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combined with the determination of molecular steps involved in hematopoietic stem cell activation and self-
renewal hold tremendous promise for future success in the clinic. Currently, stem cells can be quantified and
sorted successfully, but transduction, labeling, and in vivo tracking of stem cells are difficult techniques with
traditionally low efficiency levels. The contributors to this volume describe promising tools for stem cell
transplant research models, such as in vivo bioluminescence imaging.

Topics included in this volume are molecular profiling of hematopoietic stell cells, methods for imaging cell
fates in hematopoiesis, PCR-SSP typing of HLA Class I and Class II alleles, sequence-based HLA typing, and
typing minor HLA antigens.  Also discussed in this volume are the roles of natural killer cells and killer inhibitor
receptor polymorphisms, polymorphisms within epithelial receptors, molecular methods used for the detec-
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plantation follow-up.

With the recent trend moving from gene expression to the protein expression profiles, the application of
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Preface

Molecular steps involved in the hematopoietic stem cell (HSC) activation
and self-renewal have the potential for clinical use in the future. Stem cells can
be quantified and sorted successfully, but transduction, labeling, and in vivo
tracking of stem cells are difficult techniques. The in vivo bioluminescence
imaging technology described in Bone Marrow and Stem Cell Transplanta-
tion, is a promising tool for stem cell transplant research models. The advent of
human leukocyte antigen (HLA) had a major impact on the success of clinical
transplantation. With the application of new molecular techniques to the field
of HLA typing, posttransplant outcome  has improved even further. HLA is
one of the most polymorphic regions of the human genome, and molecular
techniques are required for low- and high-resolution typing at a four-digit level.
For certain HLA classes and alleles, serologic typing is insufficient and tech-
niques such as SSO, SSP and even sequencing have become mandatory. HLA
or minor-HLA compatibility between donors and recipients  are  important
predictors of graft-vs-host (GVH) and graft-vs-disease (GVD) interactions. The
disparity between donor–recipient pairs in regard to non-HLA polymorphisms
such as killer inhibitory receptor, cytokine, hormone receptor or noncoding
region polymorphisms are becoming important. Such methods are becoming
more widely applicable and their impact on transplant outcome is  currently
under evaluation.  Although some of these disparities are not influential on
transplant outcome, they are useful by enabling quantitative measurement and
dynamic monitorization of chimerism. Dynamic follow-up of engraftment
kinetics allows efficient timely infusions of donor lymphocyte or anticancer
intervention. Another application of molecular techniques to the field of HSC
transplantation (HSCT), is the quantification of posttransplant residual disease.
These techniques constitute an efficient approach to determination of cure or
success of transplantation. However, there are many limitations in regard to
the number of disorders suitable for such analyses, and the sensitivity of these
techniques may differ. Also, the evolving biology and genetics of these disor-
ders may, in time, cause additional problems. Another evolving field related to
HSCT is the regenerative potential of stem cells. Detection of a low frequency
of donor type non-hematopoietic cells in tissues such as liver, skin, and gas-
trointestinal tract following blood or marrow transplantation is a challenging
field. The recent trend of moving from gene expression  to the protein expres-
sion profiles has resulted in application of proteomics to posttransplant follow-
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up of patients. These premature results are promising for selection of candidate
molecules in early and sensitive monitorization of GVHD.

As summarized in Bone Marrow and Stem Cell Transplantation, molecular
techniques have contributed to the field of HSCT, and are becoming, if not
already, routine applications.

Meral Beksac
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Molecular Profiling of Hematopoietic Stem Cells

Teresa V. Bowman, Akil A. Merchant, and Margaret A. Goodell

Summary
Gene expression profiling using microarrays is a powerful method for studying the

biology of hematopoietic stem cells (HSCs). Here, we present methods for activating
HSCs with the chemotherapeutic drug 5-Fluorouracil, isolating HSCs from whole bone
marrow, and performing microarray analysis. We also discuss quality control criteria
for identifying good arrays and bioinformatics strategies for analyzing them. Using
these methods, we have characterized the gene expression signatures of HSC quies-
cence and proliferation and have constructed a molecular model of HSC activation and
self-renewal.

Key Words: Hematopoietic stem cells; microarray; 5-Fluorouracil; gene expression.

1. Introduction
Murine hematopoietic stem cells (HSCs) are the best described adult stem

cell population at a phenotypic and functional level. HSCs have two definitive
characteristics: extensive self-renewal capacity and multipotentiality. Experi-
mental evidence from mouse knockout and retroviral overexpression studies
illuminated the importance of genetic components in regulating the decision
between self-renewal and differentiation. Recognizing this importance, sev-
eral investigators have taken genomic-based approaches to uncover the com-
plex genetic regulation of HSCs using global expression profiling.

Despite advances in identifying and isolating functional HSCs, understand-
ing the most coveted property of HSCs, the ability to faithfully self-renew with-
out losing any potential remains elusive. In vivo HSCs appear to self-renew
indefinitely, but once removed and cultured in vitro, their self-renewal capac-
ity quickly diminishes. In vivo, HSCs exist in a state of quiescence, with around
1–3% in cycle and approx 98% in G0 (1–5). This was initially demonstrated
experimentally by the administration of cytotoxic drugs such as the pyrimidine
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analog 5-fluorouracil (5FU) (6,7) and hydroxyurea (HU) (8,9). These drugs,
which are lethal to proliferating cells, kill cycling hematopoietic progenitors
but spare the rare HSCs thus proving that HSCs are indeed quiescent in vivo
(1–5).

Treatment with cytotoxic drugs spares quiescent HSCs, but in doing so
stimulates them into an active proliferative state. A single injection of 5FU
kills most hematopoietic cells, and brings the remaining HSCs into cycle to
repopulate the depleted bone marrow (6–8). HSC proliferation proceeds in a
time-dependent manner, peaking 5–6 d after treatment with approx 20% of
HSCs in cycle, before returning to normal, starting around day 10 (Fig. 1A)
(8).

Advances in gene expression technology over the past decade have allowed
scientists to generate global transcriptional profiles consisting of thousands of
genes. Traditionally, differential gene expression could only be determined on
a single-gene basis using techniques like reverse-transcription (RT)-PCR (9)
and Northern blotting (10). Now, thousands of genes can be assessed simulta-
neously; therefore, increasing our knowledge of the transcriptome while also
unveiling the complexity of gene regulation within a cell.

Several methods have been designed to study global gene expression. These
technologies can be divided into two major categories: open and closed. Open
systems are generally sequence-based systems requiring no a priori knowledge
of the transcriptome, thus giving the investigator the potential for novel gene
discovery. Closed systems are generally microarray-based systems assessing
thousands of characterized and uncharacterized genes at once. This type of
analysis allows for assessment of gene expression of the same set of transcripts
for various cell types under every type of condition. These global gene expres-
sion procedures include differential display (DD)-PCR (11), representational
difference analysis/suppression subtraction hydridization (RDA/SSH]) (12,13),
serial analysis of gene expression (SAGE) (14,15, expressed sequence tag
(EST) (16), and nucleic acid array technology (17–19).

Recently, our lab and others have published methodologies to understand
the genetic regulation underlying HSC proliferation (20,21). Using microarray
technology, we compared populations of quiescent and proliferating HSCs,

Fig. 1. (opposite page) Hematopoietic stem cell (HSC) activation and purification.
(A) Graphic depicting the changes in bone marrow cellularity and number of HSC in
cell cycle following 5-fluorouracil (5FU) treatment. (Adapted from refs. 7,8.) (B) SP
profiles of adult HSCs and 5FU-HSCs 6 d post 5FU treatment (marrow was enriched
for Sca-1 expressing cells with magnetic beads prior to analysis). Arrows point to
analysis in SP cells of Sca-1 and lineage marker expression showing greater than 97%
homogeneity for Sca-1 and lineage expression. (Continued on next page)
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Fig. 1. (Continued from previous page) For analysis of adult HSCs on day 0, the
lineage markers used were Mac1, CD4, CD8, B220, Gr1, and Ter 119. For analysis
of 5FU-HSCs on day 6, all of the above markers were used except for Mac1, because
of its low level expression on HSCs after 5FU treatment.
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characterized the gene expression signatures of HSC quiescence and prolifera-
tion, and constructed a molecular model of HSC activation and self-renewal.
This model has given us a framework in which to identify factors important for
intiating, maintaining, and terminating the stem cell proliferative response.
Many of these factors are likely to not only regulate normal HSC function but
be involved in hematopoietic malignancies. Understanding this function prom-
ises to give us new insight into cancer biology and potentially identify new
therapeutic targets.

2. Materials
2.1. Activation of Murine Hematopoietic Stem Cells With 5FU

1. 5FU (Sigma, cat. no. F6627)
2. 1X Dulbecco’s phosphate-buffered saline (PBS), no calcium, no magnesium

(Invitrogen, cat. no. 14190-144).
3. 5FU stock solution (50 mg/mL): resuspend 1 g of 5FU in 20 mL of 1X PBS. 5FU

goes into solution slowly. Heat the mixture to 37°C and vortex often.
4. 5FU working solution (10 mg/mL): dilute 5FU stock solution 1:5 in 1X PBS to

make a 10 mg/mL working solution. For a dose of 150 mg/kg body weight, each
mouse (of approx 20 g) should receive 300 µL of this solution. Make a fresh
batch of working solution for each set of injections.

2.2. HSC Isolation and Purification
1. C57Bl/6 mice (Jackson laboratories; www.jax.org).
2. Dissecting tools: scissors and forceps (Drummond Scientific tools are recom-

mended).
3. Syringes: 10 or 20 mL.
4. Needles: 18.5 and 27.5 gauge.
5. Tissue culture plates.
6. Hank’s balanced salt solution (HBSS; Invitrogen, cat. no. 14170-112).
7. Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, cat. no. 119650-092).
8. Fetal bovine serum (FBS; Invitrogen, cat. no. 26140-079).
9. 1 M HEPES (Invitrogen, cat. no. 15630-106).

10. HBSS+: HBSS + 2% FBS + 1% 1 M HEPES.
11. DMEM+: DMEM + 2% FBS + 1% 1 M HEPES.
12. Cell strainers: 40 and 70 µm.
13. Hemacytometer.
14. Centrifuge.
15. Hoechst 33342 (bis-benzimide, Sigma, cat. no. B2261).
16. Hoechst stock solution (1 mg/mL, 200X): resuspend Hoechst powder in water to

a final concentration of 1 mg/mL, filter-sterilize, and freeze aliquots at –20°C.
17. Circulating water bath at 37°C.
18. Antibodies: c-Kit-FITC (clone 2B8), Sca-1-PE (clone E13-161.7), GR1-FITC

(clone RB6-8C5), GR1-PE (clone RB6-8C5) from BDPharmingen; CD4-PE-Cy5

www.jax.org
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(clone L3T4), CD8-PE-Cy5 (clone 53-6.7), B220-PE-Cy5 (RA3-6B2), Ter119-
PE-Cy5 (clone Ter119), GR1-PE-Cy5 (clone RB6-8C5), Mac1/CD11b-PE-Cy5
(clone M1/70) from Ebiosciences.

19. Propidium iodide (PI; Sigma, cat. no. P4170).
20. PI stock solution (200 µg/mL, 100X): resuspend PI powder in water to a final

concentration of 200 µg/mL, filter-sterilize, and freeze aliquots at –20°C.
21. Fluorescence-activated cell sorter (FACS) equipped with proper lasers and filters

to excite and detect Hoechst 33342 (22).

2.3. RNA Isolation

1. RNAqueous RNA Isolation Kit (Ambion, cat. no. 1912).
2. 100% Ethanol.
3. 70% Ethanol made from 100% ethanol.
4. Heat block.
5. Nonstick RNAse-free 1.5-mL tubes (Ambion, cat. no. 12450).
6. DNaseI, amplification grade (Invitrogen, cat. no. 18068-015).
7. Phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma, cat. no. P3803).
8. Phase Lock Gel: PLG-Light, 0.5-mL tubes (Eppendorf, cat. no. 0032005.004).
9. Microcentrifuge.

10. Ultrapure glycogen (Invitrogen, cat. no. 10814-010).
11. 3 M Sodium acetate (Ambion, cat. no. 9740).
12. Nuclease-free water (Ambion, cat. no. 9937).

2.4. RNA Amplification

1. MessageAmp amplified RNA (aRNA) Amplification Kit (Ambion, cat. no. 1750)
or MessageAmp II aRNA Amplification Kit (Ambion, cat. no. 1751).

2. Nuclease-free water (Ambion, cat. no. 9937).
3. Thermal cycler with heated lid.
4. Hybridization oven.
5. Microcentrifuge with vacuum manifold.
6. Biotinylated nucleotides: biotin-11-CTP (ENZO, P/N 42818) and biotin-16-UTP

(ENZO, P/N 42814).
7. 5X Fragmentation buffer: 4 mL 1 M Tris acetate pH 8.1, 0.64 g magnesium acetate,

0.98 g potassium acetate, and nuclease-free water to a final volume of 20 mL.
8. Poly-A RNA Control Kit (Affymetrix, cat. no. P/N 900433).

2.5. Microarray Hybridization

Note: Subheading 2.5., items 1–4 and Subheading 2.6., item 1 are gener-
ally supplied and run by an institute’s microarray core facility (free download
from: http://www.affymetrix.com/support/technical/product_updates/gcos_
download.affx).

1. Affymetrix microarrays: (Mouse MOE430 2.0).
2. Hybridization Oven 640.

http://www.affymetrix.com/support/technical/product_updates/gcos_download.affx
http://www.affymetrix.com/support/technical/product_updates/gcos_download.affx
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3. GeneChip Fluidics Station 450.
4. GeneChip Scanner 3000.

2.6. Low-Level Analysis: Microarray Normalization,
Expression Measure Determination, and Quality Control

1. GCOS software.
2. R. Download latest version from http://cran.r-project.org R is open source statis-

tical analysis software.
3. Bioconductor packages. Download latest version from: www.bioconductor.org.

Bioconductor is an open source and open development software project to pro-
vide tools for the analysis and comprehension of genomic data.

2.7. Higher-Level Analysis

1. Bioconductor packages for gene list analysis: simpleaffy-generates QC informa-
tion and allow for very basic analysis; genefilter-tools to sequentially filter genes
to generate gene lists; multitest-tools for multiple testing procedures for control-
ling family-wise error rate (FWER) and false discovery rate (FDR); Siggene-tool
to identify differentially expressed genes and estimate FDR with both signifi-
cance analysis of microarrays (SAM) and empirical Bayes analyses of micro-
arrays.

2. Scripts for regression analysis of time course (20). Gene ontology (GO) tools:
Ontology Traverser (franklin.imgen.bcm.tmc.edu/rho-old/services/OntologyTra-
verser/) (23); Bioconductor packages: GOstats.html, goTools, ontoTools (www.
bioconductor.org); EASEv2.0 (david.niaid.nih.gov/david/ease.htm).

3. Methods

3.1. Activation of Murine Hematopoietic S
tem Cells With the Cytotoxic Drug 5FU

1. To administer the 5FU, inject mice intravenously with a single dose of 150 mg/
kg body weight. An adult mouse 8–12 wk old weighs approx 20 g, thus each
mouse receives approx 3 mg of 5FU. Working solution should be diluted fresh to
a concentration of 10 mg/mL. Each mouse should be injected with 300 µL of
working solution.

2. Effectiveness of 5FU cytotoxicity can be monitored by changes in peripheral
blood cell counts and bone marrow cellularity (Fig. 1A).

3.2. Isolation and Purification of Murine
Hematopoietic Stem Cells (see Note 1)

1. Prewarm DMEM+ at 37°C.
2. Bone marrow cells are isolated from the tibia and femur of adult mice (8–12 wk

old) before or after 5FU injection. Femurs and tibias are removed from euthanized
animals.

www.bioconductor.org
www.bioconductor.org
www.bioconductor.org
http://cran.r-project.org
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3. After bone removal, bone marrow is flushed from the bones using a syringe and
a 27.5-gage needle filled with HBSS+.

4. The flushed marrow is then triturated into a single cell suspension using a new
syringe and an 18.5-gage needle.

5. Following trituration, the single cell suspension is filtered through a 70-µm cell
strainer to remove any debris and large cell clumps.

6. Count the nucleated cells using a hemacytometer. Accuracy in counting is impor-
tant to ensure proper Hoechst staining. For C57Bl/6 mice of this age, approx 5 �
107 nucleated cells are isolated using this flushing method.

7. Bone marrow cell suspension is pelleted by centrifugation at 1500g for 8 min.
Pour off the supernatant.

8. For Hoechst staining, the cell pellet is resuspended in prewarmed DMEM+ at a
final concentration of 106 cells/mL. Hoechst 33342 dye is added to a final con-
centration of 5 µg/mL (use a 1:200 dilution of the Hoechst stock solution.)

9. Bone marrow cells are incubated in a circulating water bath set at 37°C for 90
min. Timing is crucial.

10. All steps after Hoechst staining must be performed at 4°C (see Note 2). Bone
marrow cells are pelleted by centrifugation at 1500g for 8 min at 4°C. Pour off
the supernatant.

11. For antibody staining, the cell pellet is resuspended in ice-cold HBSS+ medium
at a final cell concentration of 108 cells/mL. Four aliquots of 200,000 cells each
are removed and stained as compensation controls for the flow cytometry. The
details of antibody staining of the controls will be discussed later.

12. Magnetic enrichment of Sca-1- or c-Kit-positive cells can be performed at this
step (see Note 3).

13. The remaining cells are stained with the following antibodies each at a 1:100
dilution: c-Kit conjugated to fluorescein isothiocyanate (FITC), Sca-1 conjugated
to PE, and lineage markers conjugated to R-phycoerythrin (PE)-Cy5 (CD4, CD8,
B220, Ter119, Gr1, and Mac1/CD11b). For bone marrow cells isolated after 5FU
treatment, c-Kit and Mac1/CD11b were excluded from the cocktail as they change
their expression pattern after HSC activation (Fig. 1B).

14. Cells are incubated on ice for 15 min to allow for antibody–antigen interaction.
Cells are pelletted at 1500g for 8 min. Pour off the supernatant.

15. Resuspend the cell pellet in ice-cold HBSS+ supplemented with 2 µg/mL PI at a
final cell concentration of 2–4 � 107 cells/mL. Filter cells through a 40-µm cell
strainer before running samples on a FACS.

16. Prepare compensation controls by staining each control singly with a common
cell surface marker conjugated to each of the fluorochromes used. In the above
experiment this would include FITC, PE, and PE-Cy5. Controls: (1) Hoechst-
stained only, (2) Hoechst stained + anti-Gr1 conjugated to FITC, (3) Hoechst
stained + anti-Gr1 conjugated to PE, and (4) Hoechst stained + anti-Gr1 conju-
gated to PE-Cy5. Each control was stained with antibodies on ice for 15 min.
Controls are pelleted by centrifugation at 1500g for 8 min (see Note 4). Pour off
supernatant.
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17. Resuspend controls in 500 µL of HBSS+ supplemented with 2 µg/mL PI.
18. For detection of the Hoechst-stained cells, an ultraviolet (UV) laser at 350 nm is

needed to excite the dye. The emitted fluorescence is measured at two wave-
lengths: 450 nm (Hoechst Blue) and 675 nm (Hoechst Red) (22).

19. After sorting HSCs, perform a purity check on the sorted cells. For experiments
on gene expression, it is critical to have an extremely pure cell population. For
HSCs, it is important to have a �95% purity for side population and cell surface
markers. It is also important to exclude red blood cells because these cells are full
of highly abundant transcripts such as hemoglobin that could skew the final ex-
pression results.

3.3. RNA Isolation

1. Sorted HSCs are pelleted by centrifugation at 1500g for 8 min. Remove super-
natant carefully so as not to disturb the small pellet. It is better to leave a couple
of microliters of liquid behind than to lose any of your cells.

2. Resuspend HSCs in 200 µL RNAqueous lysis buffer. Triturate pellet well to
ensure complete cell lysis. Let the lysis stand at room temperature for 5 min.
Sample may be frozen at this step at –80°C for several months.

3. To isolate, follow the instructions from the RNAqueous RNA isolation kit. One
modification to the protocol is listed: to elute the RNA, add 35 µL of preheated
elution solution to the column, allow to incubate for 1 min, and then centrifuge
for 1 min. Repeat the elution step again.

4. Following elution of RNA, immediately treat with DNaseI to remove any residual
genomic DNA. To the isolated RNA, add 10 µL 10X DNaseI buffer, 10 µL
DNaseI, 2 µL RNAse inhibitor, and 8 µL nuclease-free water. The best results
for the DNA digestion were observed when the reaction was performed at 37°C
for 30 min. Note that this differs from the manufacturer’s suggested protocol.

5. Stop the reaction with addition of 10 µL 25 mM EDTA.
6. For further purification of RNA, follow DNaseI treatment with a phenol:chloro-

form extraction. Add 110 µL of phenol:chloroform:isoamyl alcohol to the RNA/
DNaseI solution and mix the solution by vigorous shaking.

7. To separate the aqueous and organic phases, add the mixture to a 0.5-mL phase-
lock gel tube and mix by shaking. Centrifuge the solution at 10,000g for 5 min.
Separation should be complete; the aqueous phase containing the RNA will be on
the top separated from the organic phase by the phase-lock gel.

8. Precipitate the RNA with 30 µL 3 M sodium acetate + 300 µL 100% ethanol + 1
µL glycogen (to aid visualization of pellet—see Note 5)

9. Allow RNA to precipitate at –80°C for 30 min to overnight. Centrifuge the RNA
at 10,000g at 4°C for 15 min.

10. Carefully remove the supernatant being sure not to disturb the pellet. Wash the
pellet by adding 1 mL 70% ethanol followed by centrifugation at 14,000 rpm at
4°C for 10 min.

11. Carefully remove the supernatant being sure not to disturb the pellet. Using a 20-
µL pipet tip, remove any residual alcohol, as this might inhibit further reactions.
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12. Allow the sample to briefly air dry. Resuspend the pellet in 11 µL of nuclease-
free water. (Resuspend 12 µL if performing analysis on NanoDrop as described
in step 13.)

13. Determine concentration of RNA by spectrophotometry. We recommend using a
NanoDrop-1000, because only a small amount of material (1 µL) is needed for
accurate concentration determination. Using the previously listed procedure, 4–5
pg of total RNA can be isolated per murine HSC.

3.4. RNA Amplification

For Affymetrix microarrays, 20 µg of antisense RNA is needed for hybrid-
ization. Because only nanogram quantities of RNA are isolated from HSCs,
RNA must be amplified to produce enough material for the hybridization. The
MessageAmp aRNA synthesis kit is used to amplify RNA. Affymetrix also
offers an alternate protocol that uses the same strategy, but does not supply all
the components as a single kit. If desired, Poly-A RNA spike in controls can be
added to the RNA sample prior to amplification.

Perform RNA amplification according to manufacturer’s instructions. Any
modifications will be listed as follows:

1. First round amplification–first strand synthesis: the first step in the RNA ampli-
fication procedure is to convert the RNA into complementary DNA (cDNA).
Incubate the reaction at 42°C in a thermal cycler with a heated lid for 2 h.

2. First round amplification–second strand synthesis: incubate the mixture at 16°C
in a thermal cycler for 2 h.

3. First round amplification—cDNA purification.
4. First round amplification—in vitro transcription of T7 cDNA: the first in vitro

transcription reaction is performed to amplify the starting material. The aRNA
produced from this reaction will not be hybridized on a microarray, thus modi-
fied nucleotides will not be used. At the end of the first in vitro transcription, we
generally have generated 0.5–2 µg of aRNA. Incubate the reaction at 37°C for
16–24 h in a dry heat hybridization oven.

5. First round amplification—aRNA purification.
6. Second round amplification—first strand synthesis: we use 500 ng of aRNA for

the second round, or if yield from the first round is less than 500 ng, all of the first
round sample is used. RNA should be at 50 ng/µL and may need to be concen-
trated using a vacuum manifold. Do not use heat >42°C during concentration, as
higher temperatures could induce RNA degradation. Incubate the first strand re-
action at 42°C in a thermal cycler with a heated lid for 2 h.

7. Second round amplification—second strand synthesis: incubate the mixture at
16°C in a thermal cycler for 2 h.

8. Second round amplification—cDNA purification.
9. Second round amplification—in vitro transcription: the product from this

reaction will be hybridized on an Affymetrix microarray, thus biotin-modified
nucleotides will be used. At the end of the second in vitro transcription, we typi-
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cally generated 50–100 mg of aRNA, �10,000-fold amplification. Incubate the
reaction at 37°C in a dry heat hybridization oven for 16–24 h.

10. Second round amplification—aRNA purification.
11. Second round amplification—aRNA fragmentation.

a. Determine concentration of aRNA using spectrophotometry.
b. Bring the RNA to a concentration of �0.6 µg/µL. Fragment the material by

combining 20 µg of aRNA, 8 µL of 5X fragmentation buffer, and nuclease-free
water to a final volume of 40 µL.

c. Incubate the mixture at 94°C for 35 min in a thermal cycler with a heated lid
to allow for autocatalysis of the RNA into smaller fragments of an average
length of 50 bp.

d. Stop the reaction by placing the tube on ice (4°C).
e. Amplified and fragmented RNA can be examined on a 2% agarose gel or using

an Agilent Bioanalyzer. aRNA (two rounds) should appear as a smear with the
majority of RNA around 500 bp (as visualized with a standard DNA ladder).
Fragmented RNA should appear between 25 and 50 bp (DNA ladder) (Fig.
2A).

f. aRNA is now ready for hybridization.

3.5. Microarray Hybridization
1. Fragmented biotinylated aRNA can be hybridized to Affymetrix microarrays

according to standard protocols. Basic steps include hybridization, washing,
staining, washing, and scanning and are typically performed by a core facility.
The procedure takes up to 2 d.

2. Raw image (DAT) and intensity (CEL) files are generated using GCOS software
(www.affymetrix.com).

3.6. Low-Level Analysis: Microarray Normalization,
Expression Measure Determination, and Quality Control

1. Affymetrix provides a primer for data analysis than can be accessed at http://
www.affymetrix.com/Auth/support/downloads/manuals/data_analysis_funda-
mentals_manual.pdf.

2. Image files should be visually inspected for large defects in either manufacturing
or resulting from the hybridization procedure. Figure 3A depicts a large spot in
the center of the chip that is likely a hybridization artifact (see Note 6).

3. Image files (.DAT) are gridded to determine the location of each probe spot. This
gridding should be manually checked to ensure proper calculation of probe inten-
sity values (requires GCOS or MAS 5.0 software from Affymetrix).

4. The intensity files (.CEL) generate many parameters that can be used to assess
quality of the experiment. Investigators should check scale factor, noise (Raw
Q), average Background, and 3�/5� ratio of control genes (GAPDH and β-actin)
(24) (Table 1).

5. Affymetrix provides Poly-A RNA controls that can be spiked into the RNA to
evaluate the amplification and labeling process. Poly-A controls consist of the

www.affymetrix.com
http://www.affymetrix.com/Auth/support/downloads/manuals/data_analysis_funda-mentals_manual.pdf
http://www.affymetrix.com/Auth/support/downloads/manuals/data_analysis_funda-mentals_manual.pdf
http://www.affymetrix.com/Auth/support/downloads/manuals/data_analysis_funda-mentals_manual.pdf
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B. subtilis genes lys, phe, thr, and dap, and should all appear “present” on the
chip with increasing signal in their listed order (24).

6. Intensity files are the direct input that is utilized as the data file in the Biocon-
ductor packages for Affymetrix chip analysis (see Subheading 2.).

7. Normalization, background correction, and model-based expression values can
be calculated using gcrma from Bioconductor. GC-RMA is a method specifically
designed to improve the preprocessing of Affymetrix microarray data. Hundreds
of thousands of probes exist on a single microarray. High levels of sequence
similarity are unavoidable. Cross-hybridization will occur, which results in an
overestimation of the “true” or gene-specific signal of a given probe. The GC-
RMA method performs a background adjustment based on sequence information
of each probe to minimize the effects of cross-hybridization. The result is a better
estimate of the “true” amount of starting mRNA in a sample.

Fig. 2. Amplified RNA (aRNA) before and after fragmentation. (A) Fragmented
aRNA. Lanes 1 and 2 show fragmented aRNA at approx 50 bp. (B) RNA amplified
with two rounds of linear amplification, before fragmentation. The RNA in lane 4
shows good amplification with the smear centered at approx 500 bp. The RNA in lane
3 was poorly amplified, with a predominance of smaller transcripts. Chips hybridized
with this RNA showed high scale factors, low presence calls, and high 3�/5� ratios of
house keeping genes (see Table 1 for details). (Note: a standard DNA ladder is being
used for convenience, but may not accurately reflect the exact RNA sizes.)
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3.7. Higher-Level Analysis

1. Once quality control, low-level processing, and normalization are complete,
higher-level analysis can begin. The type of analysis used is integral to the over-
all experimental design, has an important impact on number of replicate chips
and types of control chips needed, and should be among the first considerations
when beginning microarray experimentation. Analysis strategies are limited
only by the creativity of the investigators; therefore, a detailed catalog of such
strategies is not possible. We describe as follows, in general terms, some of the
most common strategies, which we hope will serve as a starting point for further
analysis.

2. The simplest experimental design is a pairwise comparison between two groups—
for example, HSC vs non-HSC or mutant HSC vs wild-type HSC. The Biocon-
ductor packages simpleaffy, siggene, or genefilter can be used for making a
pairwise comparison. Siggene identifies differentially expressed genes and esti-
mates false discovery rates. Genefilter filters genes using a variety of filtering
functions such as coefficient of variation of expression measures, analysis of
variance (ANOVA) p-value, and Cox model p-values.

3. Time course experiments involve measuring gene expression at several time
points during a process, and can be a very powerful strategy for understanding
complicated biology. Time courses can be developmental (different embryonic
stages, for example), center around a biological process (such as cell cycle), or
follow a tissue response to a drug or other treatment. For our time course experi-
ment of HSC activation, we analyzed the 5FU time-dependent expression profiles
for each gene by regressing the normalized expression values onto a polynomial
basis using least squares regression. ANOVA was performed on the coefficients
of regression to identify genes with significant time patterns (p < 0.05). The
smooth curve fit approach assumed that the expression trajectory for each gene

Fig. 3. Hybridization artifact. (A) Bad chip. Note the large spot in the center of the
chip with the area of high background surrounding. This may have been owing to
loading inadequate amounts of hybridization cocktail or a small leak from the chip.
(B) Normal chip provided for comparison.
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Table 1
Affymetrix Quality Control Parameters

Parameter Expected value Comments

Visual artifact None

Proper gridding Yes

Scale factor Maximum threefold difference Varies. For our experiments, we discarded chips with scale
between samples. factor greater than 10.

Raw Q Varies. Should be similar Electrical noise from the scanner is the biggest contributor.
between replicates. Affymetrix does not suggest normal values, but they should be

similar for all chips in an experiment and nearly identical
between technical replicates.

Average background 20–100

Percent present Varies according to tissue. Bad arrays will have a significantly lower percent present
Typically between 30 and 55%. compared to other chips in the experiment.

3�/5� Ratio of β-actin Ideally close to 1, with a When using two rounds of amplification, use the 3�/middle
and GAPDH maximum of 3. ratio. When amplifying very small amounts of starting RNA,

we tolerate higher ratios of up to 10.
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followed a continuous time pattern. R scripts for this analysis method are avail-
able as supplemental data in ref. 20.

4. Making sense of gene lists: GO (www.geneontology.org) can be used to deter-
mine biologically meaningful patterns from data once gene lists are generated.
GO is a controlled vocabulary that describes gene functions in their cellular con-
text and is arranged in a quasi-hierarchical structure from more general to more
specific. Because the vocabulary of annotations is fixed, it allows for functional
comparisons of mutually exclusive gene lists. The Shaw lab provides a web-
based tool for conducting GO-based analysis and can be accessed at franklin.
imgen.bcm.tmc.edu/rho-old/services/OntologyTraverser/.

4. Notes

1. For a detailed description of the isolation and purification of murine HSCs, see
ref. 22.

2. SP cells are distinguished from other cells in the bone marrow according to dye
efflux by ABC transporter pumping. This process is ATP-dependent and tem-
perature-dependent. The process can be halted or slowed on ice (4°C).

3. Magnetic enrichment can be performed to aid the purity of cell sorting. Miltenyi
Biotec has many schemes to enrich or deplete murine and human blood and bone
marrow.

4. Compensation controls should have clear positive and negative cell populations.
These controls are used to set up the instrument properly to clearly distinguish
fluorochromes with overlapping emission spectra.

5. Glycogen, which is used to aid in visualizing the RNA pellet, is an inert molecule
and should not affect later steps.

6. For an interesting gallery of images from abnormal chips, see http://stat-www.
berkeley.edu/users/bolstad/PLMImageGallery/index.html.
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Methods for Imaging Cell Fates in Hematopoiesis
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Summary
Modern imaging technologies that allow for in vivo monitoring of cells in intact

research subjects have opened up broad new areas of investigation. In the field of
hematopoiesis and stem cell research, studies of cell trafficking involved in injury
repair and hematopoietic engraftment have made great progress using these new tools.
Multiple imaging modalities are available, each with its own advantages and disadvan-
tages, depending on the specific application. For mouse models, clinically validated
technologies such as magnetic resonance imaging (MRI) and positron emission tomo-
graphy (PET) have been joined by optical imaging techniques such as in vivo biolumi-
nescence imaging (BLI) and fluorescence imaging, and all have been used to monitor
bone marrow and stem cells after transplantation into mice. Each modality requires
that the cells of interest be marked with a distinct label that makes them uniquely
visible using that technology. For each modality, there are several labels to choose
from. Finally, 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 labels. The goal of this chapter is to provide adequate back-
ground information to allow the design and implementation of an experimental system
for in vivo imaging in mice.

Key Words: Molecular imaging; hematopoiesis; bioluminescence; biophotonic
imaging.

1. Introduction
In vivo imaging of labeled transplanted cells has made it possible to observe

cell movement over time in the intact animal. Previous techniques have required
sacrificing animals in order to analyze specific regions of interest for the pres-
ence of the rare labeled cells. Although these sorts of analyses certainly have
yielded valuable information, their two major limitations are (1) each animal can
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only be analyzed at a single time point and (2) regions of interest must be pre-
selected so potentially informative data on cell trafficking in other regions is lost.
The sampling limitations and the lack of temporal information can introduce
biases into the study. Therefore, a number of groups have developed noninva-
sive assays that can be performed repeatedly in a given animal. Use of such
approaches in our group has revealed features of biological processes that were
unexpected. These include an apparent tropism of Listeria monocytogenes for
the lumen of the gall bladder—an otherwise sterile environment (1), and the
dynamic nature of hematopoietic reconstitution (2) during the earliest stages
after stem cell transplantation (Figs. 1 and 2). In the stem cell studies it was
observed that transplantation of a single hematopietic 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 transfer 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. Imaging has been applied to the
study of injury repair, infectious processes, host response to infection, hemato-
poietic reconstitution, tumor vascularization, response to chemotherapy, and
antitumor immune response. This chapter will focus on the labeling and imag-
ing of murine bone marrow cells for the purpose of transplantation and analy-
sis using in vivo imaging technologies. These types of studies can serve as a
demonstration of how imaging can improve the study of biology and reveal
nuances of complex biological processes.

1.1. Imaging Modalities

Several imaging modalities have been used for the investigation of stem cell
fates and function and a number of useful tools have been developed for cell
fate imaging by each of these (3). Images of bone marrow and immune cell
trafficking have been obtained by magnetic resonance imaging (MRI), positron
emission tomography (PET), and single photon emission computed tomogra-
phy (SPECT) (4–9). Each of these is used clinically for diagnostic applica-
tions. In vivo bioluminescence (BLI) and fluorescence imaging may have their
greatest application in the study of small animal models, and have been used to
assess the trafficking patterns of cells in vivo (1,2,6,10). There may be clinical
applications of these tools, but their use in small animal models will be invalu-
able as they are applied to the study of stem cell biology. The availability of
specialized MRI, PET, and SPECT scanners for small animal imaging has
increased dramatically with improved performance and capabilities. Their
increased use in animal models will likely lead to translational approaches, and
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they hold great promise for advances in a number of fields where there are
clinical needs. There are a number of optical imaging approaches that have
been developed for sensing and imaging in the living body, including diffuse
optical tomography (DOT), optical coherence tomography (OCT), and others,
but only in vivo BLI and fluorescence have been used to study cell trafficking
patterns. 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 bioluminescent and fluorescent
imaging for animal studies.

MRI uses magnetic fields and radio frequency pulses to induce and measure
signals from hydrogen atoms in the body. The image resolution is excellent in

Fig. 1. Location of bioluminescent foci following transplantation of transgenic luc+
hematopoietic stem cells (HSCs). Foci were apparent in individual animals at ana-
tomic sites corresponding to the location of the spleen, skull, vertebrae, femurs, and
sternum (A–E, respectively) at 6–9 d 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 was monitored over time is shown (second row). In
this animal, two initial foci were apparent on d 6. By d 9, one was no longer detectable
and another remained at nearly the same intensity as on day 6. New foci were apparent
on d 9, and then the intensity at these sites weakened or disappeared by d 11. Pseudo-
colored images reflecting optical signal intensity are overlaid upon a grayscale refer-
ence image of the animal. (Reprinted from ref. 2, with permission.)
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animal and human subjects, but sensitivity to molecular changes is less than
that of other modalities used for these applications. Additionally, approaches
for labeling cells are still relatively new (11) and their development for detect-
ing labeled cells within the body is ongoing. PET imaging is based on the
simultaneous emission of two gamma rays upon annihilation of positrons emit-
ted from radioactive tracers injected into the subject. Resolution in PET is less
than that which can be achieved by MRI, but the cross-sectional information
and three-dimensional (3D) reconstruction capability offer the potential to be
more informative than the typical planar projection data obtained using optical
imaging techniques (12). SPECT is based on detection of gamma emission
directly from spontaneously decaying radioisotopes that are injected into the

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 hematopoietic engraftment after trans-
plantation of a single transgenic luc+ hematopoietic stem cells. Pseudo-colored images
reflecting optical signal intensity are overlaid upon a grayscale reference image of the
animal. (Reprinted from ref. 2, with permission.)
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subject. It has been used less than PET, perhaps because of its inferior resolu-
tion and sensitivity compared with PET. A disadvantage to the use of PET is
the necessity for a nearby cyclotron and onsite chemistry to generate the appro-
priate radioactive labels for labeling cells for injection into research subjects.
The decay half-lives for the radioisotopes used in PET are relatively short.
This requires that the time from generation of the label to detection in the scan-
ner be minimized to optimize signal strength. Although this is not true for
SPECT imaging, both PET and SPECT are somewhat limited by the special
handling required for the use of radioisotopes.

Whole-body imaging using bioluminescence and fluorescence 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 mark-
ers that are quite versatile. BLI produces planar projection data using pseudo-
colored images to represent signal intensity that is localized over grayscale
reference images of the subjects (Figs. 1 and 2). Optimal detection of biolumi-
nescent or fluorescent signals requires the use of imaging systems that are sen-
sitive 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 magnification 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 trafficking studies and tremendous
insights have been gained in this manner (13–16). The lack of radioactivity and
relatively lower costs make optical modalities more accessible and more avail-
able technologies for studies in small animal models.

1.2. Labels

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 fluo-
rescent dyes to label cells outside the body prior to transplantation (17–19).
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 fluores-
cent dyes do not produce sufficient signal to be detectable by cameras placed
outside the body, necessitating euthanasia 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
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must be introduced into cells and encode proteins that interact with “reporter
probes,” applied substrates (bioluminescence), or exogenous excitation light
sources (fluorescence) to generate a signal that can be localized from outside
the body (see Table 1).

Genetic labels have been developed for all of the modalities used in stem
cell trafficking studies. The most commonly used genetic label for PET imag-
ing is the herpes simplex virus thymidine kinase (HSV1-tk). At the time of
imaging, [18F]-FHBG or [124I]-FIAU is administered to the animal as a radio-
active reporter probe that has specificity 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
cell and accumulates there, preferentially flagging the genetically labeled cells
for detection. The human dopamine D2 receptor (hD2R), the human soma-
tostatin receptor (hSSTR2), and the human transferrin receptor (hTfR) have
been used with different imaging modalities and function simply as transmem-
brane receptors that actively transport their corresponding reporter probes into
the genetically labeled cells. In this manner, like HSV1-tk, they also accumu-
late the probe within the labeled cells to flag them for detection.

Fluorescence and bioluminescence optical imaging modalities require the
generation of light by the cells of interest. Genetic labels for BLI are genes that
encode luciferases. The “reporter probes” for these proteins are substrates that
are oxidized and chemically consumed by the luciferases in reactions that gen-
erate light. Fluorescence imaging detects cells that express fluorescent pro-
teins. By analogy to PET and SPECT, the “reporter probe” that must be
delivered to these genetically labeled cells is exogenous light of the appropri-
ate wavelength to serve as an excitation source.

In choosing a label for optical imaging, a few key parameters must be consid-
ered. Specifically, absorption and substrate biodistribution significantly influ-
ence 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 (wave-
lengths >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
firefly luciferase (Fluc; derived from the North American Firefly Photinus
pyralis) and click beetle red luciferase (CBRluc; derived from Pyrophorus
plagiophalam) over Renilla luciferase (Rluc; derived from the sea pansy Renilla
reniformis)—both Fluc and CBRluc show emission peaks at approx 620 nm at
body temperature, whereas the emission peak of Rluc is at 480 nm, in a region
where absorption by hemoglobin is relatively high.

The biodistribution of the administered substrate is also an important con-
sideration for interpreting BLI data. To obtain quantitative information from
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Table 1
Commonly Used Genetic Labels
and Their Corresponding Reporter Probes or Substrates

Modality Label Reporter Probe

PET HSV1-tk 5-[124I]iodo-2�-fluoro-2�deoxy-1-β-D-arabino-furanosyl-
uracil (FIAU)

9-(4-[18F]fluoro-3-hydroxymethylbutyl)guanine (FHBG)
hD2R 3-(2�-[18F]fluoroethyl)spiperone (FESP)

SPECT hSSTR2 [131I]DTPA-octreotide
HSV1-tk 5-[131I]iodo-2'-fluoro-2�deoxy-1-β-D-arabino-furanosyl-

uracil (FIAU)

MRI hTfR magnetic iron oxides

BLI Fluc D-luciferin
CBRluc D-luciferin
Rluc coelenterazine

FIm eGFP (excitation source)
and derivatives

BLI data, the substrate must not be limiting in the oxidation reaction that gen-
erates 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 admin-
istration and the rate of clearance of the substrate in the body. The substrate for
Fluc and CBRluc, D-luciferin, is relatively stable in the body and has a rela-
tively long circulation time. In contrast, the substrate for Rluc, coelenterazine,
is rapidly cleared from the body and binds to serum proteins (20). Coelentera-
zine, therefore, can only be administered intravenously and data acquisition
must be complete within a few seconds to a minute after injection. D-Luciferin
can be injected intraperitoneally or intravenously (21). The biodistribution of
D-luciferin, after intraperitoneal injection, peaks at 15–20 min and the biolumi-
nescence signal stays relatively stable for another 15–20 min before degrading
as a result of substrate clearance. After intravenous injection of D-luciferin the
peak of light emission occurs at about 1 min and decreases rapidly (21–23).

Fluorescence imaging, like detection of any optical signal through mam-
malian tissues, also requires consideration of light absorption by tissues In
this case, the wavelengths of both the excitation source and emitted light must
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be considered. The most commonly used genetic label for fluorescence imag-
ing is enhanced green fluorescent protein (eGFP). The advantage to using
fluorescent labels is the relative ease of detecting their activity in histological
samples by fluorescence microscopy, as well as in single-cell suspensions by
flow cytometry. These other modalities can provide a satisfying cross-verifi-
cation to data uncovered using in vivo imaging. The excitation and emission
peaks for eGFP occur well below 600 nm and light at these wavelengths is
subject to severe signal attenuation by hemoglobin. Imaging of reporters with
optical signatures in the blue and green region of the spectrum can be severely
constrained by absorption. Whole-body imaging of labeled cells in deep tis-
sues can be difficult, but signals from relatively superficial sites, such as skin
and subcutaneous tissues, or from deep sites after removal of overlying tis-
sues, can offer high-resolution images. Several fluorescent proteins with
longer emission wavelengths are available (yellow fluorescent protein, dsRed,
and others) but these, by and large, have excitation peaks below 600 nm. For
these reasons, the use of these labels for deep tissue in vivo fluorescence imag-
ing has been shown to require high levels of reporter gene expression from a
large number of cells.

1.3. Methods

There are several methods 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 transduction and transgenesis have
proven to be to most effective methods for labeling bone marrow cells.

Labeling cells using classical transgenesis involves the generation of a plas-
mid encoding the genetic label of interest driven by an appropriate promoter.
The plasmid is stably transfected (using conventional methods such as
electroporation or liposome-mediated or calcium phosphate mediated trans-
fection) into an embryonic stem cell line and those cells are microinjected
into murine blastocysts. The blastocysts are transferred into pseudo-pregnant
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 inten-
sive, and usually requires the technical expertise of an available transgenic
core facility. Genetic labels applied in this way exhibit a relatively predictable
expression pattern but can be subject to the vagaries of random chromosomal
integration. They may integrate into a site that is subject to transcriptional
regulation that is not dictated by the originally designed plasmid. This is a
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so-called “founder effect” or “contextual influence” and is best screened for
by examining the behavior of the transgene in multiple sibling chimeric lines.

Viral transduction is accomplished by replication-incompetent viral vectors
that insert the genetic label directly into the genome of the target cell (24). The
genetic label is first 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
flagged with the ψ packaging sequence, viral particles are generated that con-
tain the genetic label. Because the genes encoding envelope and packaging
proteins are not present in the segment of DNA that is flagged 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 encoding envelope and pack-
aging proteins. This second plasmid can be co-transfected along with the plas-
mid containing the genetic label into an unmodified 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-flagged DNA along
with envelope and packaging proteins leads to the generation 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-flagged 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.

Lentiviral and retroviral transduction protocols are available and an exam-
ple of each is included in this chapter. The retroviral transduction protocol is
optimized for mouse bone marrow and stem cells and the lentiviral transduc-
tion protocol is specific for sorted human hematopoietic stem cells (HSCs).
Both human and mouse cells can be transplanted into mice for optical imaging
of cell trafficking patterns, but the human cells must be transplanted into
immunocompromised mice (e.g., severe combined immunodeficient [SCID]-
Hu.) Although lentiviral transduction can be used to label murine bone marrow
cells, retroviral transduction systems have been used more extensively with
mouse cells and the reagents are readily available. Human HSCs are less ame-
nable to retroviral transduction. Currently, the best success with transduction
of human HSCs has been achieved using lentiviral systems.
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The disadvantage to using retroviral transduction is that retroviral 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 care-
fully optimized for activation and stimulation of HSCs while preventing lin-
eage 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 transduc-
tion on the biological behavior of the target cells.

2. Materials

2.1. Retroviral Transduction of Murine Bone Marrow and Stem Cells

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 bottle).
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.
9. rmSCF (Peptrotech, 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 modified 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 con-
centration 5 mg/mL in PBS, store at 4°C.

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

2.2 Lentiviral Transduction of Human HSCs and Progenitor Cells

1. Highly transfectable cell line to be used as packaging cells. This protocol describes
conditions optimized for 293T cells.
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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 Bomide (polybrene; Aldrich, cat. no. 107689-100G). Stock con-

centration 5 mg/mL in PBS, store at 4°C.
8. Myelocult H5100 media (Stem Cell Technologies, cat. no. 05150) (500 mL).
9. rh interleukin (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).

2.3. Bone Marrow Transplantation Into Mice
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; one box).
5. Heating lamp/restraining device.
6. Trimethoprim/Sulfamethoxazole suspension (40 mg TMP and 200 mg Sulfa/5

cc), (Hi-Tech Pharmacal, cat. no. NDC 50383-823-16) (200 mL).

2.4. Bioluminescence Imaging (see Note 3)
1. Low-light imaging system for BLI.
2. Anesthetic agent.
3. Substrate:

a. Luciferin (Biosynth, Int., cat. no. L-8220; 1 g). Stock concentration 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. Do not store.

3. Methods
3.1. Retroviral Transduction of Murine Bone Marrow and Stem Cells
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 � 106 cells per 6-cm dish. Incubate at 37°C/5% CO2 overnight.
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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, 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 gen-
tly and incubate for 20 min to 6 h at RT.

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% CO2 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).

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 refill 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 ster-
ile 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 1200 rpm (approx 310g) 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 room temperature for 10 min.
13. Spin at 1200 rpm (approx 310g) for 5 min at 4°C.
14. Resuspend in activation medium (DMEM or StemSpan SFEM + 10% HI FCS + 10

ng/mL IL-3 +50 ng/mL IL-6 + 100ng/mL SCF), 1.5 � 106 cells/mL (see Note 6).
15. Plate at 1.5 � 106 cells/well in a 24-well plate, 1 mL per well. Incubate at 37°C/

5% CO2 overnight.

DAY 6:

16. Remove the supernatant from the transfected packaging cell line. Replace with
fresh media and return the cells to the incubator.

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

18. Filter supernatant through a 0.45-µm filter.
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19. Centrifuge the bone marrow cells at 2100 rpm (approx 950g) for 5 min. Aspirate
media.

20. Add 1 mL of filtered viral supernatant to each well of bone marrow cells.
21. Centrifuge the bone marrow cells at 2100 rpm (approx 950g) 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 remov-

ing the viral supernatant.

DAY 9:
24. If there is a fluorescent protein, assess transduction efficiency using flow cyto-

metry.
25. If transduction is adequate, decide on a cell dose and proceed to transplantation

as described next (see Note 7). For tail vein injection, plan for an injection vol-
ume of 200–500 µL per mouse.

3.2. Lentiviral Transduction of Human HSCs and Progenitor Cells
DAY 1:

1. Seed 2–3 � 106 packaging cells per 10-cm dish in 10 mL of growth media. Incu-
bate at 37°C/5%CO2 for 24 h. The cells should be 80% confluent 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 2X HBS

buffer (found in calcium phosphate transfection kit) in a 15-mL tube.
4. In a separate 15-mL tube, dispense 100 µL of 2 M CaCl2 (also found in the kit.)

Add 11 µg lentiviral expression plasmid, 3 µg lentiviral packaging plasmid, and
6 µg of lentiviral envelope plasmid. Add deionized H2O to a final volume of 500
µL.

5. Slowly add the DNA/calcium mixture drop–wise to the 2X 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 incubator 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.
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DAY 5:
10. Remove the supernatant and filter through 0.45-µm pores.
11. Centrifuge the supernatant at 22,000g for 2 h to concentrate the virus (see Note 8).
12. Resuspend the viral pellet in 250 µL/10-cm plate of packaging cells. Use mye-

locult 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 1900 rpm in a microfuge
for 5 min.

15. Remove the supernatant, then resuspend in myelocult media supplemented to a
final 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 will be added. 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%
CO2 for 24 h.

DAY 6:
17. If there is a fluorescent protein, assess transduction efficiency using flow cyto-

metry.
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.

3.3. Bone Marrow Transplantation Into Mice

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

2. Deliver 800–900 cGy total body irradiation (see Note 9).
3. Warm the recipient mice under a heating lamp to encourage peripheral vasodila-

tion.
4. One mouse at a time, transfer the mice into a restraining device for tail vein

injection (see Note 10) 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 approximately two capfuls of Trimethoprim/
Sulfamethoxazole per full water bottle (see Note 11). These living conditions
should continue for the first month.

3.4. Bioluminescence Imaging Considerations

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- to
5-min data acquisition times.
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2. Initialize the camera. The user interface of Living Image has a command to ini-
tialize 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 intra-
venously (see Note 12).

4. Approximately 15 min after an intraperitoneal injection of luciferin or immedi-
ately after intravenous injection of any substrate, take the initial image (In Living
Image, click on the “ACQUIRE” button), keeping in mind the following consider-
ations:
a. Stage height should be adjusted such that the field of view fits 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 parameters are set in the user interface.

c. Binning pixels can be done with extremely weak signals to improve the appar-
ent contrast. The total number of photons collected does not change when bin-
ning the pixels, so it is not an increase in sensitivity, but binning does result in
a loss of resolution as there is a smaller effective number of elements on the
chip. Smaller binning numbers correspond 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 signal. The previously described parameters should be adjusted
to collect an image that reflects 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 ventral, dorsal and two lateral images.

4. Notes

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

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

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

4. Some have found that StemSpan SFEM-based media supplemented with calf se-
rum and cytokines results in superior viability and activation of the bone marrow
cells.

5. The cell dose required to rescue will vary depending on the quality of the 5FU
enrichment as well as the quality of the response to the activation media. Plan on



32 Duda et al.

being able to rescue one or two mice per well, depending on the health of the
cells in culture as assessed by light microscopy.

6. Both calcium phosphate and liposome-mediated transfection methods have been
used. This protocol describes a modified calcium phosphate-based method.

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

8. 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 approx 3 h later.

9. 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 anesthe-
sia may be required, and the injection volume should be 100–200 µL per mouse.

10. A mixture of Neomycin (1.2 g/L) and Polymixin-B (1 � 106 U/L) in the drinking
water can also be used.

11. Several options for imaging systems are commercially available. This protocol
describes the use of the Xenogen IVIS system and associated Living Image soft-
ware.

12. 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 approx 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 con-
secutive images and noting the time from injection to signal stability. Luciferin
can also be given intravenously, and this is helpful for reaching anatomic sites
such as the brain, but clearance of the substrate will occur much more rapidly
than when substrate is delivered intraperitoneally.
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An Overview of HLA Typing
for Hematopoietic Stem Cell Transplantation

Ann-Margaret Little

Summary
Selection of a related or unrelated haematopoietic stem cell donor for a patient requires

accurate matching of human leukocyte antigen (HLA) genes in order to maximise the ben-
eficial effects of the transplant. There are a number of different approaches that can be
made in order to achieve HLA type depending on the number of samples being processed,
the level of resolution to be achieved, and the cost of providing the various tests. Each
method has its advantages and disadvantages and in most laboratories, a combination of
methods may be used.

Key Words: HLA typing; PCR-SSP; PCR-SSO; PCR sequencing.

1. Introduction
Polymorphic human leukocyte antigen (HLA) genes are encoded within the

human major histocompatibility complex on chromosome 6 (see Table 1).
These genes encode components of HLA molecules involved in antigen presen-
tation 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 matching of potential organ and stem cell donors for patients and
also as an aid in diagnosis of various diseases that are associated with a particu-
lar HLA genotype (1). In addition, polymorphisms within HLA genes and other
genes linked to HLA genes within the major histocompatibility complex are
now known to play a role in the responsiveness of individuals to vaccines and
other pharmaceutical 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 significantly since the discovery of the
first HLA antigens from studies with sera from multiparous women (4). Origi-
nally serological and cellular methods were applied to determine HLA type.
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However, since the application of DNA-based methods, particularly after the
introduction of the PCR, the sophistication of the methods available for HLA
typing has increased significantly. This chapter will focus on the currently
available DNA-based methods, their applicability for different tests and their
advantages and disadvantages.

2. HLA Typing Methods
The many HLA alleles found are the product of multiple single-nucleotide

polymorphisms (SNPs) distributed singly or in groups “motifs” via recombina-
torial mechanisms generating what is often referred to as a “patchwork” pattern
of polymorphism. This extensive polymorphism of HLA makes this genetic
system one of the most complex to analyse. The three methods most widely
applied for HLA typing use PCR as a starting point.

1. PCR using sequence-specific oligonucleotides (PCR-SSO).
2. PCR using sequence-specific primers (PCR-SSP).
3. PCR sequencing.

2.1. PCR-SSO

PCR-SSO involves a PCR reaction producing an amplicon from the HLA
locus to be tested, e.g., HLA-A or from a group of related HLA alleles from the
same locus, e.g., HLA-DRB1*04. The PCR product is then hybridised against
a panel of oligonucleotide probes that have sequences complementary to

Table 1
Human Leukocyte Antigen (HLA) Genes
and Number of Alleles, February 2007

HLA locus No. of alleles No. of expressed proteins

HLA-A 506 405
HLA-B 851 729
HLA-C 276 219
HLA-DRA 3 2
HLA-DRB1 476 404
HLA-DRB3 (DR52) 44 36
HLA-DRB4 (DR53) 13 7
HLA-DRB5 (DR51) 18 15
HLA-DQA1 34 25
HLA-DQB1 81 59
HLA-DPA1 23 14
HLA-DPB1 126 113

See ref. 23.
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stretches of polymorphisms within the target HLA alleles (see Fig. 1). The
process of hybridization has changed significantly since the first descriptions
of this method. Originally, denatured PCR products (produce single-stranded
DNA) were immobilized 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 oligonucle-
otide probe (which may involve different hybridization temperatures for dif-
ferent probes), bound probes were visualized using detection systems such as
radio-isotopes or later chemiluminescence. Such systems were (and still are)
widely used for HLA typing multiple individuals in one “batch” (5). The num-
ber of PCR products that could be immobilized on a membrane depends in part
on the automation available for accurate “dotting” of PCR products and also
the available software used for the final discrimination and analysis of the posi-
tive and negative reactions. Therefore this methodology is very amenable to
high-throughput HLA typing as is required for busy hematopoietic stem cell
donor registries. The disadvantages of PCR-SSO include the labor-intensive-
ness of the method, which can take several days to perform from processing
PCR product to final result. The requirement for multiple hybridization tem-
peratures for different oligonucleotide probes also meant use of several water
baths, thus taking up valuable laboratory space. The introduction of tetram-
ethylammonium chloride (TMAC) in hybridization buffers allowed the hybrid-
ization temperatures to become more uniform; however, the use of TMAC was
not welcome because of its toxic qualities. Although this method of PCR-SSO
is still in use, it has mostly been superseded by the introduction of “reverse”
PCR-SSO methods.

The reverse PCR-SSO methods involve immobilization of the oligonucle-
otide probes on a solid-phase support, and subsequent hybridization of the
solid-phase immobilized oligonucleotide probes with liquid-phase PCR prod-
uct. Solid-phase supports most widely in use include:

1. Nitrocellulose membrane strips (Reli™ SSO Dynal Biotech, The Wirral, UK and
INNOLiPA line probe assay, Innogenetics, Gent, Belgium).

2. Microtest plates (enzyme-linked probe hybridization assay [ELPHA], Biotest,
Germany).

3. Oligonucleotide-coated polystyrene microspheres (Luminex® xMAP technology,
Luminex Corp, Austin, TX; LIFEMATCH™, Tepnel Lifecodes, Stamford, CT;
and LABType® SSO, One Lambda Inc., Los Angeles, CA).

The establishment of the reverse PCR-SSO allowed the introduction of this
method for protocols in addition to large-throughput HLA typing. As hybridiza-
tion conditions are standardized for all oligonucleotide probes immobilized, the
technical demands on the technology are reduced and there is greater capacity
for automation.
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Further solid-phase supports in development include microarray technol-
ogy. The microarray technology offers the ability to immobilize a greater num-
ber of either PCR products (direct SSO) or oligonucleotides (reverse SSO) on
microarray slides (~10,000 per slide) compared with the conventional methods
described previously (6). Further adaptations of the PCR-SSO include com-
bining hybridisation steps with ligation steps in the “Universal Array” technol-
ogy. This allows the use of an array system with immobilised probes that are
not specific for the target polymorphisms, i.e., are universal for all polymor-
phisms. The target sequence to be analyzed is produced by PCR and incubated
with three probes: two allele-specific oligonucleotides (one specific for wild-
type sequence, the other specific for mutant sequence), and a third probe that
targets a sequence common to both mutant and wild-type alleles. The allele
specific probes have their 3�-end complementary to the target polymorphism
and the common sequence probe has its 5�-end (with free 5� phosphate) adja-
cent to the 3�-end of the allele specific probes. The common allele also pos-
sesses a “reporter” sequence at its 3�-end which is complementary to a specific

Fig. 1. (opposite page) PCR using sequence-specific oligonucleotides (PCR-SSO)
simplified. After DNA extraction (1), locus-specific PCR product is produced (2),
e.g., human leukocyte antigen (HLA)-A. The black and grey double-stranded PCR
products indicate the presence of two alleles in the amplicon, e.g., HLA-A*01 and
A*02. The circles at the ends of each strand represent the incorporation of biotin on
the PCR primers. The presence of correct sized PCR product without contamination
is determined by separating an aliquot of the amplicon by agarose gel electrophore-
sis (3). The PCR amplicon is denatured (chemically or heat) to produce single-
stranded DNA for both sense and antisense strands (4). The single-stranded
amplicons are hybridized to the immobilized oligonucleotide probe, which is attached
to a solid support. e.g.. membrane, microplate well, bead. Amplicons that do not
hybridize are washed away (5). The numbers in the table gives the number of probe
reactions that require interpretation (i.e., as positive or negative) for the LAB-
Type® SSO HLA typing tests to give a medium resolution type (Lots 006, 008 and
009 for HLA-A, B and DRB1, respectively).

The presence of bound amplicon to oligonucleotide probe is measured using an
enzymatic colour reaction, e.g., addition of streptavidin conjugated to an enzyme,
e.g., horseradish peroxidase or alkaline phosphatase which will catalyze the forma-
tion of a colored complex in the presence of appropriate substrate or alternatively
the addition of fluorescently labeled streptavidin allows identification of bound PCR
product (6). Interpretation of the results is the most complex aspect of the PCR-SSO
test and requires the use of specific software if all known HLA alleles are included
in the analysis.
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immobilized universal probes. In the presence of DNA ligase, the common
probe will ligate to bound specific allele probe hybridized to the target sequence
and will hybridize to the immobilized universal probe (7). This can be detected
by the attachment of different fluorescent dyes to the two allele-specific probes.

One of the limitation of PCR-SSO methods has been the inability to link cis
and trans polymorphisms. However, with the design of longer probes that dis-
criminate multiple polymorphisms, this problem can be reduced (see Figs. 2A
and 3).

Elongation multiplexed analysis of polymorphisms (eMAP) can also be applied
to link cis polymorphisms. The principle of this assay involves the hybridization
of an oligonucleotide primer to a target polymorphism, extension of the nucle-
otide sequence from the oligonucleotide primer, followed by hybridization of a
second oligonucleotide (specific for the linked polymorphism) to the extended
sequence. Such an approach has been applied to HLA typing (8).

2.2. PCR-SSP

The other most widely used DNA methodology for HLA typing is PCR-
SSP. PCR-SSP involves the use of multiple PCR reactions targeting the pres-
ence and absence of polymorphisms within the target HLA gene (9,10). Each
PCR primer pair is designed to be either complementary to the target polymor-
phism or is designed to be a mismatch through substitution of the complemen-
tary nucleotide at the 3�-end of either or both primers with a noncomplementary
nucleotide. This approach is also called the amplification refractory mutation
system (ARMS) (11). As the Taq polymerase enzyme used in the PCR reaction
does not have a 3� to 5� exonuclease proofreading ability, mismatched priming
does not result in production 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 optimise 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 electrohoresis and staining, usu-
ally with ethidium bromide. Most PCR-SSP protocols include, within each
amplification mix, primers for amplification of a segment from a housekeep-
ing gene. The presence of this additional amplicon serves as an internal con-
trol, as it should be amplified from all human samples tested (Fig. 4A,B).

PCR-SSP is an extremely flexible method that can be performed in labora-
tories with minimum molecular biology equipment (thermal cycler, agarose
gel electrophoresis unit, ultraviolet transilluminator, and system for document-
ing gel image). Depending on the design and number of primer mixes pre-
pared, PCR-SSP can be used to provide a low- to medium-resolution type for
each locus. If the low resolution type is known, additional PCR-SSP testing
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Fig. 2. Diagrammatic representation of ambiguous human leukocyte antigen (HLA)
types. The polymorphic HLA alleles from two unrelated individuals are represented as
boxes, with the sequence motifs that distinguish the alleles given as shaded boxes.
Both individuals are heterozygous and do not share either of their two HLA alleles.
Using probes that target each motif individually (A), both individuals will have the
same probe reaction pattern with the combination of alleles “a” and “b” not being
distinguished from “c” and “d.” However, use of PCR primers that link cis polymor-
phisms (B) allows differentiation of the cis and trans sequence motifs.
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can be used to upgrade the low resolution type to a high resolution and/or allele
level type (Fig. 4B). It is also possible to go direct to high-resolution result
using an extended panel of primer mixes. Such methods have been described
in the literature and are now available commercially.

PCR-SSP is currently the quickest of the DNA-based methodologies and
therefore can be used to provide fast HLA typing for cadaveric donor solid
organ transplantation. 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 current alleles as more
alleles are defined.

PCR-SSP is not used for large-scale HLA typing such as that undertaken by
the larger haematopoietic stem cell registries because of the rate-limiting step of
agarose gel electropheresis. This step could be improved by the use of fluores-
cence detection systems such as that used in real-time PCR, which allows both
detection and quantification of PCR amplicons and may allow discrimination of
homozygous and heterozygous polymorphisms. Real-time PCR is also more

Fig. 3. Use of oligonucleotide probes to link cis polymorphisms. In this example,
the presence of DRB1*1543 and B*0708 have not been excluded by PCR sequencing.
However, probes b and c allow linkage of polymorphisms specific to B*1543 (probe
b) and shared by B*1543 and B*270502, but not B*2708 (probe c). As probe b is
negative, the reactivity of probe c is assigned to B*270502.
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open to automation as a result of the nonrequirement for electrophoresis. Sim-
pler systems involving the addition of PicoGreen® dye, which binds to the
minor groove of double-stranded DNA molecules produced during the exten-
sion phases of the PCR reaction, can also be used. As the quantity of double-
stranded DNA increases, the fluorescent emissions from the PicoGreen also
increase, and this can be detected using a fluorescence reader. Such fluorescent
systems, however, do not directly allow discrimination of molecular weights,
and therefore false-negative results may be missed.

Fig. 4. PCR using sequence-specific 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 inter-
nal control amplicon.

An example of a low-resolution human leukocyte antigen (HLA)-DRB, DQB1
PCR-SSP typing result is given in (A). All HLA-DRB1, 3, 4, 5, and DQB1 specifici-
ties are covered by this test, which uses 31 primer pairs. The positive reactions in lanes
4, 9, 22, 24, 27, and 29 (numbering of lanes is from top left hand corner, reading from
left hand side to right hand side) indicates the presence 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*1501.
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One of the advantages of PCR-SSP is the reduction in the number of ambigu-
ous results compared with PCR-SSO (see Fig. 2B). Cis-polymorphisms can be
linked by the generation of a product using primers designed to amplify from
sequences containing both mutations.

2.3. PCR Sequencing

The resolution of results obtained with both PCR-SSO and PCR-SSP is lim-
ited by the number of oligonucleotide probes and primer mixes used, respec-
tively. Current protocols do not cover the full region of the polymorphic exons
targeted, and therefore it is always possible that novel mutations may not be
observed. Nucleotide sequencing of HLA genes should, in principle, give the
highest possible resolution results, allowing identification of all known poly-
morphisms and any novel polymorphisms. HLA gene sequencing was originally
described using cloned PCR products to allow unambiguous identification of
allele sequences, and the data generated from these studies led to the establish-
ment 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 chem-
istry protocols to allow accurate distinction between homozygous and heterozy-
gous sequences, has permitted the establishment of routine HLA sequencing
protocols from PCR-produced amplicons. Current PCR sequencing protocols
have been described for all HLA loci using generic PCR amplification systems,
and also group specific PCR sequencing protocols are described (12–14). The
latter approach has been most useful for analysis of the HLA-DRB1 locus, as it
is difficult to amplify all HLA-DRB1 alleles in a single PCR reaction without
coamplification of other HLA-DRB alleles as a result of sequence similarities
(15).

Sequencing heterozygous PCR products necessitates the use of dedicated
software to allow identification of all heterozygous positions, and to allow com-
parison of the various possible sequences obtained against a database of known
HLA sequences (16,17).

3. HLA Typing Resolution Requirements
for Hematopoietic Stem Cell Transplantation

Usually, the search for a hematopoietic stem cell donor begins within the
patient’s family, and the identification of a matched related donor can be made
with a minimum HLA-A, B, DRB1 type when the haplotypes present are
unique. However, when similar haplotypes exist (e.g., if one of the parents is
apparently homozygous by low resolution typing [see Fig. 5 for an example]),
it is advisable to perform more extended typing at higher resolution within fami-
lies, and to include HLA-C and DQB1. HLA-DPB1 typing is also informative
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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 (18).

When a search is extended to unrelated donors, it is an increasing require-
ment to perform high resolution or allele level typing for both patient and
selected unrelated donor. The largest volunteer 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 and
it is likely that this requirement will extend to other registries (19). There are
now extensive data supporting the importance of matching at high resolution
for HLA-A, B, C, and DRB1 loci vs low resolution (20). There are also data
to support the use of single allele mismatched donors when a perfect match

Fig. 5. Identification of a matched related donor may require extended human leu-
kocyte antigen (HLA) typing. This example of HLA typing within a family, highlights
the potential for error when only low resolution HLA-A, B, DRB1 typing is performed
(underlined HLA types). At low-resolution typing, the father appears to be homozy-
gous for HLA-A, B, and DRB1, and both siblings appear to match the patient. How-
ever, extending the HLA type to include HLA-C, DQB1, and DPB1 demonstrates the
father to possess two different haplotypes, and only one of the two siblings is a true
match for the patient.
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cannot be found (21). In order to know if a donor is only mismatched for one
allele, high resolution is required to eliminate mismatches not detected by
lower resolution typing methods. The role of HLA-DQB1 and DPB1 match-
ing has been more difficult 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 mismatches;
however, the presence of DQB1 mismatches in addition to other HLA mis-
matches was associated with increased mortality in a study published by the
Fred Hutchinson Cancer Research Center (21). Yet, the NMDP did not find a
negative contribution of HLA-DQB1 mismatching in their analysis (20). The
differences in these studies is likely a reflection of differences in the cohorts
used and analyses performed. As HLA-DPB1 is not in linkage disequilibrium
with other HLA loci, most unrelated donors are HLA-DPB1-mismatched, so
the role of HLA-DPB1 matching vs mismatching (on an HLA-A, B, C, DRB,
DQB1 background) has been challenging to address. Data from the Anthony
Nolan Trust and the International Histocompatibility Workshop support the
function of HLA-DPB1 in allo-recognition, with HLA-DPB1 matching being
associated with an increased risk of disease relapse (22).

4. Patient and Donor Testing

Selecting a method for patient and donor testing depends on various factors
including the number of samples that the laboratory tests, the type of sample
obtained, and also the level of resolution to be achieved.

If a laboratory receives few samples in any working week, then the method-
ology of choice is most likely to be PCR-SSP, which can provide HLA types at
various levels of resolution. The patient and related donor may initially be
tested to low/medium resolution (PCR-SSO or PCR-SSP) with additional high/
allele level resolution (PCR-SSP and/or PCR-Sequencing) performed if required
to resolve ambiguities within family, or if an unrelated donor search is initiated.
All potentially matching unrelated donors selected from the various volunteer
donor registries must have their HLA type confirmed by repeat testing and this
should always include extension of the original HLA type to include additional
loci: e.g., if donor is HLA-A, B, and DRB typed on the Register, further testing
for HLA-C, DQB1, and DPB1 is warranted, and loci (HLA-A, B, C, and DRB1
as a minimum) should be tested to high/allele level of resolution (PCR-SSP
and/or PCR-sequencing) (see Table 2).

HLA genes are very polymorphic and determination of accurate HLA types
can be complex and may necessitate the use of more than a single method. The
development of DNA based HLA typing assays has made reliable, reproduc-
ible, and sensitive assays available for all laboratories supporting a haemato-
poietic stem cell transplantation program.
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Table 2
Levels of Human Leukocyte Antigen Typing Resolution Obtained
Based on Current Methods Most Widely in Use (Four-Digit Nomenclature Used)

Example of resolution PCR-SSP PCR-SSO PCR sequencing

Low A1, 3  or A*01, *03 Yes Yes Yes
(if full interpretation not performed)

Medium A*0101/0102/0104N/0106/0109, Yes Yes Yes
*0301/0301N/0303N/0304/0311N/0313/0314 (if full interpretation not performed)

High A*0101/0104N, *0301/0301N Yes Yes Yes
(usually subtyping method) (less frequently)

Allele A*0101, *0301 Yes Occasionally Yes
(usually subtyping method) (may also require subgrouping PCR)

PCR-SSP, PCR using sequence-specific primers; PCR-SSO, PCR using sequence-specific oligonucleotides.

47
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Sequence-Specific Primed PCR (PCR-SSP)
Typing of HLA Class I and Class II Alleles

Klara Dalva and Meral Beksac

Summary
For donor selection in hematopoetic stem cell transplantation, two-digit sequence-

specific oligonucleotide (SSO) typing may be sufficient in the related sibling transplant
setting. However, SSO typing is not sensitive enough to differentiate between the alleles
that share the same cis-trans linkeage sequence casettes. In unrelated donor selection,
PCR using sequence-specific primers, a flexible and widely used method known to cause
less ambiguious results, may be preferable. However, this technique is limited by the
number of the samples that can be processed at one time and also by the number of the
primer mixes that can be utilized.

Key Words: PCR-SSP; HLA typing.

1. Introduction
HLA matching between the donor and recipient improves the success of

unrealted hematopoietic cell transplantation (1,2). The use of PCR-SSP for
human leukocyte antigen (HLA) typing was first described for Class II and
later for Class I specificities (3,4). The principle of PCR using sequence-specific
primers (PCR-SSP) is discussed detailed in Chapter 3.  Briefly, this technique is
based on the use of sequence-specific primers designed to be complementary or
noncomplementary to the target DNA sequence. This approach is also called
amplification refractory mutation system (ARMS) (5). Specificity for PCR-SSP
is derived from matching the terminal 3�-nucleotide of the primers with target
DNA sequences. Primer template mismatches other than the 3�-mismatch
(internal mismatches) may also effect the specificity of the primer (6). The
amplified DNA is usually visualized via agarose gel electrophoresis contain-
ing ethidium bromide. PCR-SSP protocols using fluorogenic probes have been
reported as well (7). Depending on the primer mixes used, it is possible to



52 Dalva and Beksac

achieve low and/or high resolution typing (two to four digits) of HLA Class I
and /or II alleles. There are various commercially available kits, and it is rec-
ommended to use kits that incorporate positive control primers pairs which
amplify a segment of a non-HLA region (e.g., human growth hormone). Here,
we describe one of the commercially available techniques developed by Olerup
(Genovision As, Oslo, Norway).

2. Materials

2.1. Sample

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. By using the GenoPrepTM B350 method, which is
described in this chapter, DNA extraction can also be performed with heparin-
ized samples. If the white blood cell (WBC) counts are very low, the use of
buffy coat is suggested. DNA can also be extracted from fresh or frozen blood
samples. Storage of samples for less than 5 d at +4°C is recommended. Bone
marrow aspiration material is also acceptable

2.2. DNA Extraction

2.2.1. GenoMTM 6 Robotic Workstation

GenoPrep B350 cartridges accompanying accesories (the kit includes pre-
filled reagent cartridges, 2-mL screw-cap Eppendorf tubes required for distri-
bution of blood samples, 1.5-mL screw-cap Eppendorf tubes for the elution of
extracted DNA, plugged pipet tips, and pipet tip holders sufficient for DNA
isolation from 48 samples).

2.2.2. Salting-Out Technique

This method is a modification of Miller’s salting-out procedure, with the
ommision of proteinase K and addition of a chloroform extraction phase (4).

1. Red cell lysis buffer (RCLB): 0.144 M ammonium chloride (NH4Cl), 1 mM
sodium bicarbonate (NaHCO3): 15.4 g of NH4Cl and 1.68 g of NaHCO3 are
dissolved in 2 L of double-distilled (dd)H2O.

2. Nuclear lysis buffer (NLB): 10 mM Tris-HCl pH 8.2, 0.4 M sodium chloride
(NaCl), 2 mM disodium EDTA (Na2EDTA) pH 8.0. Dissolve 23.37g of NaCl in
900 mL of dH2O. Add 10 mL 1 M Tris-HCl pH 8.2 and 10 mL Na2EDTA pH 8.0
and adjust to 1 L with ddH2O.

3. 10% w/v sodium dodecyl sulfate (SDS): dissolve 100 g of SDS in 1 L ddH2O.
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.
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5. 95% Ethanol. Dilute 950 mL of absolute ethanol with 50 mL of ddH2O.
6. 70% Ethanol. Dilute 700 mL of absolute ethanol with 300 mL of ddH2O.
7. 6 M NaCl: 350.64 g sodium chloride is dissolved in 800 mL ddH2O by warming

the solution followed by adjusting the volume to 1 L. As 6 M NaCl is a saturated
solution, not all of the NaCl will dissolve into the solution.

8. Centrifuge.
9. Plastic tubes (15 mL, 2 mL).

2.3. PCR Amplification

1. SSPTM HLA-ABC low resolution kit, unlicensed (the licensed kits contain Taq
polymerase within the PCR Master Mix). Kit content:

a. 96-Well PCR plates, which are precoated with the primers (wells 1–23 HLA-
A, wells 25–71 HLA-B, wells 73–95 HLA-C, wells 24, 72, and 96 negative
control primers), and are covered with PCR compatible aluminium foil.

b. PCR master mixes: the final concentration (fc) of each dNTP is 200 µM, PCR
buffer (KCl fc: 50 mM, MgCl2 fc: 1.5 mM, Tris-HCl, pH 8.3 fc: 10 µM, 0.001
w/v gelatin, glycerol fc: 5%, cresol red fc: 100 µg/mL).

c. PCR caps.

2. Olerup SSP HLA-DQ-DR SSP combi tray, unlicensed (the licensed kits contain
Taq polymerase within the PCR Master Mix). Kit content:
a. 32-Well PCR plates, which include the primers (wells 1–8 DQ, wells 9–31

DR primers, well 32 negative control) covered with PCR compatible alu-
minium foil.

b. PCR master mix contents are similar to that described in item 1.
c. PCR caps.
Kits maintain their stability for 21 mo at –20°C.

3. Taq polymerase (5 U/µL).
4. PCR thermocycler(s): model with a 96-well format (e.g., Corbett Research CGI-

960, Perkin Elmer 9600 or 9700, MJResearch PTC200 PCH).
5. Dispensing equipment: adjustable pipet(s), electronic multistep dispenser, plas-

tic tips.

2.4. Agarose Gel Electrophoresis

1. 10X TBE buffer (1 L, pH: 8.0):108 g Tris base; 55 g boric acid; 14.8 g EDTA
(sodium salt). Dissolve all ingredients in ddH2O and adjust the volume to 1 L.
The solution is filtered to remove particles. Store at room temperature.

2. 0.5X TBE buffer (1 L): dilute 50 mL of 10X TBE buffer to 1 L with ddH2O. Store
at room temperature.

3. 2% (w/v) Agarose: (150 mL): 3 g of agarose dissolved in 150 mL 0.5X TBE
buffer by heating in a microwave oven (approx 2 min at 800 W). Once the gel has
cooled to 60°C, the gel is then stained with ethidium bromide (0.625 mg/mL) by
adding three drops of EtBr to 150 mL of gel. Agarose solutions can be stored at
50°C for up to 1 wk.
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4. Ethidium bromide solution (10 mL, 0.625 mg/mL): dissolve 0.625 g of EtBr in
10 mL ddH2O and stir for several hours until dye has dissolved completely. Store
in ambient conditions for up to 1 yr in an amber bottle or protected from light
with aluminium foil.

5. Molecular weight marker: 100-bp ladder.
6. Eight-channel electronic multidispenser.
7. Electrophoresis tank.
8. Horizontal gel casting forms with combs (1 mm � 17 well) suitable for multi-

channel loading.
9. Power supply.

10. Ultraviolet transilluminator.

2.5. Documentation

Digital imaging system (Dolphine imaging system).

2.6. Interpretation

1. Manual: Refer to the interpretation and specificity tables provided with the typ-
ing kits.

2. Computer-based: The Score™ interpretation software is recommended.

3. Methods
3.1. DNA Extraction

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 GenoM 6 isolations is 15 µg/
mL and 30 µg/mL for the other methods. High-quality DNA results in an opti-
mal density 260/280 ratio greater than 1.6 (see Notes 1–3).

3.1.1. GenoM 6 Robotic Workstation

The GenoM 6 Robotic Workstation can be used for an easy, automated
nucleic acid isolation and purification. The procedure involves binding of
Genoprep magnetic beads to the nucleic acids. The GenoM 6 Robotic Work-
station performs all the steps involved in sample preparation, including sample
lysis, binding of nucleic acids to the beads, and washing and elution in an auto-
mated system. Protocols can be scaled up and down according to the needs of
the user.

3.1.1.1. PRINCIPLE

Isolation of the DNA relies upon it’s binding to the silica surface of the para-
magnetic beads in the presence of a chaotropic salt solution such as sodium
iodide, guanidium thiocyanate, or guanidium hydrochloride.
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3.1.1.2. ISOLATION STEPS

1. Lysis and binding: addition of chaotropic solutions (GTC) and silica magnetic
beads results in complete cell lysis and DNA release. DNAses are denaturated
and inactivated during this step. Magnetic beads are mixed with the sample; result-
ing in binding of the DNA to the GenoPrep DNA magnetic beads. Subsequently,
immobilized DNA bound to magnetic beads, are collected by application of a
magnetic force.

2. Washing steps: three consecutive washing steps are performed during the appli-
cation of magnetic force. During the first wash, a chaotropic solution removes
any unbound material. In the second wash, ethanol is applied and removes GTC,
followed by a third wash, in which water removes the ethanol.

3. Elution: the DNA is released from the GenoPrep DNA magnetic beads via thor-
ough mixing with added water

3.1.1.3. STARTING MATERIAL

Begin with 350 µL of a homogenized anticoagulated (treated with EDTA,
ACD or heparin) blood sample.

3.1.1.4. OPERATION DESCRIPTION

 1. Select the protocol card (IC card) specified for DNA isolation and insert it into
the IC card inlet.

2. Switch on the main power of the GenoM 6 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, -DQ.
4. Load disposables on the instrument platform (1.5-mL elution tubes to the first

row, tips to the second row, and 2-mL sample tubes to the third row. Prefilled
cartridges are inserted in the predefined positions.

5. Place the sample tubes that include a minumum of 1 mL of a homogenized anti-
coagulated 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 (first) row.
8. Proceed with the PCR amplification step immediately or, otherwise store the

DNA at +4°C for up to 7 d or at –20°C for several months.

3.1.2. Salting-Out Technique

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 1000g for 10 min. Discard the supernatant and gently rinse

the pellet with 2 mL of RCLB buffer. The pellet will appear white with a pink
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halo. If there is excess haemoglobin, resuspend the pellet in RCLB and gently
agitate, continuing with further centrifugation (10 min,1000g).

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, 1000g).

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 polypropylene 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, 700g) and resuspend the pellet in 2 mL of 70%
ethanol. Repeat again.

10. Transfer the DNA precipitate into a sterile 0.5-mL microcentrifuge tube and cen-
trifuge the tubes in order to obtain a DNA pellet. Remove the excess ethanol by a
further centrifugation step.

11. Resuspend the DNA in 300 µL of sterile ddH2O. A DNA yield of 0.2–1.0 mg/mL
is expected from 5 mL of blood.

3.2. PCR Amplification

The primer set from HLA-ABC low resolution kit contains 5� and 3� prim-
ers for grouping HLA-A*0101 to -A*8001, -B*0702 to -B*8301, -Cw*0102
to -Cw*1802, and for the recognition of Bw4 & Bw6 sequence motifs. The
HLA-DQ-DR SSP combi tray contains 5� and 3� primers, required for group-
ing the DQB1 alleles into the serological groups DQ2 to DQ9, serological
groups DR1 to DR18. Furthermore primer pairs that recognize the DRB3,
DRB4, and DRB5 groups of alleles are provided. These products utilise the
ARMS technology.

3.2.1. HLA-ABC Low-Resolution Typing

For HLA-ABC typing of one plate:
1. 12 µL PCR Mastermix and 8.3 µL Taq polymerase are added to a 0.5-mL Eppen-

dorf tube.
2. Dispense 3 µL of the Mastermix-Taq Polymerase mixture to wells with numbers

24, 72, and 96.
3. Add 7 µL of dH2O to these three wells, which contain primer mixes for the nega-

tive control.
4. Add 202 µL of DNA (30 ng/µL), and 505 µL dH2O to the remaining Master mix-

Taq polymerase mixture (311.3 µL ) and mix throughly.
5. Dispense 10 µL of the final mixture into wells 1–23, 25–71, and 73–95.
6. Seal the plates with the lids provided (see Note 4).
7. Proceed with amplification in a thermal cycler equipped with a heated lid. The

temperature gradient across the heating block should be <1°C.
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3.2.2. HLA-DR-DQ Low-Resolution Typing

For HLA- DQ-DR typing of one plate:
1. Add 114 µL of PCR Master mix and 3 µL Taq polymerase to a 0.5-mL Eppendorf

tube. Mix throughly.
2. Dispense 3 µL of the Mastermix-Taq Polymerase mixture to well no. 32, which

contains the negative primer mix.
3. Add 7 µL of dH2O to well no. 32.
4. Add 74 µL of DNA (30 ng/µL) and 182 µL of dH2O to the remaining Master

mix-Taq Polymerase mixture (114 µL).
5. Mix throughly.
6. Dispense 10 µL of this final mixture into wells 1–31.
7. Seal the plates with the lids provided (see Note 4).
8. Proceed with amplification in a 96-well thermal cycler equipped with a heated

lid. The temperature gradient across the heating block should be <1°C.

3.2.3. PCR Cycling Condition

Identical PCR cycling conditions are used for all applications (see Notes 5–8):

  1 cycle 94°C 2 min denaturation
10 cycles 94°C 10 s denaturation

65°C 60 s annealing and extention
20 cycles 94°C 10 s denaturation

61°C 50 s annealing
72°C 30 s extention

3.3. Agarose Gel Electrophoresis

1. Prepare 150 mL of 2% agarose in 0.5X TBE buffer and stain with EtBr (see
Note 9).

2. Pour the agarose into the gel tray and insert the combs (17 wells per row, 6 rows)
3. Allow to stand for 30 min at room temperature.
4. Fill the electrophoresis tank with 550 mL of 0.5X TBE buffer. Gel must be

submerged at least in 5 mm buffer. The buffer can be reused up to 15 times (see
Note 10).

5. Once the gel is set, remove any sealing blocks or tape and and submerge the tray
into the tank.

6. Using an eight-channel pipet, load the PCR products into the chambers of the gel.
7. For each row, load a DNA marker in one well.
8. Run the gel for 15–20 min at 10 V/cm.

3.4. Photography

1. Turn on the imaging system (Wealtec Dolphine-View digital imaging system).
2. Once the screen lights is on press “Start.”
3. Insert a disk into the drive.
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4. Open the door of the ultraviolet transilluminator and remove the mobile table.
5. Transfer the gel to the mobile table and take care to not create air bubbles.
6. Adjust the image using the leveling button present on the front panel.
7. “Freeze” the image before saving the file.
8. “Save” the image to the disk (maximum three images per disk).
9. The system automatically gives a tag number to every gel.

10. Turn back to the original view by pressing “Live.”
11. Remove the floppy disk.
12. Remove and discard the gel accordance in to the laboratory safety rules.
13. Turn off the imaging system.
14. Save the gels in a new file in a computer, in order to analyse via the “Dolphin-

View Band Tool software.”
15. Open the analysis program and select the file to be analyzed.
16. Adjust the image to optimize the view of specific/control bands.
17. Record patient/gel information on the image and save the image as a new file.

3.5. Interpretation of Results

The HLA-ABC kit amplifies all of the HLA-A, -B, and -C alleles with a few
exceptions. The HLA-DQB1 alleles listed in the 2005 Nomenclature are all
amplified with this kit. This is also valid for HLA-DRB alleles which are ampli-
fied by this kit.

Alleles are assigned by the presence of specific PCR product(s). The size of
each PCR product may be helpful in the interpretation of the results (see Note
11). Each PCR-SSP reaction is deemed to have worked if the internal control
amplification is observed (see Note 2). In the presence of a specific amplifica-
tion, the intensity of the control band often decreases (sometimes regarded as
negative). Reactions without any control or allele specific amplicons are recorded
as “not tested” (see Notes 1, 5, and 6). Nonspecific amplification, especially with
GC-rich primers, may sometimes be observed (see Note 3). Because many alle-
les are amplified in more than one reaction, sporadic PCR failures usually do not
affect the full assignment of the genotype.

Genotypes are assigned by identification of the pattern of positive and nega-
tive reactions and interpretation of these results according to the specificity
tables present in the typing kits (see Note 12). The evaluation is suggested to
be done by use of the Score interpretation software, which enables faster and
more accurate interpretation.

4. Notes

1. Poor-quality or an insufficient amount of DNA may lead to reaction failures. The
DNA quality should be checked. WBC counts less than 1000/µL may lead to an
insufficient amount of DNA. Repeat the isolation with buffy coat collected from
10 mL instead of 350 µL of blood.
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The DNA extracted by the GenoPrep kits is usually highly purified. 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 ddH2O.

If degradation or poor-quality DNA is suspected, increase the amount of Taq
(50% more) and reduce DNA volume.

2. Degraded DNA may fail to produce larger amplicons, such as those of control. In
the presence of specific amplification, the intensity of the control bands often
diminishes but do not disappear completely.

3. DNA concentration exceeding 50 ng/µL will increase the risk of nonspecific
amplifications.

4. Failure to close the lids/bands properly, or insufficient pressure from above, may
lead to evaporation during PCR reaction.

5. PCR program temperature errors may result in the absence of specific amplicons
while the control bands exist.

6. Poor contact of the tubes with PCR block may cause (1) individual reaction fail-
ures or (2) failure in a part of reaction. Be sure to apply sufficient pressure from
above and try to dip the tubes in light paraffin oil to coat the exterior of the tubes.

7. Interruption and restarting of PCR programs especially during the early cycles
will lead to multiple bands (allele-specific bands) because of the induction of low
stringency PCR. Use a continuous power supply and check the PCR machine for
error messages.

8. Partial typing failures are a common problem of overused PCR thermocyclers.
9. Uneven distrubition of EtBr on the gel may lead to bright spots over the gel.

10. Wrong buffer composition, overuse of TBE buffer, and overheated buffer as a
result of high voltage application may lead to blurred bands. Check and lower the
voltage during gel electrophoresis and apply fresh buffer to the tank.

11. PCR fragments shorter than 125 bp have a lower intensity.
12. Unexpected reaction patterns may be a result of incorrect loading of the amplicons

on the gel. Repeat the test procedure.
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HLA Typing with Sequence-Specific
Oligonucleotide Primed PCR (PCR-SSO)
and Use of the Luminex™ Technology

Klara Dalva and Meral Beksac

Summary
The hybridization products obtained by PCR using sequence-specific oligonucleo-

tides (PCR-SSO) can be traced either by colorimetric- (streptavidin- biotin), X-ray-
(digoxigenin-CSPD), or fluorescence- (FITC, PE) based detection systems. To achieve a
faster, reliable, automated typing, microbead and fluorescence detection technology have
been combined and introduced to this field (XMAPTM technology). For each locus, a
maximum of 100 microspheres, which are recognizable by their specific color originat-
ing from two internal fluorescent 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 quantified via the fluorecence signal origi-
nating from fluorescently (Streptavidin-PE) labeled amplicons captured by the beads.
Currently, there are two commercially available systems that differ in the scale of probes
and the method of amplification or denaturation. One of these will be described in detail
in this chapter.

Key Words: PCR-SSO; LuminexTM; XMAPTM technology; HLA typing.

1. Introduction
The first applications of PCR using sequence-specific oligonucleotides

(PCR-SSO) in the field of human leukocyte antigen (HLA) were started with
the DQA1 locus and followed by class I and other class II specificities (1–8).
In order to eliminate ambiguities, protocols that use PCR primers designed to
amplify the entire hypervariable region of a particular HLA locus (group-spe-
cific primers) were introduced. These PCR products are incubated in the pres-
ence of a panel of labeled oligonucleotides designed for the detection of
different polymorphic positions specific for an allele or allelic group (8). The
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primers for HLA-A, -B, and -C loci usually give a locus-specific product cov-
ering exons 2 and 3. Primer for HLA-DR gives a product from exon 2 (1,7).
The introductory chapter on molecular HLA typing authored by Ann-Margaret
Little (Chapter 3) summarizes the main features of PCR-SSO typing and com-
pares it with the other methods. Here, we will describe one of the two auto-
mated systems using LuminexTM technology, that is capable of typing of
multiple inviduals simultaneously (9–11).

The xMAPTM technology developed by Luminex (Austin, TX) is a micro-
sphere-based, multiplexed, flow cytometric analysis system that makes it pos-
sible to combine hybridization with fluorescence detection (12,13). Classi-
fication of HLA alleles by Luminex system was first described by Fulton et al.
(14). The xMAP technology employs simultaneous 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 fluorescent dyes are assigned for each probe. The fluoroanalyzer con-
tains 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 fluorescently (Streptavidin-PE) labeled
amplicons captured by the beads. Each probe mix contains one ore more
oligonucleotide(s) 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 minumum fluorescent
intensity values defined for this control probes are not achieved, the sample
test must be repeated.

All probe-coated beads can be applied within a well. 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. The probe num-
ber, specificity, and cutoff levels may vary between lots and commercial
sources. A comparison of available probes presented by the two commercially
avilable sources are presented in Table 1. In this chapter, we will focus on one
of these (Tepnel Life Codes).

2. Materials

2.1. Specimen

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.
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2.2. DNA Extraction

DNA extraction is as described in Chapter 4.

2.3. PCR Amplification

1. Lifecodes HLA-SSO typing kits (HLA-A, -B, -C, -DRB, -DQB ). Each kit con-
tains the master mix including 10X PCR buffer, 10X dNTPs, locus-specific
biotin-conjugated primers, and a fluorescently coded probe mix and a dilution
solution (DS) necessary for the hybridization step.

2. Microcentrifuge.
3. Vortex mixer.
4. Recombinant Taq polymerase (5 U/µL).
5. Nuclease-free water.
6. Cooling block or melting ice.
7. DNase/RNase-free tubes (0.5 mL).
8. DNase/RNase-free thin-wall tubes (0.2 mL).
9. PCR thermocycler(s): model with a 96-well format (e.g., Corbett Research CGI-

960, Perkin Elmer 9600 or 9700, MJResearch PTC200 PCH).
10. Dispensing equipment: adjustable pipet(s), plastic tips.

2.4. Hybridization

1. Lifecodes HLA-SSO typing kits (HLA-A, -B, -C, DRB, -DQB ).
2. Streptavidin-PE (SA-PE) (1 mg/mL, Lifecodes, cat no. 628511).
3. Heating block.

Table 1
Number of Probes for Human Leukocyte
Antigen (HLA) Typing (January 2006)

Locus LabType® SSO Tepnel Life Codes

A   63 64
B 100 89
C   56 51
DRB1   70 68
DQA1   11 NA
DQB1   37 33
DPB1   40 59
Bw4 supp.   15 NA
HLA-DRB(Generic, DR52)  NA 82
DRB3,4,5   29 NA
DQA1   11 NA

SSO, sequence-specific oligonucleotides; NA, not assigned.
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4. Ultrasonic bath (Branson).
5. Vortex mixer with adjustable speed.
6. PCR plates (thin-wall, 96-well, 250 µL/well).
7. Polyethylene sealing tape.
8. Dispensing equipment: adjustable pipette(s), plastic tips.

2.5. Data Collection

1. Luminex100 Instrument and XY Platform.
2. Luminex 100 IS software, Quick Type for Lifematch 2.1 software.
3. Sheath fluid.
4. Daily maintenance reagents (70% ethanol, double-distilled [dd]H2O).

2.6. Analysis

Quick Type for Lifematch 2.1 software.

3. Method
3.1. DNA Extraction

DNA extraction is as described in Chapter 4 (see Notes 1 and 2).

3.2. PCR Amplification

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

1. Stand the master mix to reach room temperature.
2. Gently vortex for 10 s and centrifuge briefly to ensure salts are in solution (see

Note 4).
3. Prepare the amplification mix sufficient for n + 1 samples (Table 2) (see Note 5).
4. Pipet 10 µL of genomic DNA isolated by GenoPrepTM (approx 200 ng of DNA)

into the PCR tubes.

Table 2
Reaction Components Necessary
for Amplification (Except DNA)

Amount sufficient for 1 reaction
Reagent (Prepare for n + 1 reactions)

Master Mix (thawed to room temp.) 15.0 µL
ddH2O 24.5 µL
Taq Polymerase (–20°C)   0.5 µL

Total 40.0 µL
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5. Dispence 40 µL of the amplification mix into the PCR tubes containing the DNA
sample.

6. Close the tubes tightly and proceed with amplification.

3.3. PCR Cycling Conditions

Identical PCR cycling conditions are used for all applications (see Notes 6
and 7).

  1 cycle 94°C   2 min denaturation
  1 cycle 95°C   5 min denaturation
  8 cycles 95°C 30 s denaturation

60°C 45 s annealing
72°C 45 s extention

32 cycles 95°C 30 s denaturation
63°C 45 s annealing
72°C 45 s extension

  1 cycle 72°C 15 min extension

3.4. Hybridization

This technique excludes the prehybridization denaturation step. Single-
stranded DNA is achieved by assymetric PCR and by the addition of a 5-min
incubation at 97°C prior to the hybridization (see Notes 8 and 9).

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 in 57°C (55–60°C) heat block for 7 (5–10) min to obtain solu-
bilization of the components thoroughly. Protect from light to avoid photo-
bleaching, do not refreeze bead mixture after thawing, store at 2–8°C (see Note
10).

2. In order to suspend the probe carrier beads, sonicate briefly for 15 s and then
vortex for another 15 s (see Note 10).

3. Pipet 5 µL of locus specific PCR product (amplicon) into a thermal cycler 96-
well plate (Fig. 1).

4. Aliquot 15 µL of probe mix into each well. When aliquoting for more than 10
samples, gently vortex the probe mix for every set of 10 (see Note 11).

5. Seal plate with polyethylene sealing tape (see Note 12).
6. Hybridize the samples under the following conditions using a thermocycler:

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

7. While hybridization is in progress, dilute Streptavidin PE solution within the DS
(dilution ratio: 1/200 for one sample 0.85 µL of SA-PE and 170 µL of DS). Pref-
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erably prepare the solution for n + 1 samples. Because SA-PE is light-sensitive,
keep the DS/SA-PE solution in the dark at room temperature. Do not reuse; dis-
card any remaining solution (see Note 13).

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 including sample(s). It is critical to
dilute all of the samples within 5 min following the 10-min incubation at 56°C.

9. Remove the samples from the thermocycler and place in the Luminex100 instru-
ment to analyze the samples.

10. Turn off the thermal cycler.

3.5. Analysis

Assay the samples immediatly using the prewarmed Luminex100 instrument.
If immediate reading is not possible, protect samples from light. Samples can
be read within 30 min following the SA-PE/DS dilution.

Prior to analysis, set up a “batch run” by which the samples will be ana-
lyzed.

3.6. Data Acquisition

The steps described next is a general guide for data acquisition. Daily start-
up, calibration, maintenance, and shut-down 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 fluid, tighten the cap, empty the

waste tank, perform a “prime” and a wash with 70% ethanol, and proceed with a
wash using the sheath fluid.

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 finish 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% ethanol and perform “soak” with dH2O.
8. Release the pressure on the sheath fluid tank.
9. Turn off the instrument. Completed batches are exported automatically as

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

3.7. Interpretation of Results

Interpretation of the results is performed by using the Quick Type for Life-
match 2.1 software with which the opened csv files may be analyzed.

The steps described next are only a general guide to data analysis.
1. Select “Final Typing Assignments.”
2. Select file(s) to be analyzed.
3. Verify the number of counted events to be greater than 60 for each probe includ-

ing the controls in each sample (this information presents in “data type” and count
section of csv files ).

4. The values for the concensus probes for each sample must exceed the minumum
median fluorescent intensity (MFI) (see Notes 4 and 7). These values can be
found on the threshold tables supplied with each kit or can be loaded to the ana-
lyzer by the technical services during updating process. The minumum thresh-
olds are lot-specific.

5. For each probe, compare the normalized value with the threshold 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)

MFFI (concensus) – MFI (control blank or conccensus)

6. If the measured value for a particular probe falls above the maximum threshold
of a negative assignment and below the minumum value of a positive assign-
ment, the software evaluates this value as “undetermined” (see Note 14).

7. Save and print the results.
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4. Notes

1. Poor-quality, degraded, or insufficient amount of DNA may lead to reaction fail-
ures. Check DNA quality and purity. Reisolate DNA.

2. A sample contamination may lead to failure to yield an HLA typing result.
3. The differences between Lifecodes and LabType are: the amplification policy

(asymetric PCR vs regular PCR) and the availability of ready to use mixtures and
the amplification conditions; the number of probes are also currently different,
and are summarized in Table 1.

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 recombi-
nant Taq.

6. Before proceeding to hybridization, check sample amplification by gel electro-
phoresis.

7. 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 amplification.

8. 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.

9. 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.

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

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

12. Evaporation during hybridization may lead to random failures in various
samples within a batch or batches. In situations in which partial use of plates
are planned, keep one row empty on each side of the samples to allow space for
tight sealing.

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

14. 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 provide 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 possible incorrectly

assigned probes, check for an amplification failure, and repeat the assay.
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Sequencing-Based Typing of HLA

Berthold Hoppe and Abdulgabar Salama

Summary
Human leukocyte antigen (HLA) typing is largely performed by use of PCR-based

techniques in patients that require stem cell transplantation. In this chapter, HLA typing
by sequencing-based typing techniques is described.

Key Words: HLA typing; SBT; allele-specific sequencing.

1. Introduction
There is no doubt that mismatches, at least for human leukocyte antigen

(HLA)-A, -B, -Cw, and -DRB1, have an impact on the outcome of patients that
have undergone hematopoietic stem cell transplantation (HSCT), even when
solely present on the allelic level (1,2). Therefore, donor selection should ide-
ally be based on high-resolution typing of HLA classes I and II. This may be
achieved by PCR using sequence-specific oligonucleotides (PCR-SSO) and/or
sequence-specific primers (PCR-SSP) (see Chapters 5 and 4). However, an
unambiguous and definite HLA type at the allelic level can only be achieved
by sequencing-based typing (SBT) (3). In the case of HLA class I, it is essen-
tial that at least both exons 2 and 3 be sequenced. For HLA-DRB1 typing, exon
2 of DRB1 should be analyzed. On some occasions, sequencing of additional
exons is required to achieve correct allele identification. Although the identifi-
cation of differences between donor and recipient in these additional exons has
not yet been shown to have a direct impact on transplantation outcome, non-
expressing alleles due to variations in the corresponding gene could play an
important role. Meanwhile, there are a wide variety of SBT kits for high-reso-
lution HLA typing that are commercially available, such as from Atria Genet-
ics (San Francisco, CA) distributed by Abbott Diagnostics (Wiesbaden,
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Germany), Invitrogen (Karlsruhe, Germany), and Protrans (Hockenheim, Ger-
many). Most of these SBT kits allow for high-resolution typing of at least HLA-
A, -B, and -DRB1. In addition, several in-house SBT approaches have been
published by different groups (4–6). However, all of these approaches, com-
mercial and noncommercial, differ in their capacity for resolving the cis-trans
linkage, i.e., in identifying a definite HLA type by separating both alleles. In
cases in which both alleles cannot be separated by the amplification or se-
quencing reaction, the SBT results in a heterozygous DNA sequence. In such
cases, only a presumable but not definite high-resolution HLA type can be
assigned. With the identification of novel HLA alleles, a recalculation of such
heterozygous DNA sequences may be required, and the results have the poten-
tial to become unambiguous.

In this chapter, we describe the procedure used in our laboratory examina-
tions for HLA-DRB1 high-resolution typing. The capacity for allele-specific
sequencing of this approach is achieved by group-specific amplification (GSA).
Typing of other HLA loci is performed in a similar manner. The differences
between HLA class I and II typing will be outlined, and the principal differ-
ences between GSA-based approaches and those using group-specific sequenc-
ing primers (GSSP) will be discussed.

Future advancements will perhaps help elucidate which requirements on the
resolution level of HLA typing for HSCT are necessary to achieve the optimal
overall benefit.

2. Materials

2.1. SBT Kit

All materials are supplied with the S4 HLA-DRB1 SBT kit (Protrans).

1. Strips with lyophilized group-specific primer mixes (PM). These mixes allow for
a resolution of the following DR constellations:

PM1:   DRB1*01 PM2:   DRB1*15/16
PM3:   DRB1*03 PM4:   DRB1*04
PM5:   DRB1*03/11/13/14 PM6:   DRB1*08/11/13/14
PM7:   DRB1*03/11/13 PM8:   DRB1*12
PM9:   DRB1*1301/1302 PM10: DRB1*14
PM11: DRB1*07 PM12: DRB1*08
PM13: DRB1*09 PM14: DRB1*10

2. PCR solution D (PSD).
3. AmpliTaq GoldTM DNA Polymerase 5 U/µL (TaqP)
4. Sequencing primers for exon 2 (DR-E2F; forward), exon 2 (DR-E2R; reverse),

exon 2 codon 86 GTG (DR-86V; reverse).
5. Loading buffer (LB).
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2.2. Additional Materials
1. High-performance liquid chromatography (HPLC) water.
2. Agarose, molecular biology-grade.
3. Dye terminators (depending on the compatibility with the sequencer used), e.g.,

Big DyeTM Terminator Cycle Sequencing Kit v1.1/3.1 (BDT, Applied Biosystems),
DYEnamicTM ET Terminator Cycle Sequencing Kit (Amersham Biosciences), or
CEQ Dye-labeled Terminator Cycle Sequencing Kit (Beckman Coulter).

4. Ethidium bromide stock solution, 10 mg/mL.
5. Exonuclease I/Shrimp Alkaline Phosphatase (ExoSAP-ITTM) (Amersham Bio-

sciences) for digestion of amplification reaction products.
6. Sephadex G-50 Fine DNA Grade (Amersham Biosciences) and DyePUR or com-

parable columns (Protrans) for purification of sequencing reactions.
7. Tris-Borate-EDTA (TBE) buffer.

Comparable materials from other suppliers may also be used.

2.3. Equipment
2.3.1. Pre-PCR Area

1. Multichannel pipettor (eight-channel).
2. Multipettor with combitips (Eppendorf).
3. Pipets and filter tips (0.5–10 µL; 10–100 µL; 100–1000 µL).

2.3.2. Thermal Cycler

Different thermal cyclers are available from multiple suppliers. For example,
GeneAmp PCR System 9700 (Applied Biosystems).

2.3.3. Post-PCR Area
1. Automated DNA sequencer and consumables. For example, ABI 310 capillary

sequencer (Applied Biosystems).
2. Electrophoresis system for submerged horizontal agarose gel.
3. Multichannel pipettor (eight-channel).
4. Multipettor with combitips (Eppendorf).
5. Pipets and filter tips (0.5–10 µL; 10–100 µL; 100–1000 µL).
6. Power supply.
7. Ultraviolet (UV) spectrophotometer for determination of DNA concentration and

purity.
8. UV transilluminator for visualization of the amplification products.
9. Vortexer.

2.3.4. Allele Identification Software

Analysis of the DNA sequences can be performed in several ways. Many manu-
facturers distribute corresponding software such as uTYPETM HLA Sequenc-
ing software (Invitrogen), MatchmakerTM (Abbott Diagnostics), and Protrans S4
Sequence PilotTM (Protrans).
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3. Methods

3.1. DNA Preparation

Different methods are in use for the extraction of genomic DNA. The opti-
mal method requires that high-quality DNA be provided. DNA concentration
should be diluted to 50–100 ng/µL using HPLC water.

3.2. PCR Amplification

A total of 14 different group-specific primer mixes are used for amplifica-
tion of exon 2 of HLA-DRB1. This allows for the separate sequencing of both
HLA-DRB1 alleles in the majority of cases.

1. Master mix (MM): 280 µL PSD + 3 µL TaqP + 20 µL DNA in a 1.5-mL tube.
2. 15 µL MM in each tube of the PCR strip except for negative control.
3. Amplification reaction: thermal cycler profile (final volume: 15 µL):

Hold: 95°C, 2 min
15 cycles: 96°C, 40 s/64°C, 1 min/72°C, 2 min
15 cycles: 96°C, 20 s/60°C, 1 min/72°C, 2 min
10 cycles: 96°C, 20 s/56°C, 1 min/72°C, 2 min
Hold: 4°C

4. Analysis of amplification products: 5 µL of each amplification reaction + 2  mL
LB, electrophoresis (2% agarose gel) and visualisation by UV transillumination.

The results of analysis by gel electrophoresis provide firsthand information
about the quality of the amplification reaction, and the actual HLA-DRB1 type
(analogous to HLA typing by amplification refractory mutation system [ARMS]).

3.3. Purification of the Amplification Products

Digestion by ExoSAP-IT is performed to remove residual PCR primers and
dNTPs. Compared to column-based purification procedures, this technique is
especially useful when preparing a large number of samples. It is ideal that
those reaction products of two different positive amplification mixtures, in
which either contains one of the alleles separately, be purified and sequenced.

1. Each PCR tube contains: 3 µL ExoSAP-IT + 10 µL amplification product.
2. Incubation in thermal cycler: 37°C, 15 min/80°C, 15 min/4°C

See Notes 1 and 2.

3.4. DNA Sequencing

If the separation of both HLA-DRB1 alleles by group-specific amplification
reactions is achieved, forward sequencing is sufficient using the primer DR-
E2F. Otherwise, additional sequencing reactions using the primers DR-E2R
and DR-86V should be performed. The following sequencing reaction mixture
is recommended:
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1. 2 µL BDT + 6 µL sequencing primer + 2 µL purified amplification product.
2. Thermal cycler profile (final volume: 10 µL):

Hold: 96°C, 1 min
25 cycles: 96°C, 10 s/50°C, 5 s/60°C, 4 min
Hold: 4°C

See Notes 3 and 4.

3.5. Purification of Sequencing Reaction Products
and Preparation for Capillary Electrophoresis

Standard techniques such as gel filtration using Sephadex G-50 can be used
for removing unincorporated dye terminators. For capillary electrophoresis, 2
µL of the purified sequencing reaction is added to 18 µL of HPLC water.

3.6. Capillary Electrophoresis

Analysis of the sequencing reaction can be performed on various types of
sequencers. Our laboratory utilizes an ABI 310 Capillary DNA Sequencer.

The following sequencer settings are used for HLA-DRB1:

1. POP-6, 47 cm capillary, mobility file: DT POP6{BD Set-Any Primer}.
2. Run module:

a. Injection time: 30 s, injection voltage: 2.0 kV.
b. Collection time: 40 min.
c. Electrophoresis voltage: 15.0 kV.
d. Temperature: 50°C.
e. Syringe pump time: 360 s.

3. Sample sheet settings:

a. Dye set/primer: DT POP6{BD Set-Any Primer}.
b. Matrix: Big Dye Matrix (E).

4. Basecaller: ABI-CE1 v3.0.

Examples of the resulting sequencing data of two samples typed as HLA-
DRB1*0830,1403 and DRB1*1501,1601, respectively, are represented in Figs.
1 and 2 (3).

3.7. Sequence Analysis

DNA sequence analysis can be performed by use of various methods. Many
manufacturers distribute corresponding software such as uTYPE HLA Sequenc-
ing software (Invitrogen), Matchmaker (Abbott Diagnostics), and Protrans S4
Sequence Pilot (Protrans). Our laboratory currently utilises the latter software.
This program automatically recognizes the direction of sequencing, and the cor-
responding locus and exon. Based on the sequence data of both alleles, the cor-
rect HLA type is automatically identified in most cases. If there are any
inconsistencies in the sequence in comparison to the integrated HLA sequence
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Fig. 1. HLA-DRB1 SBT (DRB1*0830,1403). Both alleles were amplified separately. Two hemizygous sequences of the se-
quencing reactions with primer DR-E2F representing the alleles DRB1*0830 and DRB1*1403, respectively, are given (SeqMan6.1,
DNASTAR Inc.).
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Fig. 2. HLA-DRB1 SBT (DRB1*1501,1601). For this HLA-DRB1 constellation, separate amplification of both alleles was not
achieved. The heterozygous sequence of the sequencing reaction with primer DR-E2F is represented (SeqMan6.1, DNASTAR
Inc.). The ambiguity at position 148 is noted in red (W: A and T).
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database (e.g., owing to unrecognized bases, wide peaks, or novel HLA alleles),
the software directs the operator’s attention to the discrepant bases for individual
evaluation.

4. Notes

1. AlleleSEQR HLA-DRB1 (GSA). When using the AlleleSEQR HLA-DRB1 kit,
amplification is performed in a single tube. Where ambiguities are remaining
following the sequencing reactions with the sequencing primers exon 2F, exon
2R, and codon 86, a resolution by GSSP (see Note 3) or GSA should be tried. The
GSA-based strategy uses eight different group-specific primer pairs, allowing
for specific amplification of DR groups 1, 2, 3/11/6, 4, 7, 8/12, 9, and 10.

2. HLA class I typing by Protrans S4. Depending on the locus to be sequenced, a
total of 12 (HLA-A), 14 (HLA-B), or 12 (HLA-Cw) group-specific amplification
reactions and 1 single locus-specific amplification reaction should be performed
for each locus. The resulting amplification products are considerably larger than
those of HLA-DRB1, as both exons 2 and 3 are amplified.

3. AlleleSEQR HLA-DRB1 (GSSP). When using the AlleleSEQR HLA-DRB1 kit
(GSSP strategy), ambiguities are primarily resolved by the sequencing reaction.
Six different group specific sequencing mixes allow for the performance of spe-
cific sequencing reactions for DR groups 1, 2, 3/11/6, 4, 7, and 8/12. Based on
the result of the initial AlleleSEQR HLA-DRB1 analysis, adequate sequencing
mixes can then be chosen as required.

4. HLA class I typing by Protrans S4. For HLA class I typing, the sequencing prim-
ers (X represents A, B, or C) X-E2F, X-E2R, X-E3F, and X-E3R should be used.
These primers allow for the complete sequencing of exons 2 and 3. If a PCR-
based separation of the alleles is not achieved, the amplification product of the
locus-specific amplification reaction should be sequenced using sequencing prim-
ers for exons 2 and 3. In some cases, sequencing of exons 1 and 4 (X-E1F, X-
E1R, X-E4F, X-E4R) are required.
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Molecular Typing Methods
for Minor Histocompatibility Antigens

Eric Spierings and Els Goulmy

Summary
Minor histocompatibility (H) antigens crucially affect the outcome of human leuko-

cyte antigen-matched allogeneic stem cell transplantation. The number of molecularly
identified minor H antigens is rapidly increasing. In parallel, clinical implementation of
minor H antigens for immunotherapy has gained significant interest. It is therefore timely
to type stem cell transplant recipients and their donors for minor H antigens. Here, we
summarize all the currently known methodologies for minor H antigen typing on the
genomic and on the RNA level.

Key Words: Minor histocompatibility antigens; transplantation; stem cells; solid
organ; graft-vs-host; graft-vs-tumor; graft rejection; genotyping.

1. Introduction
Minor histocompatibility (H) antigens have been defined as immunogenic

peptides derived from polymorphic intracellular proteins and presented on the
cell surface by major histocompatibility complex (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 must be considered as key molecules in the allo-immune responses of
the pathophysiology of graft-vs-host-disease (GvHD) and in the curative graft-
vs-tumor (GvT) reactivity after HLA-matched SCT (2). Recently, the role of
minor H antigens in renal allograft tolerance was explored. Minor H antigen
HA-1-specific regulatory T-cells, HA-1-specific effector T-cells, and HA-1
microchimerism were observed in renal allograft tolerant recipients (3). Inter-
estingly, also in the physiological setting of pregnancy, minor H antigen-spe-
cific T-cells could be identified in the mutual direction of mother and child
(4,5).
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To date, the clinical usefulness of minor H antigen typing is evident in the
area of SCT. As mentioned previously, two clinically related components jus-
tify minor H antigen typing, i.e., GvHD and GvT. The mode of tissue expres-
sion, 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 particularly relevant in the development and maintenance of GvHD
are the ones with ubiquitous expression including expression on the GvHD
target organs. Minor H antigens with expression limited to cells of the hemato-
poietic system and to solid tumors are especially relevant for the GvT activity
(6–8). The latter minor H antigens can be exploited as curative tools for stem
cell-based immunotherapy of hematological malignancies and solid tumors.
Hereto, HLA-matched minor H antigen-mismatched recipient/donor combina-
tions are selected. To date, there are two options to exploit the differences in
minor H antigen expression between donor and recipients. One strategy is the
adoptive transfer of stem cell donor-derived minor H antigen-specific cyto-
toxic T-lymphocytes (CTLs) generated in vitro. The other, more practical and
potentially efficient strategy is post-SCT “vaccination.” In this concept, the rel-
evant recipient-specific minor H peptides are administered to boost the donor-
derived minor H antigen-specific T-cells to achieve optimal GvT responses in
vivo. Both latter strategies are currently ongoing in clinical phase I/II studies
(2). Although not frequently observed, minor H antigens have been shown
to influence stem cell graft rejection (9,10). 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 clinically related research investigat-
ing the role of minor H antigen-specific T-cells in HLA-matched solid organ
transplants. The observation of coexistence of CD8+ memory T-effector and
-regulator cells, both specific 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 relevance
of minor H antigen typing recently further extended toward two types of stem
cell donors, i.e., the parous woman and the cord blood donor. Recent examina-
tion of multiparous women demonstrated that pregnancy can lead to alloimmune
responses against the infant’s paternal minor H antigens (4). Interestingly, a
similar immunization status has been observed in cord blood samples, where
minor H antigen-specific cytotoxic T-cells directed at the noninherited maternal
minor H antigens could be demonstrated (5). The minor H antigen immuniza-
tion status of stem cell donors raises important questions for clinical practice.

Next to minor H antigen geno- and phenotyping, quantification 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



Typing Minor Histocompatibility Antigens 83

H RNA expression levels has been developed (11,12). Analysis of the mem-
brane expression of minor H antigens by various cell types may be relevant.
This 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. 13) or by using the skin explant assay (14). Table 1
lists all currently available information on the human autosomally and Y-chro-
mosome encoded minor H genes, the immunogenic peptides they encode, and
the minor H antigen tissue distribution.

In the present chapter we will summarize all methodologies for minor H anti-
gen typing on the genomic and on the RNA level that have been described to
date. With regard to the genomic typing, different technologies have been devel-
oped by the various laboratories. A universal minor H antigen typing procedure,

Table 1B
Y Chromosome-Encoded Minor H Antigens

Minor H antigen Peptide Gene Distribution Reference

A1/HY IVDCLTEMY USP9Y Broad 38,39
A2/HY FIDSYICQV SMCY Broad 40
A33/HY EVLLRPGLHFR TMSB4Y Broad 41
B52/HY TIRYPDPVI RPS4Y1 Restricted 42
B60/HY RESEEESVSL UTY Broad 43
B7/HY SPSVDKARAEL SMCY Broad 44
B8/HY LPHNHTDL UTY Restricted 45
DQ5/HY HIENFSDIDMGE DDX3Y DBY Broad 46
DRB1*1501/HY SKGRYIPPHLR DDX3Y DBY Broad 47
DRB3*0301/HY VIKVNDTVQI RPS4Y1 Broad 48

Table 1A
Autosomally Encoded Minor H Antigens

Minor H antigen Peptide Gene Distribution Reference

HA-1 VLHDDLLEA HA-1 Restricted 36
HA-2 YIGEVLVSV Myosin 1G Restricted 20
HA-3 VTEPGTAQY LBC Oncogene Broad 19
HA-8 RTLDKVLEV KIAA0020 Broad 25
HB-1 EEKRGSLHVW Unknown Restricted 12
ACC-1 DYLQYVLQI BCL2A1 Restricted 37
ACC-2 KEFEDDIINW BCL2A1 Restricted 37
UGT2B17 AELLNIPFLY UGT2B17 Restricted 27
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comprising all minor H antigens, readily available and easy applicable along
with the HLA genotyping is currently under construction in our laboratory.

2. Materials
1. 5–10 mL peripheral blood or 5–10 3 106 cells.
2. Phosphate-buffered saline (PBS).
3. Ficoll-Isopaque
4. Reagents for DNA isolation.
5. Minor H antigen-specific oligonucleotide primers.
6. Taq polymerase and buffers.
7. PCR temperature cycler.
8. Real-time PCR equipment.
9. Restriction enzymes and buffers.

10. Agarose.
11. Gel electrophoresis equipment.

3. Methods
The methods described next outline (1) the isolation of material for minor H

typing; (2) standard PCR procedures; (3) methods for allele-specific PCR-SSP
for HA-1, HA-2, and HA-3; (4) PCR using restriction fragment-length polymor-
phisms (PCR-RFLP) for HA-1, HA-2, HA-8, and HB-1; (5) gene-specific 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; and (8) reference strand conformation analysis
(RSCA) for HA-1.

3.1. Chromosomal DNA Isolation
Molecular typing for minor H antigens is preferentially performed on genomic

DNA above cDNA. For cDNA, RNA must be isolated and cDNA must be syn-
thesized prior to the PCR amplifications. The use of RNA will require extra
work and costs. Furthermore, additional care must be taken with the source of
the cells used for RNA isolation because the expression of, e.g., the minor H
antigens HA-1 and HB-1, can be restricted (15,16).

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 all work equally well. One should
take into account that it is important that the isolated nucleic acid is free of con-
taminants 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.

3.2. Polymerase Chain Reaction

Generally, a PCR mix contains a Taq polymerase, a buffer, MgCl2, dNTPs,
and primers. Bovine serum albumin can be included to improve performance.
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Because concentrations of reagents highly depend on the chosen buffers, enzymes,
and methodology, the reader is referred to the original reports and the proto-
cols 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.

3.3. Allele-Specific PCR-SSP (see Note 1)
PCR–SSP identifies the different alleles by using sequence-specific primers.

For optimal performance, the polymorphic nucleic acid is generally located at
the last 39 position of the oligonucleotide primer. This method has been devel-
oped for the minor H antigens HA-1 (17), HA-2 (18), and HA-3 (19). The prim-
ers for these loci are listed in Table 2. PCR amplifications are analyzed by
agarose gel electrophoresis.

3.3.1. HA-1 PCR-SSP

HA-1 was the first minor H antigen for which allele-specific PCR-SSP was
described (17). The two allele-specific primers, for HA-1H and HA-1R, respec-
tively, are derived from exon A of the HA-1-encoding gene KIAA0223. Poly-
morphic primer sets were designed both in the reverse direction (set 1) and in
the forward direction (set 2) in combination with two different common prim-
ers (Table 3). Cycling condition for the HA-1 SSP-PCR are:

  1 cycle for 5 min at 95°C
10 cycles for 1 min at 95°C

1 min 65°C
20 cycles for 1 min at 95°C

1 min 62°C
1 min 72°C

Amplification products of unknown samples are compared with individuals
homozygous for either the HA-1H allele or the HA-1R allele. The product size
for primer set 1 is 190 bp and 331 bp for set 2.

3.3.2. HA-2 PCR-SSP
The HA-2 encoding gene, designated as MYO1G, consists of two alleles;

HA-2V and HA-2M (20). PCR-SSP has been developed based upon the ge-
nomic sequences (18). The PCR mix for HA-2 contains a common forward
primer and polymorphic reverse primers. Cycling condition are:

  1 cycle for 2 min at 95°C
10 cycles for 1 min at 95°C

1 min 70°C
20 cycles for 1 min at 95°C

1 min 67°C
1 min 72°C

Both primer combinations result in a PCR product with a size of 274 bp.
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Table 2
Oligonucleotide Primers for Allele-Specific PCR Using Sequence-Specific Primers

Minor H
antigen Allele Forward primer Reverse primer Size

HA-1 set 1 H GTGCTGCCTCCTTGGACACTG TGGCTCTCACCGTCATGCAG 190
R GTGCTGCCTCCTTGGACACTG TGGCTCTCACCGTCACGCAA 190

HA-1 set 2 H CTTAAGGAGTGTGTGCTGCA GCATTCTCTGTTTCCGTGTT 331
R CTTAAGGAGTGTGTGTTGCG GCATTCTCTGTTTCCGTGTT 331

HA-2 V ACAGTCTCTGAGTGGCTCAG GCTCCTGGTAGGGGTTCAC 271
M ACAGTCTCTGAGTGGCTCAG GCTCCTGGTAGGGGTTCAT 271

HA-3 T CTTCAGAGAGACTTGGTCAC GTTCATGAGCCCATGTTCCAT 129
M CTTCAGAGAGACTTGGTCAT AGACTCAGCAGGTTTGTTAC 318

Table 3
Oligonucleotide Primers and Enzymes for Allele-Specific PCR Using Restriction Fragment-Length Polymorphisms

Minor H Restriction
antigen Allele Forward primer Reverse primer enzyme Size

HA-1 H GACGTCGTCGAGGACATCTCCCATC CTCTTGAGCCAGTGTACGCTCA Fnu4HI 82+213
Tsp45I 295

R GACGTCGTCGAGGACATCTCCCATC CTCTTGAGCCAGTGTACGCTCA Fnu4HI 295
Tsp45I 85+210

HA-2 V AAGCTTTTCGAGAAGGGCCGCATCTA GAATTCGAGATGACGATGCAGGTGTC NlaIII or Hsp92 218
M AAGCTTTTCGAGAAGGGCCGCATCTA GAATTCGAGATGACGATGCAGGTGTC NlaIII or Hsp92 163+55

HA-8 R GGATATACAGCAGAGCTTTC TCTAACACTTTGTCCCGGAATT EcoRI 165+22
P GGATATACAGCAGAGCTTTC TCTAACACTTTGTCCCAGAATT EcoRI 183

HB-1 H GAGCCTTCTGACCTCACATC TTGTCCCTGCTCATCCACACC NlaIII 99+135
Y GAGCCTTCTGACCTCACATC TTGTCCCTGCTCATCCACACC NlaIII 234

86
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3.3.3. HA-3 PCR-SSP

Genomic typing for HA-3 is based on the sequence of the Rho-GEF AKAP13
(19). Polymorphic primers were designed at the same position within the HA-3
gene. They were, however, combined with different reverse oligonucleotides.
Cycling condition are:

  1 cycle for 2 min 95°C
10 cycles for 1 min 95°C

1 min 70°C
20 cycles for 1 min 95°C

1 min 67°C
1 min 72°C

As a result of the use of different reverse primers, the HA-3T SSP-PCR
yields a product of 129 bp, whereas its negative counterpart HA-3M 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 as a result of these
differences in product size. Eventually, analysis of the PCR products on aga-
rose gel can be performed by combining the two PCR products into one single
lane.

3.4. Allele-Specific PCR-RFLP (see Note 2)

The PCR-RFLP identifies point mutations (21) and polymorphisms (22) by
using restriction endonucleases. In this methodology, the entire polymorphic
region of the minor H gene is amplified by PCR first using nonpolymorphic
primers. In a second step, an aliquot of the PCR products is digested with the
appropriate restriction endonuclease. The products of the 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 (23), HA-2
(24), HA-8 (25), and HB-1 (12).

3.4.1. HA-1 PCR-RFLP

HA-1 PCR-RFLP uses primers to produce a 295-bp product after PCR.
Cycling condition for the PCR are:

40 cycles for 30 s at 94°C
30 s 58°C
  1 min 72°C

Products from the HA-1H allele are susceptible for cleavage by Fnu4HI,
whereas the HA-1R product can be digested with Tsp45I. Digestions are per-
formed 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.
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3.4.2. HA-2 PCR-RFLP

For RFLP analysis of HA-2, a fragment with a size of 218 bp is generated by
PCR. Cycle parameters are:

denaturation    94°C   2 min 1 cycle
   94°C   1 min 36 cycles

annealing 60.5°C   1 min
extension    72°C   1 min
final extension    72°C 10 min

Samples are digested at 37°C for 12 h with either Hsp92II or NlaIII. The
HA-2V derived sequence will not be digested under these conditions, whereas
the HA-2M allele will result in fragments of 163 and 55 bp.

3.4.3. HA-8 PCR-RFLP

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

3.4.4. HB-1 PCR-RFLP

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

3.5. Gene-Specific PCR

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

3.5.1. HY PCR

All HY minor H antigens are located on the Y chromosome. Therefore, pres-
ence of the Y chromosome implicates positivity for all of the HY minor H
antigens. The gene-specific PCR for HY is based on SRY (26). Primers are
identical to the ones used in the real-time PCR protocol described under Sub-
heading 3.6.1., except for the fact that no probe is included in the procedure.
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Cycling condition are:

  1 cycle for 2 min at 95°C
10 cycles for 1 min at 95°C

1 min 70°C
20 cycles for 1 min at 95°C

1 min 67°C
1 min 72°C

Product size for HY-positive samples is 136 bp.

3.5.2. UGT2B17 PCR

Individuals that are negative for UGT2B17 completely lack the UGT2B17
gene on both chromosomes (27). As a result of this, this minor H antigen
resembles the HY antigens and full genotyping 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 59 to UGT2B17. Amplification is performed
for 38 cycles 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 4).

3.6. Real-Time PCR (see Note 3)

The real-time PCR identifies polymorphisms by the usage of allele specific
fluorogenic hybridization probes. The method is based on the 59 to 39 exonu-
clease activity of the Taq DNA polymerase, which results in cleavage of fluo-
rescent dye-labeled probes during PCR (28). The hybridization probes emit a
fluorescent 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 39 phosphate group prevents extension of the probe during
PCR. The Taq polymerase enzyme enables extension of the primer displacing
the probe. The displaced probe is cleaved by Taq DNA polymerase resulting in
an increase in relative fluorescence of the reporter dye. The real-time PCR
continuously measures the amount of hybridization probe annealing to the tar-
get sequence in every cycle.

Rapid genotyping by the real-time PCR method has been described for the
detection of the alleles of ACC-1 (29) and for detection of HY (26,30).

3.6.1. ACC-1 Real-Time PCR

The fragment covering the ACC-1 polymorphic site of BCL2A1 can be ampli-
fied by primers flanking the polymorphic region. Amplification is performed
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in the presence of probes complementary to the polymorphic region. These
probes are labeled with a fluorescent dye and a quencher as described previ-
ously. 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. Amplification and analyses are carried out in
a real-time PCR cycler. Because two different fluorochromes are used for each
allele, this assay can be performed in a single tube.

3.6.2. HY Real-Time PCR

Y chromosome-specific real-time PCR was developed for measuring the
concentration of fetal DNA in maternal plasma or serum (26) and for the detec-
tion of remaining male cells after sex-mismatched transplantation (30). This
methodology can also be applied for sex determination of individuals. Oligo-
nucleotides for amplification are located on the SRY gene or the DFFRY gene,
both situated on the Y chromosome. Amplification primers for SRY real-time
PCR, which are identical to the gene-specific PCR primers described under
Subheading 3.5.1., are combined with a dual-labeled FAM-TAMRA SRY
probe containing a 39-blocking phosphate group (Table 5). PCR is initiated
with 2 min of 50°C for uracil DNA glycosylase treatment (31) (see Note 4),
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.

3.7. PCR With Melting Curve Analysis

The PCR with melting curve analysis for HA-1 genotyping (32) uses fluores-
cence resonance energy transfer (FRET) occurring between two closely adja-
cent fluorescent oligonucleotides binding to the same strand of DNA (33).
A long oligonucleotide (59-TTTCTCAAGGCCCTCAGCGAAGCGG-39) is
labeled with fluorescein as donor fluorophore and the shorter one (59-CTCT
CACCGTCATGCAGCACACACTCCTT-39) is labeled with acceptor fluor-
ophore LightCycler Red 640 (RED640) on the adjacent sites. After binding,
the fluorescein is excited by the light source of the LightCycler instrument. A
part of this energy is transferred by FRET to RED640, which consecutively
emits the measured light of a different wavelength.

Amplification with primers 59-AGGACATCTCCCATCTGCTG-39 and 59-
GCATTCTCTGTTTCCGTGTT-39 is performed using the following condi-
tions: 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 amplification of the polymorphic region with flanking prim-
ers, melting curve analyses is executed. In this analysis, the PCR product is
first denatured at 95°C, followed by a probe-annealing step at 59°C for 15 s.
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Table 4
Oligonucleotide Primers for Gene-Specific PCR

Minor H
antigen Forward primer Reverse primer Size

UGT2B17
59 region GGCAGTATCTTGCCAATGT AGACTCCAAGTGCCAGTT 341
exon 1a TGTTGGGAATATTCTGACTATAA CCCACTTCTTCAGATCATATGC 352
exon 1b AAATGACAGAAAGAAACAA GCATCTTCACAGAGCTTATAT 443
exon 6 GAATTCATCATGATCAACCG ACAGGCAACATTTTGTGATC 201

HY (SRY) TGGCGATTAAGTCAAATTCGC CCCCCTAGTACCCTGACAATGTATT 136

91

Table 5
Oligonucleotide Primers and Probes for Real-Time PCR

Minor H
antigen Allele Forward primer Reverse primer Probe Size

ACC-1 Y ATTTACAGGCTGGCTCAGGA GGACCTGATCCAGGTTGTGGTAT CTGCAGTGCGTCCT 65
CTA

C ATTTACAGGCTGGCTCAGGA GGACCTGATCCAGGTTGTGGTAT TCTGCAGTACGTCCTA 65
CTA

HY (SRY) + TGGCGATTAAGTCAAATTCGC CCCCCTAGTACCCTGACAATGTATT AGCAGTAGAGCAGTCA 136
GGGAGGCAGA

HY (DFFRY) + AACTCACCTCCAACACATACT TTCATGATGAAATCTGCTTTTTGTTT CAGCCACCAGAATTATC 84
CCAC TCCAAGCTCTCTGA
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Subsequently, the temperature is raised to 85°C in steps of 0.1°C per second.
Because the RED640-labeled probe has a lower melting temperature, it will be
released earlier than the fluorescein-labeled probe. This process can be mea-
sured in real-time in FRET analyses. Because the RED640 probe is matched
for the HA-1H allele and has two nucleotides mismatched with the HA-1R allele,
the FRET signal of the HA-1R allele will show up earlier in the melting process
than the HA-1H allele (67.8 vs 71.5°C, respectively). Although complicated in
design, this methodology allows rapid analysis in a single tube.

3.8. Reference Strand Conformation Analysis (see Note 5)

The reference strand conformation analysis (RSCA) uses fluorescent-labeled
reference DNA (fluorescent-labeled reference [FLR], sense strand) derived
from a PCR of the locus of interest (34). This fluorescent reference DNA is
hybridized with a locus-specific 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 identified by a laser detection system after electrophoresis 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 (35). A fragment of 486 bp derived from
the HA-1 locus specific region is first amplified by PCR using a common for-
ward primer (59-GTGCTGCCTCCTTGGACACTG-39) in combination with a
common reverse primer (59-GCATTCTCTGTTTCCGTGTT-39). Cycling con-
dition are:

  1 cycle for 5 min at 95°C
10 cycles for 1 min at 95°C

1 min 65°C
25 cycles for 1 min at 95°C

1 min 62°C
1 min 72°C

An FLR is generated using HA-1H and HA-1R homozygous material using a
Cy5-labeled forward primer. Hybridization of the FLR with the PCR product
from the samples is performed at a ratio of 1:3. Electrophoresis is executes on
6% nondenaturing polyacrylamide gels in an automated sequencer.

4. Notes

 1. A disadvantage of PCR-SSP 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 previously described PCR-SSP protocol for the minor H antigen



Typing Minor Histocompatibility Antigens 93

HA-1 an internal control has been introduced for the 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 nonpolymorphic gene can be included.

2. PCR-RFLP analysis is a reliable technique. However, it is laborious and time
consuming, because multiple manipulations are required for each sample. Fur-
thermore, different endonucleases are required for detecting the alleles of all
minor H antigens.

3. 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
specific oligonucleotide primers can occur and give false-positive signals.

4. Carry-over contamination from previous PCR can be a significant problem as a
result of the abundance of PCR products and to the ideal structure of the contami-
nant material for reamplification. Therefore controls to detect contamination
should always be included. An option to control carry-over contamination with
PCR products is using uracil DNA glycosylase in all PCR samples (31). 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
preassembled starting reactions with uracil DNA glycosylase (UDG), followed
by thermal inactivation of UDG. UDG cleaves the uracil base from uracil-con-
taining 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.

5. With the RSCA method, many samples can be processed at the same time. A
major drawback is that the RSCA method requires special equipment and com-
puter programs that are not available in each laboratory.
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Non-HLA Gene Polymorphisms
in Stem Cell Transplantation

Pete G. Middleton

Summary
An increasing number of gene polymorphisms of immune regulatory molecules are

being associated with clinical performance following stem cell transplantation (SCT).
These polymorphisms affect structural or regulatory changes on immune regulatory
molecules including cytokines (1–11), steroid hormone family receptors (12,13), patho-
gen effectors such as mannose binding lectins (14), and response mediators such as the
Fas signaling system (15).

In contrast to polymorphisms of the major histocompatibility complex, the genome
variations found in these non-human leukocyte antigen genes are simple to detect, al-
lowing studies to be done in many laboratories and transplant centres. Many forms of
DNA polymorphism detection are now available, allowing even modest laboratories to
mount studies of their own. Despite these advances, studies in SCT have a number of
problems relating to the complex clinical situation that they study; issues of study design
and data interpretation in transplant studies are complex and challenging and are the
main limiting factors, which inhibit progress in confirming genetic features which influ-
ence the success of SCT.

Key Words: Cytokine gene polymorphism; bone marrow transplantation; non-HLA
gene polymorphism.

1. Introduction
A simple Medline search using the term “gene association study” will reveal

hundreds of studies a year reporting and discussing genetic effects in nearly
every discipline in medicine. Stem cell transplantation (SCT) is no exception,
with an increasing number of reports appearing in the literature.

These studies report associations between candidate genes and a wide range
of complications seen following SCT including acute graft-vs-host disease
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(aGvHD), chronic graft-vs-host disease (cGvHD), survival, and sensitivity to
infections.

This review of available methodology will divide the subject into three head-
ings, under which the relative strengths and weaknesses of the investigative
methods, both methodological and experimental, will be discussed; these are:

1. Study design issues, discussed here in the introduction.
2. Gene analysis (technical) issues, under Subheading 3.
3. Data analysis issues under Subheading 4.

1.1. Study Design Issues

1.1.1. Cohort Studies

The gene association studies published to date on SCT all use a simple cohort-
based association study design. Candidate alleles are tested for their associa-
tion with a clinical outcome, for example, occurrence of GvHD, by dividing a
study population into good and bad performers and comparing allele frequency
between the two groups (8).

However, a number of features of patients undergoing transplant are already
known to affect transplant performance; these include features such as patient
age, state of disease (advanced or not) at time of transplant, gender disparity
for donor and patient, and degree of HLA disparity, etc. (for plenary reports of
the importance of considering these features see refs. 16 and 17). In order to
control for these confounding variables, two options are available to the study
designer. Study groups can be stratified into subgroups of similar risk and ana-
lyzed separately (subgroup analysis), or the cohort dataset can include infor-
mation on these variables and take their effect into account in the final analysis
(a multivariant analysis).

The studies reported to date usually present a combination approach to this
problem; the study will often restrict itself to a specific subgroup of patients,
e.g., human leukocyte antigen (HLA)-identical sibling transplants, but account
for the outstanding known variable such as age and GvHD prophylaxis by a
multivariant analysis using regression modeling.

The reason for this combined approach is inevitably a pragmatic one because
of the limitations of sample size. With so many variables affecting transplant
performance, few studies have sufficient power to be viable if the study popu-
lations are reduced to groups with homogeneous features.

1.1.2. Case–Control Studies

The alternative type of association study design, the case–control study, has
not yet been seen in reported studies on non-HLA gene effects. In this type of
study, patients who represent poor performers (the test group) are partnered
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with good performers who are matched for the confounding variables (age,
gender, disease stage, and so on) to provide the control group. Allele frequen-
cies for a candidate gene would be compared for the two groups.

In studies examining the effect of variations in clinical protocol, case–control
studies have been used effectively (18), but this form of study design requires
very large patient groups or well organized collaborative groups to recruit suf-
ficient case controls. This requirement effectively excludes most transplant
research groups and consequently, case–control studies have not yet been seen
in reports of gene associations with transplant outcomes.

1.1.3. Other Study Designs

The cohort study is not the only form of association study design used in
gene studies, but the only practical one available to SCT research.

Other genetic studies such as the transmission disequilibrium test (19), in
which risk alleles are tested for prevalence in affected and unaffected offspring
(each sibling having an equal chance of inheriting a particular allele from a
parent) are not relevant to SCT, as it is extremely rare for two family members
to be affected by haemopoietic disease and require treatment by SCT.

Classic family genetic studies of linkage (20) are also inappropriate for the
same reasons: most candidates for therapy with SCT are the sole member of
the family affected, so no comparisons can be made.

1.2. Problems With Association Studies

The experience of association studies in other clinical research fields have
been mixed. Although many associations have been suggested, many cannot
be verified in independent studies.

These frustrations lead to a simple set of criteria being suggested for use in
deciding the value of such studies (21). These criteria suggest that studies
should report:

1. Large sample size.
2. Small p values.
3. Report associations that make biological sense and implicate alleles that affect

the gene product in a physiologically meaningful way.
4. Contain an initial study and an independent replication.

Although these criteria are clear, they vary in their relevance to studies on
SCT: Large sample size is relevant to any study, but the complex clinical
requirements of SCT mean that most centres transplant relatively few patients
on a specific protocol within a reasonable time frame.

Small p values also sounds, at first, like a valid criteria; but outcomes (com-
plications) following SCT are known to be multifactorial in cause, with each
individual risk factor contributing to the overall risk of a particular complica-
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tion; i.e., each individual risk factor has a relatively small individual odds ratio,
which contributes to an overall larger odds ratio reflecting clinical outcome. In
this scenario, p values will usually be relatively large, as the odds ratios used in
their calculation are small.

An initial study and an independent replication. Again, this sounds realistic,
requiring a verification of the effect reported. In reality, few centers transplant
sufficient cases to allow the examination of a comparator group within a rea-
sonable time frame. The result of this has been the appearance of many rela-
tively small, independent studies, which rely for verification on the reports of
other groups studying their own cohorts.

One other criterion would be usefully added to this list for any SCT study,
that being to report results on homogeneous study groups. Reporting biologi-
cally meaningful effects requires that the patients in the study population are
responding in similar ways. Radically different treatment protocols, such as
the use of T-cell depletion or the use of additional immune suppression, would
clearly result in quite different biological responses.

The lack of a homogeneous population represents the largest single variable
in gene association studies on SCT and the most difficult to mediate against.
Most centers transplant patient groups that are heterogeneous for age, gender,
disease and stage of disease, availability of a donor, and pretransplant morbid-
ity. In allowing for the severe clinical consequences inherent in treating patients
possessed of these features, the transplant teams use protocols that vary with
respect to pre-conditioning, stem cell source, prophylaxis for GvHD, and use of
post transplant therapies such as donor lymphocyte infusion (DLI; used to
therapy disease relapse).

This results in most studies being very heterogeneous with a risk of missing
effects that may only occur in a subgroup of the study population, making
comparisons between different study populations very difficult.

1.3. Association Studies: Choosing Gene Candidates

All studies reported to date on non-HLA gene polymorphisms in SCT have
tested known candidate polymorphisms identified from other studies on immu-
nopathology. Conventional cell biology studies have previously identified a role
for many of these molecules in SCT including tumor necrosis factor (TNF)-α,
interleukin (IL)-10, and so on. Studies on other immune dysregulatory states,
such as Rheumatoid arthritis, systemic lupus erythematosus (SLE), and immune
deficiency states, have identified many polymorphisms affecting the production
or structure of these molecules.

Research into the effects of these variations on SCT simply brought the two
sets of information together to generate gene candidates suitable for testing in
SCT.
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In selecting gene polymorphisms for study, a few simple criteria are use-
ful:

• Test polymorphisms of genes that have already shown associations with related
pathology in similar or related clinical conditions. It is difficult to justify a com-
pletely new “fishing trip” on a new target gene if targets showing associations in
related situations (e.g., renal transplant) have not been tested.

• Test polymorphisms which display reasonably common allele frequencies to
allow useful statistical analysis (this will also be a function of the sample size to
be tested).

A number of commercial kits and reagents are available that type for some
of the more common single-nucleotide polymorphisms (SNPs) in cytokine
genes. For examples, see “One-Lambda” (One Lambda Inc. Canoga Park, CA;
www.onelambda.com) and “Pel-Freez” (Pel-Freez Clinical Systems LLC;
www.pel-freez.com).

Many of these methods use allele specific techniques (discussed later) and
provide typing of alleles previously identified as high or low producers.

However, these relationships between particular alleles and expression are
not universally accepted. Considerable numbers of studies continue to present
conflicting findings as to the functionality of many of the polymorphisms
under study. These conflicts include studies finding completely opposite find-
ings, e.g., for IL-6, in which case conflicting findings are reported for both
normal expression measurements (22,23) and for disease associations (1,
10,22,24). When the mechanism of action of the polymorphism is generally
agreed upon, the mechanism of action within the disease process may be
complex, e.g., for the interferon (IFN)-γ A874T polymorphism, the T-allele
associates with elevated IFN-γ production (25,26) and relative resistance
from infectious disease (27), yet associates with reduced GvHD following
bone marrow transplant (BMT), probably by acting via a feed back inhibition
control circuit (1).

Consequently, all simplistic “textbook” associations should be treated with
caution when planning work of this kind, and in interpreting the results.

1.4. Haplotypes and Alleles

The human genome is composed of regions of strong linkage disequilibrium
(LD), including areas of low historical recombination termed “haplotype”
blocks. These regions of strong LD have been demonstrated to have low haplo-
type diversity, with the common haplotypes explaining the majority of com-
mon variations across populations.

Furthermore, these haplotypes can be predicted using only a subset of all
available (or known) markers. The consequence of this haplotype structure of
the genome is that not all available markers at a gene locus need be analyzed to

www.onelambda.com
www.pel-freez.com
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type an individual for genetic variation. A few well chosen markers will reveal
the conserved haplotypes involved.

For example, polymorphisms of the vitamin D receptor gene associated with
SCT outcome (12) form a series of conserved blocks, allowing analysis of the
gene with a small number of markers (28).

For access to the public access database of human SNPs, go to http://www.
ncbi.nlm.nih.gov/SNP/.

2. Materials

All reagents described are regular commercial reagents and are available
from the manufacturer named in the text.

3. Methods
There is a huge range of different technologies available to type DNA poly-

morphisms. The reasons for choosing a specific method usually reflect an indi-
vidual laboratory’s background, budget, or both.

On technical issues, one of the major concerns to most laboratories is the
reproducibility of the technology they use and the reliability of internal con-
trols, especially if the technology makes an absolute, rather than a relative,
measurement.

The following examples demonstrate the basic principles involved and dis-
cuss the features needed for reliable genotyping in any system, be it manual or
automated.

Detection of gene polymorphisms: the SNP. SNPs have been with us for
more than 20 yr. Originally detected in Southern blots of DNA cut with restric-
tion enzymes as restriction fragment length polymorphisms (RFLPs), PCR
technology has simplified the technique by allowing the target to be amplified
and then digested with the restriction enzyme directly. Products are separated
on a gel matrix (agarose of larger fragments, polyacrylamide for smaller frag-
ments) to determine whether a restriction site is present.

(For an example, see Fig.1. and ref. 29).

3.1. Restriction Enzyme Digestion of PCR Products (see Notes 1–4)
1. Prepare PCR products in the usual way.
2. Dispense 5 µL of PCR product into a fresh PCR tube, and add reaction buffer(s),

typically 1 µL of 10X buffer supplied with the restriction enzyme plus 3.75 µL of
H2O. Mix gently by tapping the tube.

3. Add 0.25 µL of restriction enzyme, preferably at 10 µ/µL. This will add an
excess of enzyme to ensure a limit (nonpartial) digest.

4. Incubate at the temperature recommended by the manufacturer. This is best
achieved using the PCR thermal cycler operating on a soak file, as it efficiently
incubates the small format tubes used.

http://www.ncbi.nlm.nih.gov/SNP/
http://www.ncbi.nlm.nih.gov/SNP/
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3.2. Gel Electrophoresis of Restriction
Enzyme Digest Products (see Note 5)

All but the smallest PCR products can nowadays be analyzed using readily
available agarose gels; only very small products require the use of the more
complex polyacrylamide gels and equipment.

1. Prepare a 2% (w/v) agarose gel by dispensing 1.5% (w/v) high-resolution agar-
ose (e.g., Microseive Low Melt agarose, FlowGen Co., UK) and 0.5% of any
general purpose electrophoresis agarose into a glass conical flask, suspending in
the desired buffer volume (the quantities used will depend on the size of the gel
electrophoresis equipment). Either of the regularly used molecular biology elec-
trophoresis buffers, TAE or TBE buffer, can be used for this purpose. The gen-
eral purpose agarose is much stronger mechanically than many of the high
resolution agaroses, and makes the resulting gel easier to handle.

Fig. 1. Typical restriction enzyme digest of PCR products (restriction fragment-
length polymorphism [RFLP]). Genotyping of the G-463A polymorphism of the mye-
loperoxidase gene (23), associate with carcinogen conversion in lung malignancy and
infectious complications in a number of pathologies. The 350-bp product possesses an
invariant site for the restriction enzyme Aci I (New England Biolabs) plus an addi-
tional site in one polymorphic allele. All PCR products must produce a reduced M.wt
product on digestion with the additional digestion identifying the G allele possessing
the additional restriction site. Lane 1, undigested product; lane 2, AA homozygote;
lane 3, GG homozygote; lane 4, AG heterozygote. Molecular weight markers are 100-
bp ladder (sigma chemicals), 2% agarose gel (1.5% Microseive agarose, 0.5% SeaKem
LE agarose [both Flowgen Instruments Ltd., Sittingbourne, Kent, UK]), staining by
ethidium bromide (0.5 µg/mL with visualizatiojn by ultraviolet transillumination).
(Photography courtesy of Lindsay Nicholson.)
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2. Weigh the flask and contents and record the weight.
3. Heat the gel mix in a microwave oven until the gel powder/granules begin to

dissolve; do this gently to keep the mixture from boiling over, and NEVER look
down into the hot liquid.

4. When the gel mixture is homogeneous, return the flask to the balance and replace
the weight of lost water with distilled water. Cool the flask to hand warmth and
pour the gel into the casting tray. When the gel is cool and set, mount it in the gel
electrophoresis tank ready for use.

5. Following electrophoresis of the digests, stain the gel with ethidium bromide to a
final concentration of 0.5 µg/mL and visualize the DNA fragments on an ultra-
violet (UV) transilluminator, taking precautions as directed by the UV source
manufacturer. Note: Ethidium bromide is a mutagen; see below for a recommen-
dation for safe disposal.
Pros: Gel electrophoresis is inexpensive, requiring only a thermal cycler and

simple gel electrophoresis equipment, and can be carried out in almost any
lab.

Cons: Failure or inefficiency of the restriction enzyme step will produce false iden-
tification of the undigested allele. Also, the technique is limited to poly-
morphisms that create or destroy a restriction enzyme recognition sequence.
This can be partially augmented by using modifying primers, which create a
suitable site in a nearby sequence, but not all polymorphisms are accessible
by this technique (for an example used to analyze the TNF-α gene, see Wil-
son et al. [30]).

3.3. Allele-Specific Primer PCR (see Notes 6–8)

A second method for determining genotype at an SNP is to use allele-spe-
cific primers, for which two amplification reactions are run in tandem for each
test sample; presence of the allele is indicated by successful amplification,
whereas lack of amplification denotes absence of the allele.

The specificity of the PCR to the allelic base difference can be enhanced by
manipulating both PCR conditions and the sequence of the allele specific
primer pair. This simple experimental design is common to a number of auto-
mated and semi-automated genotyping systems as the yes/no output is easily
automated; it is, however, sensitive to false-negative results. Failure of a reac-
tion, for example because of poor DNA quality or pipetting error, will result in
a sample being incorrectly typed, as the failure of an individual tube to amplify
automatically designates the sample a homozygote for the other allele.

In gel-based manual systems, introduction of an additional internal control
in the form of a second primer pair to amplify a common (nonpolymorphic)
target can reduce this problem (see Fig. 2).

1. Dispense equal amounts of target DNA into pairs of PCR tubes.
2. Prepare parallel batches of reaction mixes that vary solely by the identity of the

allele specific primer.
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3. Dispense mixes (and oil overlay if the thermal cycler requires its use) onto
samples.

4. Be careful to arrange reaction tubes in the thermal cycler in matched pairs, so that
any variation in performance across the heating block will equally apply to both
reactions for a particular target DNA.

5. When completed, analyze reaction products by gel electrophoresis as described
above, taking care to run paired reactions adjacent to each other.

Pros: Allele-specific primer PCR is inexpensive, requiring only a thermal cycler
and simple gel electrophoresis equipment, can be carried out in almost any
lab, and the simple yes/no format of the output means the technique is
easily automated.

Cons: Failure or inefficiency of one of the pair of reactions will produce false
identification of the genotype.

3.4. Single-Stranded Conformation Polymorphism (see Note 9)

When a PCR product is heated, the two DNA strands of the helix separate.
Upon cooling, some of the duplex will reform, leaving some single stranded
DNA molecules unpaired. These single stranded molecules will fold on them-
selves in order to achieve some stability from base pairing, adopting a par-
ticular single-stranded conformation (SSC) as they do so. This conformation

Fig. 2. Allele-specific PCR for the interleukin (IL)-6 G-174C polymorphism (1).
G- and C-specific primer reactions run in pairs for each sample. The product of 228 bp
(black arrow) denotes the presence of an allele. This reaction produes by chance an
internal control in the form of an additional signal in the C reaction (white arrow),
which confirms that samples 1 and 2 are GG homozygotes. The lack of suitable inter-
nal control in the G tracks makes the call for samples 3 and 4 unreliable (assumes CC
homozygotes, but did the G-specific reactions work?). Samples 5 and 6 are heterozy-
gotes (both reactions positive). Marker is a 100-bp ladder (Sigma Chemicals).
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is sequence-specific, allowing different alleles to be distinguished from one
another (31).

SSCs of DNA have a much more complex structure than the DNA duplex,
with mispaired and single-stranded regions inhibiting the molecules’ passage
through an electrophoresis gel. Consequently, SSCs migrate very slowly com-
pared with the PCR product they are derived from. To allow for resolution of
different structures, sufficient migration into a gel matrix must occur; to
achieve this, SSC polymorphism assays use polyacrylamide gels with high
ratios of acrylamide to bis-acrylamide, typically 37.5:1 (e.g., ProtoFLOWgel
Flowgen, Findel House, Ashby de la Zouch, Leicestershire, LE65 1NG, UK).
The concentration of gel needed is determined empirically, with gel concentra-
tions between 8 and 16% being the range needed by most targets (see Fig. 3).

3.5. General Protocol for Preparing Polyacrylamide Gels (see Note 10)

The values given below describe preparation of a typical gel mixture (100
mL) suitable for most electrophoresis equipment, e.g., Bio-Rad protean II,
Dcode, or Sequi-Gen/Sequi-Gen GT DNA sequencing equipment, and should
be scaled to conserve reagents. Best results are achieved using gel spacers and
loading well formers of 0.7 mm separation.

1. Dispense the desired amount of acrylamide solution into a 100-mL plastic mea-
suring cyclinder; typically, this will be for a 12% final gel concentration. Note:
see manufacturers information on the properties of acrylamides; they are neuro-
toxins and potential carcinogens.

2. Add 10 mL of 10X TBE buffer (108 g Tris base, 55 g boric acid, 9.3 g Na2EDTA,
water to 1 L).

3. Add water to 100 mL, dispense into a glass beaker, and de-gas on a vacuum
pump (water pump or mechanical oil pump) for 10 min (oxygen inhibits the poly-
merization).

4. Prepare a fresh 50% (w/v) solution of ammonium persulphate (BDH, Poole,
UK) in water (use a 1.5-mL microfuge tube as a weighing boat and prepare
about 0.5 mL).

5. To initiate the polymerization, add 1 µL/mL of NNN-N�-tetramethylethlenedi-
amine (TEMED; BDH, Poole,England) and 2 µL/mL of the ammonium persul-
phate solution to the gel mix, fill a large syringe with the initiated mixture, and
dispense between the electrophoresis plates. The gel will visibly polymerize
within 5 min, but should be allowed to continue polymerising for another 30 min
before use.

3.6. General SSC Polymorphism Protocol (see Notes 11 and 12)

1. Mix equal volumes of a PCR product with formamide gel loading buffer (9 mL
formamide, 1 mL gel loading buffer (50% glycerol, 100 mM EDTA), 0.1% bro-
mophenol blue in a thermal cycler tube.
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2. Heat to 95°C for 2 min in a thermal cycler.
3. Remove tubes and plunge directly into ice water.
4. Load onto desired gel. Large sequencing format gels can be run overnight (400

V), whereas smaller formats such as protean equipment can be run over the day
using cooling.

Pros: The SSC polymorphism protocol can be run cheaply, can be applied to
most, but not all, SNPs, and can detect linked haplotypes for SNPs present
on the same PCR product. Different haplotypes can produce different mo-
bility SSCs, allowing direct determination of haplotype in a single assay.
Also, an internally controlled PCR product is always present in the final
analysis with its position in the gel determining the allele ID.

Fig. 3. Single-stranded conformation polymorphism assay for the interleukin (IL)-
6 G-174C polymorphism. Using a pair of primers that flank the region of interest
(forward primer 5�-TGTCAAGACATGCCAAAGTGCTG-3�, reverse primer 5�ATA
GAGCTTCTCTTTCGTTCCCG-3�, annealing temperature 57°C). The product of 245
bp produces unambiguous identification of the alleles by SSCP assay in a 10% poly-
acrylamide gel (37.5:1 = acrylamide:bis-acrylamide) run overnight at room tempera-
ture (J. Norden, personal communication). Sample 1, CC homozygote; sample 2, GG
homozygote; sample 3, CG heterozygote. Re-annealed PCR DNA duplexes are seen
as conventional PCR product at the bottom of the gel. The additional signal seen above
the native duplex PCR product (black arrow) is the heteroduplex caused by mispairing
of strands from the two alleles following the melt-anneal step and consequently is seen
only in heterozygotes. Gel staining by silver staining.
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Cons: The technique requires control of the gel temperature to exploit its full
potential.

3.7. Silver Staining for DNA in Polyacrylamide Gels

Note: This is a “kitchen sink” style method reminiscent of home photogra-
phy. High-quality reagents are not required.

1. Make up the following solutions immediately before use:

Solution A (fixer): 100 mL ethanol, 5 mL acetic acid; make up to 1 L with
dH2O.

Solution B (silver stain): 0.5 g silver nitrate (AgNO3). Make up to 500 mL with
dH2O.

Solution C (developer): 6 g NaOH (xodium hydroxide), make up to 500 mL
with dH2O; add 0.6 mL formaldehyde solution (Formalin); mix well
until NaOH has dissolved.

2. Dismantle gel rig and place plates on the bench, face down.
3. Separate plates, making sure that the gel sticks to the bottom plate.
4. Pour half of solution A onto the gel to allow the gel to float into the tray.
5. Leave this for 3 min, with gentle agitation.
6. Remove fixing solution.
7. Add the second 500 mL of solution A for a further 3 min.
8. Remove as before.
9. Add solution B into the gel tray, agitate for 15 min. Ensure that the solution

covers all the gel.
10. Remove as much of the silver nitrate solution as possible, do not rinse.
11. Add solution C and agitate for approx 20 min. The DNA signals will become

visible during this time.
12. Remove solution C before adding tap water to rinse.

The gel can then be sealed in plastic or dried for storage.

3.8. Disposal of Ethidium Bromide-Containing Buffers

Ethidium bromide is a mutagen and should not be released in to the environ-
ment. Safe recommended disposal is by high-temperature incineration. The
following method allows safe disposal of ethidium bromide present in aqueous
buffers, e.g., electrophoresis buffer.

1. Obtain a large (10 L+) plastic bottle, e.g., “carbuoy” bottle, and place a large
plastic funnel in the neck.

2. Dispense approx 50 g of granular charcoal into the bottle.
3. When disposing of contaminated buffers, pour the buffers into the bottle.
4. When the bottle is three-fourths full, mix the contents by gentle swirling for 2–5

min—this binds the ethidium bromide to the charcoal (this can be demonstrated
by the loss of an ethidium bromide signature from the buffer, as measured on UV
spectrophotometer—just set the photometer to scan a contaminated buffer in the
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range 240 to 500 nm).
5. Dispose of the decontaminated buffers via conventional aqueous waste route.
6. Package used charcoal into the solid waste route used for incinerator waste—the

ethidium bromide now adsorbed on the charcoal is incinerated as solid waste.

3.9. Data Analysis Issues

A number of separate issues contribute to difficulties in assessing the gene
polymorphism dataset once it is collected. Nearly all concern the complexity
of the clinical data rather than the gene polymorphism data.

3.9.1. Multiple Features Contributing to Outcomes

Once obtained, gene and clinical datasets are compared to identify genetic
features associating with clinical performance or outcome. This simple task
is usually achieved by comparing data in a contingency table with statistical
assessment by chi-square or similar test modified for small sample size. Almost
any statistical package on a PC will perform this analysis.

Considering the effect of other variables known to contribute to the outcome
is much more difficult. The size of most studies (<200 transplants) precludes
the division of the group into subgroups homogeneous for age, disease stage,
and so on; instead, the dataset is used to construct mathematical models of pre-
diction, usually by regression modeling. Widely available statistics packages
which easily perform these manipulations include programs such as GraphPad
“Prism”( GraphPad Software at www.GraphPad.com), and SPSS (SPSS Inc.
233S Wacker Drive, Chicago, IL).

Pros: This analysis is simple to do on a PC.
Cons: These statistics packages are good for a few features, but many datasets

are still too small to allow modeling with the large number of variables
present in many SCT studies (see study design issues, discussed in the
Subheading 1.).

When attempting to begin these sorts of analysis consider the following:

1. For most studies, reducing each variable to a “yes” or “no” (binomial regression
modeling) reduces the potential number of combinations available to the math-
ematical model, and is the usual method of choice for simple studies.

2. When assigning binomials (yes or no) to variables prior to analysis be clear as to
what your definition of yes and no are; these must match your clinical/biological
criteria set out in the study introduction/design.

3. As most SCT cohorts are heterogeneous for known important clinical features,
use of multivariant analysis can identify new features by “correcting” the dataset
for confounding variables—e.g., the IL-6 G–174C polymorphism represents one
of the more reproducible gene markers associating with GvHD, yet both the ini-
tial studies that identified this relationship found only trends toward association

www.GraphPad.com
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using univariant analysis, with the full statistical significance only being revealed
following multivariant analysis to “correct” for the noise of the other factors
(1,10).

3.9.2. Stratification and Confounding

Stratification describes where subgroups exist within a dataset. However,
the statistical models used to analyze the dataset assume random assortment of
the variables; consequently, the statistical significance assigned to a feature or
variable in a study may not be valid.

Considerable stratification exist in most SCT study populations. Clinical
variables such as preconditioning, modality of therapy, and GvHD prophylaxis
are not assigned randomly but are often used on particular patient groups
including patients identified by age and disease stage (i.e., they are “elected,”
not randomized as in a randomized, controlled trial). This lack of separation of
variables (confounding) means that even within a relatively large dataset, the
contribution of specific features to an overall outcome will often be difficult
to measure. Even an independent study may not resolve this sort of problem;
patients are treated on the basis of perceived clinical need, and that need, for
example the need for increased GvHD prophylaxis in older patients, is likely to
be just as evident in different transplant centers.

3.9.3. Censoring and Time-Dependent Measurements

As patients are entered into transplant studies continually, they have all been
resident on the study for different periods of time. For outcomes that are time-
related, such as death or chronic GvHD, this difference must be accounted for
in the analysis—effectively by censoring. This is the conventional form of
analysis for survival (death yes or no) but it is increasingly being used for other
applications.

This issue is exemplified if we consider looking for gene associations with
chronic GvHD. cGvHD can occur up to 2 yr posttransplant. Patients will con-
tinue to be deleted from the cohort over this time as a result of death (all causes),
without necessarily developing GvHD symptoms during that time. This lack of
censoring of the dataset can be accounted for by a change in statistical method-
ology. The simplest approach, and the one most widely available to a researcher
running their own statistical analysis in their group, is to assess cGvHD as a
time-dependent, not categorical, variable. When comparing genotypes, death
(all causes) should then be included as a competing covariable for the depen-
dent (cGvHD) outcome. Relatively few statistical packages allow for this level
of sophistication. A simple alternative used in some studies is to censor patients
at point of death in the time dependent analysis. They cease to contribute to the
study, and the statistics, from that point on.
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It should be noted that relatively few statistics packages allow for multiple
regression analysis for a time-dependent outcome such as Cox regression
analysis, e.g., a number of features all contributing to death. This is a serious
handicap for anyone doing studies on SCT and should direct the experimenter
to choosing the statistics package that provides this facility, e.g., the SPSS
package.

4. Notes

1. Restriction enzyme digestion conditions: most restriction enzymes are sensitive
to reaction conditions; not all will be compatible with the buffer carried over
from the PCR reaction. In these cases, precipitate the PCR product with ethanol
and resuspend the product in the new buffer.

2. Restriction enzymes are supplied in a buffer containing 50% glycerol; ensure
that the final concentration of glycerol in the digest reaction does not exceed 5%,
as many enzymes change their characteristics. If more is needed, increase the
total reaction volume with buffer and water.

3. When digesting small volumes, consider adding a mineral oil overlay to the reac-
tion just as one would do with PCR reactions, as evaporation with concentrate
the reaction salt conditions and alter enzyme properties.

4. Many restriction sites can be recognized by more than one enzyme (isoschizo-
mers). Check the availability of other enzymes, especially any with additional
sites (invariant, nonpolymorphic sites) in the PCR product, which will act as
internal technical controls to confirm digestion (see Fig. 1).

5. To speed up the process, ethidium bromide stain can be added to the gel at the
point of casting the gel; however the ethidium ions migrate towards the negative
electrode and thus leave the gel. To supplement this, ethidium bromide must be
added to the portion of the electrophoresis chamber holding the negative elec-
trode to prevent a “tide mark” in the gel where the stain is absent.

6. When designing an allele-specific reaction, remember that either strand of the
helix can be used to nominate the specific primer site (i.e., the allele specific
primers do not have to be identical to the sense strand!).

7. New assays using allele-specific design must be set up and verified with test
samples of known genotype—this is not an investigative tool.

8. Be disciplined in the criteria used for interpreting the final results, especially
where controls are involved (e.g., see Fig. 2).

9. Many PCRs reported to be useful for restriction enzyme digestion to reveal an
RFLP will also be suitable for a SSC polymorphism detection; the upper limit of
such detection is about 450 bp. PCR products larger than this rarely resolve in the
high concentration polyacrylamide matrix.

10. Polyacrylamide gels are very stable once prepared, provided they are always cov-
ered in buffer to prevent desiccation, which occurs rapidly for any gel matrix
(commercial gels can be purchased precast, ready for mounting directly into the
electrophoresis equipment).
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11. A number of additional changes can be made to the gel conditions to improve the
resolution of some conformers, specifically adding glycerol to the gel (anything
to a final concentration of 10% w/v) (32). Simply add the glycerol (AnalaR grade)
in place of the equivalent volume of water to the gel mix prior to adding the
TEMED and ammonium persulphate to initiate polymerisation.

12. Stable, sensitive staining of polyacrylamide gels is easily done using simple sil-
ver staining. Unlike other forms of silver staining for biomolecules, the DNA
does not couple or bond the silver ion, but associates by simple charge attraction
(Ag+ DNA–). The position of the associated silver is revealed by a simple pre-
cipitation of metallic silver by a reaction analogous to a classical photographic
developer.
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Polymorphisms Within Epithelial Receptors
NOD2/CARD15

Julia Brenmoehl, Ernst Holler, and Gerhard Rogler

Summary
Genetic risk assessment in the setting of allogeneic stem cell transplantation is one of

the major goals to optimise future prophylaxis and treatment of patients: our group has
focused on analysis of single-nucleotide polymorphisms (SNPs) within the intracyto-
plasmatic receptor NOD2/CARD15, which recognizes the bacterial cell wall compound
muramyl-dipeptide and induces nuclear factor-κB-mediated inflammation. By perform-
ing TaqMan PCR of the three major SNPs also identified as risk factors in Crohn’s dis-
ease in donors and recipients, we were able to demonstrate a major association of NOD2/
CARD15 SNPs with the occurrence of severe graft-vs-host disease and resulting treat-
ment-related mortality following human leukocyte antigen-identical sibling transplanta-
tion. Although these data need confirmation in further prospective trials, this association
may not only be used for risk assessment but also point to a major pathophysiological
interaction of dysregulated activation of the innate immune system and specific
alloreaction.

Key Words: Innate immunity; graft-vs-host disease; GvHD; NOD2/CARD15.

1. Introduction
Graft-vs-host disease (GvHD) and associated complications are the major

cause of morbidity and mortality following allogeneic transplantation, and they
occur in spite of optimal human leukocyte antigen (HLA)-matching and immu-
nosuppressive prophylaxis. This clearly indicates the presence of further non-
HLA genetic determinants of GvHD, and as discussed elsewhere in this book,
cytokine gene polymorphisms have been the first single-nucleotide polymor-
phisms (SNPs) analyzed and described as important risk factors in the patho-
genesis of GvHD (1). In the actual concept of GvHD (2), activation of antigen
presenting cells and host epithelia via danger signals delivered either by condi-
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tioning or by microbia is an important step. Only recently, an intracytoplas-
matic counterpart to the Toll-like membrane-bound receptors of endotoxin and
related bacterial cell wall compounds has been described, the NOD2/CARD15
molecule. NOD2/CARD15 belongs to a rapidly growing family of intracy-
toplasmatic molecules detecting microbial patterns. In 2001, SNPs within the
leucine-rich repeat (LRR) region of this molecule, which binds to bacterial cell
wall compounds, have been described as the first genetic risk factors of Crohn’s
disease (CD) (3,4). As a disease characterized by an uncontrolled Th1 medi-
ated inflammation, CD has pathophysiological overlap with gastrointestinal
GvHD. Based on this overlap and the fact that intestinal microbia have been
implicated in the pathophysiologiy of GvHD for a very long time, we have
started to analyze the relevance of NOD2/CARD15 SNPs in the recipient or
donor in the setting of allogeneic stem cell transplantation. PCR typing for the
three major SNPs—8,12, and 13—of NOD2/CARD15 as described for CD (5)
was correlated with clinical outcome, and we were able to demonstrate a highly
significant association of mutated SNPs, although heterozygous in almost all
tested patients, with severe gastrointestinal and overall GvHD, but also with 1-
yr transplant-related mortality (TRM) (6). In a recently finished confirmatory
study including more than 300 HLA-identical sibling donor/recipient pairs, we
were able to confirm this observation and could demonstrate NOD2/CARD15
SNPs as independent risk factors for long-term overall survival. The number
of NOD2/CARD15 variants within a donor/recipient pair clearly correlated with
the likelihood to develop complications, indicating that there is a clear gene
dosage effect. These important findings are now tested in a multicenter Euro-
pean prospective trial.

2. Materials
2.1. Isolation of Genomic DNA

1  Blood and cell culture DNA midi Kit (Qiagen, Hilden).
a. Cell lysis buffer C1: 1.28 M sucrose, 40 mM Tris-HCl, pH 7.5, 20 mM MgCl2,

4% Triton X-100, stored at 4°C.
b. Digestion buffer G2: 800 mM guanidine HCl, 30 mM Tris-HCl, pH 8.0, 30

mM EDTA, pH 8.0, 5% Tween-20, 0.5% Triton X-100, stored at room tem-
perature.

c. Equilibration buffer QBT: 750 mM NaCl, 50 mM MOPS, pH 7.0, 15% iso-
propanol, 0.15% Triton X-100, stored at room temperature.

d. Wash buffer QC: 1.0 M NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol, stored
at room temperature.

e. Elution buffer QF: 1.25 M NaCl; Tris-HCl, pH 8.5; 15% isopropanol, stored
at room temperature and prewarmed to 50°C before use.

2. The isolated genomic DNAs are diluted to a concentration of 20 ng/µL with ster-
ile H2O and stored at –20°C.
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2.2. Allelic Discrimination

1. Primers (MWG Biotech, Ebersberg, Germany) are dissolved in sterile H2O at
4 µM, stored at –20°C, and used at a final concentration of 400 nM.

SNP8-forward: ttc ctg gca ggg ctg ttg tc
SNP8-reverse: agt gga agt gct tgc gga gg
SNP12-forward: act cac tga cac tgt ctg ttg act ct
SNP12-reverse: agc cac ctc aag ctc tgg tg
SNP13-forward: gtc caa taa ctg cat cac cta cct ag
SNP13-reverse: ctt acc aga ctt cca gga tgg tgt

2. Probes (MWG Biotech) are synthesised with a reporter dye 6-FAM or TET
covalently linked at the 5�-end and a quencher dye TAMRA linked to the 3�-end
of the probe. They are dissolved in sterile H2O at 2.5 µM, stored at –20°C in dark
tubes, and used at a final concentration of 250 nM.

SNP8F: FAM-cct gct ccg gcg cca ggc-Tamra
SNP8T: TET-cct gct ctg gcg cca ggc c-Tamra
SNP12F: FAM-ttt tca gat tct ggg gca aca gag tgg gt-Tamra
SNP12T: TET-ttc aga ttc tgg cgc aac aga gtg ggt-Tamra
SNP13F: FAM-cct cct gca ggc ccc ttg aaa-Tamra
SNP13T: TET-ccc tcc tgc agg ccc ttg aaa t-Tamra

3. TaqMan® Universal PCR Master Mix (Applied Biosystems). Store at 4°C.
4. 384-Well plates (Abgene, Epsom, UK).
5. Thermocycler (Primus-HT; MWG Biotech).
6. ABI PRISM 7700 Sequence Detection System (PE Applied Biosystems, Forster

City, CA).

3. Methods

Allelic discrimination by TaqMan is an easy and fast method to type DNA
from multiple individuals simultaneously. Sequencing of DNA of each recipi-
ent and donor would be much more time-consuming. Thereby it is important to
ensure that the analzyed DNAs have the same concentration, in order to allow
better differentiation of the emitted fluorescence.

3.1. Isolation of DNA

1. Genomic DNA is isolated from EDTA-blood of recipients and donors. For this
purpose, 3 mL EDTA-blood is incubated for 30 min at 50°C in a thermoblock.
Three milliliters cold cell lysis buffer C1 and 9 mL cold sterile water are added,
incubated for 30 min on ice, and centrifuged at 1500g at 4°C. After discarding
the supernatant to a 1.5 mL rest volume, the pellet is resuspended by vortexing
with 1 mL cold C1-buffer and 3 mL sterile water. The suspension is incubated for
10 min and centrifuged for 15 min at 1500g. Five milliliters digestion buffer G2
are added to the pellet, which is completely resuspended by vortexing for 30 s at
maximum speed. After addition of 95 µL protease, the suspension is incubated at
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50°C for 30–60 min and vortexed for 10 s at maximum speed before it is applied
to the with 4 mL QBT buffer equilibrated QIAGEN Genomic-tip. The Genomic
tip is washed twice with 7.5 mL of buffer QC and the genomic DNA is eluted
with 5 mL of 50°C prewarmed buffer QF. DNA is precipitated by adding 3.5 mL
(0.7 volumes) 100% isopropanol, inverting the tube 10–20 times, and centrifug-
ing at 15,000g at 4°C for 30 min. The supernatant is carefully removed and the
pellet is air-dried and resuspended with 50–200 µL sterile water. If pellet is not
dissolved, store tube for some hours at 4°C and try again. If it is still undissolved,
insoluble components are centrifuged and the supernatant is isolated and stored
at –20°C.

2. Concentration is measured with 1:20 prediluted genomic DNA at 260 and 280
nm wavelength.

3.2. Allelic Discrimination

1. All DNAs are typed for the three major SNPs in the NOD2/CARD15 gene. A 10-
µL approach for one SNP typing consists of 5 µL of 2X TaqMan Universal PCR
Master Mix, 1 µL each of forward and reverse primer, 1 µL each of wild type and
mutant probe, and 20 ng genomic DNA. For each SNP, a PCR-Mastermix with-
out DNA is prepared. Nine microliters of this mastermix are transferred to a well
of a 384-wellplate and 1 µL genomic DNA (20 ng) is added. Good results are
also possible with DNA concentrations of 5 ng/µL. If the concentrations are lower
than 5 ng/µL, it is advisable to first add the DNA, let it dry, and then add the
mastermix.

2. All reactions on the 384-well plate are performed in an external thermal cycler
(Primus-HT; MWG Biotech). The cycler conditions are: 50°C for 2 min, 95°C
for 10 min, followed by 45 cycles of 95°C for 15 s (melting step) and 60°C for 1
min (anneal/extend step). After the PCR run, emitted fluorescence is measured
by the ABI PRISM® 7700 Sequence Detection System.

3. Increases in the amount of reporter dye fluorescence during the 45 cycles of
amplification are monitored using Sequence Detector software (SDS v2.2, PE
Applied Biosystems). Changes in reporter dye fluorescence of 6-FAM vs changes
in reporter dye fluorescence of TET are plotted (homozygous FAM vs homozy-
gous TET vs heterozygous FAM/TET) (Fig. 1).

3.3. Analysis of Data

Results of genotyping must be associated with clinical outcome variables.
In the setting of stem cell transplantation (SCT), an SPSS 12.0 database was
established based on the patient’s charts and the typing results for NOD2/
CARD15 and used for analysis of frequencies, survival data, and risk factors.
Cox regression analysis for treatment-related mortality and overall survival
included NOD2/CARD15 status, cohort and center, age, stage at the time of
SCT, gender combination (female donor in male recipients vs others), inten-
sity of conditioning (standard vs reduced intensity), stem cell source, and type
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Fig. 1. Typical fluorescence plot (SNP13). The red points (homogenous TET) rep-
resent homozygous wild-type persons, the green points (heterozygous FAM/TET) per-
sons with one mutant allele, and the blue points (homozygous FAM) people with
homozygous mutant alleles.

of gastrointestinal decontamination. Analysis of the NOD2/CARD15 status had
to consider the complex system of interaction between donor and recipient, as
recipient SNPs may contribute to dysregulated epithelial inflammation whereas
donor SNPs may affect monocyte and dendritic cell function. In our first manu-
script (6), we chose the following categories:

1. Wild-type vs occurrence of any heterozygous SNP in either donor or recipient.
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2. Wild-type vs any variant in the recipient alone, in the donor alone, and variants
occurring in both recipient and donor, which proved to be a specific high-risk
group.

An alternative approach is to subgroup the NOD2/CARD15 status according
to the number of NOD2/CARD15 variants observed in an individual donor–
recipient pair: Wild-type = absence of any variant in recipient and donor; 1
variant = 1 heterozygous variant in recipient or donor; 2 or more = compound
heterozygous or homozygous variants in recipients or donors or both.

Significance testing was performed by using the likelihood ratio test (p <
0.05). For calculation of TRM, incidence of GvHD, and relapse, the cumula-
tive incidence method with either relapse- or nonrelapse-related mortality
treated as competing risks was used with the help of the NCSS 2004 software
(NCSS, Kaysville, UT). All group comparisons were done using Fisher’s exact
test (p values < 0.05 were considered as statistically significant). Figure 2 gives
a typical example of a gene dosage analysis performed for our first cohort of
patients and donors tested for the presence of NOD2/CARD15 SNPs.

Fig. 2. Cumulative transplant-related mortality (TRM) in relation to gene dosage of
NOD2/CARD15 variants in individual donor-recipients pairs. Differences were tested
by log rank analysis and were 0.013 for wild-type pairs vs pairs with one heterozygous
variant and <0.0001 for wild-type pairs vs the high-risk group with two or more vari-
ants.
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Role of Natural Killer Cells
and Killer Immunoglobulin-Like Receptor Polymorphisms
Association of HLA and KIRs

M.Tevfik Dorak

Summary
Natural killer cells play an important role in innate immunity. They act against infected

and transformed cells as part of the immune surveillance process. Their interactions with
the human leukocyte antigens (HLAs) create a situation where they may act against donor
hematopoietic cells following stem cell transplantation. Both killer immunoglobulin-like
receptors (KIRs) and HLA types of donor and recipient are relevant in the generation of
graft-vs-leukemia or graft-vs-host reactions. This chapter reviews the current knowledge
on the involvement of natural killer cells in the events following hematopoietic stem cell
transplantation, the structure of the genetic complex encoding the KIRs and provides a
PCR-based genotyping scheme for KIR genes.

Key Words: Natural killer cells; killer Immunoglobulin-like receptors; KIRs; graft-
vs-leukemia effect; polymerase chain reaction; genotyping.

1. Introduction
Natural killer (NK) cells are peripheral blood mononuclear cells (large

granular lymphocytes) with an important role in nonspecific host defense. Their
action is directed toward infected cells and tumor cells, but normal cells are
spared. NK cells do not require activation for cytotoxicity or presentation of a
peptide by major histocompatibility complex (MHC) molecules; they always
have large granules of granzymes and perforin in their cytoplasm that make
them constitutively cytotoxic. NK cell activity is regulated by a variety of cell
surface receptors, which may be inhibitory or activating (or triggering) (1,2).
In the opposing signals model of NK cell activity, the inhibitory and activating
NK receptors may coexist in the same cell but the binding of inhibitory recep-
tors by MHC class I transmits dominant inhibiting signals. This way, normal
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cells expressing MHC molecules are protected. The balance between inhibi-
tory and activating signals is important to protect autoimmunity and to pre-
serve activity against viral infections or neoplastic transformation.

The main target for NK cells is a cell that is missing the self-MHC class I
molecules to act as an inhibitory signal for cytotoxicity (3). As suggested by the
activity against cells devoid of self-MHC molecules, the MHC class I molecules
(human leukocyte antigen [HLA]-A, -B, and -Cw) are ligands for the inhibitory
NK cell surface receptors. Besides these, MHC class I-like molecules (HLA-E,
MICA, MICB, and others) also interact with different types of NK cell surface
receptors, generally with activating receptors (Table 1). These MHC class I
molecules act as indicators of overall MHC class I expression (HLA-E) or as
stress signals (MICA, MICB, and HSP60) (4,5). The only exception to the domi-
nance of inhibitory signals is the activating killer cell lectin-like receptor (KLR)
K (originally NK Group 2 Member D; NKG2D) which can override inhibitory
signals when engaged with its ligands MICA, MICB, and other MHC class I-
like molecules such as retinoic acid early inducible (RAE)-1, H60 minor histo-
compatibility molecules, and CMV UL-binding proteins (ULBP) (4), although

Table 1
Natural Killer (NK) Cell Receptors

NK receptor family Molecular nature Gene location Ligands

KIRa Ig-superfamily LRC HLA-A, Bw, Cw, G
(19q13.4)

ILT/LIR Ig-superfamily LRC HLA Class Ia (-G)

CD94/NKG2b C-type lectin-like NKC
(KLR) (12p12.3-p13.2) HLA Class Ib (-E)

NKG2Dc C-type lectin-like NKC MICA/B and
(KLRK) MHC class I-like

NCRc Ig-superfamily Various; includ- Viral hemagglutinins
(NKp46, NKp44, ing MHC, LRC and others
 NKp30, NKp80)

Compiled from refs. 51,65–67.
a Major inhibitory receptors.
b NK Group 2.
c Major activating receptors.
KIR, killer cell immunoglobulin-like receptor; Ig, immunoglobulin; LRC, leukocyte receptor

complex/cluster; HLA, human leukocyte antigen; ILT, immunoglobulin-like transcripts; LIR,
leukocyte immunoglobulin-like receptor; KLR, killer cell lectin-like receptor; MHC, major his-
tocompatibility complex.
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this stimulatory signal generated by NKG2D is not entirely refractory to inhibi-
tory signals (6).

1.1. Killer Cell Immunoglobulin-Like Receptors

The inhibitory receptors, specific for MHC class I molecules, allow NK cells
to discriminate between normal cells and cells that have lost the expression of
MHC class I (e.g., tumor cells). The major group of inhibitory NK cell receptors
are killer cell immunoglobulin-like receptors (KIRs), which were originally
called killer inhibitory receptors. The peptides within the MHC class I cleft do
not take part in the interaction with NK receptors; however, certain side chains
at position 7 and 8 of the nonamer peptide interfere with binding of certain KIRs
(KIR2DL and KIR3DL) (7). There is also some evidence that activating recep-
tors specific for the same HLA may respond differentially depending on bound
peptides (8). KIRs generally interact with MHC class I molecules but an excep-
tion involving KIR2DS4 has recently been reported. KIR2DS4 interacts with
HLA-Cw4 for activation but this is not a strict requirement, as other non-MHC
ligands can still bind to this KIR with functional consequences (9).

KIR molecules are encoded in the leukocyte receptor complex/cluster (LRC)
on human chromosome 19q13.4, which spans approx 1 Mb (10,11). The LRC
is polygenic and individual genes exhibit polymorphism (12–14). This region
is flanked by Fc alpha receptor (CD89), immunoglobulin (Ig)-like transcripts
(ILT; including CD85, also called leukocyte immunoglobulin-like receptor
[LIR]) and monocyte-macrophage inhibitory receptor (MIR) gene families
(11). The ILTs are also inhibitory receptors using HLA class I as ligands. They
are expressed on monocytic cells, dendritic cells, and some NK and B cells.
The KIR genes do not undergo somatic rearrangement (unlike TCR or Ig genes)
but the number of genes (especially the noninhibitory ones) on each haplotype
is variable (12,13). More than 100 highly homologous KIR variant sequences
have been deposited in databases and more sequences are reported as different
ethnic groups are examined (15–19). Therefore, the KIR genetic repertoire is
characterized by variable gene content and allelic polymorphism resulting in a
probability of <0.01 for two unrelated individuals to have the same KIR geno-
type (13,14). Different clones within an individual may each express a unique
subset of the available KIR repertoire (15,20).

1.2. KIR Gene Content of the LRC

Within the LRC, different broad gene families can be identified by phyloge-
netic analysis, number of extracellular Ig domains (2D or 3D) and length of
cytoplasmic tail (S or L). While those with long (L) cytoplasmic tails encode
inhibitory receptors (2DL and 3DL groups), the activating ones have short (S)
cytoplasmic tails (2DS and 3DS groups). The gene KIR2DL4 (p49, CD158d) is
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present on all haplotypes (a framework gene) and almost ubiquitously expressed
(21,22). Its ligand may be HLA-G (12,21). Despite having a long cytoplasmic
tail, KIR2DL4 exhibits activating function but also has inhibitory potential (23).
Each KIR group consists of one to five members that differ by 1–9 nucleotide
substitutions, whereas members of different subfamilies differ by at least 20
nucleotides. The 17 KIR genes (of which 2 are pseudogenes) officially recog-
nized by the KIR Nomenclature Committee (24) are shown in Table 2. Also
shown in Table 2 are the CD designations as members of the CD158 series
given to KIR proteins.

Two broad groups, A and B, have been proposed for segregating KIR haplo-
types in human populations (Fig. 1) (13,15). Each of these haplotypes may
have different number of KIR genes in different individuals. Haplotype A com-
prises of KIR genes 2DL1, 2DL3, 3DL1, and 2DS4 that occur on haplotype A
more frequently than on haplotype B. Haplotype B is characterized by one or
more of the following genes that occur exclusively on this haplotype: 2DS1,
2DS2-2DL2 (co-segregation), 2DS3, 2DS5, 2DL2, 2DL5, and 3DS1 (2,24,25).
Among these, the most characteristic members of each haplotype are 2DL3 for
haplotype A, and 2DL2 and 2DS2 for haplotype B (15–17,26). There is no
haplotype A-specific gene that does not occur on haplotype B. Even 2DL3,
which is present on all A haplotypes, also occurs on about 8% of Caucasian
haplotype B group (2). Because of this, the current practice of haplotype assign-
ment involves exclusion of haplotype B to assign a haplotype as haplotype A.
Thus, a haplotype that carries one or more of 2DL3, 2DL1, 3DL1, or 2DS4, but
none of the haplotype B-specific genes, is assigned as haplotype A. KIR2DS4

Fig. 1. Haplotypic distribution of 17 KIR genes.
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Table 2
Killer Cell Immunoglobulin-Like Receptor (KIR) Genes

Aliases and CD Number
Symbol Full name designation of alleles Function

KIR2DL1 killer cell immunoglobulin-like receptor, NKAT1, p58.1, CD158a 6 Inhibitory
two domains, long cytoplasmic tail, 1

KIR2DL2 killer cell immunoglobulin-like receptor, NKAT6, CD158b1 5 Inhibitory
two domains, long cytoplasmic tail, 2

KIR2DL3 killer cell immunoglobulin-like receptor, NKAT2, NKAT2a, NKAT2b, p58, 6 Inhibitory
two domains, long cytoplasmic tail, 3 CD158b2

KIR2DL4a killer cell immunoglobulin-like receptor, p49, CD158d 9 Inhibitory/
two domains, long cytoplasmic tail, 4 Activating

KIR2DL5A killer cell immunoglobulin-like receptor, KIR2DL5.1, CD158f 3 Inhibitory
two domains, long cytoplasmic tail, 5A

KIR2DL5B killer cell immunoglobulin-like receptor, KIR2DL5.2, KIR2DL5.3, KIR2DL5.4 2 Inhibitory
two domains, long cytoplasmic tail, 5B

KIR2DS1 killer cell immunoglobulin-like receptor, CD158h 4 Activating
two domains, short cytoplasmic tail, 1

KIR2DS2 killer cell immunoglobulin-like receptor, NKAT5, CD158j 5 Activating
two domains, short cytoplasmic tail, 2

KIR2DS3 killer cell immunoglobulin-like receptor, NKAT7 3 Activating
two domains, short cytoplasmic tail, 3

(Continued on next page)
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Table 2 (Continued)
Killer Cell Immunoglobulin-Like Receptor (KIR) Genes

Aliases and CD Number
Symbol Full name designation of alleles Function

KIR2DS4 killer cell immunoglobulin-like receptor, NKAT8, CD158i 6 Activating
two domains, short cytoplasmic tail, 4

KIR2DS5 killer cell immunoglobulin-like receptor, NKAT9, CD158g 2 Activating
two domains, short cytoplasmic tail, 5

KIR3DL1 killer cell immunoglobulin-like receptor, NKAT3, CD158e1 11 Inhibitory
three domains, long cytoplasmic tail, 1

KIR3DL2a killer cell immunoglobulin-like receptor, NKAT4, NKAT4a, NKAT4b, CD158k 12 Inhibitory
three domains, long cytoplasmic tail, 2

KIR3DL3a killer cell immunoglobulin-like receptor, KIRC1, KIR3DL7, KIR44, CD158z 1 Inhibitory
three domains, long cytoplasmic tail, 3

KIR3DS1 killer cell immunoglobulin-like receptor, NKAT10, CD158e2 4 Activating
three domains, short cytoplasmic tail, 1

KIR2DP1a killer cell immunoglobulin-like receptor, KIRZ, KIRY, KIR2DL6 1 Pseudogene
two domains, pseudogene 1

KIR3DP1a killer cell immunoglobulin-like receptor, KIRX, KIR2DS6, KIR3DS2P, CD158c 2 Pseudogene
three domains, pseudogene 1

Adapted from http://www.gene.ucl.ac.uk/nomenclature/genefamily/kir.html and http://www.ebi.ac.uk/ipd/kir/loci.html (see also refs. 1,24,29).
a Framework (anchor) genes present on all KIR haplotypes.

http://www.gene.ucl.ac.uk/nomenclature/genefamily/kir.html
and http://www.ebi.ac.uk/ipd/kir/loci.html
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is the only activating receptor on haplotype A, although it is present on more
than 70% of B haplotypes. It usually occurs as a nonfunctional 22-bp deletion
variant (KIR1D) in Caucasians (25,27), but not on Korean KIR haplotypes.
The KIR genes 2DL4, 3DP1, 3DL2, and 3DL3 are present on almost all haplo-
types and called framework or anchor genes (10,25,28). The previously sug-
gested haplotype C is no longer accepted as the ability to type a then unknown
variant of KIR2DL1 (KIR2DL1v) identified that haplotype as a member of
haplotype A group (17,19).

Haplotype A is usually the more common one but the frequencies of the
haplotypes vary considerably among the ethnic groups (16–19,25). Haplotype
A has now been subgrouped into two different genotype groups: (1) A-1D con-
taining KIR2DS4 and (2) A-2DS4 containing KIR2DS4*003 (KIR1D) (25).
The haplotype A-1D lacks all functional 2DS-activating KIRs and only con-
tains the central framework gene KIR2DL4 as the sole receptor on this haplo-
type with activating function. Several pairs of KIR genes and pseudogenes
display negative linkage disequilibrium, implying they could be alleles. Thus,
they do not occur on the same haplotypes. These are: 2DL2/2DL3, 3DS1/3DL1,
2DS3/2DS5, and 2DS1/2DS4/ 2DS4*003 (KIR1D) (28). Supported by high-
resolution and linkage disequilibria studies, the following assumptions are usu-
ally made in haplotype determination studies (13,25): all haplotypes contain
the framework genes 3DL3, 2DL4, and 3DL2; haplotypes contain either 2DL2
or 2DL3/2DL1, but not 2DL2 and 2DL3/2DL1; and haplotypes contain either
3DP1 or 3DP1 variant (3DP1v), but not both; 3DS1 segregates as an allele of
3DL1; 2DS4 is present on haplotypes that do not have any other 2DS genes. In
addition, 2DS4-containing haplotypes contain either one of the allelic variants
2DS4 deletion variant (KIR1D) or 2DS4 (27) but not both. This simplified hap-
lotype A and B scheme has been refined and all haplotypes are now thought of
a combination of one of five centromeric half variants and one of two telomeric
half variants (28). Some rare haplotypes may still occur as recombinants. The
group A KIR haplotypes show higher allelic diversity than B haplotypes. The
latter is characterized by gene content diversity with minor allelic polymor-
phisms.

Because haplotype B is rich in activating receptors as opposed to the lack of
them on haplotype A (25,27,28), individuals who are homozygous for group B
haplotypes will have qualitatively greater potential NK cell activation than
group A homozygotes (14).

1.3. Allelic Polymorphisms of KIR Genes

Although KIR genes show presence or absence variation on haplotypes, each
gene may show further allelic polymorphism (13,25,28,29). From 17 KIR
genes, 89 alleles have been unambiguously defined and fully sequenced (30).
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Since the Nomenclature Committee publication, a further 20 alleles had been
named with more pending (31). The sequences are available at the Immuno-
Polymorphism Database (32) and any new sequence can be compared with the
available sequences using the online dbLRC resource (33) (Note 1).

KIR allele sequences are named in an analogous fashion to HLA allele nomen-
clature. After the gene name, an asterisk is used as a separator before a numeri-
cal allele designation. The first three digits of the numerical designation are
used to indicate alleles that differ in the sequences of their encoded proteins.
The next two digits are used to distinguish alleles that only differ by synony-
mous (noncoding) differences within the coding sequence. The final two digits
are used to distinguish alleles that only differ by substitutions in an intron,
promoter, or other noncoding region of the sequence (24).

1.4. KIR Expression

The KIR genes have a unique and fascinating expression pattern. Most KIR
loci are expressed on different NK clones in a stochastic manner. This diver-
sity is achieved through stochastic expression of genes from the genomic rep-
ertoire in individual clones rather than the combinatorial receptors character-
istic of T-cell receptor and immunoglobulins in the lymphoblasts. Within an
individual, each NK cell expresses two to nine different KIRs in different com-
binations along with the CD94/NKG2 heterodimer (34). To ensure self-toler-
ance, normally at least one inhibitory KIR specific for a host HLA class I allele
is expressed by any NK cell although not necessarily for all allogeneic HLA
class I (20,34,35); if not, this deficit is compensated by the expression of CD94:
NKG2A (34,35). This is the reason for the inverse correlation between the
expression levels of KIRs and CD94:NKG2A (35). The expression of a KIR is
determined at the transcription level and is stable in the progeny of NK cells
(34–36). This pattern of expression is regulated by methylation of KIR loci and
may also result in allele-specific expression (22,37,38). Allelic polymorphism
of KIR loci may correlate with expression levels. Differences in the levels of
KIR3DL1 expression are due to allelic polymorphism in the KIR3DL1 gene
(39). KIR2DL4 is polymorphic, and some common alleles, although tran-
scribed, do not produce cell surface KIR2DL4 (23).

Random expression of individual KIR receptor genes is a rule with some
exceptions. Significant increases in the frequencies of cells expressing the com-
binations 2DL1/2DS1, 2DL2/2DS2, and 2DS1/2DS2 over those expected from
the product of their individual frequencies have been reported (20). This sug-
gests the presence of a nonstochastic component in the regulation of expres-
sion in addition to the generally stochastic nature. The molecular mechanisms
that regulate the clonally diverse expression of KIR genes on NK and T cells
are not known (5).
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The expression of KIRs is not regulated by self-MHC and is not inherited in
an HLA-linked manner (20,36). Individuals may have any combination of KIRs
regardless of their HLA type even though the KIRs they have may not have the
correct ligands for them in the HLA type of the individual (40). The impact of
HLA is to change the frequencies of KIR-expressing cells, although they have
no effect on the surface levels of KIR expression (35). The HLA class I geno-
type dictates the number of KIRs that can serve as inhibitory receptors for
autologous HLA class I, and thus the proportion of NK cells needing CD94:
NKG2A expression to be tolerant of self. In mice, however, the expression of
the Ly49 group of (inhibitory) NK receptors seems to be regulated by the MHC
(41).

A study that evaluated KIR expression by flow cytometry, reverse-transcrip-
tion (RT)-PCR, and quantitative real-time PCR has shown that expression lev-
els of KIR genes are highly variable among individuals. Only KIR2DL3 and
KIR3DL2 are always expressed in all individuals and others show variation
including no expression (38). That study identified KIR2DL1 and KIR3DL1
as the ones expressed by less than 15% of the carriers of these genes. Subjects
who possess both KIR2DL2 and KIR2DL3 appear to preferentially express
KIR2DL3. Leung et al. also identified epigenetic silencing of KIR2DL1 in
their study of KIR expression (38). These findings have strong implications in
interpretation of KIR genotyping results and may even explain some of the
inconsistencies in reported associations of KIR genotypes with hematopoietic
stem cell transplantation (HSCT) outcome. In fact, if KIR typing is going to be
used for clinical decisions, both genotyping and phenotyping should be per-
formed (38).

Expression of KIRs is not exclusive to NK cells; a subset of γδTCR+ T-cells
and memory/effector αβTCR+ T cells also express KIRs (1). A KIR-expressing
subpopulation of T-lymphocytes consist of less than 2% of CD3+ T-cells and
displays a cell surface phenotype typical of memory CD8+ T-cells (CD45RO+
CD29+CD28-CD45RA-). One subtype of T-cells, CD4(+)CD28(null) T-cells,
are a highly oligoclonal subset of T-cells that is expanded in patients with rheu-
matoid arthritis. In CD8+ self-reactive T-cells, TCR engagement sustains KIR
expression (42). It is believed that KIR expression may mediate T-cell tolerance
to self-antigens by sparing self-reactive T-cells.

1.5. KIR Ligands

Most inhibitory KIRs have well defined MHC class I ligands (Tables 3 and 4)
whereas the ligands for activating KIRs have not been characterized that well
(1,2). It is possible that activating KIR ligands are non-HLA molecules as sug-
gested by weak binding of activating KIRs to HLA class I (43). Recently, an
example of this has been reported (9).
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The combination of homozygosity for KIR haplotype B and homozygosity
for HLA-C2 epitope creates a situation where no KIR will have an inhibitory
ligand and NK cell inhibition will rely mainly on the CD94:NKG2A receptor.
This combination may occur following HSCT when both the recipient�s HLA-C
alleles belong to the HLA-C2 group (Lys80-bearing alleles, e.g., Cw*02, *04,
*05, *06, *15, *1602, *17, *18) and the donor�s KIR repertoire consists of
haplotype B (mainly activating receptors) only. This would be a favourable KIR–
HLA interaction in terms of NK cell activity against leukemia cells (graft-vs-
leukemia [GvL] effect).

A hierarchy of the strength of inhibition or activation for different KIR–HLA
ligand combinations has been recognized (2,8,44,45). For example, the inhibi-
tory signal generated by KIR2DL1-HLA-C2 is the strongest. Seemingly para-
doxical associations reported for hepatitis C virus (HCV) infection (44) and
human papilloma virus (HPV)-induced cervical cancer (45) have been explained
by this relationship.

1.6. KIRs and HSCT

Currently, the preferred transplant donor is an HLA-identical sibling or an
HLA-matched unrelated individual. Because HLA and KIR loci are not linked,
even HLA-identical siblings have some degree of KIR mismatching (35,46).
After engraftment, the initial NK cell populations express CD94:NKG2A at a
higher level than KIRs. Gradually, the frequency of CD94:NKG2A decreases
and KIR expression increases (46). Eventually, KIR expression resembles that
of the donor and can be different what the recipient had prior to transplantation
(47).

Unlike allogeneic T-cells, NK cells can discriminate tumor cells from normal
healthy tissues. Thus, they have the capacity to mount a GvL effect without

Table 3
Killer Cell Immunoglobulin-Like Receptor (KIR) Ligand Specificity

2DL1 and 2DS1 2DL2/3 and 2DS2 3DL1/3DS1 3DL2 2DL4 2DS4

HLA-C2 group HLA-C1 group HLA-B - Bw4 HLA-A HLA-G HLA-C

C*02 C*01 B*08 A*03 C*04
C*04 C*03 B*13 A*11
C*05 C*07 B*27
C*06 C*08 B*44

B*51
B*52
B*53
B*57
B*58

Ligands for 2DL5, 2DS3, 2DS5, and 3DL3 are unknown.
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Table 4
C1 / C2 and Bw4/6 Epitopes as Killer Cell
Immunoglobulin-Like Receptor (KIR) Ligands

A. HLA-Cw alleles with C1 epitope
and HLA-B alleles in linkage disequilibriuma,b

HLA-Cw HLA-B HLA-B epitope

Cw*03 B*55 (Cw*09) Bw6
B*62 (Cw*09/10) Bw6
B*60 (Cw*10) Bw6

Cw*07 B*08 Bw6
B*07 Bw6
B*18 Bw6
B*39 Bw6

Cw*08 B*14 Bw6
Cw*12
Cw*13
Cw*14
Cw*1601

B. HLA-Cw alleles with C2 epitope
and HLA-B alleles in linkage disequilibriuma,b

HLA-Cw HLA-B HLA-B epitope

Cw*02 B*27 (Cw*01/02) Bw4
B*61 Bw6

Cw*04 B*35 Bw6
B*53 Bw4

Cw*05 B*44 Bw4
B*18 Bw6

Cw*06 B*13 Bw4
B*37 Bw4
B*45 Bw6
B*57 Bw4
B*47 Bw4
B*50 Bw6

Cw*15
Cw*1602
Cw*1701
Cw*18

a In Caucasians.
b The C1 and C2 are epitopes correspond to Casn80 and Clys80, respectively.

causing graft-vs-host-disease (GvHD). An earlier observation that matching at
HLA-C was a significant risk factor for leukemia relapse after transplantation
was interpreted as HLA-C mismatch may elicit GvL effect (48). This observa-
tion suggested the involvement of NK cells in this phenomenon because of the
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role played by HLA-C molecules in NK cell biology. Initial studies in
haploidentical donor HSCT (high-dose stem cells and T-cell depletion in the
conditioning regimen with no posttransplantation immunosuppression for GvHD
prevention) indeed reported on a favorable effect of KIR mismatching on leuke-
mia relapse and other clinical outcomes (graft failure, GvHD) (49–51). The
analysis of recipient–donor pairs mismatched at KIR ligand specificities (HLA-
B and HLA-C) showed that when the inhibition of donor NK cells was predicted
to be lifted (because of the absence of at least one of the inhibitory ligands for
donor NK cell clones in the recipients) there was an enhanced anti-leukemic
effect of NK cells in vitro. As an in vivo correlation, these patients had a lower
risk of relapse. These studies suggested that KIR-specific epitope mismatching
may be a useful strategy for enhancing the GvL effect of allogeneic haploiden-
tical donor HSCT. Although the first study, which investigated this phenom-
enon in unrelated donor HSCT (without T-cell depletion) did not confirm it (52),
another one that used antithymocyte globulin (ATG) in the conditioning regi-
men showed the same effect (53). More recent studies continue to support a
contribution of HLA mismatches to better survival in AML as a result of an
interaction with KIRs in unrelated donor HSCT (38,54–56). Discrepancies seem
to have been due to differences in the transplantation settings used at different
treatment centers (such as conditioning regimens, stem cell and T-cell content,
and the different forms of GvHD prophylaxis) and the heterogeneity in leukemic
group (alloreactive NK cells offer no protection from ALL following
haploidentical transplantation [49]). The overall results predict that the presence
of inhibitory KIRs on the unrelated donor�s NK cells and the absence of corre-
sponding KIR ligand in an AML patient�s (recipient) HLA repertoire (“recep-
tor–ligand” or “missing KIR ligand” model) may be used in clinical decisions.

Algorithms have been presented for determination of clinically relevant
recipient HLA and donor KIR combinations (38,55). If the recipient�s HLA-C
genotype consists of alleles with Asn80 only (C1 group: Cw*01, 03, *07, *08,
*12, *13, *14, *1601/4), donors with inhibitory KIRs using the C2 group as
ligands (2DL1 and 2DL2/2DL3) will create a “receptor–ligand mismatch” after
transplantation (2DL2/2DL3 will not matter because they most likely use both
C1 and C2 epitopes as ligands). Likewise, for recipients lacking HLA-Bw4,
presence of KIR3DL1 will result in a receptor–ligand mismatch for an inhibi-
tory KIR. These specific combinations are crucial because of the dominance
of inhibitory signals in NK cell cytotoxicity. The donor�s HLA type plays no
role in this interaction. Because of the stochastic nature of KIR expression,
either combination is relevant regardless of the other. There may be NK cell
clones that express KIR2DL1 as the only KIR and whether the recipient has
HLA-Bw4 or not does not matter for that clone. This clone will see the recipi-
ent cells as missing the ligand for its KIR. Because of the inverse correlation
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of KIRs and CD94:NKG2A expressions (35), the more universal NKG2A -
HLA-E interaction may not be enough to prevent cytotoxicity for this clone.
The GvL effect, which occurs when the donor cells express an inhibitory KIR
in the absence of its corresponding ligand in the recipient, results in lower
relapse rates if certain transplant conditions are met. This is the basis of reported
favorable effects of “KIR mismatching” following HSCT. Leung et al. cautioned
that two of the most important KIRs, 2DL1 and 3DL1, have variable expres-
sion levels, and genotyping alone may not be able to predict their presence on
the donor NK cells (38).

1.7. KIR Genotyping

An individual�s KIR genotype can be determined by flow cytometry for
surface expression (38,39,46,56,57), by RT-PCR (15,20,38) or real-time PCR
(38) at the RNA level, or by a variety of methods at the DNA level. Recently,
a matrix-assisted laser/desorption ionization (MALDI)-time-of-flight (TOF)
mass spectrometer method using primer extension has also been used (31).
Because of similar levels of polymorphism, KIR genotyping shares same prin-
ciples of HLA typing (see Chapter 3). As in HLA typing, the main methods
have utilized sequence-specific primers (SSP) (13,15,17,25,58–60), sequence-
specific oligonucleotides (SSOs) (26,60,61), single-stranded conformation
polymorphism (SSCPs) (62), or sequencing-based typing (SBT) (30,33). Most
recently, a multiplex PCR-SSP method has also been described (63). Among
all of these methods, PCR-SSP is the most widely used and is able to cover all
known alleles. The currently used PCR-SSP methods derive from the first
scheme described by Uhrberg et al. (15) to account for newly discovered loci,
previously undetected alleles, and for variants affecting primer annealing
(13,17,25,58–60). PCR-SSP is also the method of choice by the International
Histocompatibility Working Group NK Receptors and HLA Polymorphism
Project (http://www.ihwg.org/components/nkover.htm) (Note 2). A medium
resolution PCR-SSP typing kit has been produced by Pel-Freez/Dynal. This kit
detects the presence or absence of all 17 KIR genes and also provides limited
information on common variants of 2DL5, 2DS4, and 3DP1 using 21 PCR
amplification reactions. Most methods use the framework genes (2DL4, 3DP1,
3DL2, and 3DL3) that are present on all haplotypes as internal controls. Among
those, 2DL4 and 3DL2 are present on all haplotypes in all ethnic groups exam-
ined to date (19) and thus the most suitable genes to be used as positive internal
controls in PCR-SSP methods (Notes 3 and 4). RT-PCR based on PCR-SSP is
the method of choice for allotyping NK cell clones and remains largely un-
changed from that described previously (15).

By genotyping at the DNA level, an overall impression of the KIR reper-
toire is obtained. PCR-SSO (26,60), PCR-SSP (15,17,19,25,59,60), and multi-

http://www.ihwg.org/components/nkover.htm
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plex PCR-SSP (63) have been established as typing techniques. The minimum
requirements are 12 primer pairs for PCR-SSP or 13 probes for PCR-SSO.
These techniques however only address to the variable gene content of KIR
haplotypes but do not deal with allelic polymorphism that has recently been
recognized (13). Sequence-based typing has not been used routinely to type
KIR loci or alleles but dbLRC (Notes 1 and 5) has an alignment viewer for
analyzing KIR sequence data (33) (Note 6).

Currently, there is no single typing scheme that is useful for typing all 16
genes and relevant alleles of few of them. A combination of the most up-to-
date schemes (19,25,58,59) may be needed for the most comprehensive analy-
sis of the KIR gene content. As mentioned previously, KIR genotyping results
should be correlated with protein expression studies (flow cytometry) for pre-
dictive use in HSCT setting. KIR typing at the protein level is not covered in
this chapter (see refs. 38,39,46,56,57).

2. Materials
High-molecular-weight genomic DNA, standard PCR reagents, thermal cycler,

and visualization methods are needed as in any other genotyping method. Because
of relatively large amplicon sizes for certain genes, integrity of the DNA samples
is particularly important. It is important to choose a large size internal control to
ensure the integrity of the DNA (Note 4). For the same reason, it may be desirable
to use a high-performance Taq polymerase rather than a regular one. The genotyp-
ing procedure does not differ from the other typings of polymorphic systems such
as the HLA alleles. The main difference is the sequence-specific primers. A typi-
cal genotyping scheme requires the following:
 1. Genomic DNA. Any method that provides high-molecular-weight, stable and

undegraded DNA is suitable. This is best achieved using widely available DNA
extraction kits (e.g., kits by Qiagen, Nucleon, Promega, Gentra) but a manual
phenol-chloroform extraction method can also be used. Quick extraction meth-
ods should be avoided in the interest of stability of the DNA during long-term
storage. Ideal sources for genomic DNA are peripheral blood, bone marrow, or
buccal cell samples. Archived samples such as paraffin-embedded tissue, stained
blood smears, or dried blood spots will provide genomic DNA, but the DNA
obtained from these sources may not be suitable for amplification of a relatively
long amplicon as is required for KIR genotyping (Note 7). The method being
used should yield long DNA fragments (such as Amersham or Qiagen kits). The
amount of genomic DNA required varies between 10 and 200 ng depending on
the reaction volume, material used, and the thermal cycler. Smaller reaction vol-
umes in thin-walled tubes or plates, high-performance Taq polymerase, and most
recent versions of thermal cyclers require the smallest amount of DNA. Original
KIR genotyping was performed using cDNA, and most methods are suitable for
KIR genotyping on cDNA samples.

2. Primers. The primers used in a typical KIR genotyping are presented in Table 5.
Most of those are from Gagne et al. (58) because of shorter amplicon sizes and
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Table 5
A List of PCR-SSP Primers for Detection of the Presence of KIR Genes

KIR Forward primer (59–39) Reverse Primer (59–39) Size (bp)

2DL1a GTTGGTCAGATGTCATGTTTGAA GGTCACTGGGAGCTGACAC   204
TGGACCAAGAGTCTGCAGGA ACTCAGCATTTGGAAGTTCCG   270

2DL2a CTGGCCCACCCAGGTCG GGACCGATGGAGAAGTTGGCT   173
TCATCCTCTTCATCCTCCTCT AGCATTTGGAAGTTCCGC   750

2DL3a CTTCATCGCTGGTGCTG AGGCTCTTGGTCCATTACAA   550
TCCTTCATCGCTGGTGCTG GGCAGGAGACAACTTTGGATCA   800

2DL4a CAGGACAAGCCCTTCTGC CTGGGTGCCGACCACT   254
ACCTTCGCTTACAGCCCG GGGTTTCCTGTGACAGAAACAG   288

3DL1a CCAGCGCTGTGGTGCCTCGA TGGGTGTGAACCCCGACATG   197
GGTGAAATCAGGAGAGAG GTAGGTCCCTGCAAGGGGAA   181

3DL2a CAAACCCTTCCTGTCTGCCC GTGCCGACCACCCAGTGA   245
CCCATGAACGTAGGCTCCG CACACGCAGGGCAGGG   130

3DL3a GTCAGATGTCAGGTTTGAGCG CATGGAATAGTTGACCTGGGAAC   112
GCAGCTCCCGGAGCTTG GGGTCTGACCACGCGTG   190

2DL5b TGCCTCGAGGAGGACAT CCGGCTGGGCTGAGAGT 1151

2DL5.1c CTCCCGTGATGTGGTCAACATGTAAA GGGGTCACAGGGCCCATGAGGAT 1883

2DL5.2c GTACGTCACCCTCCCATGATGTA GGGGTCACAGGGCCCATGAGGAT 1893

(Continued on next page)
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Table 5 (Continued)
A List of PCR-SSP Primers for Detection of the Presence of KIR Genes

KIR Forward primer (59–39) Reverse Primer (59–39) Size (bp)

2DS1d GTAGGCTCCCTGCAGGGA CAGGGCCCAGAGGAAAGTT   149
CTTCTCCATCAGTCGCATGAA/G GACAAACAAGCAGTGGGTCACTT   184

2DS5d GCACAGAGAGGGGACGTTTAACC ATGTCCAGAGGGTCACTGGGC   179
CTCCCCCTATCAGTTGTCAGCG AAAGAGCCGAAGCATCTGTAGGC 1816

2DS2a TTCTGCACAGAGAGGGGAAGTA AGGTCACTGGGAGCTGACAA   173
CGGGCCCCACGGTTT GGTCACTCGAGTTTGACCACTCA   240

2DS3a TGGCCCACCCAGGTCG TGAAAACTGATAGGGGGAGTGAGG   242
CTATGACATGTACCATCTATCCAC AAGCAGTGGGTCACTTGAC   190

2DS4a CTGGCCCTCCCAGGTCA TCTGTAGGTTCCTGCAAGGACAG   204
TAGGCTCCCTGCAGTGCG GAGTTTGACCACTCGTAGGGAGC   129

3DS1a GGTCCAGAGGGCCGGT GAAGAGTCACGTGTCCTCCG   900
GGTGAAATCAGGAGAGAG GTCCCTGCAAGGGCAC   177

2DP1c TCTGTTACTCACTCCCCCA GGAAAGAGCCGAAGCATC 1825

3DP1b CCATGTCGCTCATGGTCG TGACCACCCAGTGAGGA 361/1834
CCATGTCGCTCATGGTCG AGGGTTCTTCTTGCTGC 1047

a From ref. 58.
b From ref. 59.
c From ref. 25.
d From ref. 19.
PCR-SSP, PCR using sequence-specific primers; KIR, killer cell immunoglobulin-like receptor.

138
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also because their scheme uses two primer sets for 11 of the expressed genes to
allow duplicate testing of each gene in case yet-unknown polymorphisms cause
loss of function of one of the primers. The longest amplicon is 900 bp (for
KIR3DS1). The rest of the duplicate primer sets for the expressed genes (for
2DS1 and 2DS5) are from Cook et al. (19). The primers for KIR2DL5 (A and B)
and its alleles and for the two pseudogenes KIR2DP1 and KIR3DP1 are from
Gomez-Lozano and Vilches (59). KIR2DS4 variants 2DS4F and 2DS4D can be
typed by primers described by Hsu et al. (25).

3. Internal control. Any of the framework genes that are present in each sample may
be considered as internal control for the PCR reaction but an unrelated gene may
also be included in the scheme as internal control. Whatever gene is being used
as internal control, its primers must be included in each reaction alongside the
primers for the target gene. This multiplexing is routine for any PCR-SSP typing
scheme and requires some optimization.

3. Methods

PCR conditions do not differ from standard PCR-SSP conditions. Briefly, fol-
lowing optimization, primers, dinucleotide mix (dNTPs), and reaction buffer are
mixed and preferably a high-performance Taq polymerase is added to each tube
or well. It is critical that all general laboratory safeguards are in place to avoid
contamination. The following protocol is from Gagne et al. (58) and provides
general conditions. It is, however, best to optimize the primer concentrations and
cycling parameters locally for the reagents and equipment used. Because of the
long amplicon sizes, it may be useful to keep extension times a little longer than
usual.

KIR-specific primers are used at a final concentration of 0.1 to 0.5 µM depend-
ing on the target gene. Amplifications of KIR genes are performed in 10-µL
reactions using 0.4 U Taq polymerase, 0.2 mM of each dNTP, 1.5 mM MgCl2,
5% glycerol, and 50 ng of genomic DNA under the following conditions: initial
denaturation for 2 min at 92°C, then 25 s at 91°C, 45 s at 65°C, 30 s at 72°C for
four cycles, 25 s at 91°C, 45 s at 60°C, 30 s at 72°C for 26 cycles, 25 s at 91°C, 60
s at 55°C, 120 s at 72°C for 5 cycles, and 10 min at 72°C. Amplification products
are visualized on a 2% agarose gel following staining with ethidium-bromide (or
other DNA binding dyes). It is important to keep an image of the gel or take a
picture for permanent records.

4. Notes

1. IPD-KIR Database (http://www.ebi.ac.uk/ipd/kir) and dbLRC Resource (http://
www.ncbi.nlm.nih.gov/mhc/MHC.fcgi?cmd=init&locus_group=2)

2. For IHWG reference cell lines typing results, see refs. 25,59, and 60.
3. The framework genes 2DL4, 2DP1, 3DP1, 3DL2, and 3DL3 that are present on

all haplotypes can be used as internal controls for PCR-based detection methods.

http://www.ebi.ac.uk/ipd/kir
http://www.ncbi.nlm.nih.gov/mhc/MHC.fcgi?cmd=init&locus_group=2
http://www.ncbi.nlm.nih.gov/mhc/MHC.fcgi?cmd=init&locus_group=2
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4. If setting up a new SSP method, for the selection of an internal control, it is best to
consider a framework gene whose amplicon will be larger than any of the target
genes. This way, when present, the target gene will be amplified preferentially.

5. The KIR3DL2*001 sequence is the reference KIR sequence as it provides a suf-
ficiently long reference sequence and also possesses a high level of nucleotide
identity and structural homology to the majority of the other KIR genes (30).

6. In a population, where KIR genes have not been analyzed before, it is best to use
SBT in case there are yet unknown alleles.

7. PCR-SSP typing requires plenty of DNA. If the amount of DNA is limited, whole
genomic amplification can be successfully used for KIR typing (64).
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Identification of Bone Marrow Derived
Nonhematopoietic Cells by Double Labeling
with Immunohistochemistry and In Situ Hybridization

Isinsu Kuzu and Meral Beksac

Summary
Stem cell migration/trafficking is a field of interest that is shared by pathologists,

histologists, clinical transplantation teams, cardiologists, neurologists, and many other
members of different disciplines. Until the findings of a successful combination of in
situ methods, the origin of chimeric parenchymal cells was a dilemma. These double-
labeling techniques have brought insight to our new concept of stem cell biology. It has
been extremely helpful in the detection of the origin of terminally differentiated, includ-
ing hematopoietic and nonhematopoietic, cells appearing following allogeneic stem cell
transplantation. It has also become a standard approach for evaluation of repopulation
following tissue injury in solid organ transplant patients or experimental models.

Although very useful, this technique has its advantages and pitfalls. It requires exper-
tise in application and interpretation. Suitable selection of specific markers against paren-
chymal cells and preferably a cocktail of antibodies targeting infiltrating inflammatory
cells are mandatory. One pitfall of this method is its restriction to sex-mismatched pairs.
The spectrum of labels for X and Y chromosomes are suitable for combination. To pre-
vent misinterpretation, the precautions needed are defined in this chapter.

Key Words: Immunohistochemistry; in situ hybridization; double labeling; chimer-
ism; stem cell transplantation.

1.Introduction
The concept and our knowledge of stem cells has been almost completely

altered during the last 5 yr. The exciting paper from Orlic et al. showing regen-
eration of infarcted myocardium with bone marrow stem cells in mice was the
beginning of a new era and was followed by many experimental and clinical
studies (1). The initial reports implicating a stem cell plasticity/transdifferen-
tiation created hope for treatment of disorders resulting from fatally malfunc-
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tioned organs or tissues. Unfortunately, these findings were later challenged
by the reports supporting fusion between donor type adult hematopoietic stem
cells and recipient�s terminally differentiated cells of mesenchymal origin.
Although the proof of diploid–diploid fusion by demonstration of tetraploid hepa-
tocytes, purkinje neurons, or cardiomyocytes are beyond doubt, cell fusion is a
very rare event, insufficient to explain the functional improvement observed
(2–4). During the same time period, reports on demonstration of donor bone
marrow-derived hepatic, neural, and other cells following allogeneic stem cell
or organ transplantation in humans also continued to be published (5–9). The
debate is still ongoing and the polarization in the scientific community has not
come to a resolution yet. Another recent concept that has brought a new per-
spective into the field is that during early embryogenesis, when the migration
and trafficking of stem cells are at their climax, stem cells anchor at various
tissues. Damaged parenchymal cells can be replaced by lineage-specific tissue
stem cells which are already located at sites called “niches.” Liver, gastrointes-
tinal mucosa, epidermis, endometrium, and cornea are some examples of the
tissues with high capacity for self renewal. The lineage-specific tissue stem
cells have restricted differentiation capacity compared to adult bone marrow
multipotent progenitor cells. Today, there is accumulating evidence suggest-
ing migration or circulation of stem cells in the postnatal period. The migration
from the bone marrow to the peripheral blood after the infusion of growth fac-
tors, i.e., granulocyte colony-stimulating factor, has been known and used for
therapeutic purposes for a long time. The reports showing engraftment of donor
bone marrow-derived cells in nonhematopoietic tissues, i.e., liver, kidney, and
brain, are the examples of evidence for traffic from the transplanted bone mar-
row to these tissues. The reverse has come to our attention very recently. It is
also very likely that tissue-committed stem cells (TCSC) may migrate and colo-
nize in the bone marrow, a very permissive environment, as well (10). This
traffic helps to maintain a stem cell pool capable of cell renewal in all niches
and serves many physiological repair purposes. The tissue damage may be a
trigger for the trafficking of TCSCs into the circulation. The growth factors that
mobilize stem cells from the marrow to the circulation have been found to
mobilize bone marrow residing-TCSCs to the circulation as well (10). Under
the light of these findings we may attribute the regenerative potential of bone
marrow derived stem cells to these bone marrow-residing TCSCs and and con-
clude that it is not a transdifferentiation phenomenon. More evidence, other than
fusion, against plasticity is the finding of very rare tissue-specific stem cells in
the myocardium (11). The number of these stem cells may not be adequate
enough for the regeneration needed following a myocardial infarct. However,
the implantation of bone marrow mononuclear cells may establish an environ-
ment permissive for the cardiac stem cell proliferation and differentiation.
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Recently, reports from the Hannover group have demonstrated the donor ori-
gin of the Tc-labeled cells repopulating the infarct area by nuclear magnetic
resonance imaging in patients (12). The origin of the donor bone marrow resid-
ing stem cells responsible for the regeneration has not been documented yet
(13). In order to answer this and many other related questions, we need to
analyze the posttransplant or postimplant tissues using markers specific to the
donor with simultaneous phenotyping of all cells.

The finding that multipotent adult progenitor cells are not restricted to differ-
entiation into hematopoietic cells has prompted investigators to apply this tech-
nique to the field of allogeneic stem cell or solid-organ transplantation. Dis-
parities between donor–recipient pairs in terms of gender, molecular markers,
etc. enables detection of chimerism in various cell types, including cells at dif-
ferent maturation steps, either hematopoietic or of other lineages. The most
widely and easily applied technique is in situ hybridization (ISH). For simulta-
neous detection of various parameters, in situ methods including immunohis-
tochemistry (IHC) and ISH which target proteins, DNA, or RNA, could be
applied in combination. The origin and transdifferentiation status of the trans-
planted multipotent adult progenitor cells can be detected with the simultaneous
application of these two techniques. For detection of donor type chimerism
among non-hematopoietic cells in the parenchymal organ and tissues, or vice
versa, a technique that enables detection of both genetic origin and differentia-
tion is required. Chromogenic ISH (CISH) (Fig. 1) or fluorescence ISH (FISH)
(Figs. 2A and 3A) have all been used for this purpose. These techniques can be

Fig. 1. Renal tubular epithelium with double X signals (red) of donor origin. The
cells in the interstitial tissue contain one X (red) and one Y (green) signal demonstrat-
ing the recipient bone marrow origin. (CISH method alone for chromosomes X [red]
and Y [green], DAP and Fast red). (Reproduced from ref. 6, with permission.)
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successfully applied to frozen or paraffin-embedded tissue sections sequentially.
The donor-derived inflammatory cell population in bone marrow-transplanted
patients may infiltrate the parenchymal compartment. The main interpretation
difficulty is caused by these overlapping bone marrow-derived inflammatory
and host-derived parenchymal cells. Thus, labeling only parenchymal cells may
cause overinterpretation of engraftment. In order to overcome this problem,
double labeling with lineage-specific monoclonal antibodies and molecular
probes has been used to define both the phenotype and genotype of the chimeric
sample. The decision whether to use FISH or CISH is based on the availability
of the relevant imaging system or need for additional filters. In situations re-
quiring multiple surface or cytoplasmic targets for IHC, chromosomes can be
stained by FISH (5,8,14). Although FISH is the most frequently used method,
there are also various publications wherein CISH was used in the visualization
of sex chromosomes (6,15–18). FISH alone has been routinely applied for more
than 15 yr. This technique is standardized for labeling of mRNA, genes
(oncogenes or the others), and chromosomes (whole or partial). It has been
widely used for quantification of donor type chimerism in sex-mismatched stem
cell transplants. Later, immunocytochemistry was combined with FISH on tis-
sue sections and successful images were achieved (Figs. 2 and 3). Application
of FISH to paraffin-embedded tissues to examine certain chromosomal abnor-
malities has become routine as well (19–24). Because the morphology of the

Fig. 2. A and B are from a colon mucosal biopsy sample of a female patient who had
received bone marrow transplantation from a male donor. (A) A donor-originated epi-
thelial cell with X (red) and Y (green) choromosomal signals within the crypt. The rest
of the epithelial cells are recipient originated having double X signals (FISH method,
dark field). (B) Cytokeratin expression (black-stained) of the donor originated cell in A
is reflecting the epithelial phenotype (immunoperoxidase staining with diaminobenzi-
dine chromogen, bright field).
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stained or unstained cells can be only roughly defined, an additional surface
immunophenotyping step has become necessary.

The double-labeling method includes standard steps that are essential for
tissue preparation. The pretreatment steps for ISH employ low pH, high tem-
perature, and strong enzyme incubations. These conditions could damage the
antigenic potential of the proteins used for cell labeling. For this reason, if
double labeling is performed, pretreatment steps should follow IHC. If ISH is
performed alone, the pretreatment procedure must follow deparafinization.
The technique can be altered to the type of tissue and cells of interest. There
are now biotin- and digoxygenin-labeled probes commercially available for
CISH targeting of various genes including the X and Y chromosomes.

2. Materials
2.1. Specific Markers Against Cells and Tissues to be Selected

Specific markers for the parenchymal cell component can be extended depend-
ing on the tissues of interest. We could give a short list of tissues with their reliable
markers. This list can be extended for different research purposes.

1. Liver: hepatocyte antibody.
2. Gastrointestinal epithelium: cytokeratin.
3. Neuroendocrine cells: synaptophysine.
4. Thyroid: thyroglobulin and cytokeratin.

Fig. 3. The A and B are from a liver biopsy sample of a male patient who had received
a liver transplant from a female living donor. (A) The donor-originated liver cells have
double red signals of X chromosomes whereas recipient-originated bone marrow-
derived inflammatory cell has one X (red) and one Y (green) chromosomal signals (FISH
method, dark field). (B) The cell with male genotype (XY) in A is labeled (black) with
the cocktail of antibodies against CD45, CD15, and CD68, revealing its bone marrow
origin (Immuno peroxidase staining with DAB chromogen, bright field).
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5. Kidney: cytokeratin for proxymal tubular epithelium.
6. Glial cells: GFAP.
7. Neurons: neurofilament protein.
8. Bone marrow-derived inflammatory cells: mixture of several antibodies against

different types of inflammatory cells that have similar antigen retrieval condi-
tions can be applied on one section. Labeling of several different circulating or
homing bone marrow-derived inflammatory cells can be easily visualized by this
way. A mixture of anti-CD45, -CD68, and -CD15 can be applied for labeling of
lymphocytes, monocytes- histiocytes, and leukocytes. All of the antibodies in the
combination must be suitable for a common antigen-retrieval procedure.

9. Endothelium: factor VIII RA.
10. Striated muscle and cardiomyocyte myoglobin.

2.2. Tissue Sectioning and Deparaffinization

1. Microtome and blades for paraffin sectioning.
2. Positively charged slides (Superfrost plus, Menzel).
3. Xylene.
4. Ethanol (graded ethanol solutions: %75, %85, %100).
5. Incubator (essential temperatures are 37°C and 75°C).

2.3. Materials for IHC

1. % 3 H2O2 (v/v) solution
2. Antigen retrieval solutions: the most frequently used alternatives are heating in

salt solutions, such as sodium citrate.

Sodium citrate stock solution:
Solution 1: 10.5 g citric acid (C2H2O2 · H2O) in 500 mL dH2O, pH 7.3.

Solution 2: 29.41 g trisodium citrate (C6H5Na3O7 · 2H2O) in 1 L dH2O,
pH 7.3.

Working solution: 3 mL of solution 1, 147 mL of solution 2 must be mixed
in 1350 mL dH2O.

EDTA, pH 8.0 stock solution:
Solution 1: 3.6 g disodium salt EDTA (C10H14N2Na2O8 – 2H2O) in 100 mL

dH2O, pH 8.0.
Solution 2: 3.8 g tetrasodium salt EDTA (C10H12N2O8Na4 – 2H2O) in 100

mL dH2O, pH 8.0.
Working solution: 4.9 mL of solution 1, 5.1 mL of solution 2 must be

mixed in 990 mL dH2O.

3. Enzymes (Protease or trypsin).
4. Pressure cooker.
5. Primary antibodies: monoclonal or polyclonal (see Subheading 2.1.).
6. Secondary antibodies (anti-rabbit, anti-mouse, etc., depending on the primary

antibody type ) (see Note 1).
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7. Phosphate-buffered saline (PBS) solution: 7.2 g NaCl, 0.43g NaH2PO4 2H2O,
1.48 g Na2 HPO4 12 H2O, in 1 L dH2O and pH 7.6.

8. Diaminobenzidine (DAB).
9. Humid chamber.

2.4. FISH

1. HCl 0.2 N (Merck % 37 HCl):
a. 1 N HCl stock solution: dilute 37 % HCl (w/v) 1:12 with dH2O. This solution

is stored at room temperature.
b. 0.2 N HCl working solution: dilute 1 N HCl stock solution 1:5 with dH2O.

This solution can be used for 5–6 times when stored at room temperature.
2. 20X SSC stock solution: 3 M sodium chloride (NaCl), 0.3 M sodium citrate · 2H2O.

Stock solution: dissolve 175.3 g NaCl and 88,2 g sodium citrate · 2H2O in 800
mL dH2O. Adjust pH to 7.0 with 1 N HCl. The final volume should be
completed to 1 L by adding dH2O. The stock solution can be stored at
room temperature.

3. 2X SSC working solution: dilute 20X SSC 1:10 with dH2O. This solution should
be discharged at the end of the procedure.

4. 2X SSC working solution with Tween 20: 2X SSC with 0.05% Tween 20 (v/v).
5. Tris-EDTA-NaCl (TEN) buffer: 0.05 M Tris-HCl, pH 7.8, 0.01 M EDTA, 0.01 M

NaCl. This solution can be stored at 4°C for a few weeks.
6. Formamide denaturation solution (70% formamide in 2X SSC). For 100 mL solu-

tion: 70 mL formamide + 10 mL 20X SSC+ 14 mL dH2O. Adjust pH to 7.0 by 1 N
HCl. Add dH2O and complete the volume to 100 mL. This solution can be used
five to six times when it is stored at 4°C.

7. Formamide washing solution (50 % formamide in 2X SSC). For 150 mL solu-
tion: 75 mL formamide + 15 mL 20X SSC + 40 mL dH2O. Adjust pH to 7.0 by 1
N HCl. Add dH2O and complete the volume to 150 mL. This solution can be used
five to six times when it is stored at 4°C.

8. 4% Formaldehyde solution in PBS: dilute 40% formaldehyde (w/v) solution 1:10
in PBS. This solution can be used five to six times when it is stored at room
temperature.

9. Proteinase K solution: includes 0.05 mg/mL proteinase K in TEN buffer.
10. Probes for X and Y chromosomes. Direct fluorescent-labeled Vysis Cep X, Y

probe cocktails (Abbott Vysis, IL) have been used in our studies. Other probe
alternatives for FISH are direct-labeled Chr X,Y probes of FISH by Q-BIOgene,
CA. There is a commercially available product of Zymed-Invitrogen, CA, named
Spot-Light Chr X/Y probe cocktail, which contains digoxgenin- and biotin-la-
beled probes. This product is suitable for CISH and the detection kit can be used
following the probe incubation if this probe cocktail is performed.

11. DAPI is preferred for nuclear counterstaining for FISH.
12. Water bath suitable to reach boiling temperatures.
13. Probe Incubator (1-VP 2000 and HyBrite Vysis, Abott, 2-Omni Slide thermal

cycler).
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14. Glass coverslips.
15. Rubber cement.
16. Metal containers (these are better than the glass containers and help the solutions

to reach high temperatures in the water bath).
17. Metal slide racks.

3. Methods

3.1. Paraffin Sections

In routine practice, 4- to 5-µm thick paraffin sections are preferred. This thick-
ness may affect the interpretation by increasing the frequency of partial nuclei.

The range of nuclear losses depends on the size of the nuclei. The effect of
sections on interpretation will be discussed later. The efficiency of slide
adhesivity is also important. For this reason, the sections must be placed on
positively charged slides in order to avoid losing the tissue during the
procedure�s several temperature and enzyme challenges.

3.2. Deparafinization

1. Incubate paraffin-embedded tissue sections (4–5 µm in thickness) at 37°C over-
night. This procedure is useful for drying and making the tissue section to adhere
to the slide.

2. Incubate paraffin sections at 70°C for 1–2 h.
3. Immerse slides in three changes of %100 xylene for 6 min each.
4. Rehydrate slides in graded ethanol solutions in three dilutions of 100%, 85%,

and 75% (v/v) for 5 min each.
5. Wash the slides in dH2O for at least 5 min before starting the IHC steps.

3.3. IHC

1. Treat slides with 3% H2O2 (v/v) for 5 min in order to block endogenous peroxi-
dase.

2. Wash slides in two changes of PBS.
3. Antigen retrieval (this step is optional [see Note 2]) using pressure cooker: boil

the solution (either sodium citrate or EDTA) and place the slide racks with the
slides into the cooker. The slides should be completely immersed in the liquid.
Close the lid and boil the slides under pressure for 90 to 120 s. At the end of the
incubation period, immediately cool the cooker under tap water before opening
the lid. Remove the slide racks and place in dH2O.

4. Rinse slides in PBS for 5 min.
5. Wipe the liquid surrounding the section and circle the section with a delimitating

pen in order to avoid the diffusion of the antibodies to the whole surface of the
slide and keep them on the section.

6. Apply the primary antibody in a recommended dilution, period, and temperature
(see Subheading 2.1.).

7. Rinse slides in two changes of PBS for 5 min each following the incubation period.
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8. Apply secondary antibody for the required period and temperature (see Note 1
for the alternatives).

9. Rinse slides twice with PBS for 5 min each.
10. Apply enzyme substrate DAB for required time (about 10–20 min depending on

the product manual) at room temperature (see Note 4).
11. Rinse the slides twice with PBS for 5 min each (see Note 5).
12. Rinse the slides in dH2O.

3.4. FISH
3.4.1. Tissue Pretreatment Protocol

The pretreatment procedure is important especially when paraffin sections of
fixed tissues are used. The parenchymal cells of every tissue are placed in a
stroma containing extra cellular matrix. The cellular membrane and the amount
of cytoplasm could alter the efficiency of the hybridization. The probes must
pass through all of these structures, such as extra cellular matrix, cellular mem-
brane, cytoplasm, and nuclear membrane, and finally reach the chromosomes.
For this reason, different incubation periods for different tissues are recom-
mended for the key steps of the pretreatment procedure (Table 1). For a success-
ful result, the tissue and cell structure must be optimally damaged. The aim is to
make enough holes for the probes to reach the chromosomes during the incuba-
tion without damaging the morphology. The fixatives can also affect the success
of the hybridization.

Table 1
Durations of Pretreatment Steps According to the Different Tissues (19)

Proteinase K
HCL (0.2 N) 2X SSC (0.05 mg/mL)

Tissues Incubation (min) at 80°C (min) at 37°C (min)

• Skin 15 ( ± 5) 15 ( ± 5) 5–10
• Intestine
• Lung
• Thyroid

• Spleen 20 20 10
• Lymph node
• Adrenal

• Liver 25 ( ± 5) 25 ( ± 5) 10–15
• Kidney
• Pancreas
• Heart
• Breast a

• Prostate a

a The periods for breast and prostate tissues are obtained by our laboratory experience.
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In our experience, the protocol most effective on several different tissues is
that described by Johnson and colleagues (19). In order to help the denatur-
ation of the cellular DNA and increase the hybridization success, we modified
this method by adding a formamide denaturation step described earlier (23,24).
The following part contains pretreatment steps first described by Johnson and
colleagues, including our modification (23,24). The pretreatment procedure
explained here must follow IHC, but can also be used prior to probe hybridiza-
tion on paraffin-embedded tissue sections to examine cellular DNA for pur-
poses excluding IHC combination.

1. Incubate the slides in 0.2 M HCl at room temperature. Different durations of
the incubation period are recommended for different tissues (19) (see Table 1).

2. Rinse the slides in dH2O at room temperature for 2 min by dipping several
times.

3. Rinse slides in 2X SSC with Tween 20 for 5 min at room temperature.
4. Incubate slides with 2X SSC at 80°C for recommended time (see Table 1).

Containers with 2X SSC solution must be heated previously in the water bath
and the slides must be immersed at 80°C.

5. Rinse the slides in dH2O at room temperature for 2 min by dipping several
times.

6. Rinse slides in 2X SSC with Tween 20 for 5 min at room temperature.
7. Incubate slides with proteinase K in TEN buffer at 37°C in a humid chamber

(see Table 1 for the period of treatment).
8. Rinse the slides in dH2O at room temperature for 2 min by dipping several

times.
9. Rinse slides in 2X SSC with Tween 20 for 5 min at room temperature.

10. Incubate slides with 4% formaldehyde solution for 10 min at room temperature.
11. Rinse slides in 2X SSC with Tween 20 for 5 min at room temperature.
12. Treat slides with formamide denaturation solution at 74°C for 5 min
13. Rinse slides in 2X SSC with Tween 20 for 5 min at room temperature.
14. Dehydrate the slides in three changes of graded ethanol solutions; 70%, 85%,

and 100% (v/v) for 2 min each.
15. Leave the slides to dry at room temperature for at least 10 min (see Note 6 for

storing conditions for the stained sections).

3.4.2. Probe Incubation

1. Apply probe mixtures of X-Y chromosomes (Cep X-Y probes, Vysis, IL are used
in our studies) to the sections (see Subheading 2.4., item 10 for probe alterna-
tives and Note 7 for determining the amount of probe solution).

2. Place a glass coverslip on the section and seal the edges with rubber cement.
Leave the cement to dry before the next step.

3. Place the slides on the hot plate or probe incubator. The probes mentioned previ-
ously must be heat denatured at 90°C for 10 min, and incubated at 42°C over-
night. (These conditions and the time periods are suitable for the mentioned Vysis
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Cep X,Y probes. Other probes can be incubated in different conditions as recom-
mended in their data sheets.)

3.4.3. Hybridization Washings

1. Incubate the slides in 2X SSC at 42°C for 10–20 min to hydrate the rubber
cement.

2. Remove the rubber cement gently, leaving the coverslip on the section. Tissue
sections can be lost if the coverslip changes its position or is pulled away from
the surface by force during this procedure. Replace the slides in the same solu-
tion and allow the coverslip to leave the slide by dipping the slides several times
in the buffer solution.

3. Following the complete removal of the coverslip, wash the slides in formamide
washing solution for 10 min at 42°C.

4. Wash the slides in 2X SSC at 42°C for 5 min.
5. Mount the slides with an antifade containing DAPI solution.
6. Seal the edges of the coverslip either with transparent nail polish or rubber

cement before the examination (see Note 8).
7. For examination of the slides, a fluorescence microscope with suitable filters is

necessary. High-quality images can be obtained when and image analysis system
is attached.

3.5. Interpretation

Interpretation of the results is the last step of double labeling. We would like
to discuss the advantages and the pitfalls of the different ISH methods for this
purpose.

Either FISH or CISH probes for Chromosomes X, Y can be used for detec-
tion of chimerism on paraffin embedded tissue sections. The advantage of CISH
compared to FISH is its suitability to allow for multiple examinations of slides
under the light microscope (Fig. 1). The pitfall could be the time-consuming
steps for visualization with secondary enzyme-conjugated systems during the
staining procedure. The steps of the FISH procedure are shorter than those of
CISH and the contrast of the signal is better on the dark field. FISH examina-
tion must be done under the florescence microscope on a dark field, which may
cause difficulty in orientation to the cellular architecture. Quick fading of the
fluorescence signals, which disables several examinations, is another pitfall.
To summarize, the two ISH methods have their advantages and pitfalls when
they are applied on paraffin-embedded tissue sections. Neither of them, when
used alone, is fully sufficient for obtaining reliable information about chimer-
ism in parenchymal cells and tissues.

When immunoenzymatic methods for IHC are combined with FISH, simul-
taneous examination of either the phenotype (which describes the cellular ori-
gin) or the genotype (describes the chimerism status) of each cell can be
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demonstrated reliably. During the examination, results of these two methods
can be interpreted on a dark field for FISH signals and on a bright field for IHC
staining, without changing the area. Images of the area can be captured with
dark field microscopy with suitable filters and bright field microscopy for dem-
onstration of the results (see Fig. 2A,B). By using alternative chromogens (fast
red, fast blue, etc.), combination of enzyme-conjugated IHC and CISH can
also give reliable results. The examples of other combination methods are
present in the literature (8,14–18).

The interpretation of the cellular origin of the chimeric cells is the most
important point for proving the engraftment of donor type stem cells in extra-
medullary sites in sex-mismatched bone marrow-transplanted individuals. The
reverse has been demonstrated with recipient bone marrow-originated cell
repopulation in graft parenchyma following solid organ transplantation (5,6).
The chromosomal signals from superposing bone marrow-derived inflamma-
tory cells may cause overdiagnoses of parenchymal cell repopulation. Staining
the sequential sections by specific markers for parenchymal cells may not be
enough, and a cocktail of inflammatory cell markers may be preferable in order
to avoid misinterpretation due to overlapping bone marrow-originated inflam-
matory cells (Figs. 2 and 3).

Another factor that could influence the interpretation may result from paraffin
sectioning. Although confocal microscopy is the best method for three-dimen-
sional examination of cells and their nuclei, the advanced imaging systems may
not be possible in every center. Neither of these sophisticated systems is suitable
for routine pathology examinations. In order to decrease the likelihood of misin-
terpretation due to paraffin sectioning in different FISH applications, the investi-
gators suggest counting only the cells that express the expected number of
chromosomal signals (21,22). The image analysis systems suitable for routine
FISH interpretation enable us to examine the sections on seven to eight sequen-
tial levels and allow examination of the signal on different levels in the range of
the section. The misinterpretation due to losses by sectioning may cause under-
estimation of repopulation rate rather than overestimation. The interpretation of
chimerism in extranodal sites detected by combination of in situ methods will be
more reliable when the previously mentioned points are considered.

4. Notes

1. There are several alternative commercially available secondary visualization sys-
tems in the market. Even automated immunostaining systems (such as Ventana-
Benchmark, or others) can be used for IHC. The focus here should be on avoiding
the nuclear counterstaining, which could negatively affect the further ISH steps
and interpretation. The secondary antibodies can be directly conjugated by HRP or
biotin. If direct HRP conjugation of the secondary antibody is performed, the fol-
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lowing step will be the substrate application. If biotin labeling of the secondary
antibody is performed, a third step employing anti-biotin avidin complex must be
performed before the substrate. Between each step, washing with PBS is required.

2. Antigen retrieval methods depend on the technical characteristics of the primary
antibodies. A microwave oven or pressure cooker can be used for achieving high
temperatures during the retrieval process. In our laboratory, a pressure cooker is
preferred in the case of the requisite antigen retrieval with Citrate and EDTA
solutions.

3. In order to avoid nonspecific binding of tissue proteins with the antibodies, block-
ing solutions containing normal serum can be applied, if necessary, before this
step. Primary antibody must be applied after dripping the blocking reagent, with-
out rinsing in between.

4. Because dehydration will be applied at the following step, chromogens resistant
to ethanol must be selected. DAB is the ideal chromogen for this purpose. Other
alternative AEC must be avoided, as it will vanish during the ethanol dehydration
prior to probe incubation.

5. Nuclear counterstaining by hematoxylin must be avoided following this step.
6. After the slides are dry, they can be wrapped in aluminum foil or stored in slide

boxes, which keep them away from dust. In these conditions, the slides can be
stored for several weeks at room temperature before probe application.

7. The amount of probe solution is related to the size of the tissue section and the
glass coverslip. If the section area is covered by 22 � 22 mm coverslips, at least
15–20 µL probe solution, depending on the tissue section size, will be needed for
the procedure. When the area is covered by 15 � 15 mm coverslips, depending
on the size of the tissue sections, 5–10 µL probe mix will be enough. This and the
following steps must be performed in a dark room when directly fluorescence-
labeled probes are used.

8. Sealing the edges of the coverslip is useful for avoiding evaporation and loss of
tissue due to movement of the coverslip during the examination.
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Molecular Methods Used for Detection
of Minimal Residual Disease Following Hematopoietic
Stem Cell Transplantation in Myeloid Disorders

Ahmet H. Elmaagacli

Summary
Monitoring of minimal residual disease (MRD) in patients with acute or chronic

myeloid disorders is routinely performed after allogeneic or autologous transplantation.
The detection of MRD helps to identify 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, fluorescence in situ hybridization (FISH),
florescence-activated cell sorting (FACS), and cytogenetic analysis, which are often
performed complementary in order to assess more precisely MRD. Here, we describe
the most used sensitive real-time reverse-transcription (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 detection of disease-specific genetic mutated alterations
as FLT3 gene-length mutations, and aberrantly expressed genes as WT1 gene tran-
scripts, are described in detail for daily use.

Key Words: MRD; transplant; real-time RT-PCR; myeloid disorders; fusion-tran-
scripts; FLT3 length mutations; WT1.

1. Introduction
The invention of PCR and its implementation in hematology was a milestone

in the detection of minimal residual disease (MRD). Nevertheless, qualitative
detection of MRD is often not sufficient to assess precisely the individual risk
for clinical relapse in patients with acute or chronic myeloid disorders after trans-
plantation because not every qualitative detection of MRD is followed by a clini-
cal relapse (1–4). Indeed, quantitative methods are able to predict a clinical
relapse more reliable by monitoring the kinetics of increasing MRD than quali-
tative methods. The requirement for a good MRD method is not only limited to
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their ability to quantify MRD, but also to a need for a high sensitivity in order to
predict a relapse as early as possible. These both important criteria for MRD
detection are fulfilled by the real-time reverse-transcription (RT)-PCR (5). Nev-
ertheless, qualitative PCR methods and other techniques as fluorescence in situ
hybridization (FISH), florescence-activated cell sorting (FACS), and cytogenetic
analysis are further pillars of MRD detection in hematology (6–8). 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 rearrangements, and aberrantly expressed genes. Table 1 shows the
frequently expressed fusion genes in acute and chronic myeloid leukemia.

Real-time RT-PCR is the most sensitive method for the detection of MRD
with a detection level up to 1:10–5 (5). 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 as
a result of the quality of the sample, the elapsed time from obtaining the sample

Table 1
Most Common Minimal Residual Disease
Markers in Chronic and Myeloid Leukemia

Type Chromosomal Molecular
Disease of marker changes changes

CML,AML,ALL chromosomal translocation (9;22) BCR-ABL
aberration   (fusiongene)

AML FAB M2 chromosomal translocation (8;21) AML1-ETO
aberration   (fusiongene)

AML FAB M3 chromosomal translocation(15;17) PML-RARA
aberration   (fusiongene)

AML FAB M4 chromosomal inversion (16) CBFβ-MYH11
aberration   (fusiongene)

AML FAB M5 chromosomal translocation involving MLL
aberration    chromosome 11q23

AML length mutation FLT3-LM
of FLT3 Gene

AML, ALL, CML aberrantly over- WT-1
expressed Wilms
tumor 1gene

CML, chronic myeloid leukemia; AML, acute myeloid leukemia; ALL, acute lymphoblastic
leukemia; MLL, mixed-lineage leukemia.
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to RNA preparation, and many other factors. Also, the cDNA yield may vary
additionally as a result of variation in enzyme activities or inhibitors in the
sample. To normalize these quality variations, each target mRNA should be
quantified in relation to the expression of so-called housekeeping genes which
are expressed at similar levels in all different cell types. Commonly, two differ-
ent real-time RT-PCR methods are performed 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� fluorescent reporter dye, which is quenched by a
3� quencher dye through fluorescence resonance energy transfer (FRET). After
hybridization to the template, the fluorigenic Taqman probes will be hydrolyzed
during PCR by the 5� secondary structure dependent nuclease activity of the Taq
DNA polymerase (10). After hydrolysis, the release of the reporter signal causes
an increase in fluorescence intensity that is proportional to the accumulation of
the PCR product. The Lightcycler method uses two hybridization probes, which
hybridizes at the template closely together with a distance of only 1 to 5 bases.
The first probe is fluorescent labeled at the 3� and the second probe at the 5�site.
Only after specific hybridization of both probes together to the template, a fluo-
rescent signal is released which is proportional to the accumulation of the PCR
product like the Taqman probe.

Both systems then generate a real-time amplification plot based upon the
normalized (background) fluorescence signal. Subsequently a threshold cycle is
determined, i.e., the fractional cycle number at which the amount of amplified
target reaches a fixed threshold. This threshold is defined in general as three to
ten times the standard deviation of the background fluorescent signal. When
plotting the fluorescent signal vs the cycle number, the higher the initial copy
number is, the earlier the signal appeared out of the defined threshold line. The
“crossing points” are used to create a standard curve by plotting known concen-
tration of serial dilutions of a control mRNA vs the “crossing points.” The tar-
get mRNA expression in patients samples can be related to a standard curve as
the number of nanograms of a control RNA (plasmid or leukemic cell line with
the specific target fusion gene) with the same level of expression or in numbers
of the copies of the target gene. In the following, the most common used quali-
tative and quantitative PCR methods for acute and chronic myeloid disorders
are described in detail.

2. Materials
2.1. Equipment

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).
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3. Capillars for Lightcycler device (Roche Diagnostics).
4. Cooling centrifuge for 2 mL Eppendorf tubes (12000 g) (Eppendorf Hamburg).
5. Agarose gel electrophoresis apparatus (Bio-Rad).
6. Ultraviolet light (Hofer Scientific Instruments, San Francisco, CA).
7. Spectrometer Lambda Bio for RNA/DNA measurement (Applied Biosystems).
8. MagNAPur™ Compact (Roche Diagnostics, Mannheim, Germany).

2.2. Reagents

2.2.1. RNA Isolation

1. RNeasy® Mini Kit (Qiagen, Hilden, Germany).
2. Erythrocyte-lysis buffer (Qiagen, Hilden).
3. RLT-Buffer (Qiagen, Hilden).

2.2.2. DNA Isolation

MagNA Pure compact nucleic acid isolation kit I (Roche Diagnostics).

2.2.3. Reverse Transcription and cDNA-Synthesis

1. Ultrapure desoxynucleosidetriphosphate (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
ad bdH2O 1520 µL

2. bdH2O (Aqua ad injectabilia Braun, Melsungen, Germany).
3. M-MLV Reverse Transcriptase 200 U/µL (Gibco Life Technologies, Eggenstein).
4. rRNAsin-Ribonuclease-Inhibitor 40 U/µL (Promega AG, Heidelberg).
5. Pd (N)6, random Hexamere 10 pM/µL (Pharmacia, Uppsala, Schweden).

2.2.4. RT-PCR and PCR

1. Oligonucleotide primers (Invitrogen).
2. Ampli Taq-DNA-Polymerase 5 U/ µL (Applied Biosystems).
3. Ampli Taq-Gold-Polymerase 5 U/ µL (Applied Biosystems).
4. PCR-buffer includes MgCl2 25 mM solution (Applied Biosystems).
5. SeaKem® LE agarose (FMC Bioproducts, Rochland, ME).
6. Ethidium bromide (Sigma, Muenich, Germany).
7. bdH2O (Aqua ad in jectabilia Braun, Melsungen, Germany).

2.2.5. Real-Time PCR

1. Taqman and hybridization probes (TIBMOL, Berlin, Germany).
Taqman probes are labeled at the 5�-site with a reporter signal using FAM-6-

Fluorescence marker and at the 3�-site with a quencher-signal using TAMRA
(Applied Biosystems, Darmstadt). The sensor probe of hybridization probes is
labeled at the 3�-site with fluorescein. The anchor probe is labeled at the 5�-site
with Red640 and at the 3�-site with Phosphate (TIP MOLBIOL).
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2. Oligonucleotide primers (Invitrogen).
3. 20-µL capillaries (Roche Diagnostics).
4. Super Script II RT-PCR kit includes:

MgS04

Platin taq®

2X reaction mix (Invitrogen)

5. Bovine serum albumin (BSA) (Roche Diagnostics).
6. RNAsin (Promega).
7. AmpErase uracil-N-glycosylase (UNG) 1U(µL) (Roche Diagnostics).
8. dUTP 25 µM in 250 µL 100 mM (Roche, Diagnostics).

2.2.6. FLT3 Length Mutations

1. FAM fluorescent labelled primer (Applied Biosystems).
2. High Fidelity Master Mix (Roche Diagnostics).
3. Rox 500 Internal Standard (Applied Biochemicals).

2.2.7. Cell Lines as Controls for Quantitative PCR

The following cell lines were used:
1. K-562, chronic myeloid leukemia in myeloid blast crisis.
2. Kasumi-1, acute myeloid leukemia [FAB M2 with t(8;21)].
3. MV4-11, acute monocytic leukemia FAB M5 with t (4;11)(q21;q23).
4. NB-4, acute promyelocytic leukemia (FAB M3) with t(15;17).
5. ME-1 with inv(16) AML (all purchased from DSMZ, Braunschweig, Germany).
6. The cells were grown in RPMI 1640 medium (Invitrogen, Heidelberg, Germany)

supplemented with 10% fetal bovine serum.
7. All cells were maintained in a humidified 37°C incubator with 5% CO2 (see

Note 2).

3. Methods
3.1. Preparation of the Samples
and RNA Isolation Using the RNeasy Mini Kit

1. All samples should be collected in EDTA tubes. The first step prepares the
samples.

2. Use 3–5 mL of blood or bone marrow sample and add erythrocyte-lysis buffer up
to a total volume of 50 mL.

3. Place at room temperature for 10 min for erythrocyte lysis.
4. Centrifuge at 1200g for 10 min at room temperature.
5. Discard the supernatant and refill up to 25 mL.
6. Centrifuge at 1200g for 10 min at room temperature again.
7. According to the size of the obtained pellet, add 350 µL to 2 mL of RLT buffer.
8. Store at –20°C until needed.
9. The RNA isolation using the RNeasy Mini Kit should be performed according

Qiagen�s recommendation including the use of Qiashredder (see Note 3).
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3.2. Reverse Transcription and cDNA Synthesis
Prepare the following mixture:

1. Add 8 µL of RNA (2 µg) to 2 µL of Pd (N)6, random hexamers (10 pM/µL) on ice.
2. Incubate the mixture at 70°C for 10 min and then on ice for at least 1 min.
3. Prepare reaction master mix:

40 µL total volume 1X (in µL)
10X PCR buffer 5
dNTP 8
M-MLV-RT 0.025
Rnasin 0.25
bdH2O 27

4. Mix gently and add 10 µL of RNA and Pd(N)6 random hexamers mixture.
5. Incubate the tubes at 37°C for 60 min, heat inactivate at 95°C for 5 min, and then

chill on ice.
6. Store at –20°C until use for real-time PCR (see Note 4).

3.3. Real-time RT PCR protocols
3.3.1. Real-Time RT-PCR Protocol for BCR-ABL Transcripts

1. Detects a2b2 and a2b3 BCR-ABL transcripts (not e1a2).
2. 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

3. Hybridization probes:

Anchor probe bcr-abl UP:
5� – gCA gAg Tgg Agg gAg AAC ATC Cgg gAg CAg CAg AA—x

(x = 3�Fluorescein), length: 35

Sensor probe bcr-abl DOWN:
5� - LC Red 640 – AAg TgT TTC AgA AgC TTC TCC CTg AC—p

(p= 3�Phosphate), length: 26

4. See Table 2 for Lightcycler conditions for bcr-abl.

5. Prepare the following master mix for 1X:

12 µL total volume 1X Primer FOR 10 pM 0.12 *
2X reaction mix 4.8 Primer REV 10 pM 0.12 *
50 mM MgSO4 0.675 Probe UP   4 pM 0.24 *
20 mg/mL BSA 0.3 Probe down   8 pM 0.48 *
Super Script Platin Taq 0.3 Rnasin 0.168
dUTP 0.24 UNG 0.6
RNA 1000 ng 4 Mix 8

*Approximate, may vary in volume.
6. Controls (all in duplicate) (see Note 5): positive control, RNA of the K562 cell

line; dilution, 100 ng, 10 ng, 1 ng, 0.1 ng; negative control: bdH2O.
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3.3.2. Real-Time RT-PCR Protocol for AML1/ETO Transcripts
1. Detects the single breakpoint loci of AML1-ETO transcripts
2. 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. Hybridization probes:

Anchor probe AML-M2 UP:
5�- ACA ATg CCA gAC TCA CCT gTg gAT gTg AAg ACg C—x

(x = 3� Fluorescein), length: 34
Sensor probe AML-M2 DOWN:
5� - LC Red 640 – ATC Tag gCT gAC TCC TCC AAC AAT g—p

(p= 3� Phosphate), length: 25

4. See Table 3 for Lightcycler conditions for AML1/ETO:
5. Prepare the following master mix (mix for 1X):

20 µL total volume 1X (in µL) Primer FOR 10 pM 0.25 *
2X Reaction Mix 10 Primer REV 10 pM 0.25 *
50 mM MgSO4 1.0 Probe UP   4 pM 0.40 *
20 mg/mL BSA 0.5 Probe down   8 pM 0.80 *
RNA 6 Super Script Pla Taq 0.50
UNG 14 Rnasin 0.28
dUTP Mix 14

*Approximate, may vary in volume.
6. Controls (all in duplicate) (see Note 6): positive control, RNA of the Kasumi 1

cell line; dilution, 100 ng, 10 ng, 1 ng, 0.1 ng; negative control, bdH2O.

3.3.3. Real-Time RT-PCR for CBFβ-MYH11 Transcripts
1. Detects transcripts A, B, C, D, E, and F
2. Primers :

Forward: 5�-GCAGGCAAGGTATATTTGAAGG- length: 22
Reverse A: 5�-CTCTTCTCCTCATTCTGCTC- length: 20
Reverse B: 5�-TTGAGCATTTTGTTGGTCCG – length: 20
Reverse C: 5�-CTTCCAGAGCTTCCACGGT- length: 19
Reverse D: 5�- TCCCTGTGACGCTCTCAACT- length: 20
Reverse E: 5�- GGCCAGGTCTGCGTTCTCT- length: 19
Reverse F: 5�- TCCTCTTCTCCTCATTCTGCTC- length: 22

3. Hybridization probes:

Anchor probe CBFB UP:
GGCTCGCTCCTCATCAAACTCCA—x (x = 3�Fluorescein), length: 23

Sensor probe CBFB DOWN:
5� - LC Red 640 – ACAGCCCATACCATCCAGTCTTTGG

(p= 3�Phosphate), length: 25

4. See Table 4 for Lightcycler conditions for CBFβ.
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Table 2
Lightcycler™ Conditions for BCR-ABL

Incubation Temperature Secondary Step Step
Temperature time transition target size delay cycles Acquisition

Reverse transcription 55°C     20 min 20.00 0 0.0 0 none
Initial denaturation 95°C 30 s 20.00 0 0.0 0 none
denaturation 95°C   1 s 20.00 0 0.0 0 none
Annealing 56°C 15 s 20.00 0 0.0 0 single
Extension 72°C 18 s   2.00 0 0.0 0 none
Cooling   4°C       1 min 20.00 0 0.0 0 none

50 cycles

Table 3
Lightcycler™ Conditions for AML1/ETO

Incubation Temperature Secondary Step Step
Temperature time transition target size delay cycles Acquisition

Reverse transcription 95°C     20 min 20.00 0 0.0 0 none
Initial denaturation 95°C 30 s 20.00 0 0.0 0 none
denaturation 95°C   1 s 20.00 0 0.0 0 none
Annealing 52°C 15 s 20.00 0 0.0 0 single
Extension 72°C 18 s   2.00 0 0.0 0 none
Cooling   4°C       1 min 20.00 0 0.0 0 none

45 cycles
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5. Prepare the following master mix for 1X:

20 µL total volume 1X (in µL) Primer FOR 50 pM
2X Reaction Mix 4.8 Primer REV 50 pM
50 mM MgSO4 0.675 Probe UP 25 pM
20 mg/mL BSA 0.3 Probe down 25 pM
MgCl2 4 mM LC FastStart DNA Master
cDNA 2 µL      Hybridization Probes   2 µL
Mix

6. Controls (all in duplicate) (see Note 7):
Positive control, RNA of the ME-1 cell line;
Dilution, 100 ng, 10 ng, 1 ng, 0.1 ng;
Negative control, bdH2O.

3.3.4. Real-Time RT-PCR for PML-RARA Transcripts
1. Detects S and L transcripts.
2. 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

3. Hybridization probes:

AML – M3 -UP:
5�- TgA AgA gAT AgT gCC CAg CCC TCC CTC - x,

(x = 3�Fluorescein), length: 27
AML– M3- DOWN:
5� - LC Red 640 – CCA CCC CCT CTA CCC CgC ATC TAC A - p ,

(p= 3�Phosphate), length: 25

4. See Table 5 for Lightcycler conditions for PML-RARA.

5. Prepare the following master mix for 1X:

20 µL total volume 1X (in µL) Primer L FOR 20 pM 0.094 *
2X Reaction Mix 10 Primer S FOR 20 pM 0.076 *
50 mM MgSO4 0.16 Primer REV 20 pM 0.078 *
20 mg/mL BSA 0.5 Probe UP 10 pM 0.5 *
Super Script Platin Taq 0.5 Probe down 10 pM 0.5 *
Rnasin 0.28 dUTP 0.2
UNG 0.5 bdH2O 0.6
RNA 6 Master mix 16

*Approximate, may vary in volume.
6. Controls (all in duplicate) (see Note 8): positive control, RNA of the NB-4 cell

line; dilution, 100 ng, 10 ng, 1 ng, 0.1 ng; negative control, bdH2O.
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Table 5
Lightcycler™ Conditions for PML-RARA

Incubation Temperature Secondary Step Step
Temperature time transition target size delay cycles Acquisition

Reverse transcription 55°C      20 min 20.00 0 0.0 0 none
Initial denaturation 95°C 30 s 20.00 0 0.0 0 none
Denaturation 95°C 10 s 20.00 0 0.0 0 none
Annealing 60°C 10 s 20.00 0 0.0 0 single
Extension 72°C 30 s   2.00 0 0.0 0 none
Cooling   4°C        1 min 20.00 0 0.0 0 none

45 cycles

Table 4
Lightcycler™ Conditions for CBFβ

Incubation Temperature Secondary Step Step
Temperature time transition target size delay cycles Acquisition

Reverse transcription 55°C      20 min 20.00 0 0.0 0 none
Initial denaturation 95°C 30 s 20.00 0 0.0 0 none
Denaturation 95°C 10 s 20.00 0 0.0 0 none
Annealing 64°C 10 s 20.00 0 0.0 0 single
Extension 72°C 26 s 20.00 0 0.0 0 none
Cooling   4°C        1 min 20.00 0 0.0 0 none

45 cycles
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3.3.5. Real-Time PCR for GAPDH as Housekeeping Gene

1. 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

2. Hybridization probes:
Anchor probe GAPDH UP:
5�- ATC ATC AgC AAT gCC TCC TgC ACC ACC AAC TgC T—x;

(x = 3�Fluorescein), length: 34
Sensor probe GAPDH DOWN:
5� - LC Red 640 – AgC ACC CCT ggC CAA ggT CAT CCA T – p;

(p= 3�Phosphate), length: 25
3. See Table 6 for Lightcycler conditions for GAPDH.
4. Prepare the following master mix for 1X:

12 µL total volume 1X in µL Primer FOR 10 pM 0.12 *
2X Reaction Mix 4.8 Primer REV 10 pM 0.12 *
50 mM MgSO4 0.675 Probe UP   4 pM 0.24 *
20 mg/mL BSA 0.3 Sonde down   8 pM 0.48 *
Super Script Pla Taq 0.3 Rnasin 0.168
dUTP 0.24 UNG 0.6
RNA 4 Master mix 8

*Approximate, may vary in volume.
5. Controls (all in duplicate) (see Note 9): positive control, RNA of the K562 cell

line;dilution, 100 ng, 10 ng, 1 ng, 0.1 ng; negative control, bdH2O.

3.3.6. Real-Time RT-PCR Protocol for WT1
1. Detects the transcripts in aberrantly over-expressed in acute and myeloid leukemia.
2. 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

3. TaqMan™-Probe:
WT 1 Probe: 6 FAM – Cgg TCA CCT TCg ACg ggA CgC xT – pH, length: 22

4. See Table 7 for Lightcycler conditions for WT1.
5. Prepare the following master mix for 1X:

12 µL total volume 1X (in µL) Primer FOR 20 pM 0.08 *
2X Reaction Mix 4.8 Primer REV 20 pM 0.08 *
50 mM MgSO4 0.675 Taqman probe 0.24 *
UNG 0.6 Super Script 0.3
20mg/mL BSA 0.3 dUTP 0.24
Rnasin 0.168 RNA 4
Mix 7.5

*Approximate, may vary in volume.
6. Controls (all in duplicate) (see Note 10): positive control, RNA of the K562 cell

line; dilution, 100 ng, 10 ng, 1 ng, 0.1 ng; negative control, bdH2O.
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Table 7
Lightcycler™ Conditions for WT1

Incubation Temperature Secondary Step Step
Temperature time transition target size delay cycles Acquisition

Reverse transcription 55°C      20 min 20.00 0 0.0 0 none
initial denaturation 95°C 30 s 20.00 0 0.0 0 none
denaturation 95°C   1 s 20.00 0 0.0 0 none
Annealing 56°C 15 s 20.00 0 0.0 0 single
Extension 72°C 18 s 2.00 0 0.0 0 none
Cooling   4°C         1 min 20.00 0 0.0 0 none

45 cycles

Table 6
Lightcycler™ Conditions for GAPDH

Incubation Temperature Secondary Step Step
Temperature time transition target size delay cycles Acquisition

Reverse Transcription 55°C      20 min 20.00 0 0.0 0 none
initial denaturation 95°C 30 s 20.00 0 0.0 0 none
denaturation 95°C   1 s 20.00 0 0.0 0 none
annealing 56°C 15 s 20.00 0 0.0 0 single
extension 72°C 18 s 2.00 0 0.0 0 none
cooling   4°C         1 min 20.00 0 0.0 0 none

50 cycles

172
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3.3.7. FLT3 Length Mutation Detection by Genetic Analyzer

1. Detectable in up to 30% of all acute myeloid leukaemia.
2. Primers:

FLT3 11F: 5� - 6-FAM- gCAATTTAggTATgAAAgCCAgC– 3�, length: 23
FLT3 12R: 5� - CTTCAgCATTTTgACggCAACC – 3�, length: 22

3. 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

4. Prepare the following master mix for 1X:

50 µL total volume 1X (in µL) FLT3 – 11 Fam 15 pM 0.75 *
1X High Fidelity Master Mix 25 FLT3 – 12 R 15 pM 0.07 *
bdH2O 19.18 100 ng DNA
Master mix 45

*Approximate, may vary in volume.

5. 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- 1mL) Run  55°C
Size STD SSTD 500 Rox FLT3 Run (time) 66 min

6. Preparation of samples: mix 1 µL of PCR product with 8.5 µL bdH2O and 0.5 µL
ROX500 internal size standard.

7. Prepare denaturation of the samples at 95°C for 3 min and then 4°C for 3 min.
8. Results: data can be analyzed with the ABI Prism Genetic Analyzer 310 includ-

ing 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 MV 4-11, which shows peaks at 359 bp, can be used (see Note 11).

3.3.8. Multiplex Nested Qualitative RT- PCR
for 11Q23 Chromosomal Aberrations [t(6;11), t(9;11) and t(11;19)]

1. Detects MLL/AF4, MLL/AF6, MLL/AF9, and MLL/ENL transcripts
2. 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

Primers continued on next page
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2. Primers: (Continued from previous page)
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

3. First step: cDNA synthesis (see Subheading 3.2.).
4. Nested PCR program as follows:

Program: 11Q23  1. Step: Program: 11Q23  2. Step:
94°C 1:00 min 94°C 1:00 min
60°C 2:00 min 35X 60°C 2:00 min 25X
74°C 2:00 min 74°C 2:00 min
4°C 4°C

5. Prepare the following master mix for 1X (1. step):

25µL total volume 1X (in µL)
bdH2O 30.92
dNTP 8.0
10X PE buffer 5.0
Primer 1 10 pM
Primer 3 10 pM
Primer 5 10 pM
Primer 7 10 pM
Primer 9 10 pM
PE Taq 0.4
cDNA   5 µL
Mix 45 µL

6. Master Mix for 2. PCR (2. step):

25 µL volume 1X (in µL)
bdH2O 30.9
dNTP 8.0
10X PE buffer 5.0
Primer 2 10 pM
Primer 4 10 pM
Primer 6 10 pM
Primer 8 10 pM
Primer 10 10 pM
PE Taq 0.4
cDNA   5 µL
Mix 45 µL

7. Controls: cDNA of cell line MV4-11.
8. Visualize PCR-products on a 1. 5% agarose gel stained with ethidium bromide

(see Note 12).
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4. Notes
1. All quantitative PCR protocols here are designed for use of a Lightcycler device.
2. For positive controls, RNA of a specific cell line was used. The use of plasmid as

controls is also possible, but are associated with a slightly more crossover decon-
taminations.

3. In order to avoid carry-over decontamination, the recommendations of Kwok
and Higuchi should be considered strictly (28). RNA or DNA isolation should be
performed at different places. Use positive-displacement pipets to avoid inaccu-
racies 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 separate cDNA-synthesis step here.

5. This is a one-step real-time RT-PCR using mRNA as a template (5). The master
mix contains only 4.8 µL instead of 6 µL of a 2X reaction mix in 12 µL total PCR
volume, which is absolutely sufficient.

It is of utmost importance to realize that results of real-time PCR for one
sample can vary between laboratories or even between individuals, who perform
the test as shown in internal laboratory quality assurance tests (11). To obtain
accurate and reliable results, all standard dilutions and patient samples should be
tested in duplicate. For quantification, the average value of both duplicates should
be used. Samples that had a more than 100-fold difference for both housekeeping
gene values should be excluded from further analysis. Samples that test negative
for the housekeeping gene but positive for the target gene should be excluded
from quantification. A negative assay requires the absence of the target PCR
product as well as no amplification of the “blank” sample and a positive amplifi-
cation 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
specific leukemic cell line into water.

6. UNG is added in the reaction to prevent the re-amplification of carry-over PCR
products by removing any uracil incorporated into amplicons (see also refs. 12–14).

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
expresses only type A; therefore, it is often difficult to perform quantitative PCR
for the other subtypes without specific control dilutions. For each subtype, a sepa-
rate PCR is needed with the specific reverse primers and the common forward
primer. The use of SYBR® green instead of hybrizidation probes is not recom-
mended because of the high risk of contamination, which can shut down every
laboratory for a longer period of time (see also refs. 15–19).

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 (see also refs. 12 and 20).



176 Elmaagacli

9. As housekeeping genes, GAPDH, G6PDH, Abelson (ABL), β-2-microglobulin
(B2M), and β-glucorinase (GUS) are most commonly used. To avoid pseudo-
genes and maintain a stability in the level of expression of mRNA in each cell
B2M, ABL and β-glucuronidase were recently recommended by the Europe
Against Cancer (EAC) program (9). Nevertheless, most laboratories continue to
use GAPDH as their housekeeping genes (5) (for quantification, see also Note 1).

10. The use of WT1 as a MRD marker is still discussed controversial and should be
used only if no other specific MRD marker is available. This real-time RT-PCR
uses a Taqman probe. K562 can be used as a control cell line (see also refs. 21–
23).

11. Use only the high-fidelity master mix kit (from Roche Diagnostics) for PCR when
a genetic analyzer is used. Results showing more than a single PCR-product of
329 bp indicates that a FLT3 mutation is detected (see also refs. 24–26).

12. This is a very robust nested multiplex PCR, which uses cDNA as template and
detects the most common mixed-lineage leukemia rearrangement genes, MLL/
AF4, MLL/AF6, MLL/AF9, and MLL/ENL (see also ref. 27).
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Molecular Methods Used
for The Detection of Autologous Graft
Contamination in Lymphoid Disorders

Paolo Corradini, Matteo G. Carrabba, and Lucia Farina

Summary
Intensified treatments aimed at maximal tumor reduction are an important therapeutic

option for patients affected by B-cell malignancies. The possibility of obtaining a relevant
number of clinical complete remissions after these treatments prompted the application of
molecular techniques for the detection of extremely low numbers of residual malignant
cells. These cells can be present either in the stem cell graft or, during the follow-up, in
the bone marrow of patients attaining a clinical complete remission. The most sensitive
and widely used techniques for minimal residual disease (MRD) assessment are those
based on the PCR method. These methods allow the detection of autologous graft con-
tamination and the identification of patients at high risk of disease recurrence by means of
post-transplant MRD monitoring. In this setting, quantitative PCR assays can evaluate the
kinetics of tumor clone growth in complete remission (CR) patients showing a persistence
of PCR detectable tumor cells with standard qualitative methods.

Key Words: Polymerase chain reaction; minimal residual disease; lymphomas; leu-
kemia.

1. Introduction

In the last two decades, the development of high-dose chemotherapy (HD-
CT) and autologous stem cell transplantation (auto-SCT) protocols have
changed the therapeutic approach for some B-cell non-Hodgkin lymphomas
(NHLs). Particularly patients with low-grade NHL, incurable pathologies by
conventional treatments benefit remarkably from these programs in terms of
disease response, disease-free survival (DFS), and overall survival (OS) (1,2).
Because most of these patients have bone marrow infiltration, a major concern
with autologous stem cells is the risk of malignant cell reinfusion (3). The PCR
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technique uses DNA sequences that are constantly detectable in the neoplastic
population and not present in the normal hematopoietic compartment. In B-
cell malignancies, tumor-specific chromosomal translocations and clonal rear-
rangements of immunoglobulin heavy chain (IgH) genes can be used as
molecular markers. PCR detection of tumor cells is clinically useful for (1)
assessment of residual malignant cells in the graft, and (2) the molecular moni-
toring of patients in clinical complete remission (CR) after transplantation. It
has been shown that patients whose marrow graft contained PCR-detectable
lymphoma cells after immunological ex vivo purging had an increased inci-
dence of relapse after auto-SCT (4,5). Besides, molecular monitoring of serial
bone marrow samples obtained after transplant was performed to assess
whether the auto-SCT approach was able to induce a molecular remission (6).
The persistence or reappearance of PCR-detectable lymphoma cells has been
correlated with a worse DFS. In the setting of indolent lymphoma patients receiv-
ing HD-CT and auto-SCT it has been demonstrated that the collection of exclu-
sively PCR-positive harvests and the persistence of PCR positivity following
autografting can be considered a strong prognostic factor for disease recur-
rence (1,7). Among low-grade lymphomas, the different disease entities have
been associated with different responses to these high dose therapies. For ex-
ample, a sizeable proportion of follicular lymphoma (FCL) patients can have
PCR-negative harvests and post-transplant molecular remission (MR); on the
contrary, the MRs are very rare in mantle cell lymphomas (MCLs). It is impor-
tant to point out that the recent addition of the humanized anti-CD20 (Rituxi-
mab) to high-dose programs has increased the number of patients attaining the
molecular remission (8).

The role of auto-SCT for chronic lymphocytic leukemia (CLL) has not been
clearly defined yet. Some studies have showed an improvement in progres-
sion-free and overall survival (9–11); nevertheless the curves did not reach a
plateau phase because of a continuous relapse rate (12). Also in this disease,
MRD positivity after auto-SCT has shown to be a predictor of relapse: PCR-
positive patients, and PCR-negative patients that become positive, inevitably
relapse (13). In vitro purging of stem cell harvests has failed to reach the PCR
negativity in most of the patients and to demonstrate any improvement of the
DFS (14). Studies with monoclonal antibodies (Campath 1H or Rituximab) as
an in vivo purging strategy are ongoing.

Acute lymphoblastic leukemia (ALL) is another hematological malignan-
cies for which MRD monitoring can help to identify patients at high risk of
relapse after induction chemotherapy. Because of the possibility of clonal evo-
lution of leukemia cells, usually two or more independent molecular markers
are needed to prevent the detection of false-negative results (15,16). Several
prospective clinical studies in childhood ALL have shown that MRD levels
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can identify groups at high, intermediate, and low risk of relapse, especially
when early remission time points are analyzed (16–18). However, because
auto-SCT is very rarely used in ALL, this chapter will not address the issue of
MRD monitoring in this disease.

In the setting of molecular monitoring, a number of quantitative and semi-
quantitative PCR methods to evaluate the tumor burden have been investigated.
Among them the real-time quantitative PCR is a recently introduced technique
that allows the determination of residual tumor, overcoming most of the limi-
tations associated with previous quantitative or semi-quantitative PCR strate-
gies (19). The main advantages associated with the real-time PCR method are
(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 specific-
ity of a probe to the one given by primers; and (3) it has a relatively wide
dynamic range, allowing the accurate quantification of samples over a wide
range of tumor contamination with a sensitivity of 10–6–10–4. Besides the wide
use of quantitative PCR in ALL patients, this technique has been employed
also for the detection of autologous graft contamination in lymphoma patients.
In this setting, a relationship between tumor burden of stem cell harvests and
successful purging of PCR-detectable disease following ex vivo manipulation
was shown (20).

Currently, a molecular marker can be identified in approx 75% of B-cell
lymphoma patients. The three most widely used clonal markers are derived
from t(14;18), t(11;14), or the IgH gene rearrangements.

2. Materials

2.1. Mononuclear Cells Isolation

1. Phosphate-buffered saline (PBS) 1X solution without calcium/magnesium or
sodium chloride solution 0.9%.

2. Ficoll-Hypaque gradient (Sigma-Aldrich, Steinheim, Germany).

2.2. DNA Extraction

1. DNAzol reagent (Invitrogen, Carlsbad, CA).
2. Ethanol 100% stored at –20°C.
3. Ethanol 70% stored at –20°C.
4. Sterile water or 8 mM NaOH or 0.1X TE Buffer.

2.3. Qualitative PCR

1. dNTPs 2 mM (0.5 mM of each deoxyadenosine triphosphate [dATP], deoxycy-
tidine triphosphate [dCTP], deoxyguanosine triphosphate [dGTP], and deoxy-
thymidine triphosphate [dTTP]).
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2. 10X Buffer Taq polymerase (500 mM KCl, 100 mM Tris-HCl, pH 8.0, 1% [w/v]
gelatin) (Promega, Madison, WI).

3. 10X Buffer AmpliTaqGold (Applied Biosystems, Warrington, UK).
4. 15 mM and 20 mM MgCl2 Solution.
5. Taq polymerase 5 U/µL (Promega, Madison, WI).
6. AmpliTaq Gold 5 U/µL (Applied Biosystems, Warrington, UK).
7. Forward and reverse primers (20 pmol/µL) (see Tables 1 and 2).
8. Sterile water or DNase/RNase free water.
9. 2% agarose gel.

10. 1% low melting point (LMP) agarose gel.
11. 12% polyacrylamide gel (19:1 acrylamide: bisacrylamide).
12. Ethidium bromide (10 mg/mL) (caution: carcinogenic).
13. Loading buffer (15% glycerol and 0.25% xylene cyanol or 0.25% bromophenol

blue).
14. Buffer 50X TAE: 242 g Tris base, 57.1 mL glacial acetic acid, 100 mL 0.5 M

EDTA  pH 8.0, H2O to 1 L.
15. Molecular weight marker (40 µg ΦX-174-Hae III digested DNA, 80 µg – λ Hind

III digested DNA); adjust volume to 1 mL with 0.1X TE (10 mM Tris-HCl, 1 mM
EDTA).

16. QIAquick gel extraction kits (Qiagen, Milan, Italy).
17. pGEM®-T Easy Vector System for TA cloning (Promega, Madison, WI).; Escheri-

chia coli competent cells (JM 109) (Promega, Madison, WI); Agar plates; Mini-
prep kit (Promega, Madison, WI).

Reagents stock for the PCR reaction and molecular weight marker are stored
at –80°C. Reagents aliquots are stored at –20°C; molecular weight marker and
loading buffer aliquots are stored at 4°C.

Table 1
Primers for Minimal Residual Disease Analysis
of Bcl-2 MBR/mcr and Bcl-1 by Qualitative PCR

FORWARD PRIMERS

• Bcl-2 MBR first PCR MBR-2 5�-CAGCCTTGAAACATTGATGG-3�
• Bcl-2 MBR second PCR MBR-3 5�-ATGGTGGTTTGACCTTTAG-3�
• Bcl-2 mcr first PCR mcr-2    5�-CGTGCTGGTACCACTCCTG-3�
• Bcl-2 mcr second PCR mcr-3.1 5�-CCTGGCTTCCTTCCCTCTG-3�
• Bcl-1 first 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.
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Table 2
Primers for Immunoglobulin Heavy Chain Gene VDJ Rearrangement Amplification

FORWARD PRIMERS

FR1 region-derived primers
VH/FS VH/D
• VH1/FS     5�-CAGGTGCAGCTGGTGCA(C/G)(A/T)CTG-3� VH1/D     5�-CCTCAGTGAAGGTCTCCTGCAAGG-3�

• VH2/FS     5�-CAG(A/G)TCACCTTGAAGGAGTCTG-3� VH2/D     5�-TCCTGCGCTGGTGAAAGCCACACA-3�

• VH3/FS     5�-CAGGTGCAGCTGGTG(G/C)AGTC(C/T)G-3� VH3/D     5�-GGTCCCTGAGACTCTTCCTGTGCA-3�

• VH4a/FS   5�-CAG(C/G)TGCAGCTGCAGGAGTC(C/G)G-3� VH4a/D   5�-TCGGAGACCCTGTCCCTCACCTGCA-3�

• VH4b/FS   5�-CAGGTGCAGCTACA(A/G)CAGTGGG-3� VH4b/D   5�-CGCTGTCTCTGGTTACTCCATCAG-3�

• VH5/FS     5�-GAGGTGCAGCTG(G/T)TGCAGTCTG-3� VH5/D     5�-GAAAAAGCCCGGGGAGTCTCTGAA-3�

• VH6/FS     5�-CAGGTACAGCTGCAGCAGTCAG-3� VH6/D     5�-CCTGTGCCATCTCCGGGGACAGTG-3�

Leader region-derived primers
VH/LS VH/L
• VH1/LS   5�-CTCACCATGGACTGGACCTGGAG-3� VH1/L   5�-CCATGGACTGGACCTGGAGG-3�
• VH2/LS   5�-ATGGACATACTTTGTTCCACGCTC-3� VH2/L   5�-ATGGACATACTTTGTTCCAG-3�
• VH3/LS   5�-CCATGGAGTTTGGGCTGAGCTGG-3� VH3/L   5�-CCATGGAGTTTGGGCTGAGC-3�
• VH4/LS   5�-ACATGAAACA(C/T)CGTGGTTCTTCC-3� VH4/L   5�-ATGAAACACCTGTGGTTCTT-3�
• VH5/LS   5�-ATGGGGTCAACCGCCATCCTCCG-3� VH5/L   5�-ATGGGGTCAACCGCCATCCT-3�
• VH6/LS   5�-ATGTCTGTCTCCTTCCTCATCTTC-3� VH6/L   5�-ATGTCTGTCTCCTTCCTCAT-3�
• VH7/LS   5�-TTCTTGGTGGCAGCAGCCACA-3�

FR3 region-derived primers
FR3.3
• 5�-ACACGGC(C/T)(G/C)TGTATTACTGT-3�

REVERSE PRIMERS

FR1 and leader VH families � JHD FR3.3 � JH3.3
• 5�-ACCTGAGGAGACGGTGACCAGGGT-3� 5�-GTGACCAGGGT(A/G/C/T)CCTTGGCCCCAG-3�
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2.4. Quantitative PCR

1. TaqMan® Universal PCR Master Mix (Applied Biosystems, Warrington, UK).
2. Forward and reverse primers (20 pmol/µL or according to optimization proce-

dure described in Applied Biosystems Instrument Manual) (see Table 3).
3. TaqMan probe (10 pmol/µL or according to optimization procedure described in

Applied Biosystems Instrument Manual).
4. Sterile water or DNase/RNase-free water. Reagents stock are stored at –80°C.

Reagents aliquots are stored at –20°C. TaqMan probes are stored in the dark.

3. Methods
3.1. Mononuclear Cells Isolation

1. Dilute peripheral blood or bone marrow samples with 1X PBS (dilution factor
1:1 for peripheral blood and from 1:2 to 1:5 for bone marrow) (see Notes 1 and
2).

2. Add 4 mL of Ficoll/Hypaque (Sigma, Steinheim Germany) gradient to a 15-mL
tube for a sample volume �10 mL or add 10 mL of Ficoll/Hypaque gradient to a
50-mL tube for a sample volume �10 mL.

3. Lay the sample on the top of the Ficoll slowly and keeping the tube at 45°.
4. Centrifuge at 400g for 25 min without brake.
5. Carefully remove the mononuclear cells from the Ficoll/plasma interface and

collect them into a new tube.
6. Complete to 50 mL by adding 0.9% sodium chloride solution and centrifuge 400g

for 10 min with brake; repeat this step twice.
7. Remove supernatant and resuspend the pellet.
8. Collect the cells in a 1.5 mL sterile plastic microcentrifuge tube.
9. Spin the tube in a microcentrifuge at 10,000g for 1 min.

10. Remove supernatant and store at –80°C.

Table 3
Primers and Probes for Quantitative Analysis of Bcl2-MBR by Real-Time PCR

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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3.2. DNA Extraction

1. Add 1 mL of DNAzol to 10 � 106 frozen cells and gently re-suspend the pellet
(see Notes 3 and 4).

2. Centrifuge at 10,000g for 10 min at room temperature.
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, 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 (see Note 5).
8. Air-dry the DNA by storing open the tube for 5–15 min at room temperature.
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 the quantity by means of an ultraviolet spectropho-

tometer (dilute 2 µL of DNA [e.g., 1:70] with sterile water; check the sample
purity by means of 260 nm/280 nm ratio [range 1.7–2] and the DNA concentra-
tion as follows: 260 nm value � dilution factor � 50= DNA concentration µg/
mL).

3.3. Qualitative PCR

3.3.1. Bcl-2/IgH Rearrangement

FCL 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 ( 21). 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 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) ( 22), and the minor cluster region (mcr), located
20 kb downstream (10–15% of patients) ( 23). 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. Because
there is a sequence diversity at the site of the breakpoint, the PCR product
length, assessed by gel electrophoresis, dictates the specificity for a given pa-
tient.

The PCR reactions described below are used to identify the molecular
marker as well as for MRD analysis. They must include:

• A bcl-2/IgH MBR/mcr positive sample to assess the sensitivity;
• Healthy donor polyclonal DNA as a negative sample to assess the specificity;
• A no-template control sample to exclude any contamination.
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3.3.1.1.BCL-2 MBR NESTED PCR

First PCR amplification:
1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer

Taq polymerase (Promega, Madison, WI) 5 µL; 20 mM MgCl2 5 µL; MBR-2 (20
pmol/µL) 1 µL; JH3 (20 pmol/µL) 1 µL; Taq polymerase (Promega, Madison,
WI) 0.2 µL (see Note 7); sterile water for a final volume of 50 µL.

2. Aliquot PCR reaction mix in each tube (see Note 8).
3. Add 0.5–1 µg of DNA sample in each tube except the no-template control sample.
4. Amplification profile: first step � 30 cycles: 94°C 1 min; 55°C 1 min; 72°C 1

min; second step: 72°C 7 min (see Note 9).

Second PCR amplification:
1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer

(Promega, Madison, WI) 5 µL; 20 mM MgCl2 5 µL; MBR-3 (20 pmol/µL) 1 µL;
JH4 (20 pmol/µL) 1 µL; Taq DNA Polymerase (Promega, Madison, WI) 0.2 µL;
sterile water for a final volume of 50 µL.

2. Aliquot PCR reaction mix in each tube.
3. Add 5 µL of first PCR product (see Note 10).
4. Amplification profile: first step � 30 cycles: 94°C 1 min; 58°C 1 min; 72°C

1 min; second step: 72°C 7 min (see Note 9).
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 buffer) on a 2% agarose gel stained with
ethidium bromide (0.5 µg/mL) in TAE 1X. Expected size: bcl-2 MBR – 130bp +/
– 50–80 bp (see Notes 11 and 12).

3.3.1.2.BCL-2 MCR NESTED PCR

First PCR amplification:

1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer
Taq polymerase (Promega, Madison, WI) 5 µL; 20 mM MgCl2 5 µL; mcr-2 (20
pmol/µL) 1 µL; JH3 (20 pmol/µL) 1 µl; Taq polymerase (Promega, Madison,
WI) 0.2 µL (see Note 7); sterile water for a final volume of 50 µL.

2. Aliquot PCR reaction mix in each tube (see Note 8).
3. Add 0.5–1 µg of DNA sample in each tube except the no template control sample.
4. Amplification profile: first step, 94°C 3 min, 58°C 1 min, 72°C 1 min; second

step � 30 cyles, 94°C 1 min, 58°C 1 min, 72°C 1 min ; third step, 72°C 10 min
(see Note 9).

Second PCR amplification:

1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer
Taq polymerase (Promega, Madison, WI) 5 µL; 20 mM MgCl2 5 µL; mcr-3.1 (20
pmol/µL) 1 µL; JH4 (20 pmol/µL) 1 µL; Taq DNA Polymerase (Promega, Madi-
son, WI) 0.2 µL; sterile water for a final volume of 50 µL.

2. Aliquot PCR reaction mix in each tube.
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3. Add 5 µL of first PCR product (see Note 10).
4. Amplification profile: first step, 94°C 3 min, 60°C 1 min, 72°C 1 min; second

step � 30 cycles, 94°C 1 min, 60°C 1 min, 72°C 1 min; third step, 72°C 10 min
(see Note 9).

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 buffer) on a 2% agarose gel stained with
ethidium bromide (0.5 µg/mL) in TAE 1X. Expected size: bcl-2 mcr� 550–600
bp ± 50–80 bp (see Notes 11 and 12).

3.3.2. Bcl-1/IgH Rearrangement

Mantle cell lymphoma is characterized by the t(11;14)(q13;q32) transloca-
tion, 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% to 100%) (24). Break-
points on chromosome 11 have been found dispersed over more than 100 kb of
genomic DNA; the major translocation cluster (MTC) contains approx 30–
50% of these translocations and it is a suitable target for PCR amplification.
Because of this large breakpoint area less than 30% of MCL patients have a
rearrangement that can be detectable by PCR.

The PCR reactions described below are used to identify the molecular
marker as well as for MRD analysis (see Note 6). They must include:

• A bcl-1/IgH MTC positive sample to assess the sensitivity;
• Healthy donor polyclonal DNA as a negative sample to assess the specificity;
• A no-template control sample to exclude any possible contamination.

3.3.2.1. BCL-1/IGH MTC NESTED PCR

First PCR amplification.
1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer

Taq polymerase (Applied Biosystems, Warrington, UK) 5 µL; 15 mM MgCl2 5
µL; P2 (10 pmol/µL) 1 µL; JH3 (10 pmol/µL) 1 µL; Taq polymerase (Applied
Biosystems, Warrington, UK) 0.2 µL (see Note 7); sterile water for a final vol-
ume of 50 µL.

2. Aliquot PCR reaction mix in each tube (see Note 8).
3. Add 0.5–1 µg of DNA sample in each tube out of no-template control sample.
4. Amplification profile: first step � 33 cycles, 94°C 1 min, 58°C 30 s, 72°C 30 s;

second step, 72°C 7 min (see Note 9).
Second PCR amplification:

1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer Taq
polymerase (Applied Biosystems, Warrington, UK) 5 µL; 15 mM MgCl2 5 µL;
P4 (10 pmol/µL) 1 µL; JH3 (10 pmol/µL) 1 µL; Taq DNA Polymerase (Applied
Biosystems, Warrington UK) 0.2 µL; sterile water for a final volume of 50 µL.

2. Aliquot PCR reaction mix in each tube.
3. Add 2 µL of first PCR product (see Note 10).
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4. Amplification profile: first step � 30 cycles, 94°C 1 min, 58°C 30 s, 72°C 30 s;
second step: 72°C 7 min (see Note 9).

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 buffer) on a 2% agarose gel stained with
ethidium bromide (0.5 µg/mL) in TAE 1X. Expected size: 250–350 bp (see Note
11).

3.3.3. VDJ Rearrangement

IgH rearrangement is an early event in B-lymphocyte ontogenesis and 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 (25). The
enzyme terminal deoxynucleotidyltransferase (TdT) inserts random nucle-
otides at both the V–D and the D–J junctions and further diversity is generated
by random excision of nucleotides and somatic mutations. The most hypervari-
able region produced by this phenomenon is the third complementarity-

Fig. 1. Immunoglobulin heavy chain (IgH) gene rearrangement from the germline
sequence. IgH gene leader (L), variable (V), diversity (D), and joining (J) region
recombination is schematically represented. Arrows indicate the position of primer
pairs used for PCR amplification of VDJ segment (first PCR) and for patient-spe-
cific nested or seminested PCR (second PCR).
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determing region (CDRIII), which can be considered a unique marker for a given
B-cell clone (26). The CDRIII region can be PCR-amplified using a variety of
consensus framework region (FR) primers from VH and JH regions and it can
be detected in about 80–90% of B-cell tumors (27). In order to have an adequate
sensitivity and the specificity, the PCR product must be sequenced and patient-
specific primers constructed within the CDR regions. These primers can be used
for nested-PCR amplification of the tumor specific IgH rearrangement, thus
allowing MRD detection with high sensitivity and specificity (28).

3.3.3.1.IDENTIFICATION OF THE VDJ REARRANGEMENT

WITH FR1 AND LEADER FORWARD PRIMERS

The PCR reaction must include a no-template control sample with 1 µL of
each VH primer to exclude any possible contamination.

1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer
Taq polymerase (Promega, Madison, WI) 5 µL; 20 mM MgCl2 5 µL; JHD (20
pmol/µL) 1 µL; Taq polymerase (Promega, Madison, WI) 0.2 µL (see Note 7);
add sterile water for a final volume of 50 µL.

2. Add 1 µL of one VH primer (20 pmol/µL) in each tube.
3. Aliquot PCR reaction mix in each tube.
4. Add 0.5–1 µg of DNA sample in each tube except the no-template control sample.
5. Amplification profile: first step, 94°C 1 min; second step � 35 cycles, 94°C 30 s,

62°C 30 s, 72°C 30 s; third step: 72°C 7 min (see Note 9).
6. Run 10 µL of PCR product (with 1 µL of loading buffer) and 10 µL of molecular

weight marker (with 1 µL of loading buffer) on a 2% agarose gel stained with
ethidium bromide (0.5 µg/mL) in TAE 1X. Expected size: VH/FS and VH/D→
350–400 bp. VH/LS and VH/L → 500-550 bp (see Note 13).

3.3.3.2.IDENTIFICATION OF THE VDJ REARRANGEMENT

WITH FR3-DERIVED FORWARD PRIMER

The PCR reaction must include a no template control sample to exclude any
possible contamination.

1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer
Taq polymerase (Promega, Madison, WI) 5 µL; 20 mMMgCl2 5 µL; FR3.3 (20
pmol/µL) 1 µL; JH3.3 (20 pmol/µL) 1 µL; Taq polymerase (Promega, Madison,
WI) 0.2 µL (see Note 7); sterile water to a final 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. Amplification profile: first step, 94°C 1 min; second step � 35 cycles, 94°C 30 s,

55°C 30 s, 72°C 30 s; third step, 72°C 7 min (see Note 9).
5. Run 5 µL of PCR product (with 1 µL of loading buffer) and 5 µL of molecular

weight marker (with 1µL of loading buffer) on 12% polyacrylamide gel (19:1
acrylamide: bisacrylamide) in 1X TAE buffer. Expected size: �120 bp.
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3.3.3.3.PCR PRODUCT SEQUENCING AND INTERNAL PRIMERS DESIGN

Clonal amplifications give sharp band of the appropriate size; these PCR
products can be electrophoresed through a 0.8% LMP agarose gel, excised, and
purified using QIAquick gel extraction kits (Qiagen, Milan, Italy) (see Note
14). Direct sequencing of amplified DNAs can be perfomed using the Promega
sequencing system as previously described ( 29) or automated sequencing.

Confirm that the sequence derives from IgH rearrangement. Exclusion of
IgH sequences bearing stop codons and appropriate identification of germline
V, D, and J regions can be performed at www.ncbi.nlm.nih.gov/igblast/ or http:/
/imgt.cines.fr/home.html; hypervariable regions CDRII and CDRIII should be
identified as the junctions including N-insert (see Note 15), from which patient-
specific oligonucleotide primers can be designed. If FR3-derived forward primer
has been used, the length of the DNA sequence allows only the design of a
patient-specific forward primer within the CDRIII region for a seminested PCR
to be performed with JH-derived consensus primer as reverse primer (Fig. 1).

These allele-specific oligonucleotides (ASO) primers are usually 18–20 bp
long with a melting temperature of approx 60°C (see Note 16). In order to
determine the optimal PCR conditions, a so called “Oligotest” should be per-
formed to test the PCR amplification of a diagnostic sample with different
primer and MgCl2 concentrations (usually 1 µL of 10–20 pmol/µL primers and
5 µL of 15–25 mMMgCl2, respectively), annealing temperature (usually the
mean temperature of the ASO primers), and second-step cycle number (usu-
ally between 30 and 35 cycles).

3.3.3.4.MINIMAL RESIDUAL DISEASE MONITORING WITH IGH MOLECULAR MARKER

The PCR reaction must include:

• A patient positive sample to assess the sensitivity;
• Healthy donor polyclonal DNA as a negative sample to assess the specificity;
• A no-template control sample to exclude any possible contamination.

First PCR amplification:

Performed as described under Subheading 3.3.3.1. or 3.3.3.2., using only
the patient IgH forward primer.

Second PCR amplification:

1. Reaction mix (� n samples + 1) (see Note 6): dNTPs 2 mM 5 µL; 10X Buffer
TaqGold polymerase (Applied Biosystems, Warrington, UK) 5 µL; MgCl2 (as
defined by “Oligotest”) 5 µL; AmpliTaq Gold (Applied Biosystems, Warrington,
UK) 0.2 µL; patient-specific forward primer (10–20 pmol/µL or as defined by
“Oligotest”) 1 µL; patient-specific reverse primer (10–20 pmol/µL or as defined
by “Oligotest”) 1 µL; sterile water for a final volume of 50 µL.
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2. Aliquot PCR reaction mix in each tube.
3. Add 1 µL of first PCR product (see Note 10).
4. Amplification profile: as defined by “Oligotest” (see Note 9).
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 buffer) on a 2% agarose gel stained with
ethidium bromide (0.5 µg/mL) in TAE 1X (see Note 11). If the expected size is
below 100–120 bp, run 5 µL of PCR product and 5 µL of molecular weight marker
on 12% polyacrilamide gel (19:1 acrylamide: bisacrylamide ) in TAE 1X.

2.4 Real-time Quantitative PCR

Although different equipments and techniques can be utilized for real-time
PCR-based quantitative MRD monitoring (30), here we present in detail the more
common strategy. This strategy utilizes a hydrolysis probe approach on a high-
throughput instrument (ABI Prism 7000 Sequence Detection System Instrument,
Applied Biosystems, Warrington, UK) for absolute quantification of the tumor
genome number.

The hydrolysis probe approach is based on the 5� exo-nuclease activity of the
Taq polymerase and requires the synthesis of three oligonucleotides: one for-
ward primer, one reverse primer, and one probe. The probe is labeled at the 5�
end with reporter fluorochrome (e.g., 6-carboxyfluorescein [6-FAM]) and at
the 3� end with a quencher fluorochrome (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 amplification. As a result of this cleavage, reporter fluoro-
chrome is separated from quencher and the fluorescence can be detected by the
instrument. Specific PCR products quantity can thus be detected as the reaction
proceeds. In lymphomas with chromosomal translocations, consensus primers
and probes suitable for a large number of patients can be used to target the spe-
cific translocation (31). A Taqman system (primer pair and fluorogenic probe)
for quantification of the bcl-2-MBR rearrangement is detailed in Table 3.

When the molecular marker is based on the IgH gene rearrangement, the tar-
get 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 CDRIII region of the
IgH gene rearrangement, while the forward and reverse primer are designed in
VH and JH germline sequences, respectively. Because patient-specific probes
are expensive and time-consuming, assays based on a limited number of probes
designed within the FR3 region have been developed (32). In this case, the speci-
ficity is given by forward and reverse primers, which are located in the VH and
CDRIII segments, respectively. As an alternative, the forward primer can be
positioned in the CDRIII region and the reverse primer and probe within the JH
segment. For primer and probe design, several software packages are available
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(e.g., Primer Express®, Applied Biosystems, Warrington, UK). When a consen-
sus probe positioned in the FR3 region of the IgH gene is used, the patient-spe-
cific primers designed for qualitative nested PCR can also be suitable for
real-time PCR. However, the following parameters should always be satisfied:
probe melting temperature 10°C higher than the primers, primers melting tem-
perature 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 normalize patient samples for DNA quality and quantity, a con-
trol gene must be included in every real-time PCR analysis. The glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) is often used as reference standard
(see Table 3), but other genes, such as β- actin, β-globin, Abelson, RNase P,
and albumin genes, can be chosen as well.

In order to quantify the target and reference genes, standard curves are gen-
erated by serial dilutions of plasmids containing the DNA target sequence. If
10-fold dilutions are used, the slope of a standard curve should be –3.3 (–3.0–
–3.9) with a correlation coefficient >0.98. PCR products are cloned by means
of a TA cloning kit (see Subheading 3.3.3.3.); GAPDH is cloned from normal
peripheral blood mononuclear cells, bcl-2/MBR gene from positive cell lines
(e.g., DOHH-2), and IgH patient-specific rearrangement from a diagnostic
sample.

Each real-time PCR plate must include:
• Samples with serial 10-fold dilution of bcl-2 or IgH plasmid into a pool of DNA

from 5–10 samples of normal peripheral blood mononuclear cells and reference
gene into sterile water (plasmid copy number ranging from 10–6 to 10–1) to pro-
duce the standard curve;

• Healthy donor polyclonal DNA as a negative sample to assess the specificity;
• A no-template control sample to exclude any possible contamination.
1. Reaction mix (� n samples + 1): TaqMan Universal PCR Master Mix (Applied

Biosystems, Warrington, UK) 25 µL; 1 µL of each primer (20 pmol/µL), 1 µL of
probe (10 pmol/µL); sterile water to a final volume of 50 µL (see Notes 6 and 17).

2. Aliquot PCR reaction mix in each tube.
3. Add 0.5–0.6 µg in 2.5 µL of DNA sample in each tube except the no-template

control sample.
4. Amplification profile: first step, 50°C 2 min; second step, 95°C 10 min; third

step (for 45 cycles), 95°C 15 s, 60°C 1 min (see Note 8 and 18).
In each plate, all the samples are run in triplicate. The MRD value is calcu-

lated as the mean of triplicates of target gene divided by the mean of triplicates of
GAPDH as control gene.

4. Notes

1. Filter dense samples using a 5-mL sterile syringe.
2. If PBS is not available, 0.9% sodium chloride solution is also suitable.
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3. For DNA extraction, other methods can be used, such as phenol/chloroform DNA
precipitation, which provides the same DNA quality and quantity but it is more
time-consuming. DNA precipitation by means of DNA binding columns (e.g.,
Nucleospin®, BD Biosciences, France) is particularly useful when less than 5 �
106 cells are available.

4. Use the following protocol for paraffin-embedded tissue: add 1 mL of xylol to
two sections of paraffin-embedded tissue and incubate at 37°C in water bath for
15 min; spin for 3 min at 13000 rpm; discard the supernatant and resuspend the
pellet with 1 mL of xylol, repeating all the steps described above; then add 1 mL
of 100% ethanol an mix; incubate 5 min at room temperature; spin at 13000 rpm
for 3 min and discard the supernatant; add 1 mL of 100% ethanol and repeat the
step described above; dry the pellet using a Speed-Vac; resuspend the dried pel-
let with TNE 200 µL, sodium dodecyl sulphate (SDS) 20% 10 µL and proteinase
K (25 mg/mL) 4 µL and incubate at 55°C overnight, adding 2 µL of proteinase K
after 2–3 h; extract once with one volume of phenol and mix gently; spin for 10
min at 13000 rpm; transfer the upper phase and extract once with phenol/sevag;
spin for 10 min at 13,000 rpm; recover the upper phase and extract once with 1
volume of Sevag; spin for 10 min at 13,000 rpm; transfer the upper phase and
precipitate with 2 volumes of 100% ethanol and one-tenth volume of 3 M Na-
Acetate pH 8.2; spin for 10 min at 13,000 rpm; wash the pellet with 70% ethanol
and spin for 10 min at 13,000 rpm; dry the pellet at room temperature and resus-
pend in 8 mM NaOH.

5. If the pellet is very small, spin 5 min at 5000 rpm, discard the supernatant, and
dry at room temperature.

6. 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 (always use
sterilized aerosol-resistant tips); PCR machines and PCR products are located in
the “post-PCR area”; for nested PCR, first PCR product amplification is added in
this room.

7. PCR amplifications that use Taq polymerase Promega must be set up on ice.
8. All the patient samples that are available for MRD studies are amplified in tripli-

cate; this allows the detection of tumor cells that are just at the limit of assay
sensitivity.

9. PCR products can be kept on ice until they are in the thermal cycler and then
stored at –20°C in the post-PCR area.

10. To avoid contamination during the nested PCR reactions, use dedicate instru-
ments (pipet and tips); keep each tube capped except when adding each respec-
tive first 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 amplifications).

11. In order to avoid false-negative results, all of the MRD-negative samples must be
tested with PCR amplification of a gene located on a chromosome not frequently
involved in the malignancy, e.g., β-actin.

12. If the band size is different, PCR product must be sequenced.
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13. In some cases, if any sharp band can be seen, it could be useful to repeat the
experiment using total cDNA.

14. If no other band can be seen over and under the clonal band, the PCR product can
be purified with QIAquick PCR purification kit (QIAGEN, Milan, Italy).

15. When the sequence quality does not allow a complete reading of CDR regions,
the PCR product can be cloned with TA cloning kit. Plasmid DNA is 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).

16. 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.

17. In order to inhibit PCR inhibitors in a patient sample, 0.5 µL/tube of serum bo-
vine albumin can be added to the PCR reaction mix.

18. The third step can be modified in order to improve primers annealing and reac-
tion efficiency.
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Detection of Impending Graft Rejection
and Relapse by Lineage-Specific Chimerism Analysis

Thomas Lion

Summary
Molecular surveillance of hematopoietic chimerism has become part of the routine

diagnostic program in patients after allogeneic stem cell transplantation. Chimerism test-
ing permits early prediction and documentation of successful engraftment, and facilitates
early detection of impending graft rejection. In patients transplanted for treatment of
malignant hematological disorders, monitoring of chimerism can provide an early indica-
tion of incipient disease relapse. The investigation of chimerism has therefore become an
indispensable tool for the management of patients during the posttransplant period. Grow-
ing use of nonmyeloablative conditioning, which is associated with prolonged duration
of mixed hematopoietic chimerism, has further increased the clinical importance of chi-
merism analysis. At present, the most commonly used technical approach to the investi-
gation of chimerism is microsatellite analysis by PCR. The investigation of chimerism
within specific leukocyte subsets isolated from peripheral blood or bone marrow samples
by flow-sorting or magnetic beads-based techniques provides more specific information
on processes underlying the dynamics of donor/recipient chimerism. Moreover, cell sub-
set-specific analysis permits the assessment of impending complications at a significantly
higher sensitivity, thus providing a basis for earlier treatment decisions.

Key Words: Chimerism; microsatellites; leukocyte subsets; flow-sorting; graft rejec-
tion; 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 transplantation. The analysis of chimerism during the
immediate posttransplant period permits early assessment of successful engraft-
ment or graft failure (1,2). Patients receiving reduced intensity (nonmyeloabla-
tive) conditioning regimens have an increased risk of graft rejection, particularly
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if they are transplanted with T-cell-depleted grafts (3). The monitoring of residual
recipient natural killer (NK)- and T-cells in peripheral blood (PB) can provide
timely indication of impending allograft rejection (3,4). In patients undergoing
allogeneic stem cell transplantation for the treatment of leukemia, impending dis-
ease recurrence can be indicated by an increasing proportion of recipient-derived
cells (4,5). PCR-based chimerism assays analyzing highly polymorphic micro-
satellite (short tandem repeat [STR]) markers permit the detection of residual
autologous cells at a sensitivity of about 1–5% (6–11). When investigating chi-
merism in total leukocyte preparations from PB, this level of sensitivity may not
be sufficient to allow early assessment of impending complications. It is possible
to overcome this problem by investigating chimerism in specific leukocyte sub-
sets of interest isolated by flow-sorting or by immunomagnetic bead separation.
Because residual recipient-derived cells can be detected within the individual leu-
kocyte fractions with similar sensitivity, 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 investigating 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.

1.1. Prediction of Graft Rejection by the Monitoring
of Chimerism Within Lymphocyte Subsets

Patients who receive reduced intensity conditioning reveal persisting leuko-
cytes of recipient genotype more commonly than patients after myeloablative
conditioning. 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 correlation with the presence of
mixed or recipient chimerism within T-cells (CD3+) and NK-cells (CD56+).
Detection of mixed chimerism within lymphocyte populations is associated
with an increased risk of late rejection (3,4). In most instances, serial analysis
reveals a persistently high or an increasing recipient-specific allelic pattern
prior to overt graft rejection (3–5) (Fig. 1). The correlation between the obser-
vation of mixed or recipient chimerism and graft rejection was shown to be
higher for NK-cells than 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+) cells during the same
period (3). Hence, the observation of recipient chimerism within the CD56+
and CD3+ cell subsets is highly predictive for the occurrence of late graft rejec-
tion. These findings underscore the importance of cell subset analysis in post-
transplant chimerism testing.
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Fig. 1. Detection of impending graft rejection by lineage-specific chimerism analysis. A–D represent sequential time points of
lineage-specific chimerism testing in a patient who ultimately rejected the allograft. (A) Reveals the presence of virtually pure donor
chimerism in all leukocyte subsets analyzed, at the level of sensitivity achievable by the technique used (see Note 12). (B) Mixed
chimerism appears in CD4 and CD8 lymphocyte subsets (dotted arrows), while donor chimerism is present in all other populations
tested. (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. (D) Documents autolo-
gous recovery in all cell populations, with minor proportions of residual donor cells in some fractions.

Don, donor-specific allele, indicated by black arrow; Rec, recipient-specific 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.
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1.2. Detection of Imminent Relapse by Serial Analysis
of Leukemia Lineage-Specific Chimerism

Investigation of entire leukocyte fractions from PB has been shown to reveal
reappearance of autologous cells (mixed chimerism) before the diagnosis of
relapse (5), thus providing a basis for timely initiation of treatment, which
usually includes the reduction or withdrawal of immunosuppressive therapy
or the administration donor lymphocyte infusions (DLI). In some instances,
however, analysis of chimerism within total leukocytes may not shown any
changes indicative of impending relapse (1,4). Owing to its higher sensitivity,
serial investigation of specific leukocyte subsets derived from PB or bone mar-
row (BM) has a greater potential of revealing informative changes in patients
who later experience hematological relapse, provided that chimerism testing
is performed at adequate intervals. These patients reveal either persistence or
reappearance of autologous allelic patterns within cell 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 leukemic clone. The stem cell marker CD34 is commonly expressed by
the leukemic cells in combination with lineage specific markers. For example,
the leukemic clone in B-cell precursor acute lymphocytic leukemias is gener-
ally characterized by co-expression of CD34 and CD19. The cell populations
expressing these markers can therefore be specifically targeted for the assess-
ment of residual disease by monitoring the presence and the kinetics of recipi-
ent chimerism (Fig. 2). Occasionally, however, the only observation made
before hematological relapse is lineage-specific chimerism kinetics suggestive
of graft rejection (4). This observation may be attributable to the loss of the
graft-vs-leukemia effect associated with rejection of the allograft.

1.3. Technical Aspects

Despite the recent introduction of single-nucleotide polymorphism (SNP)
and insertion/deletion (Indel) polymorphism analysis by real-time PCR for the
investigation of chimerism (12–14), STRs have remained the most commonly
used source of polymorphic markers in the human genome for quantitative
assessment of donor/recipient hemopoiesis after allogeneic stem cell transplan-
tation. The exploitation of SNP and Indel markers for chimerism testing are
promising approaches, which can provide a sensitivity superior to STR analy-
sis by PCR. However, the spectrum of well characterized Indel polymorphisms
must be expanded to provide an informative marker in any recipient/donor
constellation, and currently available SNP-based techniques appear to lack the
precision required for monitoring of chimerism kinetics in the range between 1
and 100% donor/recipient cells. Within this range, STR-PCR and, in the sex-
mismatched transplant setting, fluorescence in situ hybridization (FISH) analy-
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Fig. 2. Detection of incipient relapse by lineage-specific chimerism analysis. In this ex-
ample, 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 reap-
pearing leukemic cells are therefore expected to occur within these leukocyte fractions. A
and B show the investigation of different leukocyte subsets isolated by flow-sorting from
peripheral blood at two sequential time points. A reveals the presence of complete donor
chimerism in all leukocyte subsets analyzed, at the level of sensitivity achievable by the
technique used (see Note 12). In B, the CD19-positive cell fraction shows mixed chimer-
ism, indicating the reappearance of autologous cells. The CD34-positive cell population,
which was not detectable at all at the previous time point of chimerism analysis (A), con-
sists of recipient-derived cells. This finding 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 clone-specific marker is available (e.g., translocation-associated gene rear-
rangement, immunoglobulin- or T-cell receptor rearrangement), the finding can be con-
trolled by an independent technique. In cases in which no other informative marker is
available, lineage-specific chimerism testing is the most sensitive approach to early detec-
tion of impending relapse.

Don, donor-specific allele, indicated by black arrow; Rec, recipient-specific alleles, in-
dicated 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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sis of the X and Y chromosomes (15), are presently the techniques providing
the greatest accuracy in quantitative investigation of chimerism. As outlined
previously, the overall sensitivity and the clinical utility of diagnostic informa-
tion can be greatly increased by performing the analysis of chimerism in spe-
cific leukocyte fractions isolated from PB or BM. In this chapter, particular
emphasis has therefore been put on the technical requirements of lineage-spe-
cific investigation of chimerism.

2. Materials

2.1. Isolation of Cell Subsets by Flow-Sorting

2.1.1. Hardware

1. White blood cell (WBC) counter.
2. Refrigerated centrifuge: Megafuge 1.0 (Heraeus).
3. Flow-sorter: FACS-Aria (Beckton Dickinson).
4. 50 mL polypropylene conical tubes (Beckton Dickinson).
5. 15 mL polypropylene conical tubes (Beckton Dickinson).
6. FACS tubes: 5 mL polystyrene tubes (Becton Dickinson).
7. Filters: 40 µm mesh (Nybolt).
8. Vortex mixer.

2.1.2. Reagents

1. Red blood cell (RBC) lysis buffer: 8.3 g NH4Cl/1 g KHCO3 per L; pH is adjusted
to 7.4 with buffer (citrate-HCl pH = 4.0 or citrate-NaOH pH = 6.0 [Merck]).

2. Phosphate-buffered saline (PBS): NaCl 7.597 g/Na2HPO4 � 2 H2O 1.245 g/
NaH2PO4 � H2O 0.414 g per L.

3. MOPC-21 (lyophilized reagent, Sigma M7894).
4. Fetal calf serum (FCS; Sebak).
5. Penicillin/streptomycin (PS; Gibco).
6. Na-Azide (Merck).
7. MOPC-21 solution: 5 mg lyophilized reagent/5 mL PBS containing 2% FCS)/PS

1:100 Vol/10% Na-Azide.
8. Monoclonal antibodies (MAbs):

Syto 41 Stains all nucleated cells (Eubio)
8FITC Stains CD8- suppressor T-cell marker (Dako)
56PE Stains CD56-NK-cell marker (Becton Dickinson)
3ECD Stains CD3- T-cell marker (Instrument Laboratory)
45PerCP Stains CD45-Pan-leukocyte marker (Becton Dickinson)
4PE-Cy7 Stains CD4- helper T-cell marker(Becton Dickinson)
71APC Stains CD71-normocyte marker (Becton Dickinson)
14APC-Cy7 Stains CD14-monocyte marker (Becton Dickinson)
15FITC Stains CD15-granulocyte marker (Dako)
33 PE Stains CD33-myeloid cell marker (Becton Dickinson)
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19ECD Stains CD19-B lymphocyte marker (Instrument Laboratory)
34PE-Cy7 Stains CD34-stem cell marker (Becton Dickinson)

9. RPMI 1640 Medium without L-Glutamine (Gibco).

2.2. Purification of DNA

2.2.1. Purification of DNA From Peripheral Blood or Bone Marrow

2.2.1.1. HARDWARE

1. Spectrophototometer.
2. Benchtop centrifuge.
3. Heat block or water bath.
4. Vortex mixer.

2.2.1.2. REAGENTS

1. Qiagen DNA Blood Mini Kit (Qiagen, Hilden, Germany).
2. Ethanol (absolute).

2.2.2. Purification of DNA From Nails: Variant A,
In-House Method

2.2.2.1. HARDWARE

1. Benchtop centrifuge.
2. Heat block or water bath.
3. Vortex mixer.

2.2.2.2. REAGENTS

1. Washing solution: 0.5% sodium dodecyl sulfate (SDS) and 0.5M NaOH.
2. dH2O (DNAase free).
3. Extraction buffer: 1X TBE, 1.4% SDS, 0.14M NaCl, 0.28 M dithiothreitol (DTT)

and 68 µg/mL proteinase K.
4. Phenol/chloroform /isoamylalcohol (Amresco, Solon, OH).
5. Chloroform/isoamylalcohol 25:1.
6. 3 M Na-Acetate, pH 5.2.
7. Ethanol (absolute).
8. Ethanol 70%.

2.2.3. Purification of DNA From Nails: Variant B,
Tissue and Hair Extraction Kit with the DNA IQ™ System; Promega

2.2.3.1. HARDWARE

1. Benchtop centrifuge.
2. Heat block or water bath.
3. Vortex mixer.
4. MagneSphere® Technology Magnetic Separation Stand) Promega, Madison, WI).
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2.2.3.2. REAGENTS

1. Tissue and Hair Extraction Kit (Promega, Madison,WI).
2. DNA IQ System (Promega, Madison,WI).
3. Nuclease-free water.
4. Ethanol (absolute).
5. Isopropyl alcohol.

2.2.4. Purification of DNA From Cell Subsets Isolated
by Flow-Sorting: Variant A, Qiagen Column Extraction

2.2.4.1. HARDWARE

1. Benchtop centrifuge.
2. Heat block or water bath.
3. Vortex mixer.

2.2.4.2. REAGENTS

1. Qiagen DNA Blood Mini Kit (Qiagen, Hilden, Germany), includes Protease, AL
buffer, washing buffers AW1, AW2, and elution buffer AE.

2. Ethanol (absolute).

2.2.5. Purification of DNA From Cell Subsets Isolated
by Flow-Sorting: Variant B, Proteinase K Lysis

2.2.5.1.HARDWARE

1. Eppendorf centrifuge.
2. Heat block or water bath.
3. Vortex mixer.

2.2.5.2. REAGENTS

1. 1 M Tris-HCl buffer, pH 8.0, molecular biology-grade, premade (Sigma).
2. 10 mM Tris-HCl pH 8.0 made from the above buffer; dilute the Tris with dH2O

only.
3. Proteinase K, molecular biology-grade (nuclease-free) (Boehringer); dilute to 100

µg/mL in 10 mM Tris-HCl, pH 8.0.

2.3. STR-PCR and Capillary Electrophoresis
With Fluorescence-Assisted Detection (see Note 1)

2.3.1. Hardware

1. PCR cycler (PE2400, PE9600; Applied Biosystems, Foster City, CA).
2. Benchtop centrifuge.
3. Vortex mixer.
4. Capillary electrophoresis instrument equipped for analysis of fluorescence sig-

nals (ABI310/ABI 3100-Avant Genetic Analyzer, Applied Biosystems).
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2.3.2. Reagents and Solutions

1. Genomic DNA.
2. 10X Buffer (including: Tris-HCl, KCl, (NH4)2SO4, 15mM MgCl2, pH 8,7) (Qiagen).
3. 25 mM MgCl2 (Qiagen).
4. dNTPs (Invitrogen, Carlsbad, CA).
5. STR locus-specific primers (forward or reverse primer labeled with a fluores-

cence dye (FAM, HEX, or NED; Applied Biosystems) (see Table 1).
6. HotStar Taq Polymerase (Qiagen).
7. Deionized formamide (Applied Biosystems).
8. GeneScan-500 ROX Size Standard (Applied Biosystems).

2.3.3. Consumables for Capillary Electrophoresis
on the ABI310/ABI 3100-Avant Genetic Analyzer

1. 10X GA Buffer (including EDTA) (Applied Biosystems).
2. 310 Genetic Analyzer Performance Optimized Polymer 4 (POP-4) or 3100 POP-

4 Performance Optimized Polymer (Applied Biosystems).
3. 310 Genetic Analyzer Capillaries 47 cm � 50 µm or 3100-Avant Capillary Array

36 cm (Applied Biosystems).

3. Methods

3.1. Isolation of Cell Subsets by Flow-Sorting

1. Starting material is PB, usually anticoagulated with EDTA, or BM, usually anti-
coagulated with Heparin.

2. Determine WBC count using any available equipment and determine the PB/BM
volume required for the forthcoming steps (see Note 2).

3. Transfer appropriate volume to a 50-mL tube and add 10 volumes of RBC lysis
buffer.

4. Incubate in a refrigerator at +4°C until lysis is complete (5–10 min).
5. Centrifuge for 10 min at 400g in a refrigerated centrifuge at 4°C.
6. Remove supernatant and resuspend the pellet in 10 mL PBS.
7. Centrifuge for 10 min at 400g in a refrigerated centrifuge at 4°C.
8. Remove supernatant and resuspend the pellet of nucleated cells (NCs) in 1–2 mL

PBS.
9. Determine the number of NC/µL using any available equipment.

10. Transfer 1X 10E6 NC for each MAb labeling reaction in a volume not exceeding
500 µL to a 15-mL tube for subsequent staining.

11. Add 60 µL MOPC-21 solution per 106 cells.
12. Vortex briefly.
13. Incubate the tubes in a refrigerator at 4°C for 20 min (see Note 3).
14. Add the respective MAb cocktails in a volume of 60 µL:

a. Cocktail 1 (for flow-sorting of CD4, CD8, NK-cells, and normocytes):
Syto41/ 8FITC/ 56PE/ 3ECD/ 45PerCP/ 4PE-Cy7/ 71APC/ 14APC-Cy7.
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Table 1
Selected Microsatellite Loci

CHLC Chromosome PCR
Locus Marker accession location Type Het Alleles (in bp) Primer sequences 5�>3�

D3S3045 GATA84B12 32627 3 TetNR 0.82 7 176–208 F: ACCAAATGAGACAGTGGCAT
R: ATGAGGACGGTTGACATCTG

D4S2366 GATA22G05 31823 4 TetNR 0.79 7 120–144 F: TCCTGACATTCCTAGGGTGA
R: AAAACAAATATGGCTCTATCTATCG

D12S1064 GATA63D12 40934 12 TetNR 0.82 8 173–201 F: ACTACTCCAAGGTTCCAGCC
R: AATATTGACTTTCTCTTGCTACCC

D16S539 GATA11C06     715 16 TetNR 0.76 12 148–172 F: GATCCCAAGCTCTTCCTCTT
R: ACGTTTGTGTGTGCATCTGT

D17S1290 GATA49C09 40873 17 TetNR 0.84 9 170–210 F: GCCAACAGAGCAAGACTGTC
R: CGAAACAGTTAAATGGCCAA

The most informative set of short tandem repeat (STR) loci from the author’s laboratory, which has provided an adequate marker in the
majority of all donor/recipient constellations tested. A series of successful marker sets from different European laboratories has been recently
published (6–11).

F, forward; R, reverse; Chrom, chromosomal; TetNR, tetranucleotide repeat marker; Het, heterozygosity. For the selection of appropriate
markers for initial genotyping and subsequent analysis of chimerism, see also Notes 19–23.

206
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b. Cocktail 2 (for flow-sorting of granulocytes, monocytes, B lymphocytes and
CD34 cells): Syto41/ 15FITC/33 PE/ 19ECD/ 45PerCP/ 34 PE-Cy7/ 71APC/
14 APC-Cy7.

15. Vortex briefly.
16. Incubate in a refrigerator at 4°C for 30 min.
17. Remove excess MAb by adding approx 5 mL of RPMI culture medium contain-

ing 2% FCS and PS 1:100 vol.
18. Vortex briefly.
19. Centrifuge for 10 min at 400g in a refrigerated centrifuge at 4°C.
20. Remove supernatant and resuspend the pellet in 200 µL RPMI/2%FCS/PS.
21. Filter cell suspension through 40 µm mesh into a fluorescence-activated cell sort-

ing (FACS) tube.
22. Isolate 4000 cells per population, whenever possible.
23. Collect individual cell populations in Eppendorf tubes (see Note 4).

3.2. Purification of DNA

3.2.1. DNA Extraction From PB or BM (see Note 5)

1. Use Qiagen DNA Blood Mini Kit according to the manufacturer’s recommenda-
tions.

2. Quantify DNA yield by spectrophotometry.
3. Use 10 ng of DNA as template in individual PCR reactions.

3.2.2. DNA Extraction From Nails (see Note 6)

3.2.2.1. VARIANT A: IN-HOUSE METHOD

1. Collect nail clippings from 1 to 10 fingers (or toes).
2. Place the nail sample is in a 1.5-mL Eppendorf tube.
3. Add washing solution.
4. Vortex briefly.
5. Pulse spin (Eppendorf centrifuge, maximum speed).
6. Aspirate washing solution.
7. Add approx 1 mL dH2O.
8. Vortex briefly.
9. Pulse spin.

10. Aspirate dH2O.
11. Repeat steps 7–10 once.
12. Add extraction buffer.
13. Incubate sample at 56°C overnight (or over the weekend, if convenient).
14. Upon complete (or partial) digestion of the nails, extract the DNA using standard

phenol/chloroform extraction and ethanol precipitation.

3.2.2.2. VARIANT B: TISSUE AND HAIR EXTRACTION KIT WITH DNA IQ SYSTEM

The kits are applied according to the manufacturer’s recommendations.
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3.2.3. DNA Extraction From Flow-Sorted Cell Subsets (see Note 7)
3.2.3.1. VARIANT A: QIAGEN COLUMN EXTRACTION

1. Resuspend flow-sorted cells with 200 µL PBS.
2. Add 20 µL protease.
3. Add 200 µl AL buffer.
4. Vortex for 15 s.
5. Incubate at 70°C for 10 min.
6. Pulse spin.
7. Add 210 µL ethanol (absolute).
8. Vortex briefly.
9. Pulse spin.

10. Apply the solution to the spin column.
11. Centrifuge and wash sample according to the standard Qiagen protocol.
12. Collect DNA with 100 µL of elution buffer (see Note 8).

3.2.3.2. VARIANT B: PROTEINASE K LYSIS

1. Collect flow-sorted cells in 50 µL Tris-buffer.
2. Add 10 µL of 100 µg/mL proteinase K (PK).
3. Incubate for 1 h minimum at 56° C.
4. Vortex and spin down liquid briefly.
5. Incubate for 10 min at 95°C to inactivate the PK.
6. Vortex and spin down in Eppendorf centrifuge at full speed for 30 s to separate

the DNA supernatant from the cellular debris.
7. Use 10–30 µL of the supernatant as template for the PCR reaction (avoid aspira-

tion of the cellular debris in the pellet to prevent inhibition of the PCR reaction).

3.3. STR-PCR and Capillary Electrophoresis With Fluorescence-
Assisted Detection for Chimerism Analysis (see Note 9)

1. Set up the PCR reactions in a total volume of 50 µL as follows:

dH20  5.5 µL
10X Buffer  5.0 µL
MgCl2 (25 mM)  1.0 µL
dNTPs (from 2.5 mM stocks)  4.0 µL
Primers (from 2.5 pmol/µL stocks)  4.0 µL
Qiagen Taq Polymerase (from 5 units/µL stock)  0.5 µL
DNA (see Note 10) 30.0 µL

50.0 µL

2. Perform PCR amplification under the following cycling conditions:

Initial denaturation at 95°C 15 min
32 cycles including denaturation at 94°C 60 s
annealing at 54°C 45 s
extension at 72°C 90 s
Final extension step at 72°C 7 min
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Eliminate split peaks by adding an
     additional extension step at 60°C 45 min (see Note 11)
Thereafter keep at 18°C
     until sample analysis by capillary
     electrophoresis (this temperature
     should prevent the dissociation
     of adenosine (see Note 11)

3. Prepare PCR products for loading onto the capillary electrophoresis apparatus by
setting up the following mixture:

13.7 µL HiDi formamide
0.3 µL ROX
1.0 LPCR product

4. Denature the PCR products by incubating the tubes at 95°C for 2 min.
5. Let the samples cool down to room temperature prior to capillary electrophoresis.
6. Load samples to ABI 310/3100-Avant Genetic Analyzer (see Note 12).
7. Adjust the electrophoresis time (“run time”) according to the length of the ana-

lyzed PCR products (see Note 13)
8. Apply the GeneScan software (supplied with ABI310/3100 apparatus) to analyze

the PCR products.
9. Use the height (or area) of individual peaks to calculate donor/recipient chimer-

ism by employing the formulas indicated below (see Note 14).

Commonly encountered problems and recommended measures are outlined
in Notes 15–18.

Microsatellites for initial genotyping and selection of markers for the fol-
low-up of chimerism are described in Table 1 and Notes 19–23.

4. Notes

1. The main advantages of automated fluorescence-based detection of microsatellite
markers over the use of conventional polyacrylamide gel electrophoresis (PAGE)
include greater precision and easier performance of quantitative analysis, reduced
manual handling of PCR products, and higher sensitivity.

2. We use a total of 4 � 106 NCs per patient sample for cell sorting. The total blood
volume required is therefore based on the WBC count.

3. The incubation at 4°C minimizes nonspecific staining by blocking nonspecific
antigen-binding regions.

4. If the subsequent DNA extraction is performed by PK lysis, the cells should be
collected in a small amount of buffer, e.g., 50 µL Tris, as indicated in order to
avoid the need for a DNA-concentrating step.

5. Capillary electrophoresis-based product analysis seems to be sensitive to varia-
tions in DNA template quality. It is necessary therefore to use isolation protocols
yielding high quality DNA in order to obtain reproducible results and satisfac-
tory sensitivity. DNA isolation kits (e.g., from Qiagen Inc) have proven to be
adequate for this application.
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6. 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 chimerism, assess-
ment 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-specific genetic fingerprints. Epithelial cells derived from the
oral mucosa or from the skin may contain donor leukocytes. In fact, buccal swabs
were demonstrated to contain granulocytes of donor origin already during the
first days after SCT, before they were detected in PB (ref. 16 and own unpub-
lished observations). The same applies to cells isolated from urinary sediment.
Hair provide a reliable source of endogenous 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 sufficient quantities of good quality DNA adequate for PCR
genotyping can be obtained from about 5 mg nail material. Usually, clippings of
finger nails from both hands yield 20–50 mg of material, providing 10–25 µg of
DNA by using the procedure indicated.

7. The amount of cells within individual fractions isolated by flow-sorting ranges
mostly between 2000 and 10,000, but may occasionally be as low as a few hun-
dred. A technique permitting efficient DNA extraction from small cell numbers
is therefore required. We try to obtain 4000 cells per cell fraction in order to have
sufficient amounts of DNA for PCR analysis. The use of a modified protocol for
the Qiagen DNA Blood Mini Kit provides very pure DNA, but the yields are
relatively low, albeit sufficient for subsequent PCR. The DNA extraction based
on cell lysis and PK treatment is simpler, faster, and cheaper. The DNA yields
are virtually quantitative, as determined by real-time PCR analysis of control
genes, but the quality (purity) of DNA may not be adequate in all instances (i.e.,
may not work equally well with all primer combinations).

8. The volume of elution buffer should be kept low in order to provide DNA con-
centrations adequate for subsequent PCR analysis. The eluate can be re-applied
to the spin column in attempts to in increase the DNA yield. Alternatively, if the
yields do not provide sufficient amounts of DNA for PCR analysis, addition of a
carrier to the cell lysate prior to application to the spin column may be warranted.

9. The employment of capillary electrophoresis instruments requires less hands-on
time than conventional gel electrophoresis because of the automated loading of
samples, electrophoresis, and measurement of fluorescence 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.
The efficiency 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 amplification of various microsatellite loci are labeled
with different dyes, thus permitting easy identification of the products after elec-
trophoresis (17). These considerations are certainly of relevance at major diag-
nostic centers, where high sample throughput is required. Alternatively,
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instruments with multiple capillaries can be used. Currently, the overall cost of
capillary electrophoresis with fluorescence-based detection of PCR products is
considerably higher than conventional analysis using PAGE.

10.  The amount of template DNA in the PCR reactions can play a role in the achiev-
able sensitivity of the assay. Most investigators use 50-100 ng of template (corre-
sponding to about 7.5 � 103 – 15 � 103 diploid human cells), a quantity readily
available when analyzing chimerism within the entire WBC population. In such
instances, it is feasible to reproducibly detect residual recipient populations in
the range of 1% (i.e., about 100 cells). This level of sensitivity may not be readily
achievable, however, when specific WBC fractions isolated by flow-sorting or
by magnetic bead separation are investigated. 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 � 102 – 4.5 � 103 cells). Although 1% sensitivity
(equivalent to detecting about 45 cells or less) can be reached even in this experi-
mental 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
specifically enriched leukocyte populations is generally one to two logs higher
than chimerism analysis in whole WBC preparations.

11. Split peaks: several DNA polymerases can catalyze the addition of a single nucle-
otide (usually adenosine) to the 3�ends of double-stranded PCR amplicons. This
nontemplate 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 inefficient nucleotide addition, a termi-
nal cycling step at 60°C for 45 min is included in the PCR profile. 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.

12. 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 and 6 kV.
Usually, samples are run using different parameters in order to achieve optimal
sensitivity. The peak height of the dominant alleles should be around 5000 rfu to
permit detection of subdominant alleles at a sensitivity of around 1%, because
the lower limit of detection (i.e., signal above noise) is around 50 rfu. Quantita-
tive analysis is possible only if the detected peaks are not off-scale (indicated by
the apparatus). In some instances, very high peaks (saturated signals) are not
recognized and are indicated by the software as being off-scale, and appear as
double-peaks (tip of the peak is bent down).

13. A run time of 20 min is sufficient for PCR products up to approx 400 bp in size;
30 min are required for longer products.

14. Quantification of the degree of mixed chimerism is often carried out relative to a
patient-specific standard curve established from serial dilutions of pretransplant
recipient in donor DNA. For each patient, standard curves are produced for one
or more informative microsatellite markers. For quantitative analysis of donor
and recipient alleles, both peak height and peak area can in principle be used. The
formula used for calculating the degree of (most commonly recipient) chimerism
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is based on the quotient between recipient and donor allele peak heights or areas.
The mode of quantitative analysis may differ between individual centers (18).
Some investigators select only one unique allele from each recipient and donor
for the calculation Like many others, we include all unique recipient and donor
alleles in the calculation, while shared alleles are excluded (19)..The general for-
mulas 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, the
letters C and D those of donor alleles.

15. The so-called stutter peaks resulting from polymerase slippage during the ampli-
fication of microsatellite loci typically migrate at a distance of one repeat unit in
front of the parent allele and may interfere with specific allelic peaks. This prob-
lem must be accounted for by judicious marker selection. As a general rule, infor-
mative 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 sec-
ond stutter peaks can be circumvented by selecting a marker, which provides
donor and recipient peaks separated by more than two repeat units. In general,
tetra- and pentanucleotide repeat markers (i.e., microsatellite loci displaying a
repeat motif of four and five nucleotides in length, respectively), yield less promi-
nent stutter peaks and are therefore preferred over di- and trinucleiotide repeat
markers (i.e., microsatellite loci displaying a repeat motif of two or three nucle-
otides in length).

16. In certain instances, so-called “bleed-through” signals (20) may be observed,
which may affect the interpretation of results. When using very high injection
parameters, the ROX standard (red) may result in signals visible in analyses of
PCR products labeled by HEX (green). The same phenomenon may occur in
multiplex PCR reactions combining primers labeled by different dyes or in the
presence of extremely high signals (see Note 12), where false (bleed-through)
signals may be observed in different color windows.

17. The occurrence of dye-associated non-specific peaks (21) is a problem peculiar
to the fluorescence-based technology discussed. Apparently, the fluorescent dyes
FAM, HEX, and NED may give rise to formation of multiple template-indepen-
dent 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 specific microsatellite peaks and thus com-
promise the analysis of chimerism. There is currently no clear explanation for
this phenomenon. If this problem is observed, a feasible approach to its elimina-
tion is having primers for each microsatellite locus labeled with different fluores-
cent dyes and selecting a primer/dye combination that does not show any
interference between the specific alleles of the marker used and the dye-associ-
ated peak positions.
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18. In addition to the occurrence of nonspecific peaks, as outlined in Notes 11 and
15–17, other problems may lead to the appearance of extra signals. Conversely,
the problem of faint or absent peaks may also occur. Some of the common causes
and possible measures are listed in Table 2.

19. Only a limited number of highly polymorphic microsatellite loci need to be tested
to provide an informative marker in virtually all donor/recipient constellations.
In matched sibling and haploidentical transplants, more markers are generally
required in order to differentiate between donor and recipient T-cells as com-
pared to the unrelated setting. The screening panels used at most centers include
6–15 microsatellite markers. Genotyping with a panel of 3–7 markers is often
sufficient to reveal allelic differences between recipient- and donor-derived cells
suitable for the analysis of chimerism (Table 1).

20. The criteria for the selection of informative markers are not uniformly defined
(22). Ideally, at least one unique donor and recipient allele should be present to
render a marker eligible for chimerism testing. For the monitoring of residual
recipient hemopoiesis only, the presence of a unique recipient allele distinguish-
able from the donor allele(s) could be regarded as the minimum requirement.

21. As a result of preferential amplification 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
microsatellite markers usually show relatively small differences in length between
alleles, amplification efficiencies may nevertheless differ significantly and there-
fore have an impact on the sensitivity of the assays.

22. Investigation of a posttransplant DNA sample with multiple microsatellite mark-
ers 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
(19). Some investigators therefore perform clinical testing of chimerism with
commercial multiplex kits facilitating co-amplification of several microsatellite
markers in a single PCR reaction (17). However, the advantages indicated pre-
viously are counterbalanced by significantly higher cost of consumables and
lower sensitivity resulting from the high number of different fragments co-am-
plified. Most diagnostic centers therefore rely on the use of singleplex PCR re-
actions for chimerism analysis. Multiplex PCR assays are sometimes used for
initial recipient/donor genotyping to select one or more informative markers for
the monitoring of chimerism. If posttransplant DNA samples are tested by more
than one microsatellite marker, amplification is usually performed in separate
PCR reactions.

23. 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-amplified. In practice, however, some markers from the panels used at
individual centers tend to provide higher sensitivity than others and are therefore
used preferentially.
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Table 2
Commonly Encountered Problems in STR-PCR and Recommended Measures

Possible cause Recommended measure

Extra signals: • Contamination with extraneous DNA • Use appropriate precautions and controls
(aerosol-resistant pipet tips)

• DNA input too high • Decrease 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

Faint or no signals: • Impure DNA: Presence of inhibitors • Test different extraction methods combined with
filtration of DNA through a spin column

• Insufficient template DNA • Increase amount of DNA template
• Primer concentration too low • Increase primer concentration
• Incorrect PCR program • Check the PCR program
• Wrong MgCl2 concentration • Test different concentrations of MgCl2

214
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Application of Proteomics
to Posttransplantational Follow-Up

Eva M. Weissinger and Harald Mischak

Summary
Proteomic screening of complex biological samples becomes of increasing impor-

tance in clinical research and diagnosis. It is expected that the meager number of approx
35,000 human genes gives rise to more than 1,000,000 functional entities at the protein
level. Thus, the proteome provides a much richer source of information than the genome
for describing the state of health or disease of the human organism. Especially, the com-
position body fluids comprise a rich source of information on possible changes in the
status of health or disease of particular organs and in consequence of the whole organ-
ism. Here we describe the application of capillary electrophoresis (CE) coupled on-line
to an electrospray-ionization (ESI)-time-of-flight (TOF)-mass spectrometer ) to the analy-
sis of human urine for the identification of biomarkers for complications after allogeneic
hematopoietic stem cell transplantation.

Key Words: Proteomics; hematopoietic stem cell transplantation; capillary electro-
phoresis; mass spectrometry; polypeptide; clinical diagnosis.

1. Introduction
Proteome analysis is now emerging as key technology for deciphering bio-

logical processes and the discovery of biomarkers for diseases from tissues and
body fluids in biosciences and increasingly in clinical research. The complexity
and wide dynamic range of protein expression poses an enormous challenge to
both separation technologies as well as consequent detection such as mass spec-
trometry (MS). The combination of the high resolution separation properties of
capillary electrophoresis (CE) with the sensitive and accurate mass identifica-
tion of MS to date fulfills most of these requirements. Several approaches
for CE-MS coupling have been published (1–3). Recently developed MS cou-
pling techniques (4) lead to robust CE-MS applications with sensitivity in the
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high atto-mol range, comparable to the nano-liquid chromatography systems (5).
Consequently, CE-MS offers a fast, accurate, and reproducible system for the
analysis of clinical samples. More than 1000 individual proteins and peptides
can be detected in a single CE-MS run within 45 to 60 min, thus fulfilling the
requirements for analysis in a clinical setting (6). The clinical follow up of urine
samples of patients after allogeneic hematpoietic stem cell transplantation
(HSCT) (7) will be used to describe the method.

2. Materials

1. Urine samples collected cold and immediately frozen and stored at –20°C.
2. Buffer for sample dilution: 4 M urea, 20 mM NH4OH containing 0.2% sodium

dodecyl sulfate (SDS).
3. Amicon Ultra centrifugal filter device (30 kDa; Millipore, Bedford, MA).
4. C2-column (Pharmacia, Uppsala, Sweden).
5. Elution buffer: 50% acetonitrile (ACN) in high-performance liquid chromatog-

raphy (HPLC)-grade H2O containing 0.5% formic acid.
6. Lyophilization Christ Speed-Vac RVC 2-18/Alpha 1-2 (Christ, Osterode am Harz,

Germany).
7. Capillary Electrophoresis P/ACE MDQ system (Beckman Coulter, Fullerton,

CA).
8. Capillary: 90 cm, 50 µm I.D. fused silica capillary.
9. Rinse between runs: 0.1 M NaOH.

10. CE-Running buffer: 20% ACN, 0.25 M formic acid.
11. Sheath liquid 30% (v/v) iso-propanol (Sigma-Aldrich, Germany) and 0.4% (v/v)

formic acid in HPLC-grade water (flow rate: 2 µL/min).
12. Electrospray ionization (ESI)-time-of-flight (TOF) sprayer-kit from (Agilent

technologies, Palo Alto, CA).
13. Micro-TOF mass spectrometer (ESI-TOF; Bruker Daltonik, Bremen, Germany).
14. Software: Mosaiques Visu: for peak detection (Biomosaiques software, Hanno-

ver, Germany)
15. MosaCluster: SVM-based program for grouping according to multiple param-

eters. (Biomosaiques software,Hannover, Germany).

3. Methods

The methods described below outline (1) the sample preparation, (2) the CE-
MS analysis, and (3) data processing and analysis to evaluate the abundant infor-
mation obtained after a single run in the CE-MS for clinical application to obtain
particular patterns typical for different diseases or complications.

3.1. Sample Preparation

Body fluids are complex mixtures of molecules with a wide range of polarity,
hydrophobicity, and size. When analyzing complex biological samples, major
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concerns are loss of analytes (here: polypeptides) during the sample preparation
as well as reproducibility of the data generated. Ideally, a crude, unprocessed
sample should be analyzed. This would avoid all artefacts, losses, or biases aris-
ing from sample preparation. To date the presence of large molecules, such as
albumin, immunoglobulin, and others hamper this direct approach, because these
molecules bare little information in the clinical setting, but will interfere with the
detection of smaller, less abundant proteins and peptides. Thus a manipulation of
the samples is necessary, but can be limited to a few steps.

3.1.1. Collection and Storage of the Samples

Urine samples are obtained from patients at different time points before and
after HSCT, starting prior to conditioning and consequently weekly for the
time on the ward. The samples are typically taken as the second spot urine,
voiding the first urine of the day. Proper handling of the samples is of outmost
importance; the urine should be frozen immediately after collection and stored
at –20°C until analysis (Note 1).

3.1.2. Sample Preparation

Shortly before analysis, 1-mL aliquots are thawed and diluted with 1 mL of
4 M Urea, 20 mM NH4OH containing 0.2% SDS. This is followed by an ultra-
filtration step using the Amicon Ultra centrifugal filter device (30 kDa; Milli-
pore, Bedford, MA). Samples are spun at 3,000g until 1.5 mL of filtrate has
passed through the filter, thus removing the high-molecular-weight proteins
such as albumin, transferrin and others (Note 2). The filtrate is then desalted
and applied onto a reversed phase C2-column to remove urea, salts, and other
confounding materials. Polypeptides are eluted with 50% ACN in HPLC-grade
H2O with 0.5% formic acid. Next, samples are lyophilized over night and resus-
pended in 50 µL of HPLC-grade H2O shortly before injection.

3.2. CE-MS Analysis of the Samples

3.2.1. Capillary Electrophoresis

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, CA) system is used equipped with a 90-cm, 50-µm inner
diameter, bare-fused silica capillary. The use of coated capillaries appears not
to be beneficial (Note 3). The capillary is first rinsed with running buffer (20%
ACN, 0.5% formic acid, 79.5% HPLC-grade water) for 3 min prior to sample
injection. The sample is injected for 99 s with 1–6 psi, resulting in the injection
of 60–300 nL sample. Separation is performed with +30 kV at the injection side
and the capillary temperature is set to 35°C for the entire length of the capillary
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up to the ESI interface. After each run, the capillary is rinsed for 5 min with 0.1
M NaOH to remove protein build up that accumulates if uncoated capillaries are
used (Note 3). This is followed by a 5-min rinse with HPLC-grade H2O and
subsequently with running buffer. The CE-MS set up is depicted in Fig. 1.

3.2.2. CE-MS Interface and Analysis

The MS analysis is performed in positive electrospray mode with an ESI-TOF
sprayer-kit from (Agilent technologies, Palo Alto, CA) using a Micro-TOF mass
spectrometer (Bruker Daltonik, Bremen, Germany). The ESI sprayer is grounded
and the ionspray interface potential is set between –3700 and –4100 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 flow rate of 1–2 µL/min.

Fig. 1. On line coupling of capillary electrophoresis (CE)-mass spectrometry (MS)
and setup for data processing. A schematic drawing of the on-line coupling of CE-MS
beginning at the preparation of the sample preparation to the final data processing and
identification of the pattern is shown here.
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These conditions result in a detection limit of about 1 fmol of different standard
peptides (6). MS-spectra are accumulated every 3 s, over a mass-to-charge range
from 400 to 2500 or 3000 m/z for about 45-60 min.

3.3. Data Processing and Statistical Analysis

3.3.1. Data Processing: Peak Annotation

m/z values of MS peaks are deconvoluted into mass and combined if they
represented identical molecules at different charge states using MosaiquesVisu
(8). MosaiquesVisu (accessible at www.proteomiques.com) employs a proba-
bilistic clustering algorithm and uses both isotopic distribution as well as con-
jugated masses for charge-state determination of polypeptides. In a first
electronic analysis, the software identifies all peaks within each single spec-
trum. This usually results in more than 100,000 peaks from a single sample.
Because 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 in the next step.
This reduces the list to 3000–7000 “CE/MS” peaks. These data are termed
“peak list” of an individual sample. The peak list can be converted into a three-
dimensional plot, m/z on the y-axis plotted against the migration time on the x-
axis and the signal intensity color-coded (Fig. 2). Signals must meet certain
criteria, such as: I(1) the signal intensity must be greater then the threshold
(usually S/N > 7); (2) single-charged peaks are discarded; and/or (3) the peak’s
width must be below the threshold of 2 min. Molecules that do not meet these
criteria are not proteins and are removed from the list.

3.3.2. Data Processing: Peak Deconvolution, Protein Contour Plots

In the next step of the data processing, peaks representing identical mol-
ecules with different charge states are identified. These are deconvoluted into a
single mass. The actual mass of the polypeptides plotted against the migration
time result in the “protein-plot” (Fig. 2). This theoretical CE-MS spectrum that
now contains the information on migration time, mass, and signal intensity for
each individual polypeptide generally consists of between 1000 and 2500 indi-
vidual polypeptides per sample. To allow comparison and search for confor-
mity and differences between the samples obtained at different time points
after HSCT and from different individuals, CE-migration times have to be nor-
malized using ca 200 polypeptides generally present in a urine sample that
serve as internal standards (9). The signal intensity is normalized to the total
ion current (TIC) of the utilized signals. Polypeptides within different samples
are considered identical if the mass deviation is less than 50 ppm and the CE
migration-time deviation is less than 2 min.

www.proteomiques.com
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Fig. 2. Data generation and processing. (A) Shown in the upper part: The capillary
electrophoresis (CE)-mass spectrometry (MS) ionogram; the resulting three-dimensional
raw data blot obtained from urine of a patient after hematopoietic stem cell transplanta-
tion with no problems is shown below. The m/z (y-axis) is plotted against the migration
time (x-axis) in the CE, while the signal amplitude is depicted as a color code ranging
from blue to white with increasing intensity of the signal (right side). (B) The processing
of the data is depicted. First, the background is removed, leaving only signals corre-
sponding to actual peptides and proteins (upper left) (A). Secondly the corresponding
signals (peaks) are deconvoluted (upper right) (B) and the actual mass is calculated. All
data are stored in a Microsoft Access database (bottom) (C).
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Intra- and interassay variability are ascertained by repeated analysis of one
sample and by analysis of samples obtained at different time points from the
same patient under comparable conditions, respectively.

3.3.3. Polypeptide Patterns for Prediction
of Complications After Stem Cell Transplantation

Complications after stem cell transplantation can be predicted with high
significance by screening patient’s urine routinely with CE-MS. Urine from 50
patients after hematopoietic stem cell transplantation (HSCT; 45 after alloge-
neic and 5 after autologous HSCT) and 8 with sepsis were collected up to day
+365 after HSCT. Screening led to the generation of polypeptide patterns yield-
ing an early recognition of changes, if complications occurred during the obser-
vation period. 20 patients developed graft-vs-host disease (GvHD) after
allo-HSCT. The polypeptide patterns yielded differentially excreted, statisti-
cally relevant polypeptides (Fig. 3) forming a pattern specific for recognition of
GvHD. Comparison with patients with sepsis allowed to distinguish sepsis from
GvHD with a specificity 97% and a sensitivity of 98% based on an inclusion of
sepsis-specific polypeptides. Thus, the application of CE-MS to the screening
of patients after HSCT can help to reduce transplantation related morbidity and
mortality significantly.

4. Notes
1. The collection of the samples under proper conditions is of extreme importance

for sensitive analysis such as MS. Whereas in Western blot or ELISA minor deg-
radation of the proteins generally does not cause problems, CE-MS or actually
any MS-based proteomic analysis requires storage of the samples at –20°C imme-
diately after collection, in order to prevent degradation of proteins, which would
result in additional fragments of proteins that are probably irrelevant to the under-
lying disease. Collecting the samples on ice is another measure to prevent degra-
dation. Keeping the sample cold and immediate freezing is preferable over addition
of protease inhibitors.

2. Initial experiments and also our previous data (10) revealed that higher molecu-
lar weight proteins in the urine sample generally appear not to contain significant
information, but cause severe problems during the CE-MS runs, such as precipi-
tation, clogging of the capillary, and overloading with respect to the smaller,
more interesting molecules. Therefore, an optimized protocol to remove those
using ultrafiltration 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 this interaction, we use a
chaotropic agent, urea, in combination with a detergent, SDS (dilution of the
samples). Consistently good and reproducible results and recovery of {GT}80%
of added standard polypeptides were observed in the presence of 2 M urea and
0.1% SDS (11).
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Fig. 3. Diagnosis of graft-vs-host disease (GvHD) in a biological sample. In a first
set of analysis, the biomarker pattern specific for complications after hematopoietic
stem cell transplantation (such as sepsis, GvHD, and others) are established. Next, all
other samples from patients are searched for the presence of particular markers for any
of these complications. The presence or absence of each marker is scored and stored in
the database.

3. Under neutral or basic conditions the silanol groups of the capillary form a nega-
tively charged surface which interacts with the positive charge of the proteins.
This leads to peak broadening especially of highly charged molecules. To circum-
vent these problems, several different coatings and coating protocols have been
described (12–14). Hence, we have examined several mostly silyl-based coatings
(15). Unfortunately, most of the coating procedures described in the literature are
quite tedious and time-consuming. Coated capillaries gave good results when
using standard polypeptides. However, coatings that were examined in our labo-
ratory were not satisfactory with “real” clinical samples such as urine, because
these appear to deposit in part on the coating material, which leads to peak broad-
ening and increased migration times. In a very recent manuscript Ullsten et al.
(16) describe a new coating that seems to represent a major improvement. This
polyamine coating (PolyE-323) was reported to show good stability even at high
pH, involves no complicated chemical reactions, and can also be applied onto the
capillary within minutes. It still remains to be seen whether this type of coating is
compatible with clinical samples, but it appears to be a very promising approach.
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Consequently, our experience using different types of coating so far were quite
unsatisfactory and the optimal approach appeared to be the use of uncoated capil-
laries. Decreasing the pH of the background electrolyte (BGE) reduces the nega-
tive charge of the surface, thus reducing capillary-protein-interaction. Addition-
ally, 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.

Last, it is important to point out that most coatings result in a positive charged
capillary wall and cause an inverse electro-osmotic flow; consequently, the elec-
trical field must be reversed.
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