrington, UK). The following parameters should however be 
always satisfi ed: probe melting temperature 10 °C higher than the 
primers, primer melting temperature between 58 and 60 °C, 
amplicon size between 50 and 150 bp, no 5′ G residue, and no 
more than three consecutive G residues. 

   In order to determine the sensitivity of the RQ-PCR assay and the 
specifi city of a designed ASO primer or probe, serial dilutions of the 
diagnostic sample should be used. Like in all other PCR analyses, 
appropriate negative and positive controls should be used in 
RQ-PCR analysis. Negative controls generally include “no- template” 
controls (e.g., water), “no-amplifi cation” controls (no  Taq  
polymerase added), and negative controls for the PCR target (DNA 
without the PCR target). Perform the experiments as follows:

    1.    Obtain the cells (either BM or PB cells depending on the type 
of disease as discussed in Subheading  3.3.1 ), extract the DNA, 
quantify, and store if necessary as described in Subheadings  3.1  
and  3.2 . To generate the standard curve, dilute the diagnostic 
DNA sample into a pool of DNA from 5 to 10 samples of nor-
mal PB mononuclear cells.   

   2.    Perform an RQ-PCR reaction using the 10 −1 –10 −5  dilutions in 
duplicate as well as the normal control DNA in triplicate and 
water as a negative control in duplicate (300 ng DNA are used 
per well) 1. Reaction mix (per number of samples +1): TaqMan 
Universal PCR Master Mix (Applied Biosystems, Warrington, 
UK) 12.5 μL; 1 μL of each primer (10 pmol/μL); 1 μL of 
probe (15 pmol/μL) ( see  Table  4  for primer and probe 
sequences); and sterile water to a fi nal volume of 25 μL 
( see  Table  5  for representative scheme of RQ-PCR setup).

3.4.1  Assessing the 
Sensitivity and Specifi city 
of RQ-PCR
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       3.    Aliquot PCR reaction mix in each tube.   
   4.    Add 300 ng in 10 μL of DNA sample in each tube except the 

no-template control sample.   
   5.    Amplifi cation profi le: 

  First step : 50 °C 2 min. 
  Second step : 95 °C 10 min. 
  Third step  ( for 42 cycles ): 95 °C 15 s; 60 °C 1 min.   

   6.    Analyze the RQ-PCR data using appropriate software.   
   7.    The threshold of the RQ-PCR assay should always be set in the 

region of exponential amplifi cation across all amplifi cation 
plots. This region is depicted in the log view of amplifi cation 
plots as the portion of the curve that is linear. Often the thresh-
old automatically determined by the instrument software can 
be used. However, if the threshold appears to be positioned 
outside the linear part of the amplifi cation curves, adjustments 
may be made [ 26 ].   

   8.    Construct the standard curve by plotting the logarithmic value 
of the dilution series against the cycle threshold ( C  T ) obtained. 
If tenfold dilutions are used, the slope of the standard curve 
should be −3.3 (−3.0, −3.9) with a correlation coeffi cient 
>0.98. In order to normalize patient samples for DNA quality 
and quantity, a control gene must be included in every  real-time 
PCR analysis. The glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) is often used as reference standard ( see  Table  4 ), but 
other genes, such as β-actin, β-globin, Abelson, RNase P, albu-
min genes, can be chosen as well.    

    Obtain the cells (either BM or PB cells depending on the type of 
disease as discussed in Subheading  3.3.1 ), extract the DNA, 
quantify, and store if necessary as described in Subheadings  3.1  and 

3.4.2  MRD Analysis 
During Follow-Up

    Table 5  
  Representative quantitative PCR protocol   

 Initial 
concentration 

 Final 
concentration 

 Final volume/25 μL 
reaction 

 PCR Universal Master Mix  2×  1×  12.5 μL 

 Template DNA  30 ng/μL  300 ng  10 μL 

 Forward primer  10 μM  10 μM  1 μL 

 Reverse primer  10 μM  10 μM  1 μL 

 Probe  15 μM  2.4 μM  0.16 μL 

 dH 2 O  Up to 25 μL 
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 3.2 . Be sure to extract enough DNA to perform all MRD RQ-PCR 
analysis of the IgH targets or chromosomal translocations as well 
as the RQ-PCR analysis of the control gene necessary to normalize 
samples for DNA quality and quantity. These reactions must be 
performed using exactly the same DNA sample in identical reaction 
volumes and using identical amounts. 

 For each MRD-PCR target, analyze the dilution series (10 −1 –
10 −5 ; as in Subheading  3.5.1 ) of the diagnostic DNA (30 ng/μL) 
in duplicate, the follow-up samples (30 ng/μL) in triplicate, nor-
mal control DNA in triplicate, and no template as a negative con-
trol in triplicate. 

 RQ-PCR is conducted as follows:

    1.    Reaction mix (×  n  samples + 1): TaqMan Universal PCR Master 
Mix (Applied Biosystems, Warrington, UK) 12.5 μL; 1 μL of 
each primer (10 pmol/μL); 1 μL of probe (15 pmol/μL) ( see  
Table  4  for primer and probe sequences); and sterile water to a 
fi nal volume of 25 μL ( see  Table  5  for representative scheme of 
RQ-PCR setup).   

   2.    Aliquot PCR reaction mix in each tube.   
   3.    Add 300 ng in 10 μL of DNA sample in each tube except the 

no-template control sample.   
   4.    Amplifi cation profi le: 

  First step : 50 °C 2 min. 
  Second step : 95 °C 10 min. 
  Third step  ( for 42 cycles ): 95 °C 15 s; 60 °C 1 min.   

   5.    Analyze the RQ-PCR data using appropriate software.   
   6.    The threshold of the RQ-PCR assay should always be set in the 

region of exponential amplifi cation across all amplifi cation 
plots. This region is depicted in the log view of amplifi cation 
plots as the portion of the curve that is linear. Often the thresh-
old automatically determined by the instrument software can 
be used. However, if the threshold appears to be positioned 
outside the linear part of (some of) the amplifi cation curves, 
adjustments may be made [ 26 ]. The MRD value is calculated 
as the mean of triplicates of target gene divided by the mean of 
triplicates of GAPDH as control gene. For defi ning the sensi-
tivity, several criteria (including reproducibility of the measure-
ment, the difference between specifi c and nonspecifi c 
amplifi cation, slope and correlation coeffi cient of the standard 
curve) should be taken into account as clearly outlined by van 
der Velden [ 28 ]. Calculation of MRD levels is based on com-
parative  C  T  analysis between follow-up samples and standards 
in ASO and GAPDH PCRs. MRD values were specifi ed in 
relation to target copy number in the diagnostic sample and 
according to the 2007 guidelines of the European Study 
Group on MRD detection in ALL [ 28 ].       
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  Recently, novel protocols to monitor MRD based on deep 
sequencing have been proposed [ 31 ,  32 ]. IgH-based next-generation 
sequencing (NGS) allows to identify clonal rearrangements in 
diagnostic samples and enables their tracking during therapy. The 
assay was shown to be precise, quantitative, and sensitive when 
applied to patients with B-lineage acute lymphoblastic leukemia 
(ALL) and CLL (this assay allows monitoring of all rearrangement 
regardless of their prevalence at diagnosis, thus providing an 
interesting tool to the study of clonal evolution which is particularly 
relevant in multiple myeloma). The wide applicability of this approach 
using consensus primers without the need for any patient 
customization is a signifi cant development and will increase the 
availability of MRD quantifi cation in patients with B-cell malignancies 
undergoing SCT.   

4     Notes 

     1.    A 2 mM stock of dNTPs (dATP, dCTp, dGTP, and dTTP) in 
ddH 2 O is used. We fi nd that this more dilute stock offers 
greater control, as minor variations in pipetting 10 mM dNTP 
stock can affect the fi nal dNTP concentration, which in turn 
can infl uence the free Mg 2+  concentration and the fi delity of 
the reaction.   

   2.    Most commercially available thermostable DNA polymerases 
include a 10× PCR buffer, usually containing minor variations 
of 100 mM Tris–HCl, 500 mM KCl, pH 8.4–9.0. However, 
users should be aware that different companies may employ 
different solvent formulations, which can in turn affect strin-
gency and specifi city.   

   3.    Most commercially available thermostable DNA polymerases 
are suitable. In case a hot start enzyme is used, a fi rst step 
(94 °C 10 min) is required in each amplifi cation reaction in 
order to activate the enzyme; this is recommended as it mini-
mizes the binding of primers to each other or at nonhomolo-
gous locations in the target DNA.   

   4.    Ethidium bromide is a known mutagen and suspected carcino-
gen. When handling, gloves should be worn at all times, and 
appropriate care should be taken to avoid skin contact. Avoid 
adding ethidium bromide to very hot agarose in order to limit 
exposure to toxic vapors: cool hot agarose to 60 °C in a water 
bath with constant stirring, and then add ethidium bromide.   

   5.    Ficoll solution and DPBS should be at room temperature. Use 
of whole lysed cell material is not recommended because inhib-
itors of PCR amplifi cation such as hemoglobin are present.   

3.5  Next-Generation 
Sequencing for (MRD) 
Detection Using the 
Immunoglobulin Heavy 
Chain Variable Region
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   6.    Preparation of blood with EDTA is best to isolate DNA and 
RNA (heparin makes complexes with DNA). However, in our 
experience, the use of heparin tubes is a realistic option, imply-
ing that heparinized PB and BM samples that are collected for 
fl ow cytometric or cytogenetic evaluation can also be used for 
PCR evaluation as well.   

   7.    The more diluted the blood sample, the better the purity of 
the mononuclear cells after separation.   

   8.    The blood must remain on top of the Ficoll solution. Do not 
mix.   

   9.    This would prevent mixing of the two phases resulting in a 
poor-quality cell isolation.   

   10.    For removal of platelets resuspend the cell pellet in 50 mL 
DPBS and centrifuge at 200 ×  g  for 15 min at 20 °C. Most 
platelets will remain in the supernatant upon centrifugation at 
200 ×  g .   

   11.    For DNA extraction other methods can be used, like phenol/
chloroform DNA precipitation that provides the same DNA 
quality and quantity, but it is more time consuming. One 
should be aware that phenol–chloroform-based extraction 
methods generally give rise to high-molecular-weight DNA 
which is hard to pipet in a reproducible way. Several other 
methods have been proposed such as commercial kits for DNA 
extraction. The use of kits offers a low risk of manipulation, 
and they are faster than conventional protocols, but the amount 
of DNA recovered from the commercial kits is highly variable 
(   Loffl er et al. 1997). DNA precipitation by means of DNA-
binding columns (e.g., Nucleospin ® , BD Biosciences, France) 
is particularly useful when less than 5 × 10 6  cells are available 
although very recently a standardized protocol for DNA isola-
tion from low cell numbers down to 1,000 cells has been pro-
posed for chimerism studies [ 33 ]. cDNA can also be used as a 
template. cDNA sample preparation requires RNA isolation 
followed by reverse transcription; the acid guanidinium method 
or commercially available reagents such as Trizol (Invitrogen) 
are both adequate for RNA isolation, and reverse transcriptase 
kits such as Superscript III (Invitrogen) are suffi cient for cDNA 
generation, with the methodology performed as directed by 
the manufacturer’s protocols.   

   12.    Archival paraffi n-embedded BM or lymph node slides that had 
been prepared for diagnosis may serve as a source of DNA for 
PCR-based MRD detection. In case of paraffi n-embedded tis-
sues, the following protocol can be used:

 ●    Cut 30 μm sections of formalin-fi xed paraffi n samples into 
Eppendorf tubes, add 1 mL of xylene to two sections, and 
incubate at 37 °C in water bath for 15 min.  
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 ●   Spin down for 3 min at 10,000 ×  g .  
 ●   Discard the supernatant, and resuspend the pellet with 

1 mL of xylene, repeating all the steps described above.  
 ●   Add 1 mL of 100 % ethanol, mix, and incubate at RT for 

15 min.  
 ●   Spin for 5 min at 10,000 ×  g , and discard the supernatant.  
 ●   Allow the pellet to dry on air.  
 ●   Resuspend the dried pellet in proteinase K buffer (50 mM 

Tris pH 8, 1 mM EDTA, 0.5 % Tween 20), and add 
0.4 mg/mL proteinase K.  

 ●   Incubate at 55 °C overnight; repeat the above digestion 
steps until the tissue is fully dissolved.  

 ●   Add an equal volume of buffer-saturated phenol, and mix 
by inversion.  

 ●   Spin for at least 5 min at 10,000 ×  g  in microcentrifuge, 
and then transfer the aqueous layer to a new tube.  

 ●   Add an equal volume of phenol:chloroform:isoamyl alco-
hol (25:24:1), shake gently, incubate for 10 min at RT, 
and then spin down for 5 min at 10,000 ×  g .  

 ●   Collect the supernatant into new Eppendorf tubes and 
precipitate with 2 volumes of 100 % ethanol and 1/10 vol-
ume of 3 M Na acetate pH 8.2.  

 ●   Spin for 10 min at 10,000 ×  g .  
 ●   Wash the pellet with 70 % ethanol and spin for 10 min at 

10,000 ×  g ; discard the supernatant.  
 ●   Air-dry the pellet and dissolve in 25 μL of water or TE buf-

fer before quantitation.      
   13.    For small quantities of DNA, measurement using a Nanodrop 

spectrophotometer is preferred. The Nanodrop is a cuvette- 
free spectrophotometer. It uses just 1 μL of sample and is accu-
rate from 5 up to 3,000 ng/μL. Although spectrophotometry 
is most commonly used, it can be unreliable and inaccurate. 
Fluorometric quantitation generates more accurate and precise 
results across a lower concentration range than those obtained 
by UV absorbance measurements. Due to this accuracy and 
precision, fl uorescent quantitation of nucleic acids is recom-
mended in the MIQE (Minimal Information for Publication of 
Quantitative Real-Time PCR Experiments) Guidelines [ 34 ].   

   14.    CD138 is expressed on normal and malignant human plasma 
cells and commonly used as a universal marker for their identi-
fi cation and isolation. The isolation of highly pure CD138 +  
plasma cells from the bone marrow blood of multiple myeloma 
patients can be obtained using immunomagnetic separation 
procedures such as the one developed by Miltenyi Biotec as 
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described in   http://www.miltenyibiotec.com/download/
protocols_cellsep_special_en/1400/SP_Isolation_of_
CD138_plasma_cells.pdf    .   

   15.    The PCR mix is set up in the “PCR area,” and, in order to 
avoid contamination, DNA is added on a different bench and 
with dedicated instruments (use always sterilized aerosol- 
resistant tips); PCR machines and PCR products are located in 
the “post-PCR area”; for nested PCR, fi rst-PCR product 
amplifi cation is added in this room.   

   16.    Tubes combining each of the forward primer (derived from 
the FR1 region and the Leader region, Table  1 ) and the reverse 
primer (JHD, Table  1 ) must be set up. Given the high number 
of tubes, it is recommended to perform the amplifi cation reac-
tion using fi rst the VH/FS forward primers followed by the 
VH/LS primers and then set up a new experiment with the 
remaining primers to avoid contaminations and confusion. In 
order to limit the number of PCR tubes per locus, multiplex-
ing of PCR primers can be used as proposed by the BIOMED-2 
consortium [ 21 ].   

   17.    When treating PCR product volumes greater than 5 μL, simply 
increase the amount of ExoSAP-IT reagent proportionally.   

   18.    When the sequence quality does not allow a complete reading 
of CDR regions, the PCR product can be cloned with TA 
cloning kit. Plasmid DNAs are isolated by miniprep, and, after 
restriction enzyme analysis, those containing the insert are 
sequenced (the IgH rearrangement of the tumor clone is 
found if at least 60 % of 15–20 sequenced plasmid DNAs have 
the same insert).   

   19.    Avoid primers that can fold and anneal against themselves or 
with other copies of themselves or with the reverse primer; 
avoid more than three adjacent G or C.   

   20.    These software for the design of appropriate primers include 
Primer3: WWW primer tool (available for use as an online tool 
  http://frodo.wi.mit.edu/primer3/input.htm     and freely avail-
able for download), a very powerful PCR primer design pro-
gram permitting one considerable control over the nature of 
the primers, including size of product desired, primer size and 
Tm range, and presence/absence of a 3′-GC clamp or Primer- 
BLAST developed at NCBI to help users make primers that are 
specifi c to the input PCR template. It uses   Primer3     to design 
PCR primers and then submits them to BLAST search against 
user-selected database. The blast results are then automatically 
analyzed to avoid primer pairs that can cause amplifi cation of 
targets other than the input template.   

   21.    The primers should allow the generation of a very distinct 
band. Unfortunately especially with CLL samples, the  presence 
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of an unmutated IgH sequence gives problems in generating 
primers that satisfy this requirement. The generation of multi-
ple products is often caused by poor melting temperature ( T  m ) 
estimations and improper annealing conditions, in response to 
which many different methods have been suggested to increase 
the specifi city of the reaction, ranging from the addition of 
additives to the reaction mix (e.g., DMSO, formamide, beta-
ine, and others) to variations in salt concentration and altering 
the annealing temperature. In our experience, touchdown 
(TD) PCR offers a simple and rapid means to optimize PCRs, 
increasing specifi city, sensitivity, and yield, without the need 
for lengthy optimizations and/or redesigning of primers. The 
key principle in TD-PCR is to employ successively lower 
annealing temperatures, beginning fi rst with an annealing tem-
perature above the projected  T  m  and then transitioning to a 
lower, more permissive temperature over the course of 10–15 
cycles. This protocol also has the potential to largely overcome 
the problems associated with high annealing temperatures 
required for some primer–template combinations and is par-
ticularly useful for diffi cult-to- amplify templates. The only 
inherent limitation of the technique is that it is not suitable for 
quantitative assessment of target concentration by real-time 
PCR approaches.   

   22.    A useful online tool for  T  m  calculation and oligonucleotide 
properties is OligoCalc (  http://www.basic.northwestern.
edu/biotools/oligocalc.html    ), which offers basic, salt- 
adjusted, and nearest-neighbor  T  m  estimations. However, 
despite the utility of OligoCalc, users should be aware that it 
still suffers from the limitations inherent in  T  m  estimations 
mentioned previously. Regardless of the method used, it is 
important to calculate  T  m  in the same manner every time to 
achieve consistent results.   

   23.    To avoid contamination during the nested-PCR reactions, use 
dedicate instruments (pipette and tips); keep each tube capped 
except when adding each respective fi rst-PCR product; start 
adding PCR product from negative samples, patient sample, 
and, at the end, positive control sample (it is advisable to 
respect this order in all the PCR amplifi cations).   

   24.    In order to avoid false-negative results, all the MRD-negative 
samples must be tested with PCR amplifi cation of a gene 
located on a chromosome not frequently involved in the malig-
nancy, e.g., β-actin.   

   25.    Other probe formats can also be used [ 28 ]. The use of nonspe-
cifi c dyes, such as SYBR Green I, should be avoided since this 
limits the sensitivity.         
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    Chapter 13   

 Molecular Methods for Detection of Invasive Fungal 
Infections and Mycobacteria and Their Clinical 
Signifi cance in Hematopoietic Stem Cell Transplantation 

           Pinar     Yurdakul      and     Sule     Colakoglu   

    Abstract 

   Infection remains an important source of morbidity and mortality in patients who undergo hematopoietic 
stem cell transplantation (HSCT). In the immune reconstitution period after transplantation, HSCT recip-
ients are most likely to have bacterial or fungal infections. Invasive fungal infections (IFIs) and mycobacte-
rial infections (MBIs) are among the complications of HSCT, with high morbidity and mortality rates. 
Early diagnosis of both is crucial in order to manipulate the disease and to avoid fulminant outcomes. This 
chapter reviews the current knowledge on the molecular diagnosis of IFIs and MBIs in HSCT recipients, 
describing two different polymerase chain reaction (PCR)-based methods, one commercial (qPCR, Roche) 
and one  in-house IS 6110-based protocol.  

  Key words     Hematopoietic stem cell transplantation  ,   Aspergillosis  ,   Candidiasis  ,   Mycobacteria  , 
  Tuberculosis  ,   Nucleic acid amplifi cation tests  ,   qPCR  ,    IS 6110  

1      Introduction 

 Infections are the most important cause of morbidity and mortality 
in patients undergoing hematopoietic stem cell transplantation 
(HSCT). Invasive fungal infections (IFIs) and mycobacterial infec-
tions (MBIs) are amongst important complications of HSCT, 
developing more commonly in allogeneic than in autologous 
HSCT recipients [ 1 – 4 ]. 

 Invasive aspergillosis (most commonly  Aspergillus fumigatus ) 
is the most common cause of IFIs in HSCT patients, followed by 
invasive candidiasis (IC) (most commonly  Candida glabrata ). 
 Zygomycete  group is also found increasingly, among others. The 
risk of having IFIs in HSCT hosts can be 3.4 % or higher under 
certain circumstances [ 1 – 4 ]. 
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  Mycobacterium tuberculosis  complex 1  (MTC) or  nontuberculous 
mycobacteria (NTM) 2  are commonly responsible for MBIs, gener-
ally occurring as late complications in HSCT patients [ 5 – 10 ]. The 
incidence of MBI including NTM among HSCT recipients was 
reported to range between 0.6 and 8.7 % with increasing number 
of reported cases [ 5 ,  7 ,  10 – 13 ]. 

  IFIs are of the major causes of morbidity and mortality after HSCT. 
The high mortality rates associated with documented IFIs are 
mainly attributed to diffi culty of diagnosis retarding the initiation of 
treatment. In 1980s, candida infections mainly caused by  Candida 
albicans  ( C. albicans ) were recognized as common during early 
post-HSCT. The introduction of fl uconazole (FLCZ) prophylaxis 
has reduced the overall attack rate of IC and also caused a shift to 
FLCZ-resistant  C. glabrata  and  C. krusei . Mold infections, caused 
especially by  Aspergillus  spp., have been increasingly encountered, 
and other molds including  Zygomycetes ,  Fusarium  spp., and 
 Scedosporium  spp. have emerged during late 1990s [ 14 – 17 ].  

  Early diagnosis of infection and early initiation of therapy are cru-
cial for controlling the progress of this infection and reduce mor-
tality. Therefore, all diagnostic approaches primarily aim at an early 
confi rmation of the infection. A consensus group of the European 
Organization for Research and Treatment of Cancer/Invasive 
Fungal Infections Cooperative Group (EORTC) and the National 
Institute of Allergy and Infectious Diseases Mycoses Study Group 
(MSG) published standard defi nitions for clinical and epidemio-
logical research on IFIs that develop in patients with cancer and 
HSCT. The defi nitions retain the classifi cation of “proven,” “prob-
able,” and “possible” IFI. A defi nite diagnosis of proven IFI 
requires histological and/or cultural evidence, from tissue biopsies 
or normally sterile body fl uid. However, these criteria may not be 
applicable at early stages of infection. The decision to start antifun-
gal therapy in HSCT patients is mostly based on clinical criteria 
such as antibiotic-refractory fever and/or pulmonary symptoms 
with detection of pulmonary infi ltrates by chest X-ray and/or com-
puted tomography (CT). The current methods for diagnosing IFIs 
include assessment of clinical signs and symptoms, mycological 
examination by microscopy, and cultural as well as non-cultural 
techniques, such as antigen tests and molecular methods, imaging 
techniques, endoscopic methods, and cytology and/or histological 
examination of biopsy material [ 4 ,  18 ,  19 ].  

1
   M. tuberculosis ,  M. africanum ,  M. microti ,  M. canetti , and  M. bovis  including 

bacillus Calmette–Guerin (BCG) group. 
2
   Most commonly encountered species in HSCT:  M. fortuitum ,  M. chelonae , 

 M. abscessus , and  M. avium  complex; for more detailed information on NTM, 
 see  ref.  6 . 
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  The introduction of molecular methods into clinical laboratory has 
led to signifi cant advances in the diagnosis of infectious diseases, 
including those caused by fungi [ 19 ]. These methods were 
expected to overcome the low sensitivity and specifi city of conven-
tional phenotypic tests to provide early diagnosis, leading to earlier 
adapted antimicrobial treatment, with potential reduction in mor-
tality and morbidity rates [ 20 ]. 

 Nucleic acid amplifi cation techniques (NAATs) are the most 
often used molecular methods for detecting pathogenic fungi. 
Until recently, there has been no standardized or clinically vali-
dated method for most fungi. As a consequence, each investigator 
has developed his/her own method, and the lack of standardized 
methods has made it diffi cult to evaluate the utility of these tech-
niques for routine use. Since the molecular diagnosis of fungi is 
neither a standardized nor a widely available diagnostic tool, it is 
still not included in the guidelines for diagnosis of IFIs in hematol-
ogy and oncology [ 4 ,  18 ,  20 ]. 

 In recent years, quantitative real-time polymerase chain reaction 
(PCR) (qPCR) technologies have become the method of choice in 
molecular diagnosis of IFI. Unfortunately, there is no consensus on 
other aspects, including DNA extraction technique, genetic targets, 
and specifi c amplifi cation chemistry. Depending on the target gene, 
molecular assays (from blood and bronchoalveolar lavage [BAL]) 
demonstrate high specifi city (81–100 %) [ 21 ,  22 ]. The sensitivity of 
the assays has been highly variable (0–100 %) [ 23 ,  24 ] because of 
several factors, including type of disease, choice of clinical sample 
type, DNA extraction method, format of PCR, PCR target gene, 
study design, and size of population studied [ 20 ,  25 ,  26 ]. 

 Molecular studies for detecting fungal DNA have focused 
mainly on two approaches: (1) detection of genus-specifi c single- 
copy genes or (2) detection of multiple-copy genes identifi able in 
almost all fungal species. Amplifi cation of a gene with several hun-
dred copies improves PCR assay sensitivity compared to that of 
tests amplifying single-copy genes. Most PCR assays, the so-called 
panfungal PCR, have targeted the multicopy rRNA (18S rRNA or 
28S rRNA genes) or mitochondrial genes, followed by hybridiza-
tion with species-specifi c probes, hybridization to a DNA microar-
ray, or direct nucleic acid sequencing [ 4 ,  20 ]. 

 The main advantage of a panfungal strategy is that the strategy 
tolerates changes in the spectrum of emerging molds and yeasts. 
The potential disadvantage of panfungal assays is an increased risk 
of detecting non-relevant DNA, since there are numerous mold 
species in the environment, as well as various enzymes and reagents 
used in the laboratory tests. Also, panfungal assays would not be 
able to amplify all the putative pathogenic fungi with similar yields. 
The challenge seems even more sound in cases with mixed fungal 
infections. In such cases, only the most prevalent DNA may be 
detected, not always the most relevant one in terms of tissue dam-
age or treatment [ 20 ]. 

1.3  Molecular 
Diagnosis of IFIs 
by Nucleic Acid 
Amplifi cation 
Techniques
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 When the etiological agents being targeted are limited, more 
specifi c primers and probes can be used. This can improve assay 
sensitivity and allow direct species-level identifi cation without 
additional steps, therefore potentially improving the speed of diag-
nosis and therapeutic decision making. However, it is often diffi -
cult to avoid cross-reactivity of the primer and probe sequences 
when examining closely related species. Restricting amplifi cation 
to a limited set of fungi also presents the obvious risk of missing 
other species that may be less commonly involved in fungal disease 
pathogenesis [ 20 ]. 

 As with every PCR assay designed to detect a low load of a 
given microorganism among a huge number of human cells, all 
PCR parameters must be optimized to obtain a positive result with 
the highest sensitivity possible. By doing this, however, one might 
increase the risk of false-positive results, usually by contamination 
either with previously amplifi ed products or with environmental 
microorganisms [ 20 ]. 

 The small amount of fungal DNA in clinical specimens has led 
several teams to develop  nested PCR  formats for  Aspergillus  and 
 Candida  [ 23 ,  27 – 30 ]. Nested PCR consists of a fi rst round of 
amplifi cation with one set of primers and a second round of ampli-
fi cation run using primers that hybridize within the fi rst amplicon. 
The main drawback of this method is the need for adding reagents 
between two PCR runs. This step dramatically increases the risk of 
carryover amplicon contamination. Therefore, most clinical labo-
ratories have avoided using nested PCR techniques, because of 
high rates of contamination, with well-documented false-positive 
results in the fi elds of virology and bacteriology [ 20 ]. 

 Although initial studies frequently used end point PCR,  qPCR  
has been dominant in most recent PCR-based diagnostic studies of 
fungal infections [ 21 ,  22 ,  31 – 36 ]. This technology combines nucleic 
acid target amplifi cation using standard PCR chemistry and detec-
tion using fl uorescent probes (e.g., 5′ nuclease, molecular beacons, 
and fl uorescent resonance energy transfer (FRET) hybridization 
probes) in a simultaneous, single-well reaction [ 19 ,  25 ]. Molecular 
testing utilizing qPCR technology offers several advantages over 
conventional PCR methods. First of all, qPCR testing has demon-
strated equivalent sensitivity and specifi city with that of conventional 
PCR testing. Secondly, qPCR testing decreases the turnaround time 
by eliminating the necessity to perform post- amplifi cation process-
ing and detection. qPCR can rapidly identify species- and nonspe-
cifi c products with melting curve analysis when dsDNA-binding 
dyes (such as SYBR green) are used. Third, to control PCR inhibi-
tion, the multiplex PCR can be made with internal amplifi cation 
control [ 20 ]. Fourth, by combining target amplifi cation and detec-
tion in single, closed-reaction vessels, qPCR testing reduces the pos-
sibility for contamination with “carryover” amplifi ed product and 
environmental fungi. Finally, qPCR assays (e.g., Light Cycler™, 
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TaqMan™) can provide quantitative results in  predicting clinical 
progression in transplant patients, differentiating colonization and 
disease, and monitoring the effi cacy of antifungal therapy. This for-
mat is also useful to rapidly compare different protocols with respect 
to parameters such as the clinical specimen, DNA extraction meth-
ods, and primer and probe designs and indirectly constitutes an ini-
tial step toward standardization [ 4 ,  19 ,  20 ]. 

 Several limitations of qPCR testing should also be considered, 
although this method has routinely been used in the diagnosis of 
fungal infections. First, the high sensitivity of qPCR assays may 
allow for the detection of fungi (e.g.,  Aspergillus  spp.,  Candida  
spp.) that are colonizing or causing a subclinical infection. Second, 
the false-positive results can be observed because of contamination 
with environmental fungi, previously amplifi ed PCR products, or 
cross-reactivity of PCR primers and probes with non-targeted fungi, 
other organisms, or human DNA [ 15 ,  20 ,  37 ]. Fungal spores are 
ubiquitous in the air and environment. Precautions should be taken 
during specimen collection, processing, and testing to reduce the 
potential for contamination events. Negative controls can be used, 
and standard laboratory precautions should be applied, including 
using laminar-fl ow biosafety cabinets for reaction setup, enforce-
ment of unidirectional workfl ow patterns (pre- to post-PCR), phys-
ically separating laboratories for pre- and post-PCR analysis, and 
using aerosol-resistant pipette tips. The qPCR format is currently 
often associated with the use of uracyl-N   - glycosylase (UNG) 
enzyme and dUTP instead of dTTP in the PCR master mix to 
destroy amplicons prior to PCR. Using environmental fungal DNA-
free reagents and hot-start procedures using heat-activated poly-
merase also improve specifi city of the assay [ 19 ,  20 ,  25 ]. Finally, 
growth in culture is still required if antifungal susceptibility testing 
is to be performed. Several studies have evaluated the ability of real-
time PCR assays to detect fungal resistance markers using culture 
isolates and clinical specimens, and this approach may represent a 
promising alternative in the future [ 19 ]. 

  Nucleic acid sequence-based amplifi cation (NASBA)  was devel-
oped as a diagnostic method to detect target mRNA in an isother-
mal amplifi cation process. Unlike PCR to detect DNA, the 
detection of mRNA means that the presence of viable fungal 
organisms and highly expressed genes can be used to assess the 
viability of the infecting fungal organisms following antifungal 
therapy. Also, an isothermal process could have less chance of con-
tamination than the PCR process using thermal cycling [ 37 ].  

  Identifi cation of fungal species has traditionally relied on macro-
scopic colony characteristics, microscopic morphology, and other 
phenotypic features. Unfortunately, culture may be required for 
several days, or even weeks, for the development of specifi c pheno-
typic characteristics. In some cases, hyphae remain sterile or develop 
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atypical morphology, impeding morphology. Therefore, rapid 
nucleic acid-based methods that identify species are now being 
developed to supplement or replace phenotypic identifi cation [ 20 ]. 

 The most successful molecular identifi cation methods rely on a 
PCR amplifi cation of informative gene fragments followed by 
 sequencing  [ 20 ]. The clinical utility of sequencing has been dem-
onstrated for the identifi cation of medically important yeasts by 
several studies. But it has not been as extensively evaluated for the 
identifi cation of fi lamentous fungi (e.g.,  Aspergillus  spp.) [ 19 ]. 
The targets most commonly used for sequencing of fungi are the 
ITS1 and ITS2 regions between the 18S and 28S ribosomal sub-
units and an ~600 base-pair (bp) region of the D1–D2 region of 
the 25–28S large ribosomal subunit. As new molecular platforms 
have been developed sequencing of selected genes has become an 
easy way to obtain reliable and highly specifi c data. However, there 
are unresolved questions regarding the nature and the number of 
sequences needed for defi nitive identifi cation. Furthermore, these 
methods remain too time consuming to be effi cient for large-scale 
studies. In addition, continuously changing fungal taxonomy, limi-
tations of the currently available fungal sequence libraries, and lack 
of a consensus agreement on the percent identity score needed to 
identify specimens to the genus or the species level make fungal 
identifi cation using sequence analysis somewhat less robust at the 
present time than bacterial identifi cation using this technique. 
Investigation of selected genes is clearly important for identifi ca-
tion, but it may also be used in other ways. For instance, sequenc-
ing of selected genes involved in metabolic pathways can be used 
to help explain the resistance profi les of yeasts or molds to antifun-
gal agents [ 19 ,  20 ]. 

 The recently described technology,  pyrosequencing , represents 
a rapid (~1 min/bp), less expensive (~$1/sample for reagent costs) 
alternative to the use of conventional sequencing technology (i.e., 
the Maxam–Gilbert chemical cleavage method and the Sanger 
chain-terminator method) for the identifi cation of fungi and evalu-
ation of antifungal susceptibility [ 19 ]. 

 Because of such vulnerability to misidentifi cation, several 
authors have developed other means to identify fungi without 
sequencing or in addition to sequencing. These methods include 
detection of amplicons in a colorimetric enzyme immunoassay for-
mat or in situ hybridization techniques to identify organisms in 
histological sections. Some methods are already commercially 
available, such as the peptide nucleic acid probes used with 
 fl uorescent in situ hybridization. Others are still under experimen-
tal study, such as Fourier transform-infrared microspectroscopy 
and ionization mass spectrometry [ 20 ]. 

 Future studies will likely be directed at adapting existing tech-
nologies, including  Luminex microbead hybridization technology  
(Luminex Corporation, Austin, Texas),  microarray-based methods , 
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and  matrix-assisted laser desorption ionization-time of fl ight 
(MALDI-TOF) mass spectrometry (MS) , to further enhance the 
speed, throughput, and accuracy of fungal diagnostic testing [ 20 ].  

  Invasive aspergillosis (IA) is a common cause of infection-related 
mortality in HSCT recipients. The incidence of IA after HSCT 
varies between 5, 4, and 11.2 % [ 16 ,  38 ,  39 ]. The diagnosis of IA 
still represents a challenge today, with some studies reporting less 
than half of cases diagnosed antemortem. IA has to be considered 
in differential diagnosis in the presence of antibiotic-resistant fever 
along with infi ltrates on the chest X-ray. The current diagnosis is 
mainly based on the use of different methods, including radiology 
(especially high-resolution CT), histopathology and culture from 
clinical specimens, the rapid diagnostic techniques (e.g. serum 
galactomannan by enzyme immunosorbent assay [GM-EIA] 
(1 → 3)-β- D -glucan assay or NAATs) enabling early detection of 
the infection [ 14 ,  37 ,  39 – 42 ]. 

 The clinical utility of molecular methods in the setting of inva-
sive aspergillosis has been hampered by several unresolved issues. 
Most studies using qPCR have shown very little  Aspergillus  DNA 
even in full-blown invasive disease. Therefore, the prognostic sig-
nifi cance of the quantity of DNA detected and qualitative test 
reproducibility may be poor, simply because of the random distri-
bution of targeted molecules in the clinical specimen tested. If a 
single positive result obtained at the beginning of an infection 
represents a true positive result, the antifungal therapy given in 
this stage can improve the outcome. In contrast, if a single posi-
tive PCR test represents a false-positive result, the patient can be 
given unnecessary treatment. Fungi are ubiquitous in the environ-
ment, so a PCR method is even more likely to yield products that 
are the result of exogenous contamination. Fungemia may be 
intermittent, possibly because of hepatic clearance of fungal ele-
ments, so it is not surprising that some patients were not consis-
tently PCR positive. Additionally, a single positive PCR result 
under antifungal therapy may indicate a worse prognosis, poten-
tially refl ecting breakthrough infection or a limited response to 
therapy. Thus, it has generally been agreed that testing serial sam-
ples by PCR enhances sensitivity, just as antigen testing. Several 
authors have shown that PCR assay specifi city is improved if two 
consecutive positive PCR results are required to establish a diag-
nosis. However, waiting for additional samples to improve the 
predictive value of a PCR test might reduce its relevance for clini-
cal decision making [ 20 ]. 

 Interpretation of negative PCR results is also no easier. Given 
the high negative predictive value of PCR seen in nearly all trials, 
negative results could be used to rule out invasive aspergillosis in 
HSCT patients [ 27 ,  29 ,  42 – 45 ]. However, it is almost impossible 
to rule out an IFI by PCR due to the fact that there are many 
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causes of PCR inhibition and false-negative results. Therefore, the 
use of negative PCR results to exclude patients from antifungal 
therapy may be risky, especially when other signs or symptoms sug-
gestive of invasive aspergillosis are present. As a result, it remains 
unclear whether PCR-based screening or PCR-based early antifun-
gal treatment is clinically effective or    reduces cost of care [ 20 ]. 

 Ideally, PCR results should be interpreted together with the 
results of other tests whose performance characteristics are already 
well established, such as antigen detection. Previous studies in the 
literature supported that simultaneous application of galactoman-
nan and PCR assays increases the sensitivity and negative predictive 
value of diagnosis in cases of aspergillosis. If implemented together, 
PCR and antigen testing can be performed simultaneously on the 
same blood samples from recipients of allogeneic HSCT collected 
twice a week at the onset of fever and neutropenia, the same sched-
ule as is already common practice for galactomannan screening in 
hematological wards. Another possibility is to perform PCR test-
ing only on initial antigen-positive samples, to improve specifi city 
of antigen test, reducing the need to wait for a second sample to 
confi rm the fi rst positive result. PCR can also complement HRCT 
fi ndings or histological fi ndings when culture has not been per-
formed or was inhibited by empirical antifungal treatment. 
Diagnostic strategies can also include tissue, cerebrospinal fl uid 
(CSF) samples, and effusions. All diagnostic strategies utilizing 
NAATs should be validated using studies of targeted populations 
of immunocompromised patients [ 4 ,  20 ,  29 ,  32 ,  34 ,  36 ,  43 ,  46 ].  

   Candida  spp. are found as normal fl ora members on digestive and 
vaginal mucosa. When intestinal colonization increases, yeast cells 
or yeast DNA may circulate in peripheral blood without indicating 
disease. In contrast to invasive aspergillosis, in which the etiologi-
cal agent is dominated by  A. fumigatus , there are a wide variety of 
 Candida  spp. which can be recovered from clinical samples. 
Identifi cation beyond the genus level is important for therapeutic 
decision making, since antifungal drug susceptibility differs among 
many common yeast species [ 20 ]. 

 Blood culture is the gold standard test in the diagnosis of IC 
and can produce a positive result in 24–48 h. However, the sensi-
tivity of blood cultures for the diagnosis of candidemia is estimated 
to be as low as 50 % [ 47 ]. In addition, 1–2 days are required for 
isolation and phenotype-based identifi cation from cultures [ 48 ]. 
Studies showed that a delay of 12–48 h in appropriate antifungal 
therapy is associated with signifi cantly increased mortality [ 49 ]. 

 A number of molecular methods, such as peptide nucleic acid 
fl uorescent in situ hybridization (PNA FISH; AdvanDx, Woburn, 
MA) [ 50 ] and PCR-based assays [ 51 ,  52 ], have been developed to 
enable rapid identifi cation of fungi directly from blood cultures. 
However, these methods rely on the sensitivity of the blood  culture 
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systems used. Efforts to facilitate the earlier diagnosis of fungemia, 
more recently qPCR formats [ 19 ,  53 – 55 ], DNA microarray chips, 
and luminex technology [ 48 ,  56 – 58 ], have been developed. Although 
these tests are highly sensitive, the clinical utility of these platforms is 
limited by the lack of standardization and high setup costs. Other 
amplifi cation formats have been used to detect resistance to antifun-
gal drugs, such as NAATs [ 59 ]. 

 Avni et al. reviewed studies assessing the diagnostic accuracy of 
direct PCR on blood samples for IC. They underlined the fact that 
PCR of whole blood samples targeting panfungal genes (a ribo-
somal DNA sequence between 18S and 5.8S) has higher sensitivity 
for the diagnosis of IC than conventional blood cultures, with a 
specifi city of 90 %, which is acceptable for clinical practice. The 
assay should have an in vitro sensitivity of at least 10 colony- 
forming units (cfu)/mL to give consistently positive results [ 49 ]. 

 A theoretical advantage of PCR is its fast turnaround times 
than conventional methods [ 60 ]. Blood cultures can produce posi-
tive results mostly in 24–48 h in IC, and the results can be obtained 
by PCR-based method mostly on the same day. However, this time 
to result highly depends on how samples are batched and how 
often PCR reaction runs. Moreover, identifi cation to the species 
level does not directly assess the sensitivity of a specifi c yeast strain 
to antifungal drugs, since variations can occur within a given spe-
cies. Therefore, PCR assays cannot currently replace phenotypic 
minimum inhibitory concentration (MIC)-based testing. It is also 
diffi cult to conclude if higher positive rates of PCR represent 
increased sensitivity compared to that of blood culture or whether 
the results refl ect false-positive results [ 20 ]. Most DNA extraction 
kits recommend 200 μL as the starting volume of sample for DNA 
purifi cation from blood. This volume must be compared with that 
of a typical blood culture, 10 mL. Increasing the starting volume 
of blood increases the concentration of PCR inhibitors [ 61 ]. From 
a technical point of view, it seems diffi cult to compete with blood 
cultures when the aim is to detect living yeast. Currently, PCR for 
the diagnosis of IC may be useful as an adjunct but is clearly not a 
substitute for blood culture [ 20 ].  

  Immunosuppressed patients are at a higher risk for reactivation of 
latent MBI and developing progressive active disease due to the 
underlying comorbidities and immune-suppressive condition of 
the HSCT host [ 9 ]. The mycobacterial disease could follow 
unusual patterns, disseminate, and lead to mortal outcomes in vul-
nerable HSCT patients [ 10 ,  62 – 65 ]. 

 Tuberculosis (TB) is not a common infectious disease 
among HSCT recipients [ 66 ]. The rate of TB reported after 
HSCT is ten times less than after solid organ transplantation, still 
10–40 times higher than that in the healthy population [ 6 ,  63 ]. 
The incidence of TB in allogeneic HSCT has been reported to 
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range between 0.1 and 16 % showing variations between endemic/
non-endemic populations [ 62 ,  63 ,  67 ,  68 ]. Although the reported 
incidences are not very high and response to treatment is generally 
well, the mortality rates due to TB are considerable, varying 
between 16 and 50 % [ 63 ,  67 ,  68 ]. Different studies report that 
umbilical cord blood transplantation recipients might have a 
higher risk for rapidly progressing disseminated TB, and higher 
mortality rates have been reported than transplantation recipients 
having another stem cell source [ 64 ,  69 ,  70 ]. With  M. tuberculosis  
infection, pneumonia is most common, while extrapulmonary dis-
eases, such as catheter- related bloodstream infections, soft tissue 
infections, and bone and joint infections, are more common man-
ifestations of NTM infections, although increased risk of dissemi-
nation has been described with  Mycobacterium tuberculosis  
( M. tuberculosis ) affected by the type and duration of the immune 
defi ciency [ 6 ,  62 ,  63 ,  65 ,  67 ,  68 ,  70 ].  

  NTM are considered as important opportunistic pathogens pre-
dominating in HSCT recipients particularly in regions where TB 
incidence is low [ 71 ]. The estimated incidence of NTM infection 
has been reported to range between 0.4 and 9.7 %, 50–600 times 
that in the general population, with higher rates in allogeneic 
HSCT patients [ 6 ,  71 – 74 ]. The most frequently isolated NTM 
species (45 %) are among rapidly growing mycobacteria, 3  their 
most common manifestation being venous catheter-related infec-
tions, accounting for 37 % of cases.  M. avium  complex and  M. 
haemophilum  are other common pathogens associated with pul-
monary, cutaneous, or disseminated disease [ 6 ,  71 ,  75 ]. 

 NTM infections are relatively uncommon complications of 
HSCT, but once detected the management relies upon reduction 
of immunosuppression along with implications of antimycobacte-
rial drugs. Moreover, the interactions of antimycobacterials with 
immunosuppressive drugs make the rapid differential diagnosis 
more of an important issue between NTM group of mycobacteria 
among HSCT recipients [ 71 ,  74 ].  

  The lack of an established assessment criteria and the nonspecifi c 
clinical and radiological manifestations of MBI in HSCT patients 
make the defi nitive diagnosis a challenging issue [ 62 ,  65 ]. 
Conventional diagnosis of pulmonary TB is based on sputum 
smear microscopy and mycobacterial culturing/susceptibility 
methods interpreted in light of clinical symptoms and chest radiog-
raphy [ 75 – 79 ]. The sensitivity of smear microscopy ranges between 
50 and 80 % [ 79 ] and unsatisfactory particularly in sputum  negative 
pulmonary TB, as seen with children and immunocompromised 

3
   Predominantly  M. fortuitum ,  M. abscessus , and  M. chelonae . 
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hosts [ 78 ]. Moreover, a positive smear may not be distinctive; pos-
itivity relates both to MTC and NTM group of microorganisms. 
Turnaround times for culture are long, and even the improved 
liquid-based systems do not yield satisfactory  M. tuberculosis  recov-
ery results in the expected short period of time, causing serious 
delays in patient management. 

 Early diagnosis of TB is of paramount signifi cance both because 
of the serious nature of the disease and high mortality rates in 
HSCT recipients [ 62 ]. In addition to that, the course, treatment 
options, and outcome of infections due to MTC and NTM are dif-
ferent; thus, it is very important to rapidly determine the mycobac-
terial etiology and apply appropriate prophylaxis and/or treatment 
measures [ 5 ,  9 ,  62 ,  63 ]. 

 Offi cial diagnostic criteria described by American Thoracic 
Society (ATS) in detail is to be met for the defi nitive diagnosis of 
NTM [ 80 ]. For pulmonary NTM infections, diagnosis based on 
radiological and clinical signs is inadequate given the presence of 
diverse clinical presentations [ 6 ,  73 ]. Microbiological culture- and 
species-level identifi cation is essential both for the therapeutic deci-
sion and the exclusion of an environmental contamination [ 80 ]. 
For extrapulmonary disease, due to the fact that catheter-related 
infections are dominant in HSCT, blood can be used and diagnosis 
is generally based on routine microbiological blood culture results 
[ 71 ,  73 ]. Generally, NTM detection from blood, other sterile body 
fl uids, or tissues is considered clinically signifi cant particularly in 
immunodefi cient HSCT host [ 6 ].  

  NAATs for the detection of TB and other mycobacterial diseases 
have become commonly used tests in industrialized countries 
because of their great advantage of speed compared to culture 
[ 81 ]. NAATs are the most promising rapid tests currently recom-
mended by CDC and WHO (under certain testing and interpreta-
tion algorithms) for reducing the time to detection of TB disease 
to a few h/days [ 78 ,  79 ,  82 ,  83 ]. Both  in-house  and commercial 
NAATs are available for the early diagnosis of TB and molecular 
drug susceptibility testing for anti- M. tuberculosis  drugs from clini-
cal specimens, differentiation of MTC and NTM, and species-level 
identifi cation of mycobacteria. 

  A plethora of  in-house  NAATs have been developed, used, and 
evaluated for the diagnosis of TB in smear-positive and -negative, 
respiratory and non-respiratory specimens [ 84 – 89 ]. PCR is the 
base amplifi cation technique of most NAATs to amplify various 
DNA sequences in  M. tuberculosis  genome. Many DNA sequences 
have been targets of  in-house  NAATs, most commonly amplifi ed 
target being  IS 6110 insertion sequence. 16S and 23S rRNA; 
65 kDa protein ( hsp ); genes encoding MTP40, MPB64, and 
MPB70 antigen;  mtp  genomic fragment;  IS 986 insertion sequence; 
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resistance-associated genes such as  rpoB  and  gyrB ; and other tar-
gets have also been used [ 86 – 88 ,  90 – 93 ]. 

 The reported overall sensitivity and specifi city of  in-house  
NAATs were reported to be 96 and 81 %, respectively, for smear- 
positive respiratory specimens [ 87 ]. The diagnostic accuracies for 
smear-negative respiratory specimens were highly variable: sensitiv-
ity ranged from 9 to 100 % and specifi city from 25 to 100 % [ 86 ]. 

  In-house  NAATs have been widely implemented on patients 
with extrapulmonary TB, using different clinical specimens. 
Takahashi et al. have reviewed the sensitivity and specifi city esti-
mates for TB meningitis of  in-house  assays for TB diagnosis on 
CSF. The sensitivities ranged between 31 and 100 %, and specifi ci-
ties ranged between 66 and 100 % for  in-house  NAATs [ 88 ]. Cheng 
et al. and Chakravorty et al. have indicated encouraging diagnostic 
value estimates for the diagnosis of TB pleuritis with a sensitivity 
range of 66.7–83 % and a specifi city range of 75–100 % [ 89 ,  94 ]. 
Molecular diagnosis of bloodstream infections due to the dissemi-
nation of  M. tuberculosis  or an NTM infection has also been per-
formed using blood as the specimen [ 95 ,  96 ]. 

 The overall diagnostic accuracy of commercial NAATs was 
found to be higher than that of  in-house  assays for TB meningitis, 
pleuritis, and lymphadenitis [ 92 ,  97 ,  98 ]. Almost all meta-analyses 
conducted so far indicated considerable discrepancies between sen-
sitivity and specifi city estimates for the  in-house  molecular tests [ 79 , 
 89 ,  91 ,  93 ,  97 ,  98 ]. The specifi city yields of all NAATs were higher 
than their sensitivities, justifying their use for confi rming diagnosis 
but limiting their clinical value for the exclusion of mycobacterial 
disease. 

 The clinical implications of  in-house  assays for the diagnosis of 
pulmonary and extrapulmonary TB are debatable due to the high 
heterogeneity in accuracy estimates limiting their clinical value 
[ 91 ]. The quality of the reference test, specimen type, presence of 
inhibitors (leading to false-negative results and thus decreased sen-
sitivity), cross contamination (leading to false positivity and thus 
decreased specifi city), amplifi cation target/using multiple target 
copies, and PCR format (nested, multiplex, or real-time PCR) are 
among the parameters affecting sensitivity and specifi city of the  in- 
house   assays [ 86 – 89 ,  99 ]. 

 The use of commercial NAATs may not be possible in most 
low-income/high-TB-burden settings; thus, many laboratories 
continue using relatively inexpensive  in-house  approaches.  In-house  
NAATs are recommended to be used in light of a sound clinical and 
radiological suspicion with strict quality control measures [ 86 ,  87 ].  

  Automated commercial systems also do use PCR-based amplifi ca-
tion with varying target sequences for the detection of MTC in clini-
cal specimens. They utilize standardized protocols and reagents for 
all steps of sample processing, amplifi cation, and detection [ 79 ,  100 ] 

1.10.2  Commercial 
NAATs
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overcoming many drawbacks of  in-house  NAATs, such as false 
 positivity and false negativity. There are many different commercial 
NAATs available for rapid diagnosis of MTC in clinical specimens. 
The literature claims that commercial NAATs, particularly the US 
Food and Drug Administration (FDA)-approved tests, show perfect 
performances with smear-positive pulmonary samples [ 77 ,  79 ,  101 ]. 
None of the commercial systems have been FDA approved to be 
used with extrapulmonary specimens; still, reliable and faster diag-
nosis of extrapulmonary TB by commercial NAATs is also reviewed 
elsewhere [ 92 ,  97 ,  98 ,  102 ,  103 ]. 

 Of the numerous commercial molecular assays developed and 
evaluated, Gen-Probe Amplifi ed Mycobacterium tuberculosis Test 
(AMTD, Gen-Probe, San Diego, California) and Roche’s Amplicor 
Mycobacterium Tuberculosis (MTB) System (Amplicor, Roche 
Molecular Systems, Branchburg, NJ) are two tests that have been 
widely used and have been approved by FDA. Roche Amplicor 
MTB System is only approved to be used with smear-positive respi-
ratory specimens, while the new-generation AMTD system, 
E-AMTD test is also approved for smear-negative respiratory spec-
imens as well as positives [ 77 ,  79 ,  104 ]. 

  COBAS Amplicor MTB Test  is a PCR-amplifi ed qualitative test 
targeting the 584 bp region of the 16S rRNA gene of mycobacte-
ria. The reported overall sensitivity of FDA cleared Cobas Amplicor 
MTB Test for respiratory specimens range between 83 and 96.7 %. 
The sensitivity estimates for smear-positive pulmonary specimens 
were 90–100 % and for smear-negative cases, 50–96.7 %. When 
extrapulmonary specimens or mixture of pulmonary and extrapul-
monary specimens were tested simultaneously, the estimated sensi-
tivities were 27.3 and 85 %, respectively [ 100 ,  101 ,  104 ,  105 ]. 

  E-AMTD  assay is a transcription-mediated amplifi cation 
(TMA)-based system. The amplifi cation takes place at isothermal 
conditions at 42 °C, targeting the mycobacterial rRNA [ 79 ,  104 , 
 105 ]. As with COBAS Amplicor MTB Test, the diagnostic accu-
racy of E-AMTD is higher in smear-positive pulmonary TB. The 
sensitivity of the test for respiratory specimens was reported to be 
between 91.7 and 100 % and 65.5 and 92.9 % for smear-positive 
and -negative pulmonary specimens, respectively [ 100 ,  104 ,  105 ]. 
Inclusion of extrapulmonary specimens changed the range of over-
all sensitivity rates to 74.3 and 100 % (smear-positive specimens 
88–100 % and smear-negative specimens 63.6–100 % [ 105 ]). 
Absence of an internal control is the main drawback of the 
E-AMTD system. Parsons et al. have reviewed results of three sep-
arate studies on the diagnostic effi cacy of E-AMTD test on TB 
meningitis suspects, the sensitivity and specifi city ranging between 
83 and 93.8 % and 97 and 100 %, respectively [ 101 ]. 

 Another currently available commercial system is the  BD ProbeTec 
Energy Transfer (ET) system  (Becton Dickinson, Sparks, MD) which 
is an isothermal amplifi cation system using strand displacement 
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amplifi cation (SDA) targeting  IS 6110 repetitive sequence along with 
16S rRNA [ 79 ,  100 ,  105 ]. The differences in sensitivity measures 
between smear-positive pulmonary specimens and smear-negative 
extrapulmonary specimens were claimed to be less signifi cant for BD 
ProbeTec ET than the other commercial NAATs tested. Reported 
sensitivities in the literature ranged from 89 to 100 % for smear-pos-
itive cases and 33.3–85.7 % for smear- negative cases [ 79 ,  100 ,  105 ]. 
Overall specifi city was ranging from 98.9 to 100 % [ 105 ]. The sensi-
tivity and specifi city of the BD ProbeTec ET system were assessed on 
extrapulmonary specimens in a recent study. Overall sensitivities and 
specifi cities were 82.7 and 99 %, respectively, when tested on con-
secutive extrapulmonary samples (including CSF, gastric aspirates, 
urine, sterile body fl uids, fi ne needle aspirates, biopsies, and stool). 
The diagnostic accuracy of the BD ProbeTec ET system was found 
high enough to be used with extrapulmonary specimens [ 103 ]. 

  Loop-Mediated Isothermal Amplifi cation  (LAMP; Eiken 
Chemical Company, Japan) is the novel commercial technology 
that has been developed to be used in low-income/high-TB- 
burden settings. The system uses multiple primers to increase spec-
ifi city, and the amplifi cation takes place in isothermal conditions 
[ 81 ,  106 ]. The sensitivity of LAMP in smear-positive sputum spec-
imens was 97.7 %, and the sensitivity in smear-negative specimens 
was 48.8 % as noted by Boehme et al. [ 81 ]. The specifi city of 
LAMP assay was published to be 99 % [ 77 ,  79 ,  93 ], and in the 
recent review by Neonakis et al., LAMP test has been proven to be 
a highly specifi c and sensitive, easy-to-use, and cost-effective sys-
tem that could be implemented in low resource settings for the 
rapid detection of MTC from clinical specimens [ 106 ]. 

 The pooled specifi city and sensitivity estimates of seven differ-
ent commercial assays for both smear-positive and -negative respi-
ratory specimens were evaluated in a large meta-analysis overlooking 
125 studies by Ling et al. The pooled sensitivity and specifi city of 
these tests were 85 and 97 %, respectively [ 107 ]. Specifi city was 
more consistent than the sensitivity, sensitivity results being heter-
ogenous, mainly on smear-negative specimens [ 87 ,  100 ]. 
Commercial NAATs can be useful for establishing TB diagnosis in 
smear-positive disease along with conventional microbiology and 
clinical suspicion. 

 The diagnostic accuracies of commercial NAATs for the diag-
nosis of TB meningitis, TB pleuritis, and TB lymphadenitis were 
evaluated in three separate meta-analyses, using CSF, pleural fl uid, 
lymph node-aspirated tissue material as the specimens, respectively. 
High specifi cities but lower and inconsistent sensitivities were 
reported. The sensitivity estimates for E-AMTD test were superior 
when compared to COBAS Amplicor Test on extrapulmonary 
specimens. Commercial NAATs might have a potential role in con-
fi rming TB meningitis, pleuritis, and lymphadenitis, whereas the 
tests were not dependable for ruling out the diseases due to the 
low sensitivity [ 92 ,  97 ,  98 ].   
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  The increase in multidrug-resistant (MDR) 4  strains and the 
 emergence of extensively drug-resistant (XDR) 5  strains jeopardize 
global TB control and treatment outcomes in every population 
prone to TB [ 78 ,  108 ]. The recent progress in understanding the 
mechanisms underlying  M. tuberculosis  drug resistance has shed 
light to the advances in determining gene regions responsible for 
resistance by NAATs. Mutations in an 81-bp RIF resistance-deter-
mining region (RRDR) of the rpoB gene are responsible for RIF 
resistance in approximately 95 % of the RIF resistant strains [ 77 , 
 79 ,  109 ].  rpoB  being a hot spot gene strongly correlated with RIF 
resistance, and because monoresistance to RIF is rare, determining 
RIF resistance by the amplifi cation of  rpoB  gene also gives a strong 
indication of MDR TB. 

  In-house  PCR and real-time PCR assays with molecular bea-
cons or FRET have been used successfully to detect drug-resistant 
TB strains, targeting many different resistance-associated gene 
regions [ 9 ,  90 ,  93 ,  109 ]. 

 Currently two commercial assays are available for the simulta-
neous detection of resistance by the time of TB diagnosis, namely, 
Line Probe Assays (LIPAs) and the GeneXpert MTB/RIF system. 

 LIPAs are DNA strip-based tests which amplify the mycobac-
terial target region with PCR and use reverse hybridization for the 
detection of common mutations that are associated with resistance 
[ 77 ,  79 ,  93 ,  110 ,  111 ]. 

  Inno-Lipa RIF.TB Test  (Innogenetics, Zwijndrecht, Belgium) 
and  Genotype MTBDR  and  Genotype MTBDRplus  (Hain 
Lifesciences GmBH, Nehren, Germany) assays are two most com-
monly used LIPAs that simultaneously detect  M. tuberculosis  and 
the presence of RIF resistance both from culture and clinical sam-
ples by multiplex PCR followed by reverse hybridization. Morgan 
and colleagues evaluated the results of 14 different studies to assess 
the diagnostic accuracy of InnoLipaRIF.TB assay. When tested on 
various clinical specimens, the sensitivity was found to range 
between 80 and 100 %, with a 100 % specifi city. Inno-Lipa RIF.TB 
is a highly sensitive tool for the detection of  M. tuberculosis  and 
RIF-resistant MTC from clinical isolates with lower diagnostic sen-
sitivity on clinical specimens [ 79 ,  110 – 112 ]. 

 Crudu et al. have evaluated the diagnostic accuracy of Genotype 
MTBDR plus  reporting an overall sensitivity and specifi city of 87.6 
and 99.2 %, respectively [ 112 ]. The combined sensitivity and spec-
ifi city in the subgroup of smear-negative samples were detected to 
be 79.8 and 99.2 %, respectively. The MTBDR plus  assay is a rapid 
and highly sensitive test for the detection of  M. tuberculosis  strains 

4
   M. tuberculosis  strains which are resistant to at least rifampicin and isoniazid . 

5
   M. tuberculosis  strains which are resistant to any fl uoroquinolone and one of 

the three injectable aminoglycosides (capreomycin, kanamycin, and amikacin) 
in addition to rifampicin and isoniazid. 

1.11  Molecular Drug 
Susceptibility Testing 
Along with MTC 
Diagnosis
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from smear-positive and -negative clinical specimens as well as 
informing about their RIF and INH resistance status [ 110 ,  111 ]. 

 Based on scientifi c evidence and expert opinion, both LIPAs 
were endorsed by WHO for rapid screening of patients with a high 
risk of MDR-TB [ 113 ]. The main disadvantages of LIPAs are their 
labor-intensive nature, needing experienced staff/laboratory set-
ting, and the lower sensitivity estimates when tested on smear- 
negative clinical specimens [ 109 ,  112 ]. 

  The GeneXpert MTB/RIF test (Cepheid, USA)  is a very promis-
ing molecular diagnostic test introduced in 2010, combining TB 
diagnosis with simultaneous detection of resistance to RIF directly 
from clinical samples. The test, endorsed by WHO in 2010, is 
claimed to be the “game changer” of molecular diagnosis of 
 M. tuberculosis  and drug resistance detection, approaching the 
standards of a point-of-care (POC) 6  test [ 104 ,  109 ,  114 ,  115 ]. 

 The GeneXpert MTB/RIF uses real-time PCR technology 
having a fully automated cartridge system, the only manual step 
being the addition of buffer on the sputum (or the clinical speci-
men to be used), which makes the assay suitable and user friendly. 
The system utilizes molecular beacons and hemi-nested PCR to 
detect  M. tuberculosis -specifi c DNA sequences and  rpoB  region for 
the detection of RIF resistance [ 109 ,  114 ]. The GeneXpert test 
can rapidly identify the presence of  M. tuberculosis  simultaneously 
with RIF resistance from clinical specimens, regardless of the smear 
status. The test has high effi cacy not only for the diagnosis of pul-
monary TB from respiratory samples but also from extrapulmo-
nary samples [ 102 ]. 

 In an analytical validation study conducted by Helb et al., the 
reported sensitivity of the GeneXpert MTB/RIF for the detection 
of  M. tuberculosis  from smear-positive isolates was 100 %, and 
detection of smear-negative isolates was between 71.2 and 84.6 %, 
ranging due to the gold standard used. The specifi city of the assay 
was 100 %. The sensitivity and specifi city of RIF resistance detec-
tion was also 100 and 100 %, respectively [ 116 ]. Boehme et al. also 
had encouraging results regarding the clinical performance of the 
assay. An overall sensitivity of 97 % was reported in their study. 
A single direct test identifi ed more than 98 % of all smear-positive 
TB cases and about 72.5 % of all smear-negative culture-positive 
cases with 99.2 % overall specifi city. The RIF resistance detection 
sensitivity and specifi city were also as high as 97.6 and 98.1 %, 
respectively. The addition of a second or a third test on smear-
negative specimens increased the diagnostic sensitivity and specifi c-
ity to 85.1 and 90.2 %,    respectively [ 117 ]. 

6
   POC tests are diagnostic tests that do not require laboratory facilities or 

specialist training and that can be used where care is provided within a clinic 
or in the community . 
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 The overall sensitivity and specifi city of the GeneXpert MTB/
RIF assay were also quite high when tested on non-respiratory 
samples as indicated by Lawn et al. [ 102 ]. Although higher for 
smear-positive specimens and for pulmonary TB, still high sensi-
tivities were detected with CSF, tissue samples, gastric aspirates, 
and pus and fi ne needle aspirates (85.7, 75, 78.7, and 88.3 %, 
respectively). The lowest sensitivity was found with pleural fl uid 
(44.4 %) and other body fl uids [ 114 ]. Overall sensitivities suggest 
that the GeneXpert MTB/RIF assay may be a routine part of 
extrapulmonary TB detection tool. 

 The GeneXpert MTB/RIF test overcomes many limitations of 
most other NAATs such as complexity, manual steps of specimen 
preparation, risk of cross contamination, and inhibitors. The assay 
system is simple to use, total hands-on time being 5–15 min, and 
the results which could be interpreted easily are obtained almost in 
2 h without the need of batch testing [ 102 ,  104 ,  116 ,  117 ]. The 
GeneXpert is by far the best currently available molecular NAAT 
for TB diagnosis and is proven to be superior to other molecular 
tests when used with smear-negative specimens [ 118 ].  

  Rapid and reliable diagnosis of an NTM infection in a TB-suspected 
patient would likely have an impact on treatment choice and other 
patient management measures, particularly in NTM high-risk 
populations/situations such as HSCT. Rapid exclusion of patients 
with NTM- and species-level identifi cation depends on molecular 
testing [ 74 ]. 

 The fi rst step for the differential diagnosis of pulmonary NTM 
infections would be to rule out pulmonary TB in smear-positive cases 
or to rule in pulmonary TB in TB-suspected smear-negative cases. As 
for this purpose, all the aforementioned NAATs may have implica-
tions and value for the exclusion of an NTM infection, either by 
confi rming MTC or by ruling out MTC and directing suspicion to 
NTM infection [ 87 ,  100 ,  103 ]. After the exclusion of a likely MTC 
disease by NAATs, species identifi cation for the most appropriate 
choice of antimicrobial can be done with various molecular methods, 
with  in-house  PCR-based species-specifi c target detection methods or 
gene probe-based LIPAs [ 119 ,  120 ]. PCR-, PCR-RFLP-, and PCR-
gene sequencing- as well as PCR gene probe-based detection of sev-
eral mycobacteria-specifi c targets such as 16S rRNA,  hsp 65, internal 
transcribed spacers (ITS),  rec A,  dna J and  rpo B, and  IS 1245 are per-
formed for mycobacterial species- level typing. Species-level identifi -
cation and susceptibility testing of clinically signifi cant NTM are 
recommended where possible [ 6 ,  9 ,  73 ,  74 ,  80 ]. 

 For species identifi cation from clinical respiratory specimens, 
 in-house  multiplex and real-time PCR assays, liquid–solid microar-
rays, and broad-range PCR followed by spoligotyping, pyrose-
quencing, and genotyping can be applied with sequencing being 
the gold standard method [ 6 ,  9 ,  80 ].  

1.12  Molecular 
Differentiation of MTC 
and NTM/Species- 
Level Identifi cation
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  The low incidence and the diagnostic diffi culties of MBIs may lead 
to an underestimation of the frequency of these infections in 
HSCT, which are often not considered in the differential diagnosis 
[ 65 ]. Nonetheless, comorbid infections and severe immune sup-
pression after HSCT may lead to poor prognosis and fatal out-
comes of MBIs in HSCT recipients. NAATs are promising tests 
which may provide infection data in advance and help in imple-
menting the appropriate precautions. 

 A plethora of reviews and meta-analysis in the literature have 
evaluated the diagnostic accuracies of molecular methods for rapid 
diagnosis of MBIs. For  in-house  tests, variations and inconsistency in 
diagnostic accuracy results are more profound mainly because of the 
different protocols used and high yields of false negativity and false 
positivity due to the lack of a standardized quality control. Their 
sensitivity estimates were generally more variable and lower than 
specifi cities, decrease in sensitivity being more signifi cant in smear-
negative and extrapulmonary forms of TB [ 86 ,  87 ,  91 ]. On the con-
trary, commercial NAATs have proven to be more reliable with more 
comparable diagnostic accuracies than those of  in-house  assays. 
Sensitivity was generally optimal for smear-positive pulmonary speci-
mens and lower for the negatives for most of the commercial NAATs 
evaluated so far [ 86 ,  87 ,  91 ,  92 ,  97 ,  100 ,  101 ,  103 ,  107 ]. General 
accuracies of commercial NAATs for the detection of MTC as well 
as resistance were considerably higher in pulmonary specimens than 
nonpulmonary specimens in general [ 100 ,  101 ,  105 ,  117 ]. None of 
the NAATs are FDA approved for the detection of extrapulmonary 
specimens. Having limited roles as stand-alone tests, it is still valu-
able to adjunct those tests in the diagnosis of TB meningitis, pleu-
ritis, pericardial TB, and other conditions in which yield of other 
tests is low and where there is a high risk of progressing active TB 
[ 79 ,  89 ,  92 ,  97 ,  104 ]. 

 Both commercial NAATs and  in-house  NAATs are helpful for 
confi rming pulmonary TB in smear-positive patients along with 
clinical suspicion (particularly in TB endemic regions). If the 
opportunistic infections are of concern, a negative commercial or a 
highly controlled (inhibitor free)  in-house  NAAT can drive diagno-
sis toward NTM pulmonary disease with smear positivity. In the 
case of smear negativity or extrapulmonary TB suspicion, a nega-
tive commercial or an  in-house  NAAT cannot eliminate TB due to 
the low sensitivity yields of the tests. But, the high specifi city of a 
commercial assay might rule in TB interpreted with clinical data 
also in some of the smear-negative specimens [ 86 ,  87 ,  91 ]. 

 As pointed out by WHO and CDC, determining drug resis-
tance patterns at the time of established diagnosis carries impor-
tance. Although there are only a few MDR cases reported in HSCT 
patients [ 121 ], in a life or death situation such as the case with 
HSCT, the drug susceptibility results should also be determined as 
soon as  M. tuberculosis  is detected, particularly in places where the 

1.13  Clinical 
Signifi cance of 
Molecular Detection 
of MBI in HSCT
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disease is endemic and MDR is common. There are currently 
two commercial systems that could rapidly detect RIF resistance 
along with rapid diagnosis, which are LIPAs and GeneXpert 
System, both of which are endorsed and recommended by WHO 
[ 113 ,  115 ]. If the cost is not a matter of concern, commercial 
NAATs, particularly LIPAs and GeneXpert MTB/RIF, are the 
molecular tests holding great promise for rapid TB diagnosis and 
detection of resistance in seriously ill adults and children who 
undergo HSCT. 

 Due to the sensitivity issues of most NAATs discussed, they 
cannot be used alone for ruling in TB. But in combination with 
clinical suspicion and conventional tests, they can still be imple-
mented for the effi cient and fast management of active  M. tubercu-
losis  infection in HSCT. Both  in-house  assays with strict quality 
measures and commercial tests can complement HSCT fi ndings 
and help to direct the early and effective onset of therapy. All tests 
do amplify nonviable or dead mycobacteria, so they should not be 
implemented in patients on treatment and are still not reliable for 
monitoring treatment outcomes and prognosis [ 79 ].   

2    Materials 

  The following protocol is from LightMix ®  for the detection of 
fungi (Roche Diagnostics) by qPCR. PCR conditions do not differ 
from standard qPCR conditions. 

  Optimization of the choice of clinical sample and the appropriate 
fraction to be tested can impact diagnostic performance. For the 
diagnosis of IC, blood is the sample of choice. The optimal speci-
men (e.g., BAL, blood) is still not resolved for the diagnosis of 
invasive aspergillosis. Several authors have pointed to high sensitiv-
ity and specifi city of molecular methods when applied to BAL 
specimens [ 43 ,  122 ] ( see   Note 1 ). On the other hand, numerous 
studies in the literature have investigated the applicability of blood 
or serum samples for the diagnosis of invasive aspergillosis [ 4 ,  20 , 
 25 ,  36 ,  40 ,  43 ] ( see   Notes 2  and  3 ). 

 There is also no consensus on the optimal blood fraction to be 
used (whole blood or serum) from which to isolate fungal DNA 
[ 20 ,  36 ,  48 ] ( see   Notes 4 – 6 ).  

  Suboptimal DNA extraction is one of the main reasons of obtaining 
false-negative results. The European Aspergillus PCR Initiative 
(EAPCRI) reported that PCR results are dependent on the extrac-
tion protocol rather than the PCR amplifi cation [ 4 ,  43 ] ( see   Note 7 ). 

 Both commercial kits and  in-house  methods can be used for 
fungal DNA extraction [ 29 ,  31 ,  33 – 36 ,  44 ,  123 ] ( see   Note 8 ). 
Optimal DNA extraction from fungi could be performed via 

2.1  qPCR for 
Molecular Diagnosis 
of IFIs

2.1.1  Sample

2.1.2  DNA Extraction
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 manual methods such as boiling with Tris–EDTA and phenol–
chloroform extraction and by commercial kits (e.g., MagNA Pure 
LC System [Roche Diagnostics], QIAamp DNA Mini kit [Qiagen], 
ZR Fungal/Bacterial DNA MiniPrep [Zymo Research]). In this 
chapter ZR Fungal/Bacterial DNA MiniPrep kit is described for 
the extraction of fungal DNA from clinical specimens. Materials 
needed for the extraction are:

    1.    ZR Fungal/Bacterial DNA MiniPrep™ kit.   
   2.    Heat block.   
   3.    Vortex mixer.   
   4.    Microcentrifuge.   
   5.    Sterile 1.5 mL screwed microcentrifuge vials.   
   6.    Sterile 1.5 mL microcentrifuge vials.   
   7.    Cell disruptor/pulverizer    (recommended).   
   8.    Automatic pipettes (1,000, 200, and 10 μL) and sterile fi lter tips.   
   9.    96–100 % ethanol.    

    A pan-fungi-specifi c primer set is used that binds to a highly con-
served region of the 750 bp long fragment of the fungal 18S rRNA 
gene. All primers were synthesized by TIB MOLBIOL (Berlin, 
Germany).  

  PCR conditions do not differ from standard qPCR conditions. 
Materials needed for PCR reaction are:

    1.    Template DNA.   
   2.    LightCycler ® FastStart DNA Master HybProbe.   
   3.    LightCycler ® Instrument 2.0.     

 Lyophilized reagents are stable for at least 3 months after ship-
ment when stored protected from light at room temperature (18–
25 °C). Do not freeze lyophilized reagents. Dissolved reagents are 
stable for at least 5 days when stored protected from light and 
refrigerated (4 °C).   

   For the detection of pulmonary MBI, sputum is the most common 
specimen used. Induced sputum, BAL, and nasopharyngeal aspi-
rates (NPA) can also be used. For children and adults who are not 
able to produce sputum, gastric lavage is the alternative specimen 
to be taken as the respiratory sample ( see   Note 9 ). If extrapulmo-
nary disease is suspected due to MTC or NTM, then the specimen 
of choice would be either blood or body fl uids, namely, CSF, urine, 
lymph node aspirates, pleural fl uid, and tissue materials among 
others [ 6 ,  9 ,  88 ,  89 ] ( see   Note 10 ).  

2.1.3  Primers

2.1.4  PCR Reaction

2.2   IS 6110 PCR for 
Molecular Diagnosis 
of MBIs

2.2.1  Sample
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   The isolation of high-quality inhibitor-free DNA/RNA extraction 
is of paramount importance, affecting the sensitivity of the NAATs. 
Inhibitor removal from clinical samples, sputum, fl uids, and tissues 
considerably increases sensitivity [ 94 ]. Sputum, bronchial, gastric 
aspirates, and urine need decontamination among others [ 9 ]. The 
most commonly used homogenization and decontamination 
method is  N -acetyl  L -cysteine (NALC)–NAOH method, described 
by Kent et al., also known as CDC method [ 124 ] ( see   Note 11 ). 
A novel specimen processing technology (universal sample pro-
cessing, USP) developed by Chakravorty et al. has proven to work 
better with PCR, both for pulmonary and extrapulmonary speci-
mens [ 95 ] ( see   Note 12 ). For USP method:

    1.    USP solution consisting of:
   4–6 M guanidinium hydrochloride (GuHCl).  
  50 mM Tris–Cl, pH 7.5.  
  25 mM EDTA, 0.5 % Sarkosyl.  
  0.1–0.2 M mercaptoethanol.      

   2.    Phosphate-buffered saline pH 6.8 and/or sterile H 2 O.    
   3.    Centrifuge is used.    

  USP solution both results in reduced rate of contamination 
compared to the CDC method and is the only available specimen 
processing method that could guarantee the isolation of optimum 
quality DNA for PCR. The sediment obtained after USP process-
ing could be used for smear microscopy, culture, and NAATs after 
resuspension [ 94 ,  95 ] ( see   Note 13 ).  

  Due to the unique structure of the cell wall of mycobacteria, the 
nucleic acid extraction may sometimes be challenging. The 
 abundance of lipids and polysaccharides can interfere with DNA 
isolation; thus, the extraction method carries importance. Optimal 
DNA extraction from mycobacteria could be performed via man-
ual methods such as boiling with Tris–EDTA (TE) buffer, phenol–
chloroform extraction, CETAB, or sodium dodecyl sulfate 
(SDS)–Triton X extraction and by commercial kits (e.g., kits by 
Roche, Qiagen [ 84 ,  125 ,  126 ]) ( see   Note 8 ). 

 In this chapter QIAGEN QIAamp DNA Mini/Blood Mini kit 
is described for the extraction of mycobacterial DNA. 

 Materials needed for DNA extraction are:

    1.    QIAGEN QIAamp DNA Mini/Blood Mini kit.   
   2.    Heat block.   
   3.    Vortex mixer.   
   4.    Microcentrifuge.   
   5.    Sterile 1.5 mL screwed microcentrifuge vials.   

2.2.2  Sample 
Processing: 
Decontamination/Inhibitor 
Removal

2.2.3  DNA Extraction
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   6.    Sterile 1.5 mL microcentrifuge vials.   
   7.    Automatic pipettes (1,000, 200, and 10 μL) and sterile fi lter 

tips.   
   8.    96–100 % ethanol.      

  Depending on the target gene sequence chosen to be amplifi ed 
different primers can be used. An unrelated gene should be 
included as the internal PCR control. For the current  IS 6110-PCR 
described here, the specifi c oligonucleotide and the internal con-
trol sequences are as follows:

    1.     IS 6110 insertion sequence-specifi c primers: TB-1 forward 5′ 
CCT GCG AGC GTA GGC GTC GG 3′ and TB-2 reverse 5′ 
CTC GTC CAG CGC CGC TTC GG 3′ [ 127 ].   

   2.    Internal control gene (beta globin) primers: BetaGLF forward 
5′ CAA CTT CAT CCA CGT TCA CC 3′ and BetaGLR 
reverse 5′ GAA GAG CCA AGG ACA GGT AC 3′ [ 128 ].    

    PCR reaction is similar to any conventional PCR scheme. Materials 
needed for PCR reaction are the following:

    1.    For PCR reaction: Primers (each 20 pM/μL), H 2 O, PCR buf-
fer, Mg +2  (25 mM), dNTP (each 0.2 nM),  Taq  DNA Polymerase 
(5 U/μL) and template DNA (3 μL).   

   2.    A thermal cycler.   
   3.    10× TBE buffer (1 L, pH:8: 108 g Tris base, 55 g boric acid, 

and 14.8 g EDTA are dissolved in ddH 2 O, and the volume is 
adjusted to 1 L).   

   4.    0.5× TBE buffer: 50 mL of 10× TBE buffer is diluted with 
ddH 2 O to 1 L.   

   5.    2 % (w/v) agarose.   
   6.    Ethidium bromide solution.   
   7.    Electrophoresis tank.   
   8.    Ultraviolet transilluminator.       

  Strict quality control is required for both  in-house  and commercial 
NAATs. Negative (extraction) controls as well as positive (internal) 
inhibition controls should be used in each run. Most commercial 
NAATs do have internal controls and standardized PCR condi-
tions/procedures (E-AMTD does not possess an internal control) 
resulting in more consistent sensitivity and specifi city with less false 
positivity/negativity [ 79 ,  110 ]. For  in-house  NAATs, assay perfor-
mance is highly affected by false-positive and false-negative results 
[ 86 ,  87 ]. False positivity due to cross contamination may account 
for low specifi city of a given NAAT. DNA purifi cation utilizing 
dUTP/UNG with NAATs limits the contamination rate with higher 

2.2.4  Primers

2.2.5  PCR Reaction

2.3  Quality Control
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specifi city but sometimes at the expense of sensitivity [ 86 ,  89 ]. 
 Real-time PCR minimizes the risk of carryover contamination and 
thus increases the specifi city for  in-house  assays. 

 The presence of inhibitors that would interfere with the ampli-
fi cation process can lead to false negativity leading to sensitivity 
issues; thus, optimal inhibitor removal is essential [ 86 ,  87 ]. 
Particularly when extrapulmonary specimens are used, suboptimal 
nucleic acid extraction method is an important factor for getting 
false-negative results, mainly because of the abundant presence of 
inhibitors [ 89 ].   

3    Methods 

   Fungal DNA extraction can be performed from respiratory speci-
mens (such as BAL), blood, body fl uids, and tissue samples (fresh) 
by the ZR Fungal/Bacterial DNA MiniPrep Kit, according to the 
manufacturer’s instructions.  

  Briefl y, parameter-specifi c reagents, standard row (quantifi cation), 
and reaction mix are prepared according to the manufacturer’s 
instructions.

    1.    In a cooled reaction tube, prepare 15 μL PCR reaction mix 
(for a single reaction) using 2 μL FastStart mix, 4 μL reagent 
mix, 1.6 μL 25 mM Mg 2+  solution, and 7.4 μL water.   

   2.    Mix the reaction tube gently.   
   3.    Spin down the tube.   
   4.    Transfer the PCR reaction mix to a LightCycler ®  capillary.   
   5.    Add 5 μL sample or standard to each capillary to give a fi nal 

reaction volume of 20 μL.     

 Fungal DNA is amplifi ed under the following conditions: 
 program 1 (denaturation of sample and activation of the enzyme) 
for 10 min at 95 °C; then program 2 (PCR amplifi cation of the 
target DNA) for 5 s at 95 °C, 5 s at 55 °C, 5 s at 55 °C, and 20 s at 
72 °C for 45 cycles; then program 3 (melting curve of the fungal 
DNA- derived PCR product) for 20 s 95 °C and 20 s 40 °C for one 
cycle; and then program 4 (cooling the instrument) for 30 s at 40 °C.  

  Data analysis is done using LightCycler ® Instrument 2.0. A fragment 
of the fungi genome, amplifi ed with specifi c primers, is detected 
with probes labeled LightCycler ® Red 640 (detected in channel 
640). The PCR product is identifi ed by running a melting curve 
with a specifi c melting point (Tm) of 65.5–67.5 °C (concentration 
dependent) in channel 640.   

3.1  qPCR

3.1.1  DNA Extraction

3.1.2  PCR Reaction

3.1.3  Interpretation
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   The USP method involves homogenization and decontamination 
of clinical specimens by treatment with USP solution (described in 
Subheading  2.2.2 ).

    1.    Add USP solution on the specimen (1.5–2 volumes).   
   2.    Vortex for about 30–40 s (or hand shake for 1–2 min).   
   3.    Incubate the homogenate at room temperature for 5–10 min.   
   4.    After incubation, add 10–15 mL sterile water or 68 mM PBS 

and mix well.   
   5.    Centrifuge the sample at 5,000–6,000 ×  g  for 10–15 min at 

room temperature.   
   6.    Discard the supernatant.   
   7.    Use the sediment for PCR.    

  The USP protocol described here is mainly for the processing 
of sputum samples, for blood, tissue and fl uids, protocols are also 
detailed [ 94 ,  95 ].  

  Mycobacterial DNA extraction can be performed from sputum, 
blood, body fl uids, and tissue samples (embedded in paraffi n or 
fresh) by the QIAGEN QIAamp DNA Mini/Blood Mini Kit, 
according to the manufacturer’s instructions with minor modifi ca-
tion. The step where proteinase K is heat inactivated at 56 °C in 
the procedure (which is after lysis and digestion of the specimen) is 
recommended to be done by boiling the samples for 20 min or 
leaving the samples at 95 °C in the heat block for another 20 min. 
This modifi cation would increase the mycobacterial DNA yield 
because heat is the best way for extracting DNA from mycobacteria 
(Personal communication, Prof. Dr. Tanil Kocagoz).  

  Briefl y, a 25 μL of PCR reaction is set up containing 1 μL (20 pM/
μL) of each primer including internal beta globin primers, 11.4 μL 
H 2 O, 2.6 μL PCR buffer, 2.8 μL Mg +2  (25 mM), 1 μL dNTP (each 
0.2 nM), 0.13 μL  Taq  DNA Polymerase (5 U/μL), and 3 μL of 
template DNA ( see   Note 14 ). 

 The thermal cycling parameters are as follows: initial denatur-
ation for 3 min at 94 °C followed by 45 cycles, each cycle being 
30 s at 94 °C, 45 s at 58 °C, and 45 s at 72 °C, and a fi nal extension 
step of 3 min at 72 °C.  

  The  IS 6110-specifi c PCR product is 123 bp, and beta globin ampli-
con is 268 bp. PCR products can be detected on 2 % agarose gel 
followed by ethidium bromide staining and visualized under ultra-
violet light. At least one negative control should be amplifi ed in 
each run by replacing the template DNA with water ( see   Note 15 ).    

3.2   IS 6110 PCR

3.2.1  Starting Material

3.2.2  DNA Extraction

3.2.3  PCR Reaction

3.2.4  Interpretation
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4    Notes 

     1.    There are several drawbacks when BAL fl uid is used for the 
diagnosis of invasive aspergillosis. BAL is usually performed at 
a late stage of clinical disease, when the patient already has 
pneumonia or prolonged fever of unknown origin. It can be 
diffi cult to distinguish true infection from colonization and 
environmental contamination. False-positive results have been 
reported with BAL fl uid. The quantity of BAL varies depend-
ing on localization of the lesions and alveolar permeability. 
Therefore, PCR results cannot be assigned to a reliable denom-
inator. Serial BAL sampling is generally impractical and there-
fore cannot be used effectively to monitor therapeutic response. 
Based on these uncertainties, some authors have emphasized 
the limited clinical predictive value of positive PCR results 
from respiratory specimens.   

   2.    Blood samples are easily obtained for repeated testing and can 
be used for detection of infection prior to clinically evident 
disease than BAL. As environmental contamination of blood 
specimens is minimal, the presence of fungal DNA in blood 
would appear to have a higher positive predictive value than 
the same result in respiratory specimens.   

   3.    BAL fl uids have a higher burden of organisms, and testing 
BAL samples achieves higher sensitivity and specifi city rates 
than testing blood samples. The values of diagnostic perfor-
mance for blood and BAL fl uid are scattered in a similar range 
(55–100 %), and therefore further investigation is warranted to 
determine the true potential of each sample type with highly 
optimized assays.   

   4.    Although whole blood contains both free and cell-associated 
fungal DNA, free fungal DNA is removed during the process 
of red blood cell lysis and the removal of PCR inhibitors.   

   5.    DNA extraction from serum is simpler and shorter than DNA 
extraction from whole blood. Automated methods can be 
used, providing standardization and quality control measures. 
Also, it allows the use of a single sample for galactomannan 
ELISA, β- D -glucan, and PCR analysis, thereby providing a 
great convenience for screening of high-risk patients.   

   6.    The clinically relevant biological target circulating in blood has 
not been precisely determined. Therefore, a multicenter com-
parison of whole blood PCR (targeting fungal cell- associated 
DNA) and serum PCR (targeting free circulating DNA) is 
required to determine the optimal specimen for PCR testing.   
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   7.    EAPCRI recommends the use of ≥3 mL EDTA blood 
 specimens, a red and white cell lysis step, bead beating to lyse 
the fungal elements, use of negative and positive extraction 
controls and an internal control, and use of DNA elution vol-
umes smaller than 100 μL.   

   8.    Please refer to specifi c literature for the comparison of several 
extraction methods for different types of specimens [ 29 ,  31 , 
 35 ,  36 ,  44 ,  88 ,  95 ,  96 ,  123 ,  128 ].   

   9.    The sensitivity of the NAATs for the diagnosis of MBIs largely 
depends on the choice of clinical specimen, volume, and eligi-
bility and pretreatment procedures, especially for extrapulmo-
nary and smear-negative specimens [ 9 ,  86 ]. The diagnostic 
yield of  in-house  NAATs was found to be better with BAL 
specimens and NPA and suboptimal with gastric lavage par-
ticularly in smear-negative specimens [ 86 ,  87 ,  89 ]. On the 
contrary, with GeneXpert higher sensitivity results were noted 
with many specimens [ 102 ].   

   10.    Generally, NTM detection from blood, other sterile body fl u-
ids, or tissues is considered to be clinically signifi cant. The 
clinical relevance of recovering NTM from blood cultures 
drawn through catheters should be interpreted cautiously 
because of possible environmental contamination with asymp-
tomatic colonization at the site of an indwelling line. Features 
in the clinical history (e.g., extensive immunosuppressive ther-
apy, prolonged fever, and embolic events) may aid in clinical 
differentiation between infection and contamination.   

   11.    Most  in-house  NAATs work well with homogenized and 
decontaminated specimens [ 6 ,  80 ]. For commercial NAATs, 
pretreatment procedures generally are not provided by the 
manufacturer; some might work better with decontaminated 
specimens, and sometimes harsh decontamination procedures 
would result in unwanted sensitivity issues [ 107 ]. Unprocessed 
specimens can be used with LAMP assay [ 106 ]. Unprocessed 
sputum or processed sediment regardless of the smear status 
could directly be loaded onto the GeneXpert machine, but it is 
recommended that the body fl uids are concentrated by cen-
trifugation [ 114 ].   

   12.    Particularly for those with paucibacillary disease as seen with 
children and extrapulmonary forms, mycobacteria from differ-
ent body fl uids can be more effectively detected by PCR using 
USP method. USP method is claimed to identify patients with 
TB and other MBIs in a variety of settings [ 85 ,  94 ,  95 ]. NAAT 
performance is also very much affected by mycobacterial bur-
den in the sample. Low bacilli load or uneven distribution par-
ticularly in sterile body fl uids and smear-negative specimens 
leads to sampling bias and false negativity both for  in-house  and 
commercial NAATs [ 79 ,  110 ]. USP method is proven to 
 overcome unequal distribution of bacilli [ 94 ,  95 ].   

Pinar Yurdakul and Sule Colakoglu



265

   13.    Examination of smears from clinical specimens and concomi-
tant culturing/susceptibility testing are recommended by 
CDC and WHO along with NAATs. Although the most com-
monly used method for acid fast staining is Ziehl–Neelsen or 
Kinyoun methods, fl uorochrome and auramine-rhodamine 
staining are superior for clinical specimens [ 6 ,  9 ,  80 ]. For 
detailed information about the media used to cultivate myco-
bacteria, incubation conditions, and susceptibility testing 
please refer to refs.  9 ,  129 .   

   14.    Mg levels need to be optimized depending on the conditions 
and the enzyme of choice.   

   15.    The use of  IS 6110 target and nested PCR seem to have better 
diagnostic accuracies, but contamination is a matter of concern 
while performing nested PCR [ 87 ,  91 ].         
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    Chapter 14   

 Post-transplant Monitoring of Chimerism 
by Lineage- Specifi c Analysis 

           Sandra     Preuner     and     Thomas     Lion     

    Abstract 

   Molecular surveillance of hematopoietic chimerism is an important part of the routine diagnostic program 
in patients after allogeneic stem cell transplantation. Chimerism testing permits early prediction and docu-
mentation of successful engraftment and facilitates early risk assessment of impending graft rejection. In 
patients transplanted for treatment of malignant hematologic disorders, monitoring of chimerism can 
provide an early indication of incipient disease relapse. The investigation of chimerism has therefore 
become an indispensable tool for the management of patients during the post-transplant period. Increasing 
use of reduced-intensity conditioning, which is associated with prolonged duration of mixed hematopoi-
etic chimerism, has further increased the clinical importance of chimerism analysis. At present, the most 
commonly used technical approach to the investigation of chimerism is microsatellite analysis by poly-
merase chain reaction. The investigation of chimerism within specifi c leukocyte subsets isolated from 
peripheral blood or bone marrow samples by fl ow sorting- or magnetic bead-based techniques provides 
more specifi c information on processes underlying the dynamics of donor/recipient chimerism. Moreover, 
cell subset-specifi c analysis permits the assessment of impending complications at a signifi cantly higher 
sensitivity, thus providing a basis for earlier treatment decisions.  

  Key words     Chimerism  ,   Microsatellites  ,   Leukocyte subsets  ,   Flow sorting  ,   Graft rejection  ,   Relapse  

1         Introduction 

 Investigation of donor- and recipient-derived hemopoiesis 
 (chimerism) by molecular techniques facilitates the monitoring of 
engraftment kinetics in patients after allogeneic stem cell transplan-
tation (allo-HSCT). The increasing employment of reduced-inten-
sity conditioning (RIC) regimens and cord blood transplants, which 
require very careful surveillance of the graft, has further reinforced 
the clinical importance of chimerism testing. The analysis of chime-
rism in peripheral blood (PB) during the immediate post- transplant 
period permits early assessment of successful engraftment or graft 
failure [ 1 ,  2 ]. The risk of graft rejection is particularly high in 
patients transplanted with T-cell-depleted grafts, and the surveil-
lance of NK- and T-cell chimerism can provide timely indication of 
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  Fig. 1    Detection of impending graft rejection by lineage-specifi c chimerism analysis. The  panels A – D  represent 
sequential time points of lineage-specifi c chimerism testing in a patient who ultimately rejected the allograft. 
 Panel A  reveals the presence of virtually pure donor chimerism in all leukocyte subsets analyzed, at the level 

 

Sandra Preuner and Thomas Lion



273

impending allograft rejection [ 3 – 7 ]. In patients undergoing 
 allogeneic stem cell transplantation for the treatment of leukemia, 
impending disease recurrence can be indicated by an increasing 
proportion of recipient-derived cells [ 4 ,  8 ,  9 ]. Polymerase chain 
reaction (PCR)-based chimerism assays analyzing highly polymor-
phic microsatellite (short tandem repeat) markers permit the detec-
tion of residual autologous cells with a sensitivity of about 1 % 
[ 10 – 15 ]. When investigating chimerism in total leukocyte prepara-
tions from PB, this level of sensitivity may not be suffi cient to allow 
early assessment of impending complications. It is possible to over-
come this problem by investigating chimerism in specifi c leukocyte 
subsets of interest isolated by fl ow sorting or by immunomagnetic 
bead separation. Since residual recipient-derived cells can be 
detected within the individual leukocyte fractions with similar sen-
sitivity, it is possible to identify and monitor minor autologous 
populations that escape detection in total PB leukocyte samples. 
The overall sensitivity of chimerism assays achievable by investigat-
ing specifi cally enriched leukocyte subsets is in a range of 0.1–
0.01 % [ 4 ], i.e., one to two logs higher than analysis of total 
leukocyte preparations. 

  Patients who receive RIC reveal persisting leukocytes of recipient 
genotype more commonly than patients after myeloablative condi-
tioning. The higher incidence of mixed or recipient chimerism may 
be attributable both to cells of myeloid and lymphoid lineages [ 3 ]. 
In patients who receive T-cell-depleted grafts, there is a strong cor-
relation with the presence of mixed or recipient chimerism within 
T-cells (CD3+) and NK-cells (CD56+). Detection of mixed chi-
merism within lymphocyte populations is associated with an 
increased risk of late rejection [ 3 ,  4 ]. In most instances, serial anal-
ysis reveals a persistently high or an increasing recipient-specifi c 
allelic pattern prior to overt graft rejection [ 3 ,  4 ,  8 ] (Fig.  1 ). The 
correlation between the observation of mixed or recipient chime-
rism and graft rejection was shown to be higher for NK-cells than 

1.1  Risk Assessment 
of Graft Rejection by 
the Monitoring of 
Chimerism Within 
Specifi c Lymphocyte 
Subsets

Fig. 1 (continued) of sensitivity achievable by the technique used ( see   Notes 6 ,  9 ,  18 ). In  panel B , mixed 
 chimerism appears in CD4 and CD8 lymphocyte subsets ( dotted arrows ), while (nearly) complete donor chime-
rism is present in all other populations tested.  Panel C  reveals the predominance of autologous cells within the 
CD4, CD8, and NK cell subsets, and all other fractions show a small proportion of recipient-derived cells. This 
constellation is highly suggestive of imminent graft rejection. Finally,  panel D  documents autologous recovery 
in all cell populations, with minor proportions of residual donor cells in some fractions. Don: donor-specifi c 
allele, indicated by  black arrow ; Rec: recipient-specifi c allele, indicated by  white arrow . In this example, both 
donor and recipient are homozygous for the marker selected and thus display only one allele, respectively. 
 Gran  granulocytes,  Mono  monocytes,  NK  natural killer cells,  CD4  helper T-lymphocytes,  CD8  suppressor 
T-lymphocytes,  CD19  B-lymphocytes       

Chimerism Analysis



274

for T-helper (CD3+/CD4+) or T-suppressor (CD3+/CD8+) cells 
[ 3 ]. Patients displaying recipient chimerism in CD56+ cells 
between days +14 and +35 appear to have an extremely high risk 
of graft rejection. By contrast, virtually all patients who experience 
late graft rejection show pure donor genotype within the myeloid 
(CD14+ and CD15+) cell compartment during the same period 
[ 3 ]. Hence, the observation of recipient chimerism within the 
CD56+ and CD3+ cell subsets is highly predictive for the occur-
rence of late graft rejection. These fi ndings underscore the impor-
tance of cell subset analysis in post-transplant chimerism testing 
because timely diagnosis of impending graft rejection is crucial for 
effective therapeutic intervention. In a recent study, the predictive 
potential of early leukocyte subset-specifi c chimerism for graft loss 
has been investigated in children undergoing allo-HSCT for treat-
ment of malignant and nonmalignant diseases after reduced- 
intensity or myeloablative conditioning. Monitoring of 
lineage-specifi c chimerism was performed at fi rst appearance of 
leukocyte counts amenable to cell sorting. The fi rst chimerism 
analysis of T- and NK-cells performed at a median of 20 days after 
HSCT identifi ed three different risk groups which were indepen-
dent from the conditioning regimen: recipient chimerism (RC) 
levels in T-cells below 50 % indicated a very low risk of rejection 
(1.4 %), while high levels of RC (>90 %) both in T- and NK-cells 
were associated with graft loss in the majority of patients (90 %) 
despite therapeutic interventions. Recipient chimerism >50 % in 
T-cells and ≤90 % in NK-cells defi ned an intermediate-risk group 
in which timely immunotherapy frequently prevented rejection. 
Early assessment of T- and NK-cell chimerism can therefore be 
instrumental in the risk assessment and therapeutic management of 
imminent graft rejection [ 7 ].

     In most instances, surveillance of residual or reappearing leukemic 
cells after allo-HSCT is performed by leukemia- or clone-specifi c 
markers. In instances in which specifi c markers are not available, 
the exploitation of chimerism testing may be instrumental for the 
assessment of impending relapse. Investigation of the entire leuko-
cyte fractions from PB has been shown to reveal reappearance of 
autologous cells (mixed chimerism) before the diagnosis of relapse 
[ 8 ], thus providing a basis for timely initiation of treatment, which 
may include the reduction or the withdrawal of immunosuppres-
sive therapy or the administration of donor lymphocyte infusions 
(DLI). In several instances, however, analysis of chimerism within 
total leukocytes may not show any changes indicative of impending 
relapse [ 1 ,  4 ]. Owing to its higher sensitivity, investigation of spe-
cifi c leukocyte subsets derived from PB or bone marrow (BM) has 
a greater potential of revealing informative changes in patients who 
later experience hematologic relapse. These patients can reveal per-
sistence or reappearance of autologous allelic patterns within cell 

1.2  Detection of 
Imminent Relapse by 
Serial Analysis of 
Leukemia Lineage- 
Specifi c Chimerism

Sandra Preuner and Thomas Lion



275

populations expected to harbor leukemic cells, if present (Fig.  2 ). 
These cell populations can be specifi cally enriched for chimerism 
testing by targeting the original immunophenotype of the leuke-
mic clone. The stem cell marker CD34 is commonly expressed by 
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  Fig. 2    Detection of incipient relapse by lineage-specifi c chimerism analysis. In this example, surveillance of 
residual disease after allogeneic stem cell transplantation is shown for a patient with B-cell precursor acute 
lymphocytic leukemia. The immunophenotype of the original leukemic clone revealed co-expression of CD34 
and CD19. Residual or reappearing leukemic cells are therefore expected to occur within these leukocyte frac-
tions. The  panels A  and  B  show the investigation of different leukocyte subsets isolated by fl ow sorting from 
peripheral blood at two sequential time points.  Panel A  reveals the presence of complete donor chimerism in 
all leukocyte subsets analyzed, at the level of sensitivity achievable by the technique used. In  panel B , the 
CD19- positive cell fraction shows mixed chimerism, indicating the reappearance of autologous cells. The 
CD34- positive cell population, which was not detectable at the previous time point of chimerism analysis 
( panel A ), consists of recipient-derived cells. This fi nding is highly suggestive of reappearance of the leukemic 
clone. At this time point, the size of the leukemic clone may be well below the detection level of chimerism 
testing within total white blood cells. In instances in which a leukemia- or a clone-specifi c marker is available 
(e.g., translocation- associated gene rearrangement, immunoglobulin- or T-cell receptor rearrangement), the 
fi nding can be controlled by an independent technique. In cases in which no other informative marker is avail-
able, lineage-specifi c chimerism testing is the most sensitive approach to early detection of impending relapse. 
Don: donor-specifi c allele, indicated by  black arrow ; Rec: recipient-specifi c alleles, indicated by  white arrow . 
In this example, the donor is homozygous for the marker selected and thus displays only one allele, while the 
recipient is heterozygous.  Gran  granulocytes,  Mono  monocytes,  NK  natural killer cells,  CD4  helper T-lymphocytes, 
 CD8  suppressor T-lymphocytes,  CD19  B-lymphocytes,  CD34  hematopoietic stem cells       
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the leukemic cells in combination with lineage-specifi c markers. 
For example, the leukemic clone in B-cell precursor acute lympho-
cytic leukemias is generally characterized by co-expression of CD34 
and CD19. The cell populations expressing these markers can 
therefore be specifi cally targeted for the assessment of residual dis-
ease by monitoring the presence and the kinetics of recipient chi-
merism (Fig.  2 ). Occasionally, however, the only observation made 
before hematologic relapse is lineage-specifi c chimerism kinetics 
suggestive of graft rejection [ 4 ]. This observation may be attribut-
able to the loss of the graft-versus-leukemia effect associated with 
rejection of the allograft.

     Current methodological approaches to chimerism analysis are 
rather diverse. Despite the introduction of single-nucleotide 
polymorphism (SNP) and insertion/deletion (Indel) polymorphism 
analysis by real-time PCR for the investigation of chimerism several 
years ago [ 16 – 18 ], DNA microsatellites, also referred to as short 
tandem repeats (STRs), have remained the most commonly used 
source of polymorphic markers for quantitative assessment of 
donor/recipient hemopoiesis after allo-HCST. In the sex- 
mismatched transplant setting, fl uorescence in situ hybridization 
(FISH) analysis of the X and Y chromosomes in interphase nuclei 
has been used for many years and is still regarded as a highly 
accurate technique for quantitative investigation of chimerism 
[ 19 ]. Technical approaches that can be employed regardless of the 
gender constellation are commonly based on molecular methods 
including primarily the PCR. Techniques based on PCR 
amplifi cation of polymorphic DNA sequences facilitating 
unequivocal distinction and quantitative assessment of recipient- 
and donor-derived cells have been the preferred approach to 
chimerism testing at most centers. Amplifi cation of STR markers 
by PCR coupled with fl uorescence detection of the donor/
recipient alleles using capillary electrophoresis has been a widely 
used approach to the monitoring of hematopoietic chimerism 
[ 20 ]. The main advantages of automated fl uorescence-based 
detection of STR markers over the use of conventional gel 
electrophoresis include greater precision and easier performance of 
quantitative analysis, reduced manual handling of PCR products, 
and higher sensitivity.  

  The accuracy and reliability of quantitative chimerism analysis in 
post-transplant samples are greatly affected by factors such as 
the homozygosity/heterozygosity of STR alleles, shared alleles 
between donor and recipient, and positional relationship 
between alleles. The  EuroChimerism (EUC)  consortium, an 
international collaborative group (see below), has therefore 
established criteria facilitating selection of STR markers eligible 
for quantitative chimerism testing. The EUC group has 

1.3  Technical 
Aspects

1.4  Criteria for 
Optimal Selection 
of STR Markers for 
Chimerism Analysis
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developed a common descriptive nomenclature for allelic 
confi gurations termed the  Recipient-Shared-Donor  (RSD) code 
with the aim to facilitate rapid identifi cation of STR markers 
displaying optimal allelic constellations for accurate and 
reproducible chimerism analysis [ 21 ].  

  Multiplex PCR assays are commonly used for initial recipient/
donor genotyping to select one or more informative STR markers 
for the subsequent monitoring of chimerism. Moreover, 
investigation of post-transplant peripheral blood samples with 
multiple STR markers may improve the reproducibility and 
accuracy of quantitative chimerism analysis. The accuracy of 
quantitative chimerism assays can be increased by testing each 
sample with more than one marker and calculating mean values 
[ 22 ]. Some investigators therefore perform clinical testing of 
chimerism with commercial  multiplex kits facilitating 
co-amplifi cation of several microsatellite markers in a single PCR 
[ 22 ]. However, the indicated advantages may be counterbalanced 
by increased costs of consumables and lower sensitivity resulting 
from the high number of different fragments amplifi ed in the same 
reaction. Most diagnostic centers therefore rely on the use of 
singleplex PCR for sensitive assessment and quantitative monitoring 
of chimerism [ 23 ].  

  PCR-based chimerism tests analyzing highly polymorphic STR 
markers mostly permit the detection of residual autologous cells 
with a sensitivity limit in the range of 1 %. When investigating 
chimerism in total leukocyte preparations from PB, this level of 
sensitivity may not be suffi cient to facilitate timely assessment of 
impending complications. This problem can be overcome by 
investigating chimerism in specifi c leukocyte subsets of interest 
isolated by fl ow sorting or by immunomagnetic bead separation. 
Since residual recipient-derived cells can be detected within the 
individual leukocyte fractions with similar sensitivity, it is possible 
to identify and monitor minor autologous populations that would 
escape detection in total PB leukocyte samples. Investigation of 
individual leukocyte fractions not only provides more specifi c 
information but also permits the assessment of impending 
complications at a signifi cantly higher sensitivity [ 4 ], thus providing 
a basis for earlier treatment decisions.  

  The methods for STR-PCR analysis of chimerism performed in 
most diagnostic laboratories are based on various in-house assays. 
The heterogeneity of technical approaches and the diversity of STR 
markers used render the comparison of results generated at 
different centers diffi cult. Attempts have therefore been made to 
introduce a commercially available platform for chimerism testing 
(  http://www.biotype.de    ) or to exploit existing commercial 
microsatellite kits designed for forensic purposes which, however, 

1.5  Use of Multiplex 
Versus Singleplex PCR 
Assays for Chimerism 
Analysis

1.6  Chimerism 
Analysis of Specifi c 
Cell Lineages Versus 
Testing of Total 
Leukocytes

1.7  Heterogeneity 
of Current Methods 
and Approaches 
to Standardization
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     Table 1  
  EUC markers, primer sequences, fl uorescence labels, and primer concentrations in singleplex 
reactions   

 Marker  Sequence (5′–3′) 
 Fluorescence 
label 

 Primer conc. (nM) for 
singleplex reactions 

 D2S1360  Fw  ctgcattaaaacattcgaaaccaa  JOE   80 

 Rev  gcagcagattgtgggacttctcag   80 

 D7S1517  Fw  agcctgatcattaccaggt  JOE  160 

 Rev  gtttctattggggccatcttgc  160 

 D8S1132  Fw  tctctctctccctctctctttcgag  TMR   80 

 Rev  gtttgccatcttcttacctctgttggtc   80 

 D9S1118  Fw  caggatattatgtgatggaatcc  FL  320 

 Rev  gatctcttctctctctctctttctccc   80 

 D10S2325  Fw  tatggtgaccttaagcagccatg  JOE   80 

 Rev  gtgtcttagctgagagatcacgcagtgc   80 

 D11S554  Fw  ggtatgcagagcaagactgtc  FL   80 

 Rev  gtttcaccttcatcctaaggcagc   80 

 D12S1064  Fw  actactccaaggttccagcc  TMR  160 

 Rev  actgttatctctcttgtggtag  160 

 D12S391  Fw  atcaacaggatcaatggatgcat  FL  160 

 Rev  gggcttttagacctggactgag  160 

 D17S1290  Fw  ccaacagagcaagactgtc  FL   80 

 Rev  gtttgaaacagttaaatggccaaag   80 

 D19S253  Fw  atagacagacagacggactg  FL  160 

 Rev  gtttgggagtggagattacccct  160 

 MYCL1  Fw  aaccgtagcctggcgagact  FL  160 

 Rev  gtttccttttaagctgcaacaaatttc  160 

 P450CYP19  Fw  gttccacataatgaagcacaatc  FL  240 

 Rev  gtttaatcgcctgagtcctggga  240 

 SE-33  Fw  aatctgggcgacaagagtga  FL  160 

 Rev  acatctcccctaccgctata  160 

   Fw  forward,  Rw  reverse; the acronyms JOE, TMR, and FL designate green, yellow, and blue fl uorescence dyes, 
respectively  
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are not optimally suited for chimerism testing [ 21 ]. To address the 
urgent need for a standardized technology specifi cally adapted to 
the requirements of quantitative chimerism analysis, 12 leading 
centers from 10 European countries have established the  EUC  
consortium to perform a collaborative study supported by the 
European Commission within the 5th Framework Program. The 
primary goal of the consortium was to establish a standardized 
approach to quantitative chimerism testing, with the aim to 
facilitate harmonization of chimerism diagnostics between 
European centers and to provide a basis for appropriate quality 
control. Following extensive analysis of a large set of STR loci, the 
 EUC  marker panel was established. The panel comprises 13 STR 
markers selected to optimally meet the specifi c requirements of 
quantitative chimerism analysis (Table  1 ). Based on highly stringent 
selection criteria [ 21 ], the EUC panel provides multiple informative 
markers in any transplant setting. The  EUC  assay provides 
standardized STR-PCR tests permitting detection of donor- or 
recipient-derived cells with a  sensitivity limit of 0.8–1.6 %. 
Moreover, the assay facilitates accurate and reproducible 
quantifi cation of donor and recipient hematopoietic cells [ 23 ]. 
The EUC assay may serve as a tool for the harmonization of post-
transplant monitoring between diagnostic laboratories. Its 
implementation in the clinical monitoring of chimerism could help 
eliminate the problems of heterogeneity in the currently used 
technical approaches and could greatly improve the comparability 
of data and the exchange of information between centers.

2        Materials 

     Hardware 

   1.    Spectrophotometer.   
   2.    Benchtop centrifuge.   
   3.    Thermomixer.   
   4.    Vortex mixer.    

  Reagents 

   1.    Qiagen DNA Blood Mini Kit (Qiagen, Hilden, Germany).   
   2.    Ethanol.    

    Variant A: Phenol–chloroform extraction.

  Hardware 

   1.    Benchtop centrifuge.   
   2.    Thermomixer.   
   3.    Vortex mixer.    

2.1  Purifi cation 
of DNA

2.1.1  DNA Extraction 
from Peripheral Blood or 
Bone Marrow

2.1.2  DNA Extraction 
from Nails
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  Reagents 

   1.    Washing solution: 0.5 % SDS and 0.5 M NaOH.   
   2.    dH 2 O (DNAase free).   
   3.    Extraction buffer: 1 ×  TBE, 1.4 % SDS, 0.14 M NaCl, 0.28 M 

dithiothreitol (DTT), and 68 μg/mL proteinase K.   
   4.    Phenol/Chloroform/Isoamylalcohol (AppliChem, Darmstadt, 

Germany).   
   5.    Chloroform/Isoamylalcohol 25:1 (AppliChem).   
   6.    3 M Na-Acetate, pH 5.2 (Sigma-Aldrich, St. Louis, USA).   
   7.    Ethanol.   
   8.    Ethanol 70 %.    

  Variant B: Tissue and Hair Extraction Kit with the DNA IQ ™  
System; Promega.

  Hardware 

   1.    Benchtop centrifuge.   
   2.    Thermomixer.   
   3.    Vortex mixer.   
   4.    MagneSphere ®  Technology Magnetic Separation Stand 

(Promega, Madison, WI, USA).    

  Reagents 

   1.    Tissue and Hair Extraction Kit (Promega).   
   2.    DNA IQ ™  System (Promega).   
   3.    Nuclease-free water.   
   4.    Ethanol.   
   5.    Isopropyl alcohol.    

  Variant C: PrepFiler ®  Forensic DNA Extraction Kit, Life Technologies.

  Hardware 

   1.    Benchtop centrifuge.   
   2.    Thermomixer.   
   3.    Vortex mixer.   
   4.    Magnetic separation stand.    

  Reagents 

   1.    PrepFiler Forensic DNA Extraction Kit (Life Technologies, 
Carlsbad, CA).   

   2.    Isopropyl alcohol.   
   3.    Ethanol.   
   4.    1 M DTT.    
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      Hardware 

   1.    Benchtop centrifuge.   
   2.    Thermomixer.   
   3.    Vortex mixer.    

  Reagents 

   1.    Qiagen DNA Blood Mini Kit (Qiagen, Hilden, Germany).   
   2.    Ethanol.    

       Hardware 

   1.    PCR cycler (e.g., GeneAmp ®  PCR system 2400 or 9600; 
Applied Biosystems (ABI), Foster City, USA).   

   2.    Benchtop centrifuge.   
   3.    Vortex mixer.   
   4.    Capillary electrophoresis instrument (e.g., ABI 310/ABI 

3100- Avant, ABI 3130 Genetic Analyzer, ABI).    

  Reagents and solutions 

   1.    Genomic DNA.   
   2.    Amplitaq Gold ®  DNA Polymerase Buffer II (10 × , ABI).   
   3.    25 mM MgCl 2  (ABI).   
   4.    dNTPs (Promega).   
   5.    STR-locus-specifi c primers (forward or reverse primer labelled 

with a fl uorescence dye (FL, JOE, or TMR) (see Tables  1  
and  2 ).

       6.    Amplitaq Gold ®  DNA Polymerase (ABI).   
   7.    Hi-Di™ Formamide (ABI).   
   8.    Internal Lane Standard (ILS) 600 (Promega).    

  Consumables for capillary electrophoresis on the ABI310/ABI 
3100-Avant/ABI 3130 Genetic Analyzer:

    1.    Running buffer as specifi ed by the manufacturer for the instru-
ment used (ABI).   

   2.    Pop-4 ®  Polymer for the 310 Genetic Analyzer, Pop-4 ®  
Polymers for the 3100/3100-Avant Genetic Analyzer, or 
POP-7 Polymer for 3130/3130 XL Genetic Analyzers (ABI).   

   3.    310 Genetic Analyzer Capillary 47 cm (36 cm WTR) or 
3130/3100-Avant Genetic Analyzer Capillary Array 36 cm 
(ABI).       

2.1.3  DNA Extraction 
from Cell Subsets Isolated 
by Flow Sorting

2.2  STR-PCR 
and Capillary 
Electrophoresis with 
Fluorescence-Assisted 
Detection
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3    Methods 

 –       Use Qiagen DNA Blood Mini Kit according to the manufac-
turer’s recommendations.  

 –   Quantify DNA yield by spectrophotometry.  
 –   Use 10 ng of DNA as template in individual PCR reactions.     

  Variant A: Phenol–chloroform extraction method:

 –    Collect nail clippings from one to ten fi ngers (or toes).  
 –   Place the nail sample in a 1.5 mL Eppendorf tube.  
 –   Add an appropriate amount of washing solution, and cover the 

nails.  
 –   Vortex briefl y.  
 –   Pulse spin (Eppendorf centrifuge, maximum speed).  
 –   Aspirate washing solution.  
 –   Add ~1 mL dH 2 O.  

3.1  Purifi cation 
of DNA

3.1.1  DNA Extraction 
from Peripheral Blood or 
Bone Marrow ( See   Note 1 )

3.1.2  DNA Extraction 
from Nails ( See   Note 2 )

      Table 2  
  EUC multiplex panels   

 Concentrations 
(nM)  FL  JOE  TMR 

 Group 1 

 D9S1118   a   92–128 

 MYCL1  240  156–225 

 D7S1517  200  164–212 

 D11S554  400  166–246 

 D8S1132  400  347–379 

 Group 2 

 D10S2325  360  163–213 

 D12S391  480  220–269 

 P450CYP19  800  304–454 

 D2S1360  800  213–253 

  The abbreviations FL (blue), JOE (green), and TMR (yellow) indicate the fl uorescent 
dyes used for labelling of the forward or the reverse primer. The numbers below the 
fl uorescent dyes show the respective range of PCR product lengths. The most informa-
tive STR marker SE33 could not be included in the multiplex panels for technical rea-
sons. Hence, if desired or required for initial genotyping, this marker has to be tested in 
a separate singleplex reaction ( see  Table  2 ) 
  a D9S1118 asymmetric PCR: fw primer 320 nM and rev primer 80 nM  
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 –   Vortex briefl y.  
 –   Pulse spin.  
 –   Aspirate dH 2 O.  
 –   Repeat last four steps.  
 –   Add 600 μL extraction buffer.  
 –   Incubate sample at 56 °C overnight (or over the weekend, if 

convenient).  
 –   Upon complete (or partial) digestion of the nails, extract the 

DNA using standard phenol/chloroform extraction and etha-
nol precipitation.    

 Variant B: Tissue and Hair Extraction Kit with DNA IQ ™  System; 
Promega. 

 The kits are applied according to the manufacturer’s 
recommendations. 
 Variant C: PrepFiler ®  Forensic DNA Extraction Kit, Life Technologies. 

 The kit is used according to the manufacturer’s recommendations.  

 –      Resuspend fl ow-sorted cells with 200 μL PBS.  
 –   Add 20 μL protease.  
 –   Add 200 μL AL buffer.  
 –   Vortex for 15 s.  
 –   Incubate at 70 °C for 30 min.  
 –   Pulse spin.  
 –   Add 210 μL ethanol.  
 –   Vortex briefl y.  
 –   Pulse spin.  
 –   Apply the solution to the spin column.  
 –   Centrifuge and wash sample according to the standard Qiagen 

protocol.  
 –   Collect DNA with 130 μL of elution buffer ( see   Note 4 ).      

   Set up both PCR reactions (group 1 and group 2) in a total volume 
of 50 μL as follows:

   dNTPs 800 μM.  
  MgCl 2  2 mM.  
  AmpliTaq Gold  ®   5 U.  
  10× PCR buffer II (ABI).  
  10 ng genomic DNA of each recipient and donor.    
 For primer concentrations see Table  2 . 
 The amplifi cation program is identical to that recommended for 
the PP16 ®  kit on different instruments.  

3.1.3  DNA Extraction 
from Flow-Sorted Cell 
Subsets ( See   Note 3 )

3.2  STR-PCR 
and Capillary 
Electrophoresis with 
Fluorescence-Assisted 
Detection for 
Chimerism Analysis 
( See   Note 5 )

3.2.1  Multiplex Analysis 
for the Selection of 
Informative Maker(s) 
( See   Notes 11 ,  15 – 18 )

Chimerism Analysis



284

  Set up the PCR reaction in a total volume of 25 μL as follows:

   dNTPs 400 μM.  
  MgCl 2  2 mM.  
  AmpliTaq Gold  ®   1 U.  
  10× PCR buffer II (AB).  
  18.6 μL DNA extracted from fl ow-sorted cell subsets ( see   Note 6 ).  
  For primer concentrations see Table  1 .    

 The amplifi cation program is identical to that recommended for 
the PP16 ®  kit on different instruments, using 22 cycles during the 
second phase of amplification being the only difference ( see  
 Note 7 ).

 –    Prepare PCR products for loading onto the capillary electro-
phoresis apparatus by setting up the following mixture: 
 24 μL HiDi Formamide. 

 1 μL ILS 600. 

 1.0 μL PCR product.  
 –   Denature the mixture by incubation at 95 °C for 2 min and 

cool to 4 °C.  
 –   Load the samples to ABI 310/3100-Avant/3130 Genetic 

Analyzer according to the manufacturer’s recommendations. 
 –  Adjust the electrophoresis time (“run time”) according to the 

length of the analyzed PCR products ( see   Note 8 ). 
 –  To obtain max. peak heights but not “off-scale” peaks choose 

the appropriate injection time and voltage ( see   Note 9 ). 
 –  Apply the GeneScan/GeneMapper software (supplied with 

ABI310/3100/3130 apparatus) to analyze the results. 
 –  Use the height (or area) of individual peaks to calculate donor/

recipient chimerism by employing the formulas indicated 
below ( see   Note 10 ).    

 Commonly encountered problems and recommended measures 
are outlined in  Notes 11 – 18 . 
 Microsatellites for initial genotyping and selection of markers for 
the follow-up of chimerism are described in Table  2  and  Notes 11 , 
 15 – 18 .    

4    Notes 

     1.    Capillary electrophoresis-based PCR product analysis is sensi-
tive to variations in DNA template quality. It is necessary there-
fore to use isolation protocols yielding high-quality DNA in 

3.2.2  Singleplex Analysis 
for Post-transplant 
Monitoring of Chimerism
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order to obtain reproducible results and satisfactory sensitivity. 
DNA isolation kits (e.g., from Qiagen) have proven to be 
 adequate for this application.   

   2.    Initial genotyping for the detection of informative STR loci is 
usually performed using PB from the recipient and PB or BM 
from the donor. In some instances, no cell material is available 
from the allograft recipient before transplantation. To identify 
an appropriate genetic marker for the monitoring of chime-
rism, assessment of the patient’s genotype is necessary, but PB 
can no longer be used due to the presence of donor cells. We 
have tested cell material from different sources to identify 
patient- specifi c genetic fi ngerprints. Epithelial cells derived 
from the oral mucosa or from the skin may contain donor leu-
kocytes. In fact, buccal swabs were demonstrated to contain 
granulocytes of donor origin already during the fi rst days after 
SCT, before they were detected in PB [ 24 ] (and own unpub-
lished observations). The same applies to cells isolated from 
urinary sediment. Hair provides a reliable source of endoge-
nous DNA but may not be available in patients after several 
courses of chemotherapy. Nail clippings were found to be an 
ideal source of patient DNA in this setting. They are readily 
available in all patients, and suffi cient quantities of good-qual-
ity DNA adequate for PCR genotyping can be obtained.   

   3.    The amount of cells within individual fractions isolated by fl ow 
sorting ranges mostly between 2,000 and 10,000 but may 
occasionally be as low as a few hundred. A technique permit-
ting effi cient DNA extraction from small cell numbers is there-
fore required. We try to obtain 4,000 cells per cell fraction in 
order to have suffi cient amounts of DNA for PCR analysis. 
The use of a modifi ed protocol for the Qiagen DNA Blood 
Mini Kit provides very pure DNA, and the yields are suffi cient 
for subsequent PCR.   

   4.    The volume of elution buffer should be kept low in order to 
provide DNA concentrations adequate for subsequent PCR 
analysis. The eluate can be re-applied to the spin column in 
order to increase the DNA yield. Alternatively, if the yields do 
not provide suffi cient amounts of DNA for PCR analysis, addi-
tion of a carrier to the cell lysate prior to application to the spin 
column may be warranted.   

   5.    The employment of capillary electrophoresis instruments 
requires less hands-on time than the formerly used conven-
tional gel electrophoresis due to the automated loading and 
electrophoresis of samples as well as the measurement of fl uo-
rescence signals. However, the capacity of devices with a single 
capillary and an average electrophoresis time of 20–30 min 
per sample may be a limiting factor for sample throughput. 
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The effi ciency can be improved by loading PCR products of 
different chimerism assays onto the capillary and analyzing all 
fragments in the same run. This can be done when primers for 
amplifi cation of various microsatellite loci are labelled with dif-
ferent dyes, thus permitting easy identifi cation of the products 
after electrophoresis [ 22 ]. These considerations are of rele-
vance at major diagnostic centers, where high sample through-
put is required, and the implementation of instruments with 
multiple capillaries permitting simultaneous analysis of several 
samples is preferable.   

   6.    The amount of template DNA in the PCR reactions can play a 
role in the achievable sensitivity of the assay. Most investigators 
use 50–100 ng of template (corresponding to about 7.5 × 10 3 –
15 × 10 3  diploid human cells), a quantity readily available when 
analyzing chimerism within the entire white blood cell popula-
tion. In such instances, it is feasible to reproducibly detect 
residual recipient cell subsets in the range of 1 % (i.e., about 
100 cells). This level of sensitivity may not be readily achiev-
able, however, when specifi c white blood cell fractions isolated 
by fl ow sorting or by magnetic bead separation are investi-
gated. In these instances, only small cell numbers are available 
for DNA isolation yielding no more than 1–30 ng of DNA 
(corresponding to about 1.5 × 10 2 –4.5 × 10 3  cells). Although 
1 % sensitivity (equivalent to detecting about 45 cells or less) 
can be reached even in this experimental setting, it is more 
common to achieve sensitivities around 3–5 %. Despite the 
slightly decreased sensitivity of assays using low cell numbers as 
starting material, the overall sensitivity in detecting minor 
autologous cell fractions within specifi cally enriched leukocyte 
populations is generally one to two logs higher than chimerism 
analysis in whole white blood cell preparations. However, our 
experience within the EUC study indicated that the reproduc-
ibility of chimerism results is higher when using 10 ng tem-
plate DNA as compared to 1 ng.   

   7.    Split peaks: Several DNA polymerases can catalyze the addition 
of a single nucleotide (usually adenosine) to the 3′ends of 
double- stranded PCR amplicons. This non-template addition 
leads to the generation of PCR products that are one base pair 
longer than the actual target sequence. In order to avoid the 
occurrence of split peaks that are one base apart due to ineffi -
cient nucleotide addition, a terminal cycling step at 60 °C for 
30 min is included in the PCR profi le. This step provides the 
polymerase with extra time to complete nucleotide addition to 
all double-stranded PCR products, thus usually preventing 
formation of split peaks.   
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   8.    A run time of 20 min is suffi cient for the separation of PCR 
products up to ~400 bp in length. For analysis of longer PCR 
products, the run time has to be extended.   

   9.    The injection parameters need to be adjusted according to the 
yield of the PCR reaction and generally range between 5- and 
15-s injection time and 1–6 kV. Usually, samples are analyzed 
using different parameters in order to achieve optimal sensitiv-
ity. Because the lower limit of specifi c signal detection consid-
ering the noise level is around 50 rfu, the peak height of the 
dominant alleles should be around 5,000 rfu. This permits the 
detection of subdominant alleles at a sensitivity level of about 
1 %. Quantitative assessment is possible only if the detected 
peaks are not off-scale. Off-scale peaks are very high peaks (sat-
urated signals), recognized and indicated by the software. 
They are either displayed as double peaks (tip of the peak is 
bent down) or indicated by a colored bar.   

   10.    For quantitative analysis of donor and recipient alleles, both 
peak height and peak area can be used. The formula used for 
calculating the degree of (most commonly recipient) chime-
rism is based on the quotient between recipient and donor 
allele peak heights or areas. The mode of quantitative analysis 
may differ between individual centers [ 20 ] .  Some investigators 
select only one unique allele from each recipient and donor for 
the calculation. Like many others, we include all unique recipi-
ent and donor alleles in the calculation, while shared alleles are 
excluded [ 25 ]. The general formula used is 

   Percentage of recipient cells=100 × (A + B):(A + B) + (C + D). 
   The letters A and B represent the peak heights or areas of 

recipient alleles and the letters C and D those of donor alleles.   
   11.    The so-called stutter peaks resulting from polymerase slippage 

during the amplifi cation of microsatellite loci typically migrate 
at a distance of one repeat unit in front of the parent allele and 
may interfere with specifi c allelic peaks. This problem must be 
accounted for by judicious marker selection. As a general rule, 
informative donor and recipient alleles must be separated by at 
least two repeat units to prevent interference with stutter 
peaks. Occasionally, a second stutter allele, located at a distance 
of two repeat units from the main peak, may be present. If the 
second stutter is of relevant height, i.e., more than 1 % of the 
main peak, another marker should be selected for chimerism 
analysis. The problem of second stutter peaks can be avoided 
by selecting a marker that provides donor and recipient peaks 
separated by more than two repeat units. In general, tetra- and 
pentanucleotide repeat markers (i.e., microsatellite loci dis-
playing a repeat motif of four and fi ve nucleotides in length, 
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respectively) yield less prominent stutter peaks and are  therefore 
preferred over di- and trinucleotide repeat markers (i.e., mic-
rosatellite loci displaying a repeat motif of two or three nucleo-
tides in length).   

   12.    In certain instances, the so-called bleed-through signals [ 26 ] 
may be observed, which may affect the interpretation of results. 
When using very high injection parameters, the standard (red) 
may result in signals visible in analyses of green- labelled PCR 
products. The same phenomenon may occur in multiplex PCR 
reactions combining primers labelled by  different dyes or in 
the presence of extremely high signals where false (bleed-
through) signals may be observed in different color windows.   

   13.    The occurrence of dye-associated nonspecifi c peaks [ 27 ] is a 
problem peculiar to the fl uorescence-based technology dis-
cussed. Apparently, the fl uorescent dyes FAM, HEX, and NED 
may give rise to formation of multiple template-independent 
peaks at positions characteristic for each dye. The peaks can be 
relatively high and migrate in a range similar to that of many 
microsatellite markers. The signals may therefore interfere 
with specifi c microsatellite peaks and thus compromise the 
analysis of chimerism. There is currently no clear explanation 
for this phenomenon. If this problem is observed, a feasible 
approach to its elimination is having primers for each microsat-
ellite locus labelled with different fl uorescent dyes and select-
ing a primer/dye combination that does not show any 
interference between the specifi c alleles of the marker used and 
the dye-associated peak positions.   

   14.    In addition to the occurrence of nonspecifi c peaks, as indicated 
above, other problems may lead to the appearance of extra sig-
nals. Conversely, the problem of faint or absent peaks may also 
occur. Some of the common causes and possible measures are 
listed below: 

 Extra signals and background signals

 Possible cause  Recommended measure 

 Contamination with 
extraneous DNA 

 Use appropriate precautions and controls 
(aerosol-resistant pipette tips, separation 
of pre- and post-PCR areas) 

 DNA input too high  Decrease the amount of template DNA 
or reduce the number of PCR cycles 

 Sample not completely 
denatured 

 Heat sample to 93 °C for 3 min before 
capillary electrophoresis 

 Insuffi cient DNA quality  Prevent samples from DNA degradation 
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   Faint or no signals

 Possible cause  Recommended measure 

 Impure DNA—presence 
of inhibitors 

 Test different extraction methods 
combined with purifi cation 
of DNA through a spin column 

 Insuffi cient template DNA  Increase the amount of DNA template 

 Primer concentration too low  Increase primer concentration 

 Incorrect PCR program  Check the PCR program 

 Wrong MgCl 2  concentration  Test different concentrations of 
MgCl 2  

       15.    If highly polymorphic microsatellite loci are used, only a  limited 
number need to be tested in order to reveal one or more infor-
mative markers in virtually any donor/recipient constellation. In 
matched sibling and haploidentical transplants, more markers 
are generally required in order to differentiate between donor 
and recipient cells as compared to the unrelated setting. The 
screening panels used at most centers include 6–15 microsatel-
lite markers. Genotyping by multiplex reactions established 
within the EUC study including 4–5 selected EUC markers 
[ 23 ] was demonstrated to provide at least one STR marker opti-
mally suited for quantitative chimerism analysis in any related or 
unrelated donor/recipient setting.   

   16.    Criteria for the selection of optimal informative markers have 
been proposed by the EUC consortium: the minimum require-
ments for an eligible allelic constellation include the presence 
of at least one unique donor and recipient allele and a distance 
between informative alleles corresponding to at least two tan-
dem repeat units [ 21 ].   

   17.    Due to preferential amplifi cation of short fragments during 
PCR cycling, minor recipient cell populations may be detected 
with greater sensitivity if the informative recipient alleles are 
shorter in length than any donor allele. Although microsatel-
lite markers usually show relatively small differences in length 
between alleles, amplifi cation effi ciencies may nevertheless dif-
fer signifi cantly and therefore have an impact on the sensitivity 
of the assays.   

   18.    The reported average sensitivity in detecting minor (in most 
instances recipient-derived) cell populations using different 
microsatellite markers ranges from 1 to 5 %. The sensitivity 
may to a large extent depend on the size (i.e., amplicon length) 
of the informative recipient allele(s), the allelic constellation, 
and the number of alleles co-amplifi ed. In practice, however, 
some markers from the panels used at individual centers tend 
to provide higher sensitivity than others and are therefore used 
preferentially.         

Chimerism Analysis



290

      References 

     1.    Dubovsky J, Daxberger H, Fritsch G, Printz 
D, Peters C, Matthes S et al (1999) Kinetics of 
chimerism during the early post-transplant 
period in pediatric patients with malignant and 
non-malignant hematologic disorders: impli-
cations for timely detection of engraftment, 
graft failure and rejection. Leukemia 
13:2060–2069  

    2.    Pérez-Simón JA, Caballero D, Lopez-Pérez R, 
Mateos G, Canizo C, Vazquez L et al (2002) 
Chimerism and minimal residual disease moni-
toring after reduced intensity conditioning 
(RIC) allogeneic transplantation. Leukemia 
16:1423–1431  

         3.    Matthes-Martin S, Lion T, Haas OA, 
Frommlet F, Daxberger H, Konig M et al 
(2003) Lineage- specifi c chimaerism after stem 
cell transplantation in children following 
reduced intensity conditioning: potential pre-
dictive value of NK-cell chimaerism for late 
graft rejection. Leukemia 17:1934–1942  

          4.    Lion T, Daxberger H, Dubovsky J, Filipcik P, 
Fritsch G, Printz D et al (2001) Analysis of 
chimerism within specifi c leukocyte subsets for 
detection of residual or recurrent leukemia in 
pediatric patients after allogeneic stem cell 
transplantation. Leukemia 15:307–310  

   5.    Liesveld JL, Rothberg PG (2008) Mixed chi-
merism in SCT: confl ict or peaceful 
 coexistence? Bone Marrow Transplant 
42:297–310  

   6.    Lawler M, McCann SR, Marsh JC, Ljungman 
P, Hows J, Vandenberghe E, Severe Aplastic 
Anaemia Working Party of the European 
Blood and Marrow Transplant Group et al 
(2009) Serial chimerism analyses indicate that 
mixed haemopoietic chimerism infl uences the 
probability of graft rejection and disease recur-
rence following allogeneic stem cell transplan-
tation (SCT) for severe aplastic anaemia (SAA): 
indication for routine assessment of chimerism 
post SCT for SAA. Br J Haematol 
144:933–945  

     7.    Breuer S, Preuner S, Fritsch G, Daxberger H, 
Koenig M, Poetschger U et al (2012) Early 
recipient chimerism testing in the T- and 
NK-cell lineages for risk assessment of graft 
rejection in pediatric patients undergoing allo-
geneic stem cell transplantation. Leukemia 
26:509–519  

      8.    Bader P, Kreyenberg H, Hoelle W, Dueckers 
G, Handgretinger R, Lang P et al (2004) 
Increasing mixed chimerism is an important 
prognostic factor for unfavorable outcome in 

children with acute lymphoblastic leukemia 
after allogeneic stem-cell transplantation: pos-
sible role for pre-emptive immunotherapy? J 
Clin Oncol 22:1696–1705  

    9.    Bader P, Kreyenberg H, Hoelle W, Dueckers 
G, Kremens B, Dilloo D et al (2004) Increasing 
mixed chimerism defi nes a high-risk group of 
childhood acute myelogenous leukemia 
patients after allogeneic stem cell transplanta-
tion where pre-emptive immunotherapy may 
be effective. Bone Marrow Transplant 
33:815–821  

    10.    Chalandon Y, Vischer S, Helg C, Chapuis B, 
Roosnek E (2003) Quantitative analysis of chi-
merism after allogeneic stem cell transplanta-
tion by PCR amplifi cation of microsatellite 
markers and capillary electrophoresis with fl u-
orescence detection: the Geneva experience. 
Leukemia 17:228–231  

   11.    Schraml E, Daxberger H, Watzinger F, Lion T 
(2003) Quantitative analysis of chimerism 
after allogeneic stem cell transplantation by 
PCR amplifi cation of microsatellite markers 
and capillary electrophoresis with fl uorescence 
detection: the Vienna experience. Leukemia 
17:224–227  

   12.    Kreyenberg H, Holle W, Mohrle S, 
Niethammer D, Bader P (2003) Quantitative 
analysis of chimerism after allogeneic stem cell 
transplantation by PCR amplifi cation of mic-
rosatellite markers and capillary electrophore-
sis with fl uorescence detection: the Tuebingen 
experience. Leukemia 17:237–240  

   13.    Acquaviva C, Duval M, Mirebeau D, Bertin R, 
Cave H (2003) Quantitative analysis of chime-
rism after allogeneic stem cell transplantation 
by PCR amplifi cation of microsatellite markers 
and capillary electrophoresis with fl uorescence 
detection: the Paris-Robert Debre experience. 
Leukemia 17:241–246  

   14.    Hancock JP, Goulden NJ, Oakhill A, Steward 
CG (2003) Quantitative analysis of chimerism 
after allogeneic bone marrow transplantation 
using immunomagnetic selection and fl uores-
cent microsatellite PCR. Leukemia 
17:247–251  

    15.    Koehl U, Beck O, Esser R, Seifried E, 
Klingebiel T, Schwabe D, Seidl C (2003) 
Quantitative analysis of chimerism after alloge-
neic stem cell transplantation by PCR amplifi -
cation of microsatellite markers and capillary 
electrophoresis with fl uorescence detection: 
the Frankfurt experience. Leukemia 
17:232–236  

Sandra Preuner and Thomas Lion



291

    16.    Maas F, Schaap N, Kolen S, Zoetbrood A, 
Buno I, Dolstra H et al (2003) Quantifi cation 
of donor and recipient hemopoietic cells by 
real-time PCR of single nucleotide polymor-
phisms. Leukemia 17:621–629  

   17.    Fredriksson M, Barbany G, Liljedahl U, 
Hermanson M, Kataja M, Syvänen AC (2004) 
Assessing hematopoietic chimerism after allo-
geneic stem cell transplantation by multiplexed 
SNP genotyping using microarrays and quan-
titative analysis of SNP alleles. Leukemia 
18:255–266  

    18.    Jimenez-Velasco A, Barrios M, Roman-Gomez 
J, Navarro G, Buno I, Castillejo JA et al (2005) 
Reliable quantifi cation of hematopoietic chi-
merism after allogeneic transplantation for 
acute leukemia using amplifi cation by real-
time PCR of null alleles and insertion/dele-
tion polymorphisms. Leukemia 19:336–343  

    19.    Najfeld V, Burnett W, Vlachos A, Scigliano E, 
Isola L, Fruchtman S (1997) Interphase FISH 
analysis of sex-mismatched BMT utilizing dual 
color XY probes. Bone Marrow Transplant 
19:829–834  

     20.    Lion T (2003) Summary: reports on quantita-
tive analysis of chimerism after allogeneic stem 
cell transplantation by PCR amplifi cation of 
microsatellite markers and capillary electro-
phoresis with fl uorescence detection. Leukemia 
17:252–254  

       21.    Watzinger F, Lion T, Steward C (2006) The 
RSD code: proposal for a nomenclature of 
allelic confi gurations in SRT-PCR-based chi-
merism testing after allogeneic stem cell trans-
plantation. Leukemia 20:1448–1452  

      22.    Thiede C, Bornhäuser U, Brendel C, Leo R, 
Daxberger H, Mohr B et al (2001) Sequential 
monitoring of chimerism and detection of 
minimal residual disease after allogeneic blood 
stem transplantation (BSCT) using multiplex 
PCR amplifi cation of short tandem repeat- 
markers. Leukemia 15:293–302  

      23.    Lion T, Watzinger F, Preuner S, Kreyenberg 
H, Tilanus M, de Weger R et al (2012) The 
EuroChimerism concept for a standardized 
approach to chimerism analysis after allogeneic 
stem cell transplantation. Leukemia 26:
1821–1828  

    24.    Thiede C, Prange-Krex G, Freiberg-Richter J, 
Bornhauser M, Ehninger G (2000) Buccal 
swabs but not mouthwash samples can be used 
to obtain pretransplant DNA fi ngerprints from 
recipients of allogeneic bone marrow trans-
plants. Bone Marrow Transplant 25:575–577  

    25.    Thiede C, Lion T (2001) Quantitative analysis 
of chimerism after allogeneic stem cell trans-
plantation using multiplex PCR amplifi cation 
of short tandem repeat markers and fl uores-
cence detection. Leukemia 15:303–306  

    26.    Moretti TR, Baumstark AL, Defenbaugh DA, 
Keys KM, Smerick JB, Budowle B (2001) 
Validation of short tandem repeats (STRs) for 
forensic usage: performance testing of fl uores-
cent multiplex STR systems and analysis of 
authentic and simulated forensic samples. 
J Forensic Sci 46:647–660  

    27.    Schraml E, Lion T (2003) Interference of dye- 
associated fl uorescence signals with quantita-
tive analysis of chimerism by capillary 
electrophoresis. Leukemia 17:221–223    

Chimerism Analysis



293

Meral Beksaç (ed.), Bone Marrow and Stem Cell Transplantation, Methods in Molecular Biology, vol. 1109,
DOI 10.1007/978-1-4614-9437-9_15, © Springer Science+Business Media New York 2014

    Chapter 15   

 Urinary Proteomics Employing Capillary Electrophoresis 
Coupled to Mass Spectrometry in the Monitoring 
of Patients After Stem Cell Transplantation 

           Eva     M.     Weissinger     ,     William     Mullen    , and     Amaya     Albalat   

    Abstract 

   Complex biological samples hold signifi cant information on the health status and development of disease. 
Approximately 22,000 human genes give rise to more than 400,000 proteins as functional entities 
(Anderson and Anderson, Electrophoresis 19:1853–1861, 1998).    Thus, the proteome provides a much 
richer source of information than the genome for describing the state of health or disease of humans. The 
composition of body fl uids comprises a rich source of information on changes of protein and peptide 
expression. Here we describe the application of capillary electrophoresis (CE) coupled online to an 
electrospray- ionization time-of-fl ight mass spectrometer (ESI-TOF-MS) to analyze human urine for the 
identifi cation of biomarkers specifi c for complications after allogeneic hematopoietic stem cell transplanta-
tion (Kaiser et al. Blood 104:340–349, 2004; Weissinger et al. Blood 109:5511–5519, 2007). In addition, 
we describe methods for the sequencing of native proteins/peptides, necessary for the identifi cation of 
possible new therapeutic targets.  

  Key words     Proteomics  ,   Hematopoietic stem cell transplantation  ,   Capillary electrophoresis  ,   Mass 
spectrometry  ,   Polypeptide  ,   Clinical diagnosis  

1      Introduction 

 Application of proteome analysis towards clinical questions has 
developed into a growing fi eld. Several different technologies have 
been applied, and a plethora of specimen types has been investi-
gated. While the apparently obvious choice of an appropriate speci-
men at fi rst sight seemed to be plasma or serum, urine has received 
growing attention, mostly due to the fact that it can be easily col-
lected and also due to its stability [ 4 ]. 

 The current mostly used technological approaches are 2D gel 
electrophoresis, followed by mass spectrometry (MS) of trypti-
cally digested proteins or liquid chromatography (LC)-based 
approaches coupled to MS for initial discovery aiming at higher 
molecular mass proteins. When examining the lower molecular 
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proteome/peptidome, LC or capillary electrophoresis (CE) coupled 
to MS are most widely used [ 5 ]. Of these CE demonstrated several 
advantages in direct comparison [ 6 ]. 

 Depending on the approach, the proposed biomarkers are sub-
sequently either assessed (aiming at validation) using the same 
platform as in the discovery studies (mostly applicable to CE-MS) 
or transferred onto a different platform that allows targeted assess-
ment and higher throughput [ 7 ]. In most cases, these platforms 
are immunological type assays. Recently, the use of mass 
spectrometry- based multiple reaction monitoring (MRM)-type 
approaches has been advocated [ 8 ]. While these assays have the 
advantage of not requiring specifi c agents (like antibodies), their 
applicability in a true clinical setting still has to be demonstrated. 

 CE-MS has been developed as a routine platform for the analy-
sis of urinary peptides [ 9 ,  10 ]. It has been employed for the com-
parable analysis of over 20,000 urine samples, including >2,000 
samples from patients after allogeneic hematopoietic stem cell 
transplantation (HSCT) [ 11 ,  12 ]. HSCT currently represents the 
only permanent cure for many patients with hematological malig-
nancies or marrow dysfunction syndromes. Complications after 
HSCT, such as concurrent infection in the time of aplasia, reactiva-
tion of viruses such as cytomegalovirus (CMV), or development of 
immunological complications such as graft-versus-host disease 
(GvHD), limit the application of HSCT. 

 Here we describe the application of CE-MS for the analysis of 
urine from patients after allogeneic HSCT, aiming at early detection 
of GvHD [ 3 ] .  This approach is currently already employed in a clini-
cal intervention study and hence represents an example for clinical 
decision making based on proteome analysis. We describe the meth-
ods employed for urine sample preparation, MS analysis, and data 
evaluation. Further, we describe the methods used for sequencing of 
the naturally occurring peptides that are employed as biomarkers. 

 CE-MS is a powerful tool allowing fast and reliable analysis of 
peptides from complex biological samples, such as urine [ 13 ], 
plasma [ 14 ], cerebrospinal fl uid [ 15 ], dialysis fl uid [ 16 ], or tissue 
culture supernatant [ 17 ]. Information on >1,000 peptides can be 
obtained from an ~1-h analysis, and the platform has been exten-
sively characterized [ 18 ]. Although these peptides and proteins can 
serve as excellent biomarkers for diagnostic purposes, their poten-
tial physiological role remains unknown as long as their identity 
defi ned by their amino acid sequence is not determined. The iden-
tifi cation of the defi ned biomarkers presents some unique chal-
lenges. The biomarkers cannot be easily isolated; the sequence 
analysis has to be performed from a complex mixture, and poten-
tial biomarkers are frequently post-translationally modifi ed [ 5 ]. 
For this purpose, two principal approaches have been employed: 
direct interfacing of CE with MS/MS instruments, or employing 
LC-MS/MS, and calculating the CE migration time based on the 
peptide sequence [ 19 ].  

Eva M. Weissinger et al.
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2    Materials 

      1.    Urine samples are collected cold, immediately frozen, and 
stored at −20 °C.   

   2.    Buffer for sample dilution: 2 M Urea, 100 mM NaCl, 0.0125 % 
NH 4 OH containing 0.01 % SDS.   

   3.    Elution buffer: 0.01 % NH 4 OH in HPLC-grade water (pH 
10.5–11.5).   

   4.    Centrisart ultrafi lter tubes 20 kD, 0.62 cm 2  tubes (Sartorius 
Stedim Limited, UK).   

   5.    PD-10 desalting columns (GE Healthcare Biosciences AB, 
Bedford, USA).   

   6.    BCA protein quantifi cation kit (Uptima, Interchim, Montluçon, 
France).   

   7.    Lyophilization Christ Speed-Vac RVC 2-18/Alpha 1-2 
(Christ, Osterode am Harz, Germany).      

      1.    Capillary Electrophoresis P/ACE MDQ system (Beckman 
Coulter, Fullerton, USA).   

   2.    Capillary: 90 cm, 50 μm I.D. fused silica capillary (New 
Objective, Woburn, USA).   

   3.    Conditioning of new capillaries: 1 M NaOH in HPLC-grade 
water.   

   4.    NH 4 OH solution: 2 % solution of NH 4 OH in HPLC-grade 
water.   

   5.    CE-running buffer: 20 % (v/v) ACN and 0.95 % formic acid.   
   6.    Sheath liquid: 30 % (v/v) iso-propanol (Sigma-Aldrich, 

Germany) and 0.4 % (v/v) formic acid in HPLC-grade water.   
   7.    ESI-TOF sprayer-kit (Agilent Technologies, Palo Alto, CA, 

USA).   
   8.    Micro-TOF-MS (ESI-TOF; Bruker Daltonik, Bremen, 

Germany).   
   9.    Single-syringe infusion pump (Cole-Parmer Instrument 

Company, USA).   
   10.    Hamilton syringe 500 μL (Hamilton Company, USA).   
   11.    Software: Mosaiques Visu: for peak detection (biomosaiques 

software, Hannover, Germany).   
   12.    MosaCluster: SVM-based program for grouping according to 

multiple parameters (biomosaiques software, Hannover, 
Germany).      

2.1  Preparation 
of Urine

2.2  Proteomic 
Profi ling Using CE-MS

Sequencing of Native Biomarkers
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      1.    Dionex Ultimate 3000 RSLS nano fl ow system (Dionex, 
Camberly, UK).   

   2.    Nano trap column: Dionex 0.1 × 20 mm 5 μm C18 (Dionex, 
Camberly, UK).   

   3.    Nano column: Acclaim PepMap C18 nano column 
75 μm × 50 cm, 2 μm 100 Å (Dionex, Camberly, UK).   

   4.    Proxeon nano spray ESI source (Thermo Fisher, Hemel, UK).   
   5.    Orbitrap Velos FTMS mass spectrometer (Thermo Fisher, 

Hemel, UK).       

3    Methods 

 The methods described below outline (1) the sample preparation; 
(2) the CE-MS analysis; (3) data processing, analysis to evaluate 
the CE-MS data for clinical application and identify specifi c bio-
markers, and development of high-dimensional classifi ers for dif-
ferent diseases or complications; and (4) sequencing of possible 
biomarkers. 

  Body fl uids are complex mixtures of molecules with a wide range 
of polarity, hydrophobicity, and size. When analyzing complex bio-
logical samples, major concerns are loss of analytes during the sam-
ple preparation as well as reproducibility of the data generated. 
Ideally, a crude unprocessed sample should be analyzed. This 
would avoid all artifacts, losses, or biases arising from sample prep-
aration. However, this is impossible, and compromises have to be 
made, also due to the respective technology used. In CE-MS anal-
ysis of urine, salts, lipids, and large molecules, e.g., albumin, immu-
noglobulin, and others, have to be removed, since these molecules 
will interfere with the detection of smaller, less abundant proteins 
and peptides. 

  Urine samples were obtained from patients at different time points 
before and after HSCT, starting prior to conditioning and weekly 
thereafter for the time on the transplantation ward. The samples 
are typically taken as the second spot urine, voiding the fi rst urine 
of the day, as also suggested by the recommendations for urinary 
proteomics [ 20 ]. Proper handling of the samples is of outmost 
importance; the urine should be aliquoted, frozen immediately 
after collection, and stored at −20 °C until analysis ( see   Note 1 ).  

      1.    Defrost urine samples at room temperature and mix gently by 
inversion.   

   2.    While samples are thawing, mix them with PMSF (saturated 
solution in ethanol) in a ratio of 1/1,000 (v/v).   

2.3  Sequencing 
of Peptides

3.1  Sample

3.1.1  Collection and 
Storage of the Samples

3.1.2  Sample 
Preparation
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   3.    Thaw a 0.7 mL aliquot of urine immediately before use and 
dilute with 0.7 mL of urea buffer (2 M urea, 100 mM NaCl, 
0.0125 % NH 4 OH containing 0.01 % SDS).   

   4.    In order to remove high-molecular-weight polypeptides, fi lter 
samples using Centrisart ultracentrifugation fi lter devices 
(20 kDa molecular weight cutoff; Sartorius, Goettingen, 
Germany) at 3,000 ×  g  until 1.1 mL of fi ltrate was obtained.   

   5.    Subsequently, desalt the fi ltrate using a PD-10 column (GE 
Healthcare, Sweden) equilibrated in 0.01 % NH 4 OH in 
HPLC- grade water.   

   6.    Finally lyophilize samples, and store the samples at 4 °C. 
Shortly before CE-MS analysis, resuspend all lyophilisates in 
HPLC- grade water to a fi nal protein concentration of 2 μg/μL 
checked by BCA assay (Interchim, Montlucon, France) 
( see   Note 2 ).       

   The samples are transferred to appropriate vials and stored in the 
CE-auto sampler section at 5 °C. For capillary electrophoresis a P/
ACE MDQ (Beckman Coulter, Fullerton, USA) system is used 
equipped with a 90 cm, 50 μm inner diameter, bare-fused silica 
capillary. The use of coated capillaries, at present, appears not to be 
benefi cial ( see   Note 3 ).

    1.    Rinse the capillary with running buffer for 3 min prior to sam-
ple injection.   

   2.    Inject the sample for 99 s with 2 psi, resulting in the injection 
of ~250 nL of sample.   

   3.    Perform separation with +25 kV at the injection side, and set 
the capillary temperature to 35 °C for the entire length of the 
capillary up to the ESI interface.   

   4.    After each run, rinse the capillary, with deionized water (50 psi) 
for 1 min followed by a washing step with NH 4 OH solution 
(50 psi) for 3 min, followed by a fl ushing step with deionized 
water (50 psi) for 3 min. The CE-MS setup is depicted in Fig.  1 .

         The MS analysis is performed in positive electrospray mode with 
an ESI-TOF sprayer-kit (Agilent technologies, Palo Alto, CA, 
USA) using a Micro-TOF-MS (Bruker Daltonik, Bremen, 
Germany). The ESI sprayer is grounded and the ion spray interface 
potential is set between −3,700 and −4,100 V. The sheath liquid is 
applied coaxially, consisting of 30 % (v/v) iso-propanol (Sigma- 
Aldrich) and 0.4 % (v/v) formic acid in HPLC-grade water, at a 
fl ow rate of 0.02 mL/h. These conditions result in a detection 
limit of about 1 fmol of different standard peptides. MS spectra are 
accumulated every 3 s, over a  m/z  range from 400 to 2,500 or 
3,000 for about 45–60 min.   

3.2  CE-MS Analysis 
of the Samples

3.2.1  Capillary 
Electrophoresis

3.2.2  CE-MS Interface 
and Analysis

Sequencing of Native Biomarkers
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   Mass spectral ion peaks representing identical molecules at different 
charge states were deconvoluted into single masses using Mosaiques 
Visu software [ 22 ]. Mosaiques Visu employs a probabilistic cluster-
ing algorithm and uses both isotopic distribution as well as conju-
gated masses for charge-state determination of polypeptides. In a 
fi rst analysis, the software identifi es all peaks within each single 
spectrum. This usually results in more than 100,000 peaks from a 
single sample. Since true analytes must appear in several, e.g., at 
least three, successive spectra, signals from individual peptides 
present in consecutive spectra are collected, evaluated with respect 
to charge state, and combined. This reduces the list to 3,000–
7,000 “CE/MS” peaks. These data are termed “peak list” of an 
individual sample. Signals have to meet certain criteria, like the 
following: (1) the signal intensity must be greater than the thresh-
old (usually S/N > 4); (2) peaks must be multiply charged; and (3) 
peak width must be below the threshold of 2 min. Signals not con-
forming with the abovementioned criteria are removed. In the 
next step peaks representing identical molecules with different 
charge states are identifi ed and combined, and all  m/z  signals are 

3.3  Data Processing 
and Statistical 
Analysis

3.3.1  Data Processing: 
Peak Annotation

  Fig. 1    Online coupling of CE-MS and setup for data processing. A schematic drawing of the online coupling of 
CE-MS is shown here. After preparation the sample is separated in the CE and sprayed directly into the MS, 
where the  m/z  and the signal intensity are scored. The data processing and identifi cation of the pattern take 
place, and all data are stored in the database. Reprinted with permission from ref.  35        
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deconvoluted into mass. The data are condensed to a list of features, 
defi ned by migration time and mass and signal intensity as a mea-
sure for relative abundance for each individual peptide, generally 
between 1,000 and 2,500 individual peptides per sample.  

  Both CE migration time and ion signal intensity show variability, 
mostly due to different amounts of salt and peptides in the sample. 
To allow comparison and search for conformity and differences 
between several samples, data have to be normalized as described 
in detail [ 21 ]. Reference signals from 1,770 urinary polypeptides 
are used for CE time calibration by local regression. For normal-
ization of analytical and urine dilution variances, MS signal intensi-
ties are normalized relative to 29 “housekeeping” peptides 
generally present with high frequency in all urine samples and with 
small relative standard deviation. For calibration, local linear 
regression is performed. Precise TOF-MS data are calibrated using 
80 accurately characterized reference masses (mass deviation 
<0.5 ppm) by FT-ICR-MS applying linear regression. The obtained 
peak lists characterize each polypeptide by its molecular mass (Da), 
calibrated CE migration time (min), and normalized signal inten-
sity. All detected peptides are deposited, matched, and annotated 
in a Microsoft SQL database allowing further statistical analysis 
(Fig.  2 ). Intra- and inter-assay variability are ascertained by repeated 
analysis of one sample and by analysis of samples obtained at differ-
ent time points from the same patient under comparable condi-
tions, respectively, and have been described in detail [ 18 ,  23 ].

     In the discovery phase, the natural logarithm-transformed signal 
amplitude of the individual urinary peptides is compared between 
patients and controls, using the Wilcoxon rank sum test. This non-
parametric test has been found to be well suitable for skewed pro-
teomic data [ 24 ]. We tested the null hypothesis that patients and 
controls have the same continuous distribution of signal amplitude 
of CE-MS urinary polypeptide profi le. The signal amplitude repre-
sents the calibrated counts (intensity) recorded by the mass spec-
trometry device. Statistical adjustment for multiple testing is 
performed by applying Benjamini–Hochberg [ 25 ], controlling the 
false discovery rate at a level of 0.05. Hence urinary peptides dis-
criminating between cases and controls, serving as potential bio-
markers, are identifi ed based on statistical evaluation.   

  As no single biomarker that can ideally separate cases and controls 
could be identifi ed, several biomarkers are ideally combined into a 
classifi er. Several different approaches of combining biomarkers have 
been investigated [ 24 ]. In general multidimensional classifi ers con-
sistently outperformed linear combinations. Of the high- dimensional 
classifi ers, support vector machines (SVM) are generally among the 
highest scoring, and hence they are routinely employed. SVM perform 
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classifi cation by constructing an  N -dimensional hyperplane that 
optimally separates subjects (e.g., case and controls, see Fig.  3 ) into 
two categories. A set of features that describes a subject i (i.e., a row 
built by  N  intensities of the biomarkers) is called a  vector  and denoted 
here by x i .

   The aim of SVM classifi cation is to fi nd the optimal hyperplane 
that separates clusters of vectors in such a way that case subjects 
are on one side of the plane and controls are on the other side. 
The vectors near the hyperplane are called  support vectors . If the 
two classes are separable, the simplest way to distinguish either 
group would be a fl at ( N −1)-dimensional plane embedded in the 
 N -dimensional space. In reality, the points in the case/control 
study are separated by a nonlinear region. Instead of trying to fi t 

  Fig. 2    Graphic depiction of the information fl ow and quality control step in analysis and data processing. 
Reprinted with permission from ref.  18        
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nonlinear curves to the data, SVM handles this by using a  kernel 
function  to map the data into a different space, where a hyperplane 
can be found to do the separation. MosaCluster uses Gaussian 
basis radial functions for transforming the data into a higher dimen-
sional space to make the separation possible. Ideally SVM classifi ca-
tion should produce a hyperplane that completely separates the 
subjects into two non-overlapping groups. However, in reality per-
fect separation is often impossible. Hence misclassifi cation and 
some fl exibility in the separating hyperplane are allowed, defi ned as 
cost for misclassifi cation  C  and fl exibility,  γ , creating a  soft margin  
that permits some misclassifi cations. Increasing the value of  C  
increases the cost of misclassifying points and forces the algorithm 
to adapt the model to a higher extent to the training dataset. 
However, a highly adapted model may not generalize well in inde-
pendent datasets, a phenomenon called  over-fi tting . 

 The accuracy of an SVM model is largely dependent on the 
selection of the model parameters  C  and  γ  (Fig.  3 ). Grid searches 
are employed to identify best possible parameter combinations of 
 C  and  γ  in the training set, employing cross-validation. Based on 
these parameters every new subject is assigned an SVM score that 
depends on the Euclidian distance of the dataset to the ( N -1)-
dimensional maximal margin hyperplane (absolute value of the 
normal vector) and the direction of the vector.  

  Fig. 3    Graphic depiction of separation in an SVM-based classifi er. The position of 
each patient ( red  cubes) and control ( green  spheres) is defi ned by the log- 
transformed amplitude of three biomarkers, X, Y, and Z, which defi ne the unique 
position in this 3-dimensioanl space. Subsequently, a (3-1) 2-dimensional plane is 
introduced that separates the two groups in the best possible way. Classifi ers 
based on  N  biomarkers (hence dimensions) and an  N −1-dimensional separating 
hyperplane cannot be graphically depicted but can well be mathematically defi ned       
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  As a result of possible bias, but also over-fi tting of high- dimensional 
classifi ers, it is mandatory that the results are verifi ed or validated 
in an independent test set, prior to clinical application [ 7 ,  24 ,  26 , 
 27 ]. In the test set, researchers blinded to the clinical condition of 
the study participants measured the cluster polypeptides. After 
breaking the code, we calculated sensitivity and specifi city based on 
tabulating the number of  correctly classifi ed  samples in the test set, 
using receiver operating characteristic (ROC) plots. The area under 
the ROC curve (AUC) provides a single measure of overall accu-
racy that is independent of any particular threshold [ 20 ].     

  Sequencing of biomarkers is not necessary for diagnostic application 
of proteomic patterns but is essential for further investigation of 
pathophysiology of different diseases and for the search for thera-
peutic targets. The “bottom-up” approach (2D gel electrophoresis 
and multidimensional protein identifi cation technology) of analytical 
protein mass spectrometry utilizes an initial treatment with a pro-
tease (usually trypsin) for protein identifi cation to break proteins 
into relatively small peptides of which the  m/z  can be accurately 
determined by mass spectrometry. This so-called peptide mass 
fi ngerprinting allows reliable identifi cation (see for example [ 28 ]). 
In biomarker discovery experiments a different approach has 
become popular: a “top-down” approach, in which polypeptides 
are delivered to the mass spectrometer without prior trypsiniza-
tion. Depending on the mass accuracy of the mass spectrometer 
used, peptides and small proteins up to 10–20 kDa can be 
sequenced [ 29 ]. This approach requires very high accuracy and 
resolution to avoid false-positive identifi cations. Ion traps or any 
other low-resolution instruments are generally not recommended 
for this approach (see also required mass accuracy, below). 

 To identify biomarker candidates associated with complica-
tions in HSCT, selected ions (peptides) were sequenced using 
CE-MS/MS or LC-MS/MS analysis, as described in detail [ 23 ]. 
MS/MS experiments were performed on a CE instrument under 
identical conditions as described above, using a Micro-TOFQ-MS 
(Bruker Daltonik, Bremen, Germany) or using an Ultimate 3000 
nano-fl ow system (Dionex/LC Packings, USA) connected to an 
LTQ Orbitrap hybrid mass spectrometer (Thermo Fisher Scientifi c, 
Germany) equipped with a nano-electrospray ion source. The mass 
spectrometer was operated in a data-dependent mode to automati-
cally switch between MS and MS/MS acquisition. Survey full-scan 
MS spectra (from  m / z  300–2,000) were acquired in the Orbitrap. 
Ions were sequentially isolated for fragmentation. All resultant 
MS/MS data were searched against the IPI human non-redundant 
database using the Open Mass Spectrometry Search Algorithm 
(OMSSA,   http://pubchem.ncbi.nlm.nih.gov/omssa    ), with an 
e-value cutoff of 0.01. Accepted deviations in the parent ion 
mass were 10 ppm and 0.05 Da for the fragment ions. For further 
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validation of peptide identifi cations obtained from LC-MS/MS 
analysis, the strict correlation between peptide charge at the work-
ing pH of 2 and CE migration time was utilized to minimize false- 
positive identifi cation rates [ 19 ]. Calculated CE migration time of 
the sequence candidate based on its peptide sequence (number of 
basic amino acids) was compared to the experimental migration 
time. Peptides were only accepted with a mass deviation below 
±25 ppm and a CE migration time deviation below ±1 min (Fig.  4 ).

4        Notes 

     1.    The samples must be collected under proper conditions espe-
cially when highly sensitive analysis like MS is applied. While in 
common proteomic techniques, such as western blotting, 
ELISA, or even 2D gel electrophoresis minor degradation of 

  Fig. 4    MS 2  and MS 3  analysis of a urine peptide published by Zürbig et al. [ 16 ]. ( a ) MS 2  of  m/z  688.931 showing 
a limited number of abundant doubly charged y-ions. ( b ) MS 3  of the  m/z  611.421 fragment ion from CID of 
688.931 showing multiple fragment ions that allows complete sequence identifi cation       
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the proteins generally does not cause problems, any MS-based 
proteomic analysis will be severely hampered by degradation. 
The samples require storage at least at −20 °C immediately 
after collection in order to prevent degradation of proteins, 
which would result in additional fragments of proteins that are 
irrelevant to the underlying disease. Immediate cooling of the 
samples is another way to preserve the stability. Urine is a very 
stable body fl uid, compared to serum or plasma, and thus in 
our hands is preferable over the other fl uids.   

   2.    Initial experiments and also our previous data revealed that 
higher molecular weight proteins in the urine sample generally 
appear not to contain signifi cant information but cause severe 
problems during the CE-MS runs, like precipitation, clogging 
of the capillary, and overloading. Therefore, an optimized pro-
tocol to remove the confounding large molecules using ultra-
fi ltration has been developed. The most abundant higher 
molecular weight protein is albumin, a carrier protein that 
binds a substantial fraction of other proteins and peptides. In 
order to prevent binding of small fragments to albumin, we use 
a chaotropic agent, urea, in combination with a detergent, 
SDS, for the dilution of the samples. Consistently good and 
reproducible results and recovery of >80 % of added standard 
polypeptides were observed in the presence of 2 M urea and 
0.1 % SDS [ 30 ].   

   3.    Under neutral or basic conditions the silanol groups of the capil-
lary form a negatively charged surface which interacts with the 
positive charge of the proteins. This leads to peak broadening 
especially of highly charged molecules. To circumvent these 
problems, several different coatings and coating protocols have 
been described [ 31 – 34 ]. Our experience using different types of 
coating so far was quite unsatisfactory, and the optimal approach 
appears to be the use of uncoated capillaries. Decreasing the pH 
of the background electrolyte (BGE) reduces the negative 
charge of the surface, thus reducing capillary–protein interac-
tion. Additionally, hydrophobic interactions can be reduced by 
adding organic solvent to the BGE. Therefore, best results are 
obtained at low pH in the presence of acetonitrile. It is impor-
tant to point out that most coatings result in a positively charged 
capillary wall and cause an inverse electro- osmotic fl ow; conse-
quently, the electrical fi eld must be reversed.         
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