LEUKEMIA

I A N D

LYMPHOMA

Detection of Minimal
Residual Disease

EDITED BY

Theodore F. Zipf, PhD,MD
Dennis A. Johnston, PhD

3K HUMANA PRESS




LEUKEMIA AND LYMPHOMA






LEUKEMIA
AND LYMPHOMA

Detection of Minimal
Residual Disease

Edited by

THEODORE E ZIPF, PhD, MD

Houston, TX
and

DENNIS A. JOHNSTON, PhD

Department of Biomathematics, MD Anderson Cancer
Center

Houston, TX
.) z  HuMANA PRESS
\

Totowa, NEW JERSEY



© 2003 Humana Press Inc.
999 Riverview Drive, Suite 208
Totowa, New Jersey 07512

For additional copies, pricing for bulk purchases, and/or information about other Humana titles,

contact Humana at the above address or at any of the following numbers: Tel: 973-256-1699;

Fax: 973-256-8341; E-mail: humana@humanapr.com or visit our website at http://www . humanapress.com
Due diligence has been taken by the publishers, editors, and authors of this book to assure the accuracy
of the information published and to describe generally accepted practices. The contributors herein have
carefully checked to ensure that the drug selections and dosages set forth in this text are accurate and in
accord with the standards accepted at the time of publication. Notwithstanding, as new research, changes
in government regulations, and knowledge from clinical experience relating to drug therapy and drug
reactions constantly occurs, the reader is advised to check the product information provided by the
manufacturer of each drug for any change in dosages or for additional warnings and contraindications.
This is of utmost importance when the recommended drug herein is a new or infrequently used drug. It is
the responsibility of the treating physician to determine dosages and treatment strategies for individual
patients. Further it is the responsibility of the health care provider to ascertain the Food and Drug
Administration status of each drug or device used in their clinical practice. The publisher, editors, and
authors are not responsible for errors or omissions or for any consequences from the application of the
information presented in this book and make no warranty, express or implied, with respect to the
contents in this publication.

All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming, recording, or
otherwise without written permission from the Publisher.

All articles, comments, opinions, conclusions, or recommendations are those of the author(s), and do not
necessarily reflect the views of the publisher.

This publication is printed on acid-free paper.

ANSI 739.48-1984 (American National Standards Institute)

Permanence of Paper for Printed Library Materials.

Cover design by Patricia F. Cleary.

Photocopy Authorization Policy:

Authorization to photocopy items for internal or personal use, or the internal or personal use of specific
clients, is granted by Humana Press Inc., provided that the base fee of US $10.00 per copy, plus US
$00.25 per page, is paid directly to the Copyright Clearance Center at 222 Rosewood Drive, Danvers,
MA 01923. For those organizations that have been granted a photocopy license from the CCC, a separate
system of payment has been arranged and is acceptable to Humana Press Inc. The fee code for users of
the Transactional Reporting Service is: [0-89603-966-8/03 $10.00 + $00.25].

Printed in the United States of America. 10 9 8 7 6 5 4 3 2 1
Library of Congress Cataloging-in-Publication Data

Leukemia and lymphoma: detection of minimal residual disease / edited by Theodore F. Zipf and Dennis
A. Johnston.
p.;em.

Includes bibliographical references and index.

ISBN 0-89603-966-8 (alk. paper)

1. Leukemia—Molecular diagnosis. 2. Lymphomas—Molecular diagnosis. I. Zipf, Theodore F.

II. Johnston, Dennis A.

[DNLM: Neoplasm, Residual-diagnosis. 2. Leukemia. 3. Lymphoma. QZ 202 L652 2003]

RC643.1.3724 2003

616.99'419075-dc21 2002024349



PREFACE

Leukemia and Lymphoma: Detection of Minimal Residual Disease is being
published at a time when the detection of microscopically unobservable disease
in the leukemias and lymphomas is leaving its adolescent stage and entering the
early stages of maturity. Detection of disease at levels almost four orders of
magnitude below detection by light microscopy has now been accomplished and
many of the methods have been shown to provide reproducible results. The
groundwork has thus been laid for future construction of a methodology superior
to the present methods of outcome prediction. Results of this nature will un-
doubtedly be necessary to justify the expense of future large-scale clinical trials
using the various minimal residual disease (MRD) techniques that have been
developed during the past decade. This places the burden of proof on those
clinical investigators, statisticians, and basic scientists who are convinced that
such measurements have an important role in producing future advances in
treatment outcome.

Aseditors we have chosen contributors who have been successful in applying
their chosen technique to the particular diseases that are their interests. We have
especially tried to select those authors who were responsible for developments
in the technique they used to make residual disease measurements. For this
reason, we have encouraged them to give their insights into the methodology
used in their research. As a result the reader will find several different descrip-
tions of similar laboratory and analysis techniques, each of which we hope will
prove helpful. We have taken advantage of the expertise of Professor Ludwig
and Dr. Ratei to include a separate chapter on flow cytometry techniques. This
addition should facilitate understanding the chapters on the use of flow cytom-
etry to detect residual disease in the lymphoid and myeloid leukemias. In addi-
tion, one of us (DAJ) has written a rigorous mathematical description of an
approach to the analysis of the predictive capabilities of an MRD detection
system that accompanies a clinical trial. There is also a section of Editor’s Notes
atthe end of this volume that contains comments on portions of each chapter. We
hope that these comments will be found helpful to readers.

The chapter by Dr. Dario Campana describes the use of a patient-specific
immunophenotype to identify residual leukemia in patients who are in remis-
sion. He carefully describes the different categories of leukemia-associated
immunophenotypes and shows how they are used to follow patients in remis-
sion. His research has shown that he can detect one leukemia cell among ten
thousand normal marrow cells.



vi Preface

Dr. Geoffrey Neale, a veteran contributor to the study of Childhood Acute
Lymphocytic Leukemia using polymerase chain reaction (PCR)-based meth-
ods, describes the original methods for the detection of residual disease using
PCR. He then progresses to a discussion of the various methods of quantitation
of the level of disease. He completes his chapter with a description of real-time
quantitative PCR (RQ-PCR). Throughout the chapter he gives the outcome of
clinical studies of MRD in patients during remission.

Following Dr. Johnston’s chapter on the analysis of MRD studies, we both
have written a brief discussion on the evaluation of these techniques when used
in clinical trials. In particular we address the question of assessing the predictive
capability of a study that follows patients during and after therapy. We use
simple arithmetic methods of performing these evaluations.

The predictive properties of semiquantitative PCR measurements of MRD
prior to and after allogeneic stem cell transplantation of children with ALL are
described by Moppet et al., who outline their experience with the technique in
this setting. This chapter provides the reader with many possible routes for
future MRD studies of allogeneic transplantation.

Drs. Foroni, Mortuza, and Hoffbrand give a detailed summary of the high
sensitivity monitoring of adult patients with ALL. They review the approaches
used to detectresidual leukemia during remission. They define high and low risk
groups according to the measured response to therapy and also contrast MRD in
adult and childhood ALL.

Professor San Miguel and his colleagues present an extensive discussion of
the immunophenotypes observed in patients with Acute Myeloid Leukemia
(AML) and the frequent occurrence of asynchronous antigen expression in this
disease. This chapter gives an excellent presentation of the methods of confirm-
ing the detection sensitivity of the flow cytometry—based assay. The results of
clinical studies using this method to identify risk groups are presented.

The chapter presented by Drs. Marcucci and Caligiuri discusses the nonran-
dom chromosomal abnormalities in AML that lead to chimeric fusion genes
thought to be leukemia-specific. Reverse transcription PCR (RT-PCR) is ca-
pable of detecting these transcripts with high sensitivity and thereby allows
monitoring of the leukemia during remission. The authors review the results of
clinical studies that detect these fusion transcripts and the use of their data in
stratifying patients during remission according to the risk of relapse. They also
discuss the importance of high sensitivity, as well as the associated hidden risks.

Dr. Lo Coco and Ms. Diverio discuss detection of MRD in Acute Promyelo-
cytic Leukemia (APL), a subtype of AML that is associated with a specific
chromosomal translocation, the t(15;17). The detection of the reverse transcrip-
tion product of this fusion gene using RT-PCR has become an important aspect
of both the diagnosis and monitoring during remission of this leukemia. The
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authors present acomprehensive review of the laboratory and clinical aspects of
this endeavor.

The detection of MRD in Chronic Myelogenous Leukemia (CML) is de-
scribed in the chapter of Drs. Cross and Hochhaus. Their discussion begins with
the molecular genetics of the CML-associated t(9;22) chromosomal transloca-
tion and the BCR-ABL fusion gene. This is followed immediately by a section
on the methods used to detect CML cells and leads to the application of RT-PCR
to detect the BCR-ABL fusion transcript. The presentation of qualitative RT-
PCR to detect the presence of the leukemia-associated transcript is closely fol-
lowed by a thorough discussion of the methods for quantitation of the number
of BCR-ABL transcripts. The chapter concludes with a critical discussion of the
results of BCR-ABL detection in patients with CML. The problems associated
with defining molecular relapse is presented in addition to a brief discussion
about the presence of the BCR-ABL transcript in normal individuals.

Drs. Krackhardt and Gribben describe the detection of the t(14;8), t(11;14),
t(8;14), t(2;5), t(11;18), and the antigen receptor gene rearrangements. They
then present quantitation strategies based upon competitive PCR. They then
apply the PCR technique to detection of these translocations in bone marrow and
peripheral blood of patients with Non-Hodgkin’s Lymphoma who have been
treated with autologous bone marrow stem cell transplantation. The issue of
whether or not “molecular complete remission” is the goal of therapy is pre-
sented in an unambiguous manner.

Tsimberidou et al. summarize the literature regarding the use of real-time and
conventional PCR in patients with Non-Hodgkin’s Lymphoma and t(14;18).
They then describe real-time PCR, as they apply it in their laboratory, to speci-
mens from patients with follicular lymphoma. They studied peripheral blood
and bone marrow in these patients, as well as peripheral blood from normal
donors. Their technique employs the simultaneous amplification of an internal
beta actin sequence for quantitation and comparison.

Drs. Lee and Cabanillas describe the application of PCR to monitoring fol-
licular lymphoma in patients with all stages of disease during remission. They
use PCR results to define molecular nonresponders and develop a multivariate
analysis of these patients. There was a high complete remission rate for patients
who were molecular responders and a low rate for the non-responders. They
extend this work to patients treated with bone marrow transplantation.

Throughout this book there are several issues that reappear frequently. They
represent uncertainties about MRD that must be resolved before these assays
achieve status as a reliable tool for clinical decision-making. Since these issues
are essentially of equal importance, the following is not in any particular order
of impact: (1) Some investigators have observed persistent low levels of detect-
able disease in patients who remain in clinical remission. This observation is
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closely coupled to the question of the optimal (most cost effective?) detection
sensitivity. It also raises the question of interference by normal background. (2)
The capability of detecting disease at submicroscopic levels has givenrise to the
real possibility of new definitions of the clinical terms remission and relapse.

These new definitions might allow improvements in treatment outcomes if
they were properly established. For example, a reliable definition of molecular
remission applied in cases where it was found persistently could lead to de-
creased treatment morbidity. There are two possible benefits of a reliable defi-
nition of molecular relapse. First, the signal for molecular relapse would,
optimally, appear when the disease level is quite low and, at this level, the
disease may be sensitive to many innovative therapeutic interventions. Second,
prior to clinical relapse the patient is probably better able to tolerate intensive
therapy than after clinical relapse. The actual implementation of these new
criteria would provide an entrée to a completely new area of clinical investiga-
tion that could be very beneficial to patient care. (3) Many authors have noted
that standardization is necessary. This standardization must include not only
laboratory methods, but also the statistical methods used to analyze the data.
This is an absolute requirement for the comparison of data from different insti-
tutions. (4) Finally, the emergence of the RQ-PCR technique as the method of
choice is quite apparent in these chapters and in the recent literature. It seems
probable that this development will facilitate the standardization of detection
and quantitation techniques. We make these observations here so that the reader
may keep them in mind as he/she reads the following chapters. If this book is to
have any impact, it will hopefully inspire its readers to find solutions to the
problems that now face the field.

The editors would like to thank the authors for the variety of their excellent
chapters. More important, we would like to thank them and the many others
working with MRD for the lively and impassioned discussions of MRD and their
willingness to share their technical methods and ideas for the direction, use, and
application of MRD. This has advanced the techniques and applications far
beyond what we could have done working individually.

The editors would also like to thank Walter Pagel for his technical assistance
and encouragement on this project, and Connie Siefert and Candy Schuenenman
for their excellent editorial assistance. And last but most important, we would
like to thank our wives, Maureen and Janice, for their support and patience
throughout this project.

Theodore F. Zipf, php, MD
Dennis A. Johnston, PhD
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1 Flow-Cytometry Methods
for the Detection
of Residual Leukemia

Richard Ratei and Wolf-Dieter Ludwig

INTRODUCTION

The diagnosis and classification as well as the evaluation of therapy response
and the estimation of residual disease in acute leukemias depend on the detection
and description of the leukemic cell clone. The phenotype can be assessed with
morphology, cytochemistry, immunohistochemistry, fluorescence microscopy,
and flow cytometry. The genotype is studied with cytogenetic and molecular
techniques (e.g., banding techniques, polymerase chain reaction [PCR], or fluo-
rescence in situ hybridization [FISH]) (Table 1).

Usually, these methods have to be applied exclusively and only a few studies
have described methods that detect phenotypic and genotypic features simulta-
neously (/-3). Each of these methods puts a spotlight on the disease according
to its inherent ability to detect a certain feature of the leukemic clone. This is
limited, of course, by the specificity and sensitivity of the method that is applied
for the diagnosis or the detection of minimal residual disease. Each of these
methods describes biological components of the disease that can be assembled
by the clinician to compose a detailed picture for disease monitoring, thus form-
ing the rational ground for the earlier and better distinction of patients with “poor
risk” features, who require a more intensive therapy, from patients with “good
risk” features, who probably do not need any additional treatment to reach a cure
and remain in remission (4-9).

Flow cytometry has been available for almost three decades and has evolved
to a sophisticated and indispensable tool in various fields of biology and medi-
cine, with a significant impact in hematology, especially for the diagnosis and
classification of leukemias (/0—12). The intriguing possibility of detecting

From: Leukemia and Lymphoma: Detection of Minimal Residual Disease
Edited by: T. F. Zipf and D. A. Johnston © Humana Press Inc., Totowa, NJ
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2 Ratei and Ludwig

Table 1
Methods for Detecting Phenotypic and Genotypic Features of Leukemic Cells
Phenotype Genotype Phenotype/Genotype
Morphology Cytogenetics “Fiction”
Immunohistochemistry Banding techniques

Fluorescence microscopy  Fluorescence
in situ hybridization
(FISH)
Flow cytometry Molecular biology (FISH and immunophenotype)

phenotypic features on a single-cell level in large cell populations forms the
rational basis for flow cytometry to be used in the evaluation of minimal residual
leukemia (4,13,14). Recent developments in modern technologies, including
fluidics, lasers, optics, analog and digital electronics, computers, software, fluo-
rochromes, and antibodies have been utilized, so that flow cytometry has evolved
from a one-color, three-parameter technique to a three-color, five-parameter
method (multiparametric flow cytometry, MFC), and, more recently, to the
so-called polychromatic flow cytometry (PFC) featuring 9 colors and 11 param-
eters (15,16). In addition, it gives the clinician a fast, reliable, and sensitive
method for disease monitoring at hand.

This chapter is intended as a technical overview on the flow-cytometric
methodology that is used to diagnose minimal residual disease in acute leuke-
mias. In the chapters by San Miguel et al. (Chapter 8) and Campana (Chapter 2),
the focus is more on the clinical application and evaluation of minimal residual
disease in acute myeloid lymphoblastic and acute leukemias, respectively.

FUNDAMENTAL FLOW CYTOMETRY

In order to understand the technical problems and difficulties that inevitably
come along with the new technological developments of multiparametric flow
cytometry, a short summary of the characteristics of flow cytometers and fluo-
rochromes is necessary (17,18).

Optical System

Almost all commercially available flow cytometers use essentially the same
optical layout with an orthogonal configuration of the three main axes of the
instrument. The sample flow, the laser beam, and the optical axis of scatter light
and fluorescence detection are arranged at right angles to each other. The laser
light has to be focused in the direction of the sample flow, which is usually
achieved with one or two lenses. Thereby, the width of the focus is a compromise
between the need for high sensitivity and for high resolution. High sensitivity
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requires a narrow focus to concentrate as much light as possible on the sample,
and high resolution calls for a broader focus allowing a larger beam width.

In some instruments, two or three lasers are employed, with the laser beams
closely adjacent but separately focused, so that particles or cells are excited
sequentially with two or three different wavelengths. This arrangement makes it
possible to detect multiple cellular components stained with dyes that are excited
at different wavelengths, but it requires an exact time delay calibration to ensure
that the emitted light signals are recognized as belonging to one and the same cell.

Emitted light is detected at right angles to the laser beam, either through
standard microscope objectives or a specially designed lens. In analogy to the
optics in microscopy, the amount of light or fluorescence collected depends on
the numerical aperture of the lens and the medium from which the light source
originates. With the light source in water, as is the case with most currently used
flow cytometers, the collection efficiency is low; hence, only a small fraction of
the fluorescence is actually detected.

In order to eliminate light from sources other than the cells that pass through
the laser beam, it is necessary to position an opaque screen with a “pinhole” in
the image plane of the detection optics. This aperture has an important function
in reducing the signal-to-noise ratio. After the elimination or reduction of noise
signals, the emitted light is still heterogeneous after passing the pinhole aperture,
containing scattered light of the same wavelength as the laser light and emissions
of the different fluorescences, which are always shifted toward higher wave-
lengths as the scatter light. The right-angle scatter light with the same wavelength
as the laser light is a measure of the granularity of the cell passing through the laser
beam. To separate scattered light from fluorescence, dichroic mirrors are situated
at 45° angles to the light beam behind the pinhole aperture. They reflect the
scatter light onto one detector, whereas the higher-wavelength fluorescence light
is transmitted to other detectors. The separation of colors by dichroic mirrors
does not always prevent the light emitted by fluorochrome from entering the
detector for another fluorochrome. Therefore, additional bandpass filters are
used in front of each detector. Because of spectral overlap, the spillover of
fluorescences into different detectors cannot be eliminated completely and
requires compensation between the different fluorochromes and detectors for the
analysis of samples stained with multiple dyes. Such an arrangement of dichroic
mirrors, specific bandpass filters, and detectors can be extended and stacked
behind each other, so that usually two to four fluorescences excited by one or two
laser beams are measured simultaneously.

Light Sources

Basically, lasers and arc lamps are the possible light sources used in flow
cytometers. The older gas ion lasers are now almost all completely replaced by
the newer diode lasers that, in contemporary instruments, have at least 50 mW
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Table 2
Commonly Used Laser Lines and Fluorochrome Combinations
for Multicolor Flow Cytometry

Laser Dye Fluorochrome combination

2 (488 nm + 647 nm) 4 FITC, PE, Cy5.5PE or Cy7PE, APC
FITC, PE, Cy5PE, Cy5.5APC or Cy7PE
FITC, PE, Cy5PE, APC
FITC, PE, TRPE, APC

1 (488 nm) 4 FITC, PE, Cy5PE, Cy5.5PE or Cy7PE
FITC, PE, ECD, Cy5PE

“See Editors’ comments in the Appendix for further identification of fluorochromes and lasers
and wavelengths.

of power. Usually, the lasers in commercially available flow cytometers used for
the immunophenotyping of hematological neoplasias are air-cooled argon lasers
with a power of 1050 mW and an emission line that is tuned to 488 nm. Some
flow cytometers are provided with a second laser, which may be another argon
laser or a krypton laser. It is crucial to remember that the fluorescence signal
increases with laser power, but that more than 50 mW of power does not neces-
sarily produce more fluorescence signal. Indeed, most fluorochromes will satu-
rate with higher power, actually reducing relative signal-to-background staining.
Some of the commonly used lasers, dyes, and fluorochrome combinations for the
detection of minimal residual disease (MRD) in acute leukemias are listed in
Table 2.

Detectors

Fluorescence and right-angle light scatter (RALS) are detected by photomul-
tiplier tubes (PMTs). Photomultipliers are current amplifiers that transform pulses
of light into equivalent electrical pulses. They contain a light-sensitive photo-
cathode within a vacuum tube, which, when hit by a photon, releases an electron
with a certain probability (quantum yield).

Flow Chambers

Flow cells are the most critical component of a flow cytometer. They have to
fulfill two tasks: maintenance of laminar flow and hydrodynamic focusing. In a
flow cell, the dispersed sample is directed in a single file along a narrow path that
intersects the laser beam such that single cells are passing the excitation beam
sequentially. This narrow path is obtained by using two concentric laminar-
flow columns. The outer column of diluent is referred to as the sheath column,
where the flow usually travels faster than the inner flow core column contain-
ing the sample. The differential flow rates of the inner and outer columns control
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the diameter of the core path. Laminar smooth flow has to be maintained to
confine the sample flow to the inner core.

The orifice of the flow chamber is usually of a larger diameter (70—100 pm)
than the excitation beam (30-50 wm). In order to prevent cells from wandering
in and out of the excitation beam, the sample flow has to be focused to ensure that
each cell will travel at the same velocity and that each cell will get the same
amount of exposure from the excitation beam. This process is referred to as
“hydrodynamic focusing” and is achieved by injecting the sample flow into the
middle of the sheath stream. Most of the flow cytometers currently in the clinic
have a closed flow chamber of the “stream-in-cuvet” type, with the laser beam
exciting the sample through the wall of the flow chamber, whereas most sorting
flow cytometers use “stream-in-air” configurations, with the laser beam striking
the sample streams in open air after they have left the flow cell. This usually
results in a higher noise level than closed instruments, but provides the ability to
form droplets that can be charged that allows sorting.

Fluorochromes

For the right choice of a fluorochrome or a fluorochrome combination, several
criteria have to be taken into consideration. First, the expected expression levels
for the markers of interest should be known, thus ensuring that weakly expressed
antigens can be stained with an antibody conjugated to one of the brightest
fluorochromes like PE, Cy5PE or APC, and strongly expressed antigens with
antibodies conjugated to less bright fluorochromes like fluorescein-isothio-
cyanate (FITC). Therefore, weak coexpression of myeloid markers like CD33 or
CD13 on blast cells of acute lymphoblastic leukemias (ALL) can only be iden-
tified if bright fluorochromes are used for aberrant expressed markers in combi-
nation with less bright fluorochromes for the lineage-specific markers like CD3
for T-lineage ALL and CD19 or CD22 for B-lineage ALL.

Another crucial point is made by the spectral overlaps that exist between the
various dyes used in staining. Although hardware or software compensation can
eliminate some of the spectral spillovers, careful combination of fluorochromes
must take into account that bright fluorochromes with a large spectral overlap
used for the detection of strongly expressed antigens can blanket the dim fluo-
rescence of weakly coexpressed markers despite an appropriate compensation
procedure and filters.

Furthermore, fluorochromes have to fulfill several conditions. These include
biological inertness, a prerequisite for a fluorochrome to be used for diagnostic
purposes in flow cytometry because any interaction with cellular components
hampers the specific detection of an antigen. Most currently available fluoro-
chromes do not interact with cellular components, but exceptions have to be kept
in mind, for example, the most common is the background binding of cyanine
tandem dyes like Cy5SPE on monocytes and B-cells. Another point that has to be
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kept in mind when using tandem conjugates, especially with Cy5SPE , is that the
chemical composition of these molecules differs between manufacturers and
even between lots from the same manufacturer. Thus, a different ratio of donor
and acceptor dye within a tandem conjugate can result in different spectral
behavior, which influences instrument settings and compensation and may
require several different compensation settings for a particular application.

Instrument Setup and Compensation

The instrument setup and the calibration of the flow cytometer for multicolor
immunophenotyping should satisfy three main objectives. First, optimal posi-
tioning of the window of analysis in the sample space must be achieved. The
sample space is defined by the physical properties of the sample (e.g., the cell
characterized by its diameter as measured by forward-angle light scatter [FALS],
its granularity as measured by RALS, and its excitation and emission spectra as
measured by the fluorescence detectors). Amplifier gain or PMT settings have
to be adjusted in such a way that each parameter appears in the appropriate range
of histogram channels for that parameter.

Second, it should be verified that the spectral overlap between the fluoro-
chromes used is correct. Compensation is the process by which spectral overlaps
between different fluorochromes are eliminated or, at least, minimized. This can
be performed by hardware after the signal is detected but before its logarithmic
conversion and/or digitization, or after data collection by using software algo-
rithms. Especially for the monitoring of minimal residual disease (MRD), itis of
utmost importance to know that a certain population cannot be clearly distin-

guished or even disappear from the “window of analysis” because of false
compensation settings. Therefore, the compensation settings should be ascer-
tained by using a sample that matches the “sample space” of the probe as closely
as possible or even use part of the probe material for the compensation setup.

Third, standardized beads or lymphocytes from normal individuals are com-
monly used for setting up a multicolor compensation matrix. However, in the
case of acute myeloid leukemias, these compensation settings often are not
adequate because of the differences in the physical properties of the myeloid
leukemia cells, not only in RALS and FALS but also in its differences because
of background staining and autofluorescence compared to lymphocytes or beads.
For a two-color analysis, the pairwise compensation between the two fluoro-
chromes is sufficient and complete. However, with the introduction of more and
more fluorochromes in a stain, the interactions and spectral overlaps become so
complex and numerous that a fully corrected compensation cannot be achieved
manually anymore. It is beyond the scope of this chapter to outline the different
approaches and algorithms for achieving optimal compensation settings for two-,
three-, or multicolor stainings. The readeris referred toexcellent reviews by Stewart
and Stewart (/9) and Roederer et al. (http:/www.drmr.com/compensation).
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QUALITY CONTROL

The performance of the instrument for fluorescence measurements must be
controlled and documented. Each laboratory participating in MRD studies should
have a quality control program that ascertains the reliability and reproducibility
of the major instrument parameters over time. This is a prerequisite for the
longitudinal analyses aimed at the monitoring of therapy response. Multiple
samples from the same patient have to be analyzed over a period of time, which
can be weeks, months, or years, and the measurements should be undertaken
within established tolerance limits. Quality control measures should include the
examination of the optical alignment, including the efficiency and performance
of the laser tube, the optical filters, and the photomultiplier tubes. Several con-
sensus recommendations on the immunophenotypic analysis of hematological
neoplasias, including validation and control procedures, have been published in
recent years (20-24). These recommendations apply to the diagnosis of acute
leukemias as well as to the detection of MRD and should form the basis for a valid
assessment of minimal residual disease.

SAMPLE CHOICE AND SAMPLE PREPARATION

Bone marrow or, in the case of a leukemia, peripheral blood is used for the
initial diagnosis of the leukemia. With flow cytometry the leukemia-associated
immunophenotype (LAIP) is characterized and the best combination of fluoro-
chromes and antibodies is identified for follow-up investigations. In the initial
samples, the leukemic cell count is usually high and makes up more than 80—
90% of all nucleated cells in the sample, so that, normally, a homogeneous
distribution of blast cells is present independent of the aspiration technique and
the frequency of aspiration during one bone marrow puncture. Follow-up bone
marrow samples might be heterogeneous with regard to the distribution of blast
cells, especially if multiple aspirations during one bone marrow puncture are
undertaken. If the last aspiration available is submitted to the flow-cytometric
MRD laboratory, a nonrepresentative distribution of residual blast cells in bone
marrow blood may occur.

In the case of peripheral blood samples, the constant vascular flow almost
always ensures a homogeneous distribution of blood cells and blast cells
independent of aspiration technique and multiple aspirations during one punc-
ture, unless the blood is drawn inappropriately from an infusion line or directly
behind it, thus diluting the sample. Therefore, peripheral blood samples are
more consistent and homogeneous in their composition and less susceptible to
disturbances of composition than bone marrow samples. In terms of sensitiv-
ity, there are studies using PCR suggesting that peripheral blood samples might
have a sufficient sensitivity compared to bone marrow samples for the moni-
toring of MRD, but no studies have been undertaken comparing the sensitivity
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of MRD detection by flow cytometry in bone marrow and peripheral blood
samples (25,26).

STAINING

For surface staining of whole-blood cell samples, we prefer the stain/lyse/wash
procedure without fixation because this method achieves a better reduction of
background staining than the stain/lyse/no-wash method. Monoclonal antibod-
ies and whole blood are mixed in an appropriate ratio, usually (0.5-1.0) x 10°
cells per 10-15 uL of monoclonal antibody. After incubation of the sample—
antibody mixture, the lysis reagent is added and the sample is vortexed and
incubated. Afterward, the sample is centrifuged, the supernatant discarded, and
the cell pellet washed in buffer and, finally, resuspended in buffer again to be
measured immediately.

The simultaneous staining of membrane and intracellular antigens requires
a slightly more elaborate procedure because cells have to be fixed after the
membrane staining. The addition of the lysis reagent can be omitted from the
procedure because the permeabilization reagent added together with the anti-
body for the intracellular antigen sufficiently lyses red blood cells. The addi-
tional washing procedure can lead to a little more loss of cells; thus, it is
advisable to use a higher cell input, especially if a large amount of cells are to
be acquired and analyzed. The staining and fixation procedures alter the light-
scatter properties and even shift fluorochrome intensities, so that different
instrument settings might be necessary for samples with intracellular staining.
Many protocols and reagents for intracellular staining are commercially avail-
able. A careful and meticulous evaluation of reagents and procedures has been
presented recently (27,28).

In the whole-blood staining procedure, elimination of interfering red blood
cells is achieved with a lysing reagent usually containing ammonium chloride,
but debris usually remains in the sample. Another possibility for clearing the
sample of red blood cells and debris is given by density gradient centrifugation.
After isolation of the mononuclear cells from the gradient, subsequent staining
procedures do not differ from the above-described method, except for the omis-
sion of the lysis reagent. With regard to antigen expression as measured by the
percentage of positive cells or fluorescence intensity, measured as mean expres-
sion, we have seen no significant differences for both methods, as illustrated in
Fig. 1. Of course, certain cell populations can be lost during gradient centrifuga-
tion, so that the flow-cytometric data should be compared and controlled by
morphological examination of bone marrow or peripheral blood smears. In this
way, incorrect interpretations because of sample preparation can be avoided in
most cases.

For any staining procedure, the optimal concentration of each antibody has to
be titrated carefully before the set up of a definite antibody panel and for every
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characteristics.
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combination of antibodies in each tube. Staining properties can be influenced
by a variety of factors, including temperature, pH, ratio of cells and antibodies,
and the fluorochrome combination mixed in a stain. Despite the optimal modu-
lation of all of these factors and the consistent performance, the upgrading of
a two-color stain to a three- or four-color stain can lead to slightly different
staining properties (see Figs. 2 and 3), so that it is mandatory to apply the same
antibodies under the same conditions on initial diagnosis and during follow-up
investigations.

RATIONALE FOR THE CHOICE OF ANTIBODIES
AND COMPILATION OF AN ANTIBODY PANEL

Asdescribed in depth in the chapters by Campana and San Miguel, the precise
identification of the leukemic cell depends on the clear distinction of the leuke-
mic and normal immunophenotype (3/-33). This presupposes an exact knowl-
edge of the immunophenotypic pattern displayed with a certain antibody panel
not only in normal hematopoiesis but also in conditions of a reconstituting
hematopoiesis, e.g., after chemotherapy or under the influence of growth factors
(e.g., granulocyte colony-stimulating factor [G-CSF]) (23,24,34).

A universal common denominator in the pathogenesis of acute leukemias is
that the immunophenotype of the leukemic clone resembles that of their normal
counterparts. However, many immunophenotypic studies with an increasingly
sophisticated approach have shown that this does not always hold true (/1,35—
46). Instead, with the use of multiparametric flow cytometry, numerous studies
have shown that it is possible to define certain criteria that can be applied to
characterize a leukemia-associated immunophenotype (LAIP) (see Table 3)
(4,33,38,47-50). Examples of aberrant antigen expressions for acute myeloid
and acute lymphoblastic leukemias are given in the chapters by Campana and
San Miguel et al.

These criteria for the detection of the LAIP are directed by the characteristics
of antigen expression (weak or strong) and fluorochrome properties (e.g., bright-
ness, spectral overlap) that have to be carefully evaluated to compose the best
possible combination of fluorochromes and markers for a reproducible and valid
assay.

Fig. 2. (opposite page) Differences of fluorescences for CD34-FITC, CD2-PE, CD33-
PE/CD33-Cy5PE, and CD45PE/CD45-ECD according to three different staining pro-
cedures. All samples were stained after cells were isolated with Ficoll gradient
centrifugation. Two-color stainings were performed with FITC and PE, three-color
stainings with FITC, PE, and PCS5, the four-color stain with FITC, PE, ECD and PCS5.
CD4S5 staining was not included in the three-color analysis.
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Table 3

Characterization of Leukemia-Associated Immunophenotypes

Criteria Example

Cross-lineage antigen expression  Expression of lymphoid antigens on myeloid blast
or vice versa

Asynchronous antigen expression  Coexpression of antigens that correspond to
different maturational stages

Antigen overexpression Abnormally high expression of a certain antigens

Abnormal light scatter High FSC and high SSC of lymphoid cells

Differentially expressed antigens  Expression of molecules associated with chromosomal
abnormalities, e.g., NG2 molecule (moAb 7.1)
inleukemic cells with 11q23 rearrangements (35)

InFigs. 2 and 3, an example of an acute myeloid leukemia is given to illustrate
the changes in expression (%), fluorescence intensity (x-mean), and coefficient
of variation (CV) according to different staining procedures (two-color, three-
color, and four-color staining). Despite the use of identical antibody clones in the
different stainings, optimal instrument setup and compensation, variations in the
percentage of expression are seen. Especially, for CD33, which is conjugated to
PE in the two-color stain and conjugated to Cy5PE in the three- and four-color
stains, a decrease is noted. The x-mean as a measure for fluorescence intensity
decreases in the multicolor stains despite constant or even higher PMT settings
in the three- and four-color assays.

Thus, the qualities of a multiparameter flow-cytometric analysis have to
accept the disadvantages concerning percentage expression, fluorescence
intensity, and coefficient of variation restricted by the best available antibody
and fluorochrome combination and the best possible instrument setup and
compensation.

HOW MANY COLORS, HOW MANY PARAMETERS?

In the beginning of monoclonal antibody and flow-cytometric technology,
the detection of immunophenotypic features was confined to the use of
unconjugated primary antibodies directed against a specific antigen and a sec-
ond-layer antibody directed against the Fc part of the specific antibody conju-
gated to a certain fluorochrome. This procedure did not allow multiple stainings
on one cell, thus the two light-scatter parameters could only be analyzed in
combination with one fluorescence. With this approach, the exact definition of
subpopulations expressing a distinct phenotype is not possible, although weakly
expressed antigens can be detected more precisely than with direct conjugated
antibodies.
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Table 4
Number of Population Discernible by Multicolor Systems

No. of fluorochromes

No. of conditions Two-color Three-color Four-color
2 4 8 16
3 9 27 108
4 16 64 256

With the availability of direct fluorochrome-conjugated monoclonal antibod-
ies, double, triple, and multiple stainings have become increasingly possible.
Thus, with an increasing number of separable fluorochromes applied to a stain,
the number of populations that can be detected increases geometrically accord-
ing to the formula

p=nxXn,x..xn

2 k

p=n'

where p is the number of possible populations defined, & is the number of fluo-
rochromes used in a stain, and n (n;..., ny) is defined by the number of presumed
conditions separable by each fluorochrome. With the most commonly used and
commercially available flow cytometers, three- or four-color stains are routinely
applied. Expression of a certain antigen is normally assessed on the basis of a
single cutoff level, usually negative if expression is below 20% and positive if
expression is measured above 20%, e.g., the number of presumed conditions is
two, leading to either eight (three-color analysis) or 16 (four-color analysis)
discernible populations (see Table 4).

The simultaneous use of multiple colors tremendously enhances the amount
of information that can be obtained from one stain. Only this multicolor approach
can clearly reveal abnormalities in antigen expression on subpopulations that
could not have been detected from any panel of sequential one- or two-color
analysis (see Figs. 4 and 5). Especially in the diagnosis of MRD, the conclusions
drawn from a series of one- or two-color stains by comparing the percentages of
expression in a bulk population are not sufficient to define a certain LAIP that can
be used to monitor the disease.

Fig. 4. (opposite page) The two-color four-parameter analysis allows for the distinction
of four populations. There are two CD34+ populations, one with coexpression of CD56
(red, population C) and one without the coexpression of CD56 (blue, population D). The
bulk of the remaining blast cells in this acute myeloid leukemia are CD56+ without
coexpression of CD34 (yellow, population B).
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OUTLOOK

Multiparametric flow cytometry has evolved to a powerful and indispensable
tool for the detection of MRD in acute leukemias. The application requires a
certain knowledge of the characteristics of the individual fluorochromes, fluo-
rochrome—antibody combinations, and marker expressions in different disease
entities and in normal conditions to choose appropriate reagents, reagent com-
binations, and fluorochrome—antibody pairings. New developments in software
and amplifier technology will improve and simplify the instrument setup as well
as compensation algorithms for multiparameter flow cytometry, so that a mul-
titude of reproducible and valid assays can be investigated to provide the clini-
cian with the most important information for disease monitoring and MRD.
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2 Flow-Cytometry—Based Studies
of Minimal Residual Disease
in Children with Acute
Lymphoblastic Leukemia

Dario Campana

INTRODUCTION

A central problem in childhood acute lymphoblastic leukemia (ALL) isthe
identification of patients who require more aggressive therapy to avert relapse.
Although clinical (e.g., white blood cell count, age) and biologic (e.g., immuno-
phenotype, ploidy, structural chromosomal abnormalities, and gene rearrange-
ments) parameters can be used for treatment stratification, none of these
prognostic factorsisideal. A proportion of patients with “good risk” features
relapse, whereas others may receive moreintensive treatment than is necessary.
Studies of minimal residual disease (MRD) aim at improving estimates of the
total burden of leukemic cells during clinical remission. This information pro-
vides an indicator of the aggressiveness and drug sensitivity of the disease and
helps in the selection of appropriate therapeutic strategies.

Reliable MRD assayswould allow not only theearly identification of patients
at ahigher risk of relapse and detection of impending clinical relapse, but would
also provide apowerful tool for assessing bone marrow or peripheral blood that
has been harvested for autol ogous hematopoietic stem cell transplantation and
for determining the efficacy of “purging” procedures (1). In addition, MRD
measurements could be used as end pointsto rapidly compare the effectiveness
of different chemotherapeutic regimens.

Themain purpose of MRD assaysisto beclinically useful. Therefore, meth-
odsmust berobust, reliable, rapid, and suitablefor aclinical 1aboratory. Numer-
ousmethodsof monitoring MRD in acuteleukemiahave been developed and are
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discussed extensively in this book. The following sections review the method-
ologic and clinical advancesin the detection and measurement of MRD in child-
hood ALL based on immunophenotype.

IMMUNOPHENOTYPIC IDENTIFICATION
OF LEUKEMIA CELLS

Rationale

Ingeneral, theimmunophenotypeof leukemic cellsreflect that of their normal
counterparts. The normal equivalents of T-lineage ALL cells are immature
T-cells, which expand in the thymus and are confined to this organ (2). There-
fore, in patients with this subtype of leukemia, detection of MRD in the bone
marrow or in the peripheral blood is relatively straightforward: It consistsin
theidentification of immunophenotypically immature T-cells (3). For example,
the combination CD3/TdT is expressed by most T-lineage ALL cells and by
developing T-cellsin the thymus, but it is never observed among normal peri-
pheral blood or bone marrow cells (4). Other similar thymus-restricted
immunophenotypic combinations can also be used (5). In the case of B-lineage
ALL cells, thenormal equivalent cellsaretheB-cell progenitors, whichnormally
reside in the bone marrow (6). These cells are particularly abundant in samples
from young children or in bone marrow regenerating after chemotherapy and
bonemarrow transplantation (7) and can also befound, albeitinlow proportions,
inthe peripheral blood (8). Therefore, in patients with this subtype of leukemia,
detection of MRD by immunophenotypic criteria depends on the identification
of molecules differentialy expressed in normal and leukemic cells.

Differentially expressed molecules that constitute leukemia-associated
immunophenotypesinB-lineage AL L canbeclassifiedinthreebroad categories.
Thefirst category includesthe product of genefusionsthat accompany chromo-
somal tranglocationssuch asBCR-ABL, E2A-PBX1, MLL-AF4, and TEL-AML1.
The encoded chimeric proteins are genuine tumor-associated markers, and anti-
bodies specific for these tumor markers should be useful for studies of MRD.
Unfortunately, it hasbeen difficult to produce monoclonal antibodiesthat would
allow reliable detection of these proteins by immunofluorescence, although one
such reagent, which reacts with the E2A-PBX1 chimeric protein, has been
described (9).

A second category is represented by molecules whose expression becomes
dysregulated by the leukemic process. For example, the human homolog of the
rat chondroitin sulfate proteoglycan (NG2), recognized by the antibody 7.1, is
expressed by leukemiclymphoblasts(generally thosewith 11g23 abnormalities)
but not by normal hematopoietic cells (10,11). Another molecule, CD66c, is
expressed in approximately one-third of B-lineage ALL cases, but it is not
expressedinnormal B-cell progenitors(12-15). Becausethisantibody alsoreacts
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with myeloid cells, it must be used in combination with reagents that identify
lymphoid progenitors.

A third category of immunophenotypicfeaturesthat can beusedto distinguish
B-lineage ALL cellsfromnormal B-cell progenitorsisrepresented by molecules
that are expressed during normal B-cell development but are relatively
underexpressed or overexpressed in leukemic cells (16-18). For example, nor-
mal CD19*CD34" B-cell progenitorslack CD21, amarker expressed later during
differentiation, but cells in a proportion of B-lineage ALL cases are CD19"
CD34*CD21". In addition, a number of quantitative differences in antigen
expression can be used to distinguish leukemic blast cell sfrom subsets of normal
cellswith similar phenotypes. Thus, the expression of CD19, CD10, and CD34
in some cases of B-lineage ALL can be more than 10-fold greater than that of
normal B-cell progenitors (16-19). Underexpression of CD45 and CD38isalso
an abnormal featurein some B-lineage ALL cases(16-20). Other markers, such
as CD45RA, CD11a, and CD44 may also be overexpressed or underexpressed
(21). Overexpressionof WT1inALL (22,23) could also, in principle, beexploited
for MRD studies.

Flow Cytometry

In theory, the availability of antibodies to true tumor antigens (e.g., proteins
product of gene fusions) would allow identification of residual leukemic cells.
Eveninthiscase, however, it seemslikely that focusing the analysis on selected
cell subsetsidentified by other markerswould increase thereliability and sensi-
tivity of theassay. Currentimmunologic strategiesfor detecting residual disease
rely on combinations of multiple markers; hence, they cannot be performed by
immunohi stochemistry. They requireimmunofluorescencetechniquesthat allow
thesimultaneousapplication of antibodiesconjugatedtodifferent fluorochromes.
Early MRD studies were performed by fluorescence microscopy (3-24). How-
ever, microscopic screening of a large number of cells is tedious and time-
consuming. The automation of this process by computerized image analysisis
desirable, but we have not yet encountered a sufficiently sensitive and accurate
instrument that we could recommend for reliable MRD detection. Virtually all
laboratoriescurrently prefer flow cytometry, which allowsmultiparameter analy-
sis, antigen quantitation, and rapid screening of large numbers of cells. Addi-
tional capabilities of flow cytometry, such as cell sorting followed by
fluorescence in situ hybridization (FISH) (25) or simultaneous analysis of phe-
notypeand DNA content (26), may also aid MRD studies, but have not been used
extensively for this purpose.

Currently, most laboratoriesusethree-col or analysisfor MRD studies, includ-
ing antibodies conjugated to FITC, PE, and PerCP. Dual-laser flow cytometers
that allow the detection of other fluorochromes such as antigen-presenting cells
(APC) and permit four-color analysisappear to beideal ly suited for thesestudies.
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In addition, this approach potentially allows a reduction in the number of indi-
vidual test tubes per sample, thus employing reagentsand cellsmoreefficiently.

Sensitivity and Precision

The sensitivity of detecting rare cells by flow cytometry is determined by the
degree of differencein the features of the target population as compared to the
remaining cells and by the number of cellsthat can be counted. Asdiscussedin
thischapter, ALL cellsdo express markersin combinationsthat are not foundin
normal hematopoietic cells. Thus, themain limitation in sensitivity for all MRD
detection methodsisthe number of cellsthat can be analyzed. A marrow sample
taken from achild with acute leukemiain clinical remission typically yields5 x
107 or fewer mononuclear cells, and technical constraints may limit the number
of cells available for study to less than 1 x 106. Flow cytometry allows the
detection of 1 target cell in 10® or more cells, providing that alarge number of
cellsisstudied (e.g., 108 or more) and thefluidicssystemisexhaustively cleansed
(27-30). Because such large samples are rarely available during routine MRD
studies in patients with leukemia, a more reasonable sensitivity for practical
applications is approximately 1 target cell in 10*-10° cells.

To determine the precision of flow-cytometric detection of rare cells, we
prepared mixtures of leukemic and normal cells and compared the results of
multiple measurements of residual leukemiain identical cell preparations. The
results demonstrated that this assay is highly precise: in 23 tests of mixtures
containing 1 leukemic cell in 10* normal cells, results were remarkably similar
(coefficient of variation = 15%); in 22 tests of mixtures containing 1 leukemic
cell in 102 cells, the coefficient of variation was 10% (31).

Methodological Approach

The methodological approach that we use in our laboratory has previously
been described in detail (16). Briefly, wefirst perform adetailed analysis of the
immunophenotype of the leukemic blasts at diagnosis or at relapse. The results
from the patients’ cells are then compared to previously obtained results of an
identical immunophenotypic analysis of normal bone marrow and peripheral
blood samples. The most distinctive marker combinations in each case are thus
selected. If the immunophenotype of the leukemic cells were not known, one
would haveto apply thefull range of potentially useful markersfor MRD studies
in remission samples. This not only would be expensive and time-consuming,
but it may still fail to identify residual disease.

At the time of MRD analysis, cells are labeled with the selected antibody
combinations, and the light-scattering and immunophenotypic features of
10,000 cellsarerecorded (16). Wethen selectively store and examinetheinfor-
mation for cells that fulfill the predetermined morphologic and immuno-
phenotypic criteria, from atotal of over 2 x 10° bone marrow mononuclear cells.
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At least 10-20 dots expressing the leukemia-associated features must be cap-
tured to interpret a cluster of abnormal flow cytometric events.

Selection of Markers

To date, leukemia-specific phenotypes have been searched by systematically
comparing the immunophenotypes of leukemic cellswith those of normal bone
marrow cells (16). This approach has identified phenotypic features that are
uniquely associated with leukemic cells and are never expressed during normal
hematopoietic cell development, even during chemotherapy or after bone mar-
row transplantation. Unfortunately, thisprocessisslow andlargely based ontrial
and error.

We have recently used cDNA arrays to identify immunophenotypic differ-
encesbetween AL L cellsand normal lymphoid progenitors(32). By cDNA array
analysis, 334 of 4132 genes studied were expressed 1.5-fold to 5.8-fold higher
in leukemic cellsrelative to both normal samples; 238 of these genes were al'so
overexpressed in the leukemic cell line R$4;11. We selected 9 genes among the
274 overexpressedin at | east two |leukemic samples and measured expression of
the encoded proteins by flow cytometry. Seven proteins (CD58, creatine kinase
B, ninjurinl, Ref1, calpastatin, HDJ-2, and annexin V1) were expressed in
B-lineage ALL cells at higher levels than in normal CD19*CD10* B-cell pro-
genitors (p < 0.05 in all comparisons). Because of its abundant and prevalent
overexpression, CD58 was chosen for further analysis. An anti-CD58 antibody
identified residual leukemic cells (0.01-1.13%, median 0.03%) in 9 of 104 bone
marrow samples from children with ALL in clinical remission. MRD estimates
by CD58 staining correl ated well with those of polymerase chain reaction (PCR)
amplification of immunoglobulin genes.

The identification of immunophenotypic differences between normal bone
marrow cellsand leukemic cellsin diagnostic samplesisjust astarting point.
It isthenimportant to test the expression of the selected markerson normal bone
marrow cells under different conditions. In particular, it is crucial to establish
whether levels of expression remain consistent in leukemic cells of patients
undergoing chemotherapy andinnormal cellsactively proliferating after chemo-
therapy or bone marrow transplantation. Investigators planning to test samples
after several hoursfrom collection (e.g., thoseshipped from other centers) should
ensure that the leukemia-associated immunophenotypes are stable. In addition,
experiments with mixtures of leukemic and normal cellsare required to test the
sensitivity afforded by the new immunophenotypic combination.

ANTIBODY PANELS

Table 1 summarizes the phenotypic combinations currently used in our labo-
ratory. We use only immunophenotypes that allow us to detect 1 leukemic cell
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Table 1
Immunophenotypic Markers Currently Used to Study MRD in Children with ALL
ALL Frequency
lineage Type of phenotypic abnormality Markers (%)
B Overexpression CD19/CD34/CD10/TdT 30-50
or under expression CD19/CD34/CD10/CD22 20-30
of markers also expressed CD19/CD34/CD10/CD38 30-50

in normal B-cell progenitors CD19/CD34/CD10/CD45 30-50
CD19/CD34/CD10/CD58 40-60

Expression of markers CD19/CD34/CD10/CD13 1020
not expressed CD19/CD34/CD10/CD15 5-10
in normal B-cell progenitors CD19/CD34/CD10/CD33 5-10
(aberrant marker) CD19/CD34/CD10/CD65 5-10

CD19/CD34/CD10/CD56 5-10
CD19/CD34/CD10/CD66¢ 10-20
CD19/CD34/CD10/7.1 35

Expression of markersexpressed CD19/CD34/CD10/CD21 5-10
at different stages CD19/CD34/TdT/cytopl.u 10-20
of normal B-cell maturation

T Phenotypes normally confined  TdT/CD3 90-95
to the thymus CD34/CD3 30-50

Proportion of childhood AL L casesinwhich 1 leukemiccell in 10* normal bone marrow cells
can bedetected with thelisted immunophenotypic combination. Most casesexpressmorethan one
combination useful for MRD studies (16).

in 10* or more normal cells. We use the combination of nuclear TdT with T-cell
markers, such as cytoplasmic or surface CD3 or CD5, in virtually all cases of
T-ALL. Incaseswith weak or negative TdT expression, we used CD34 instead,
if this marker isfound to be expressed at diagnosis. CD19 and HLA-Dr, which
are not usually expressed on T-ALL blasts but are strongly positive on most
normal bone marrow TdT™ cells, can be used to further distinguish normal from
leukemic cells. By thisapproach, MRD can be studied in virtually all cases of
T-ALL.

Detection of MRD in B-lineage ALL requires alarger panel of antibodies.
We usually identify immature B-cells by the simultaneous expression of CD19,
CD10, and CD34 or TdT. Quantitative differences in antigenic expression
between leukemic and normal cells in the expression of these markers can be
used in approx 30-50% of cases. Other useful markers whose expression may
differ quantitatively inleukemic and normal immature B-cellsare CD38, CD45,
CD22, andtherecently identified CD58. Qualitativedifferencesbetween normal
and leukemic cells can be detected by using antibodies to myeloid- and
NK -associated molecul es or to mol ecul es expressed by mature normal B-cells.
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CD66c and anti-NG2 (7.1), as mentioned above, are two additional informative
markers. With all of these marker combinations, approx 90% of B-lineage ALL
cases can be studied at the 1in 10* level of sensitivity.

Flow Cytometry Compared to PCR

Each method of MRD detection has specific advantages and potential pitfalls
(33). For example, immunol ogic techniques yield a more accurate quantitation
of MRD and can discriminate viable from dying cells, whereas PCR may have
superior sensitivity. Inany case, neither immunologic nor molecular techniques
can, at present, be applied to all patients, which isaprerequisitefor theintroduc-
tion of MRD monitoring in clinical protocols. To determine how well measure-
ments obtained by flow cytometry and PCR amplification of IgH genes were
correlated, wetested serial dilutions of normal and leukemic cellsby both meth-
ods (34). We found the two methods to be highly sensitive (10 or greater
sensitivity), accurate (r2 was 0.999 for flow cytometry and 0.960 for PCR by
regression analysis), and concordant (r2 = 0.962). We then used both methodsto
examine 62 bone marrow samples collected from children with ALL in clinical
remission (34). In 12 samples, both techniques detected MRD levels>10. The
percentages of leukemic cells measured by the two methods were highly corre-
lated (r? = 0.978). Of the remaining 50 samples, 48 had MRD levels <10
Resultswere discordant in only two of these samples: PCR detected 2in 10* and
5in 10* leukemic cells, whereas the results of the flow-cytometric assays were
negative; both patients remain in remission by clinical, flow-cytometric, and
molecular criteria, 22 and 32 mo after remission.

We also compared the results of flow cytometry to those of reverse transcrip-
tion (RT)-PCR amplification of fusion transcripts (BCR-ABL and MLL-AF4;
Coustan-Smith et al., unpublished results). In 25 of 27 bone marrow samples
collected during remission, themethods gave concordant results (10 wereMRD™*
and 15 were MRD"). Of the two remaining samples, one was negative by flow
cytometry but positive (10-°) by PCR; the other was positive by flow cytometry
but negative by PCR (MRD was detectabl e by both methodsin prior and subse-
guent samples from this patient). These results indicate that measurements of
MRD by our flow-cytometric method and by PCR assay are comparabl e and that
level sof MRD associated withahigher risk of relapse(i.e.,>10*) canbedetected
by either technique.

Potential Sources of Error

Detection of rare events by flow cytometry requires meticulously clean and
preciseprocedures(16). Fal se-positiveresults can be caused by sample contami-
nation, dirty reagents, and imperfect cleansing of the fluidics system. False-
positive results can be caused by using antibodies that react nonspecifically.
We strongly recommend the use of isotype-matched nonreactive antibodies as
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controlsand careful titration of all antibodies. The sequencein which antibodies
are added to cells and the times of incubation must be rigorously standardized,
because variations in these procedures can alter the intensity of cell labeling.
Variations resulting from changes between different batches of antibodies must
bemonitored by frequent staining of normal samples. It goeswithout saying that
the instrument should be maintained in excellent condition, with frequent cali-
bration and periodic servicing.

A small fraction of patientshasarecurrence of acute leukemiawhose cellular
features are unlike those determined at diagnosis. In the majority of cases, these
leukemias are unrelated to the original leukemic clone and represent secondary
malignancies, which are often caused by the mutageni c effectsof leukemiatreat-
ment (35,36). Clearly, secondary |eukemias cannot be anticipated by currently
available methods for monitoring MRD. In a proportion of cases, recurrent leu-
kemia has genetic features that confirm its relationship to the original leukemic
clone, but has the phenotype of adifferent lineage (lineage switch). There have
been reports of leukemias morphologically and immunophenotypically charac-
terizedasALL that relapseas AML, whileretaining the karyotypic and molecu-
lar features of the original clone (37—-39). Such “lineage switch” relapses may be
detected early by molecular methods such as including PCR amplification of
chromosomal breakpoints or antigen-receptor gene rearrangements, but not by
flow cytometry.

Another cause of false-negative results during monitoring for residual leuke-
miais clonal evolution during and after treatment, which may cause the disap-
pearance of one or more of the markers detected at diagnosis—a phenomenon
aready notedinearly studies(40-46). Theimpact of immunophenotypi c changes
on MRD monitoring with multiple markers is related to the number of marker
combinations that can be applied to each patient.

CLINICAL STUDIES OF MRD IN ALL BY FLOW CYTOMETRY

Correlation Between MRD and Treatment Outcome

Immunophenotyping was the first method to be productively used to study
MRD (3). Severa earlier studies demonstrated the potential usefulness of this
approach (24,47,48). Despite promising initial results, interest in this approach
was somewhat diverted by the advent of PCR inthelate 1980s. Many investiga-
tors, startled by the novelty and elegance of PCR, began regarding almost any
other existing laboratory technique asarelic of another era. However, when we
directly compared the two methods over adecade ago (49), we emerged with the
impression that flow cytometry would remainavalid, informative, and clinically
applicable approach to study MRD. This impression was corroborated by the
consistent improvement in antibody and fluorochrome quality and variety and by
therelentlessrefinement of flow cytometersand analytical hardware and software.
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Our findings on monitoring residual diseasein children with ALL have been
summarized in a recent publication (50). We prospectively studied MRD in
195 children with newly diagnosed ALL in clinical remission. Bone marrow
aspirates (n = 629) were collected at the end of remission induction therapy and
at three intervals thereafter. Detectable MRD (i.e., =0.01% leukemic mono-
nuclear cells) at each time-point was associated with a higher relapse rate (p <
0.001); patientswith highlevelsof MRD at the end of theinduction phase (=1%)
or at wk 14 of continuation therapy (=0.1%) had aparticularly poor outcome. The
incidence of relapse among patientswith MRD at the end of theinduction phase
was68+16% (SE) if they remained MRD* (18 patients) throughwk 14 of continu-
ation therapy, compared with 7+7%if MRD became undetectable (14 patients)
(p=0.035). Thepersistence of MRD until wk 32 washighly predictive of relapse
(all four MRD* patientsrelapsed versustwo of the eight who converted to unde-
tectable MRD status; p = 0.021).

Residual disease was significantly more frequent ininfantsand patients>10 yr
of age than in children of intermediate ages (p = 0.007). Notably, four of six
infants had =0.01% leukemic cells at the end of remission induction. Among
cellular features, rates of detection did not differ significantly in comparisons
based on cell lineage, but therewasastrong associ ation between MRD detection
and the Philadel phia chromosome: All eight cases with this abnormality had
positivefindings(p < 0.001). Thiscontrastswith MRD positivity in 2 of 15 cases
with a TEL gene rearrangement and 8 of 42 cases with hyperdiploid (>50 chro-
mosomes) B-lineage AL L, both considered favorable prognostic signs (51-55).

The predictive strength of MRD remained significant even after adjusting for
adversepresenting features. It al soremained significantin analysesthat excluded
patients at very high or very low risk of relapse by St. Jude criteria (56) or that
focused on patients with high risk of relapse by NCI criteria (57). Because per-
sistence of circulating lymphaoblasts after the first week of treatment identifies
childrenwith ALL at ahigher risk of relapse(58-62), weal so determined whether
MRD studies at the end of remission induction would add to the prognostic
information provided by the earlier morphol ogic assessment of circulating lym-
phoblasts. MRD findings at the end of the induction phase correlated well with
treatment outcome in patients with or without circulating blasts.

Additional findings demonstrating the value of immunologic MRD monitor-
inginpatientswith ALL werereported by Farahat et al. (63), who used antibodies
to TdT, CD10, and CD19 to detect MRD in six of nine patients 5-15 wk before
relapse. By contrast, 43 patients who remained in continuous complete remis-
sion, with amedian follow-up of 23 mo, were consistently free of MRD by flow
cytometry. Inastudy of 53 ALL patients (37 B-lineage and 16 T-lineage ALL),
Ciudad et al. (64) used three-color flow cytometry to study MRD. Patients who
had agradual increasein MRD levelsshowed ahigher rel apserate (90% vs 22%)
and shorter median relapse-free survival than those with stable or decreasing
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MRD levels. The adverse predictive value of MRD was also observed when
children and adults were analyzed separately.

Bone Marrow Versus Peripheral Blood for MRD Studies

Practical and ethical considerations limit the acquisition of sequential bone
marrow samples from children. The use of peripheral blood rather than bone
marrow may provideadditional opportunitiesfor M RD studies, but littleisknown
abouttheclinical significanceof studying MRD in peripheral blood. Theexisting
studieson the subj ect have used PCR and produced discordant results. Brisco et al.
used quantified MRD in 35 paired blood and bone marrow samples from
15 children with B-lineage AL L receiving induction therapy and found that the
level of MRD in peripheral blood wasapprox 10-fold lower thanin marrow (65).
Van Rheeet al.,inastudy of Ph+ ALL, had similar findingsin 3 of 18 patients,
while in the remainder, there was no significant differencein MRD detected in
blood and marrow (66). Martin et al. also found that MRD levels in marrow
exceeded thosein blood by afactor of 10 or morein six patients (67). However,
morerecently, Donovan et al. used PCR amplification of antigen-receptor genes
to compare MRD in 801 paired blood and bone marrow samples obtained from
165 patients; findings in 82% of the pairs were concordant (68).

We studied 90 pairs of bone marrow and peripheral blood samples. Of these,
69 were negativein both marrow and blood and 10 were positive in both. In the
remaining 11 samples, leukemic cellswere detected in the bone marrow but not
in peripheral blood. Interestingly, all five patientswith T-lineage ALL who had
detectable MRD in the bone marrow had an approximately equal proportion of
leukemic cellsin the peripheral blood. By contrast, only 5 of the 16 patientswith
B-lineage AL L who had detectable MRD in thebone marrow al so had detectable
circulating blast cells(Coustan-Smith et al., unpublishedresults). Takentogether,
theavail able evidence suggeststhat the correl ation betweenlevelsof MRD inthe
peripheral blood and bone marrow may vary with the time of measurement, the
subtype of ALL, and, possibly, the type of treatment.

FUTURE PERSPECTIVES

The studies of MRD in childhood ALL reported to date collectively indicate
that measurements of MRD provide a powerful and independent prognostic
indicator of treatment outcome in children with ALL and are likely to have a
consequential impact on the clinical management of these patients. The results
of MRD studies during the early phases of therapy in this disease are consistent
with, and add to, the predictive value of other measurements of early response
to therapy, such as the presence of circulating blast cellsat d 7 of therapy (59),
thedegree of responseto prednisone (61), and the morphol ogi ¢ detection of blast
cellsin the bone marrow on d 15 and 21 (69).
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It remainsto be decided how MRD assays should be used to guide treatment.
Based ontheexisting evidence, it seemsreasonabl etointensify therapy for those
patients who have a slow early response to treatment and have detectable MRD
during clinical remission. Conversely, the excellent clinical outcome of MRD-
negative cases raises the possibility of using MRD assaysto identify candidates
for experimenting reductionsin treatment intensity. However, it may be argued
that studies of MRD are unlikely to substantially improve clinical strategiesin
a disease such as childhood ALL, in which approximately three-fourths of
patients can be cured and for which several risk factors strongly predictive of
outcome are already guiding therapy (70). However, known prognostic factors
arenot 100% predictive, and MRD studies might well complement and enhance
their informative value. Moreover, oncologists may be reluctant to abandon
clinical and biologic parameters, such as age, leukocyte counts, and genetic
features, whoserelation with treatment response has been repeatedly confirmed,
even within different treatment protocols, and there are only afew informative
(but not nearly as extensive) clinical studies of MRD. Therefore, at present, it
seems prudent to combine MRD with clinical and biologic parameters for a
comprehensive risk assignment in children with ALL.

Westill donot know whether early detection of rel apseand subsequent changes
intherapeutic strategieswill improvecurerates, but thereisreasonto believethat
thismight be the case. First, it iswell established that the tumor burden and the
curability of cancer are related. In ALL, for example, a large tumor mass at
diagnosis as demonstrated by high leukocyte counts and high serum lactate
dehydrogenase activity isan indicator of poor prognosis (56). Second, the like-
lihood of the emergence of drug-resistant malignant cells by mutation increases
as the number of cell divisions increases and, hence, relates to the total tumor
burden (71).

Theuseof MRD studiesmay benefit treatment of childhood ALL beyond risk
assignment. For example, the utility of autologous transplantation could con-
ceivably beimproved by the devel opment of effectivetechniquesfor purgingthe
graft of leukemic cells, coupled with sensitive methods for detection of MRD.
In addition, testing of new treatment approaches, such astyrosine kinase inhibi-
tors, cytokines, immunotoxins, adoptive T-cells, compounds interfering with
oncogenic molecular aberrations, and inhibitors of angiogenic growth factors,
may necessitate modifying the way in which anticancer treatments have tradi-
tionally been tested. MRD measurements may serve as surrogate end pointsin
the clinical testing of these novel therapeutic approaches.

Onehasto recognizethat noneof themethodsdevel oped to dateto study MRD
isperfect and that existing techni queshaveadvantagesand disadvantages. There-
fore, our approach is to combine two methods in efforts to study all patients.
By using flow cytometry and PCR amplification of antigen-receptor genes
simultaneously, we have been able to study 96 consecutive cases. Thisapproach
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should also prevent false-negative results because of changes in immuno-
phenotype or predominant antigen-receptor gene clone during the course of the
disease.
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3 PCR Methods for the Detection
of Minimal Residual Disease
in Childhood Acute
Lymphoblastic Leukemia

Geoffrey Neale

PROGNOSTIC VALUE OF MRD IN ALL

Acute lymphablastic leukemia (ALL) isthe most common form of cancer in
children. The main cause of treatment failure, which occursin approx 20% of
patients, is relapse arising from outgrowth of residual leukemic cells that are
refractory to therapy. ALL isaheterogeneous disease, characterized by stage of
differentiation and by aspectrum of recurrent chromosomal abnormalities(1-5).
Thus, ALL isnot asingleentity, and uniformtherapy isnotideal . Childrenat high
risk requireintensivetreatment, whereas othershavean excellent prognosiswith
lesstoxic therapies. The question remains: How best toidentify the patientswith
ALL who are at high risk of relapse?

As the cure rate of ALL now approaches 80%, many clinical and biologic
features once considered important in risk assignment have lost their predictive
value. Clinical featuresthat predict relapse are patient age and | eukocyte count.
Patients with the t(9;22) translocation or rearrangement of the MLL locus at
chr11g23 have an overall unfavorable outcome. Some genetic abnormalities,
however, are associated with good prognosis. Theseinclude hyperdiploidy (51—
65 chromosomes per cell) and thet(12;21) transl ocation. None of thesefeatures,
however, is 100% predictive (1,2).

Tofind better predictors of patient outcome, investigators have examined the
in vivo response of leukemic cells during therapy by using sensitive assays
to investigate subclinical levels of leukemic cells (minimal residual disease
[MRD]) in patient samples during clinical remission (6-20). There are four
major conclusions from MRD studies (21). First, quantitative assessment of
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MRD, asopposed to qualitative assessment, isnecessary. Second, high levels of
MRD after induction therapy are associated with poor prognosis, whereas low
(<0.01%) or undetectable levels are associated with excellent outcome. Third,
persistence of MRD at two or moretime-pointsduring therapy isassociated with
aparticularly poor prognosis. Fourth, MRD isanindependent predictor of patient
outcome.

CLONAL MARKERS FOR MRD ASSESSMENT IN ALL

Fusion Genes

There are two types of clone-specific markers that can be used for MRD
assessment in ALL. These are the breakpoint fusion regions of chromosomal
abnormalities found in ALL and the junction regions of antigen-receptor gene
rearrangementsthat ariseduring normal lymphoid development. A largenumber
of recurrent chromosomal abnormalitieshavebeen characterizedinALL (1,4,5).
One example is the SIL-TAL1 fusion gene (TAL-1 deletion) that is found in
leukemic cells, but not in normal cells. Thisgenetic lesion is generated by site-
specific recombination on chromosome 1p32, and the genomic sequence of this
genefusion can be used asaleukemia-specifictarget in approx 25% of T-lineage
ALL cases (22-24). Other leukemia-specific lesions, such as the TEL-AML1,
BCR-ABL, E2A-PBX1, and MLL-AF4 fusion genes, arise from chromosomal
translocations. However, in contrast to the SL-TAL1 fusion, the genomic
breakpoints of these fusion genes are spread over large distances within each
genelocus. Thismakesit difficult to precisely identify thegenomicregionsfused
together. Consequently, genomic sequencesfrom these chromosomal transloca-
tionsarenot amenablefor routineM RD assessment. Thisshortcoming, however,
can beovercomeby the observation that although the genomic breakpointsdiffer
from case to case, the fusion transcripts arising from a particular chromosomal
translocation are virtually identical. Therefore, these fusion transcripts may be
used as leukemia-specific targets for MRD assessment in ALL (25-28).

There are drawbacks, however, in using fusion transcripts for assessment of
MRD. A prerequisite for clinical monitoring is that every patient should be
evaluated for residual leukemic cells. Because well-defined chromosomal trans-
locations are found in only 35—40% of ALL cases(1,4,5), fusion transcripts can
be used to monitor MRD only in the minority of cases. Potential problems also
arisewhen using RNA asamolecular target. RNA ismore susceptible to degra-
dationthan DNA, and the possi bility existsthat the number of MRNA transcripts
per cell might fluctuate during therapy.

Antigen-Receptor Gene Rearrangements

Because of the limited applicability of fusion transcripts, the most common
method for investigating MRD in ALL is polymerase chain reaction (PCR)
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Fig. 1. Generation of clone-specific markersof lymphoid cells by antigen-receptor gene
rearrangement. During the process of VDJ recombination, V (variable), D (diversity),
and J (joining) regions, normally interspersed along the chromosome, are randomly
joined. Thisjoining isimprecise, and random nucleotides (N nucleotides) are incorpo-
ratedamongtheV, D, and Jsegments. Thediversity of theV DJjunction permitssynthesis
of acomplementary oligonucleotide that is specific for each lymphoid cell. This oligo-
nucleotide is used as ahybridization probe or an amplification primer for clone-specific
detection.

amplification of clone-specificimmunoglobulin (1g) and T-cell receptor (TCR)
generearrangements (29). As part of normal development, lymphoid cellsrear-
range their antigen-receptor gene segments (V, D, and Jregions) to create an
amazingly diverse repertoire of receptorsfor antigen recognition (30-32). This
process provides a unique genetic “fingerprint” for each lymphoid cell, and this
fingerprint can be used as a monoclonal marker for MRD detection.

Becauseeachlymphoid cell hasitsownuniquefingerprint, the sequenceof the
Ig/TCR generearrangement present in the leukemic clone must beidentified for
each patient. Tofacilitatethisidentification, DNA from thediagnostic sampleis
amplified using sets of consensus primersto the V-, D-, and J-region gene seg-
ments (33,34). After amplification, the clonal PCR products are sequenced
directly to precisely identify the VDJ-junction region nucleotides. From this
sequence, an oligonucleotide complementary to the unique junction region
sequenceissynthesized. Thisclone-specificoligonucl eotideisthen used to detect
leukemic cells among normal hematopoietic and lymphoid cells, either as a
hybridization probe or as a primer to specifically amplify the rearrangement of
the leukemic clone (see Fig. 1).

Antigen-receptor generearrangementsarereadily identifiedin ALL (seeTablel).
Rearrangementsof thelgH, Igk, TCR-9, and TCR-yloci arecommon and at | east
oneisfoundin virtually all cases. Notably, cross-lineage rearrangements, such
as TCR-0 and TCR-y rearrangementsin B-precursor ALL, arefrequently found
in ALL (35,36). These rearrangements, not detected in mature lymphoid cells,
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Table 1
Incidence of Ig and TCR Gene Rearrangements in Childhood ALL
IgH gk TCR-0 TCR-y TCR-B
B-Precursor ALL 95% 30% 55% 60% 30%
T-Lineage ALL 20% 0% 70% 95% 90%
Total ALL 85% 25% 60% 65% 45%

Source: Data from ref. 35.

increase the probability of finding an Ig/TCR clonal marker. In B-precursor
ALL, thelgH, Igk, TCR-9, and TCR-y are rearranged in 95%, 30%, 55%, and
60% of cases, respectively. In T-lineage ALL, the TCR-6 and TCR-y loci are
rearranged in 70% and 95% of cases, respectively. Although the TCR-3 locusis
frequently rearranged in T-lineage ALL, this locus is rarely used for MRD
assessment because of the high frequency of TCR-y and TCR-0 rearrangements
and the difficulty in identifying TCR-[3 rearrangements from genomic DNA.
Overall, the high incidence of Ig/TCR gene rearrangements permits the design
of assays for their detection in approx 90% of ALL cases.

Choosing an Ig/TCR clonal marker is balanced between two issues: the sen-
sitivity of residual diseasedetectionandthelikely stability of thegenerearrange-
ment. Ingeneral, thejunction sequencesof thel gk and TCR-ygenerearrangements
are less diverse than those of the IgH and TCR-d loci. Thisis because Igk and
TCR-y rearrangements lack D-region segments and because the VJ junctions
usually contain only asmall number of random nucleotides (N nucleotides). This
restricted diversity can prevent the design of assays that distinguish the rear-
rangement found in the leukemic clone from those found in polyclonal cells.

However, rearrangements of the Igk and TCR-y loci are favored by some
investigators (17,18) for clinical studies because they are the most stable. Rear-
rangement of the Igk or TCR-y loci represent “end points’ of VDJrecombina-
tion, and these loci rarely undergo secondary rearrangement during disease
progression (37). In contrast, rearrangements of the IgH and TCR-9d loci fre-
guently undergo continuing gene rearrangement (38—41). In the IgH locus, VH
replacement, aswell asVVH to DJjoining, can occur (42,43). Inthe TCR-d locus,
incomplete rearrangements (V-D, D-D, and D-J) are frequently found in ALL
(35). Thesepartial rearrangementscan undergo secondary rearrangement or they
can be deleted (40,44). This process of continuing rearrangement, referred to as
“clonal evolution,” poses problems for MRD assessment because loss of the
clonal marker identified at diagnosis can lead to false-negative results.

Although clonal evolution occurs in approx 30% of ALL (38-41), studies
have shown that at |east one of the |g/TCR generearrangements present at diag-
nosisisretained in 90-95% of cases at relapse (42,44). Because of thisfinding,
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investigatorshave used astrategy of monitoring MRD by using two independent
generearrangements (17,18). Thisshould limit the possibility of false negatives
arising from clonal evolution. Thoseinvestigatorsfound that the datafrom inde-
pendent clonal markers were concordant (17,18). However, this strategy was
applicable to only 28% of cases (17) and 60% of cases (18), respectively. An
alternative strategy to reduce fal se negatives has been suggested. Themost com-
mon mechanisms of clonal evolution occurs via VH replacement (V to VDJ
joining) or VH addition to existing DJ rearrangements (38,41). The molecular
mechanisms of VH replacement and VVH addition do not usually alter the nucle-
otides between the D and Jregions (42,44,45). Therefore, the design of junction
region oligonucleotides complementary to the stable DJ sequences should fur-
ther reduce the chance of false negative results because of clonal evolution.

QUANTIFICATION OF CLONAL MARKERS BY PCR

Onceaclonal Ig/TCR target hasbeenidentified, aPCR assay isdeveloped for
guantifying leukemic cells harboring that gene rearrangement. This is not a
simpletask because of the exponential amplification of targetsthat occursduring
the PCR. Although it is relatively easy to quantify the amount of product after
amplification, itisfar more difficult to cal cul ate the number of targetsthat gave
rise to that product. Thisis especially problematic when the starting number is
very low or very high. Under these conditions, PCR quantification can result in
large errorsresulting frominefficient amplification of thetarget sequence. Thus,
over the past decade, investigators have used various approaches to quantify
MRD by PCR. Of these methods, three have been used the most and they are
summarized below. Asindicated, each of these methods hasinherent advantages
and drawbacks. Thedisadvantagesassociated with the* classical” methodsmight
soon be overcome by recent improvementsin MRD assessment using real-time
quantitative PCR. An outline of this method and its application to assessment of
MRD in childhood ALL isalso described.

Classical Methods of MRD Detection by PCR

CoMPARATIVE HYBRIDIZATION

This semiquantitative method has been used in the majority of MRD studies
(8,9,11,13,15,18,46-51). In thismethod, the oligonucl eotide complementary to
the junction region is used as a radiolabeled hybridization probe to detect the
clone-specific gene rearrangement. For quantification of MRD, DNA from an
unknown sampleis amplified using the set of consensus primers that identified
the gene rearrangement at diagnosis. Polyclonal DNA (negative controls) and a
set of standards, made by serial dilution of the diagnostic DNA, are amplified
using the same primersin separate reaction tubes. After amplification, aliquots
from each reaction are blotted and hybridized to the clone-specific junction
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region probe. The level of MRD is estimated by comparing the hybridization
signal of theunknown sampletothose of the standards. Thus, thestandardsserve
two purposes. They establish the sensitivity of detection for each assay and they
provide reference values for quantifying the number of leukemic cells in the
unknown sample.

Although this method is relatively simple to perform in most research |abo-
ratories, itisalso the most time-consuming, taking 2—3 d to complete. Datafrom
this method are semiquantitative because it is difficult, if not impossible, to
establish PCR conditionswheretargets over a5-log range are amplified equally
and where PCR products do not reach a plateau. The sensitivity of this method
isquite variable, ranging from 1076 to 103, although the majority of assays (18)
have a sensitivity of detection at least 10~4. This variability can be attributed
to several factors. Onefactor isthe efficiency of hybridization of the junc-
tion region probe. Thiswill vary from patient to patient because no two junction
probes are the same. Another factor is the composition of the junction region
probe. Probes containing mostly germ-line sequences can not provide sensitive
discrimination of the leukemic gene rearrangement from those found in
nonleukemic polyclonal cells. Y et another factor isthe design of the PCR ampli-
fication. By using consensus primers that amplify both the leukemic and
nonleukemic gene rearrangements, the efficiency of leukemic target amplifica-
tion can vary considerably at low target doses.

CowmpeTITIVE PCR

Competitive PCR hasal so been used extensively in MRD studiesof childhood
ALL (7,17,52-54). In this method, an unknown sample is amplified in a PCR
reaction containing aninternal standard of knownamount. Theinternal standard
hasidentical V- and J-region sequencesto those of theleukemic generearrange-
ment (7). Thus, in the PCR, the internal standard isacompetitor and it isampli-
fied at the same time as the leukemic target. In order to be used as an internal
standard, the competitor must be distinguishable from the leukemic gene rear-
rangement either by size or by hybridization with ajunction region probe. Fol-
lowing amplification, theinitial copy number of theleukemictargetiscal culated
by comparing the signal of the unknown sample with the signal of the internal
competitor. Similar to comparative hybridization, the sensitivity of MRD detec-
tion using competitive PCR varies among patients. In one report (7), the sensi-
tivity ranged between 1 x 10° and 2.5 x 104, whereas another study by the same
researchers (17) had a median sensitivity of 5 x 107,

Becausetheratio of competitor toleukemictarget can vary dramatically inan
unknown sample, a calibration curve is required to correlate the signa of the
unknown with that of the competitor. In this method (7), standards containing
different amounts of the diagnostic leukemia DNA and afixed amount of com-
petitor are prepared. After amplification, the ratio of the leukemic signal to the
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competitor signal isplotted against the number of leukemic targets. Thiscalibration
curveisthen used to cal culate the number of leukemic cellsin the unknown sample.

Several conditions must be met for competitive PCR to provide accurate
results. First, the efficiency of amplification must be the same for the leukemic
target and the competitor target. This efficiency must be constant over awide
range of starting concentrations. Second, the number of PCR cycles must be
calibrated carefully to ensurethat the signal of each product in the reaction does
not reach a plateau during amplification. Third, detection of the competitor sig-
nal must have the same efficiency as the detection of the leukemic target. This
problem is readily avoided when using ethidium bromide staining or fluores-
cence detection. However, when using junction region probesto visualize reac-
tion products, the use of standards is recommended to overcome different
hybridization efficiencies arising from oligonucleotide probes of different
lengths and/or composition.

LimiTING DiLuTION

This technique has been used in many MRD studies (6,12,14,55-57). In this
method, the junction region oligonucleotide is used as an amplification primer,
and amplification is optimized using two rounds of PCR to provide an “all-
or-none” readout. Amplification conditions are established so that aslittleas a
singlecopy of theleukemic generearrangement will generateaPCR product that
can be visualized on a gel stained with ethidium bromide. In the first round,
samples are amplified by using two consensus primers (e.g., V- and J-region
primers) or by using one consensus primer and one patient-specific primer.
Following thispreamplification, thefirst reactionisdiluted and then reamplified
using oneconsensusprimer incombinationwith anested patient-specific primer.
The net result of this processisthat areaction containing one or more leukemic
genomeswill be positive, whereas areaction that contains polyclonal or nonleu-
kemic DNA will be negative when analyzed on an agarose or acrylamide gel.
Accurate quantification is achieved by performing multiple replicates of seria
dilutionsof theunknown sample. At thelimiting dilution, wherereplicate assays
are either positive or negative, the MRD level is calculated from the fraction of
negative assays by using Poisson statistics (58).

There are several advantagesto using limiting dilution for MRD assessment.
Theseinclude (1) an end point that does not require quantitation or radioactivity,
(2) auniform sensitivity of detection (approx 107) that is unsurpassed by other
techniques (59), and (3) MRD levels quantified in the absence of standards and
with statistical confidence. However, there isamajor drawback to this method.
Itisvery laboriousbecauseof the preparation of sampledilutionsandtheanalysis
of multiple replicates by using two rounds of PCR. Thisismitigated somewhat
in that this process need only be performed once at the original development of
the patient’s PCR test.
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Fig. 2. Schematic depiction of RQ-PCR using TagMan probes. The TagMan probe
hybridizesto sequences between the two amplification primers (top panel). During syn-
thesisof thenew DNA strand, the TagM an probeisdisplaced (middle panel) and cleaved
(bottom panel). Cleavage of the probe separates the reporter dye (R) from the quencher
(Q), resulting in increased fluorescence in the reaction (bottom panel).

Real-Time Quantitative PCR

Asdescribed above, the“classical” PCR methods are too time-consuming or
laborious for routine quantification of MRD. Recent advances in quantitative
PCRtechnology, however, promiseto eliminatethose problems. Of theavailable
automated methods, real -timequantitative PCR (RQ-PCR) using TagMan probes
(60) appears to have the greatest potential (see Fig. 2). TagMan technology
requiresareporter probe, containing afluorescent dye and aquencher, to hybrid-
ize between two amplification primers. This probeis cleaved during the ampli-
fication only when the primersdirect amplification to the target sequence. When
the TagMan probe is hydrolyzed, the fluorescent dye is separated from the
guencher and anincreasein fluorescenceisdetected inthereaction. Theincrease
influorescenceisproportional to the amount of product synthesized in the PCR.
Thus, theTagMan probeprovidesboth the sensitivity and the specificity required
for MRD assessment. A set of standards, madefrom serial dilutionsof diagnostic
DNA, is used for quantification purposes. By monitoring the accumulation of
fluorescencein“real time,” datafrom the standardsand the unknown sample are
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Fig. 3. Three possible locations of TagMan probes for detection of 1g/TCR gene rear-
rangements. TagMan probes may be complementary to the VDJ junction (A), the V
region (B), or the Jregion (C). Amplification primersin each scenario are indicated by
half arrows.

obtained from the exponential phase of thereaction, andtheinitial target amount
is extrapolated from the standard curve.

TagMan probes can be designed to detect Ig/TCR gene rearrangements at
three possiblelocations (see Fig. 3). First, the probe can be synthesized comple-
mentary totheuniquejunction region (seeFig. 3A). Thisapproach hasbeen used
with some success (61). However, asin comparative hybridization methods, the
sensitivity of junction region TagMan probes canvary (61). A further complica-
tion is that unique junction region probes would be required for every patient.
This would add considerable time and expense to the routine monitoring of
MRD. The second potential |ocation of the TagMan probeiswithintheV region
(seeFig. 3B). Inthis case, the specificity of leukemic cell detection comesfrom
using thejunction region oligonucl eotideasan amplification primer. Initial stud-
ies have reported considerable success using this strategy (62—64). However,
there are potential pitfallsin using TagMan probes directed to the V region and
the junction region. As described earlier, clonal evolution of the Ig/TCR gene
rearrangement can cause the loss of V-region and VD sequences. Therefore,
TagMan probes to these regions could generate false negative results.

The third location for TagMan probes is the J region (see Fig. 3C). This
approach is particularly advantageous for quantification of IgH rearrangements
(65,66). Thereare only 6 JH regions as compared to approx 50 VH regions and,
therefore, only alimited number of TagMan probes need be synthesized. The
sequence homology between the JH regions permits a further reduction in the
number of TagMan probes needed for quantification of IgH gene rearrange-
ments. Another advantage of JH-region probes is that clonal evolution is less
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Fig. 4. Concordance between RQ-PCR data and limiting dilution data in B-precursor
ALL. Twenty-four samplesfrom 14 patientswere analyzed by RQ-PCR and by limiting
dilution. Seven samples had undetectable leukemic cells by both methods.

likely to result in false-negative results. When VH replacement or VH to DJ
joining occurs, the DJportion of therearrangement usually remainsintact. There-
fore, leukemia-specific primersdesigned in the DJ portion of the rearrangement
will still detect the original leukemic clone. A further benefit is that J-region
probes permit design of assaysfor detection of partial IgH gene rearrangements.

Several studieshave reported successful use of TagMan technol ogy for quan-
tification of leukemic cellsin ALL (61-67). Few studies, however, haveinves-
tigated the sensitivity of RQ-PCR assays relative to other methods (61,67). Our
experience (67) using RQ-PCR to detect the TAL-1 deletionin T-lineage ALL
shows that extremely sensitive detection of leukemic cells (10 or better) is
possible using TagMan probes. In addition, we found that limiting dilution data
and RQ-PCR data were highly concordant (67).

Weare currently evaluating asmall number of JH-region probesfor RQ-PCR
detection of MRD in B-precursor ALL. In our hands, these probes routinely
detect asingle copy of the leukemic genome among 10° normal genomes. Thus,
by using multiplereplicates, the sensitivity of RQ-PCR detection can be equiva
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lent to that of limiting dilution—the most sensitive MRD technique (see Fig. 4;
Nealeetal., unpublished data). Overall, thesefindingsstrongly indicatethat RQ-
PCR will soon replace previous time-consuming or laborious MRD assays.

SUMMARY

The prognostic value of MRD assessment during therapy has recently been
established in several large prospective studies. These studies have shown the
valueof quantitative, asopposed to qualitative, evaluation of MRD levels. How-
ever, amajor obstacletotheroutine MRD assessment inclinical studieshasbeen
the lack of rapid and accurate methods for detection of residual leukemic cells.
Now, new RQ-PCR technology promises to improve MRD detection and to
accelerate the availability of routine MRD evaluation in clinical studies. Rapid
and accurate monitoring of MRD will permit the opportunity for timely thera-
peutic intervention in those patients who have persistent leukemia.
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4 Statistical Considerations

in the Analysis
of Minimal Residual Disease

Dennis A. Johnston and Theodore E Zipf

INTRODUCTION

Thischapter presents statistical considerations used by many researchersand
clinicians in the determination of minimal residual disease (MRD) in patients.
Our devel opmentswere applied to polymerase chainreaction (PCR)-based mea-
surement of MRD in patients with childhood acute lymphoblastic leukemia
(ALL), but the methods and considerations are applicable to the other methods
of determining MRD and to other disease diagnoses.

The methods discussed here are not new and have been borrowed from other
fields, from vitamin research (1,2) to economics (3). They are presented herein
hopes of providing aframework for analysis and discussion of where the meth-
ods development can and needs to go from here.

There are at |east three considerations that must be made when developing a
new technique, such as MRD: (1) sensitivity, variability, and calibration of the
technique; (2) verification that the technique can dependably distinguish the
“target” groups; and (3) ability of the technique to predict the group into which
an individual will eventually fall.

Sensitivity, Variability, and Calibration

Thefirst stepindefining anew techniqueasit wasinthedevel opment of MRD
techniques, isto determinethe sensitivity to changein the disease, including the
minimal distinguishable level of the technique. Also, the variability on repeat
samplesaswell asthe variability from patient to patient needsto be determined.
In the case of MRD, the method estimates the number of residual tumor cellsin
the bone marrow (BM) or peripheral blood (PB) without necessarily trying to

From: Leukemia and Lymphoma: Detection of Minimal Residual Disease
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count all of thetumor cellsin the samplebut rather based on counting the number
of positive cells marked by aparticular technique. The techniqueintends, either
upon amplification or marking, to produce a“signal” that represents the current
status of the patient. The variability from sample to sample even while just
countingisamajor concern. If thesignal representsthe number of cellsby using
the intensity of an actual signal, the correspondence between the magnitude of
the signal and the number of cells must be determined, aswell asthe variability
from sampleto sample. Thisisknown ascalibration. Theresidual error fromthe
calibration is a measure of the variability pooled from all sources. Thisis dis-
cussed in the next section.

Thesecond step isto usethetechniqueto measureresidual diseasein patients.
The purpose hereisto test and seeif there are differencesin the patient groups
associated with the process of interest. With MRD, the interest isto seeif there
are differences between early-relapsing patients and those that remainin remis-
sion, either after therapy asthe patient goesinto remission or after bone marrow
transplantation (BM T) to measurethereduction and possi blereturn of the cancer
clone as measured by MRD. The test can be merely a comparison of levels of
residual disease compared between the groups of rel apsing patients and thosein
long-term remission. Usually, either a continuous analysis of variance is per-
formed or athreshold is defined and a chi-square or logistic regression analysis
(e.g., positive MRD versus negative MRD at the number of cellstested and the
sensitivity of the MRD technique) performed. Alternatively, survival analysisor
Cox model proportion hazard analysis may be employed to test the length of
remissionversuslevel of MRD. Thesetestsdeterminewhether the popul ation of
early-relapse patients has a different level of MRD from those in long-term
remission. If there is a separation of the patients groups, then MRD may be
considered to be useful in distinguishing them. These statistical tests are dis-
cussed in the third section of this chapter.

The third step is to use the MRD to predict those patients who will relapse
early. Often the results of the second step are considered as having a possible
predictive value. If the threshold divides the patients into the desired groups
(e.g., relapsing patients above the threshold and remission patients below the
threshold), it can be used to predict the patient outcome. However, the tests are
often statistically “significant” whenthereisstill asubstantial overlapinthetwo
populations. If thereisan overlap, two types of classification error occur. If the
patients are to be further treated based on their classification as predicted to
relapse (treated with a different therapeutic regimen or BMT) or predicted to
continue in remission (no changein treatment), then these become two types of
treatment errors. Thefirstisthat apatient predicted to rel apse actually would not
relapseandis, thus, exposedto theadditional therapy needlessly. Theother isthat
a patient classified as a long-term remission is destined to relapse and miss
possibly live-saving therapy. The degree of overlap in the test is measured by



Statistical Considerations in Analysis of MRD 55

calculating the sensitivity and specificity of the prediction. This sensitivity isa
measure of the classification error and is not the same as the sensitivity of the
MRD measurement. If the sensitivity or specificity of the test arelow, the error
in treatment is high. In the fourth section of this chapter, we present some alter-
native methods of predicting patient outcome when the threshold method hasan
unacceptably low sensitivity or specificity.

DISEASE RESPONSE CURVE BY LIMITED DILUTION

In this section, we show our method of calibration of PCR-based markers.
Although much of the method is specific to PCR, the limited dilution assay
method (4) to obtain the response of the MRD technique and associate it to
the proportion of positive cells based on samples of known numbers of cells
(as measured in amount of DNA) is applicable to other techniques. Here, we
present a generalized version of the limited dilution assay (5,22). For other
techniques, the exact form of the calibration curve may differ as a function of
both the sensitivity of thetechniqueand the response—in particular, in the upper
(shoulder) and lower (heel) portions of the dose-response curve generated by the
calibration.

Development of Known Dilutions

Bone marrow samplesfrom newly diagnosed | eukemia patientswho havethe
appropriate disease-associated genetic markersareused for thecalibration. Each
patient specimen used for calibration has >95% blasts and can be diluted in a
10-fold manner. The DNA is extracted from the mononuclear cellsin the speci-
men and the number of cellsisbased on thetotal amount of DNA determined by
spectrophotometry. Aliquots representing dilutions from 10 ug to 10 pg are
prepared and these then divided into 10 aliquots per dilution. Nonleukemiacell
DNA isadded to each aliquot to bring the amount of DNA in each reactionto a
total of 1 pg. The fraction of positive aliquotsisthe response, y;, to the number
of cells, x;, in theith calibration sample. In our hands, the relationship between
the response and the number of cellswas atypical sigmoid curve, asshownin
Fig. 1. Theexpected log-linear rel ationship asit approaches saturation (shoul der
of the curve) or the minimum detectable level (heel of the curve) is lost and,
therefore, therate of changein the observed signal with the change in number of
cells flattens out. The lower end (heel) of the sigmoidal shape of the curveisa
result of thefact that the number of potential positivecellsisat least 107 cellsand
the minimum detectablelevel of the PCR techniquesisabout 25 cellsin 108 cells
(2.5x 1078 or about 15 pg DNA). Asthe fraction of actually positive cellsnears
this lower limit, the change in detection signal also decreases. A similar effect
occurs on the upper end of the curve (shoulder) as the number of positive cells
approaches 100% of the cellsand saturatesthe signal. In many analyses, the heel
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Fig. 1. The calibration of the PCR response curve using a second-order rational polyno-
mial (Michaelis-Menton) function.

and shoulder regionsareignored and thebody of thecurveisusedintheanalysis
as an approximate straight line producing alinear calibration curve. In the case
of MRD, the heel and shoulder regions comprisetoo great aportion of the curve
to ignore. By including the heel of the curve, we can add one to two orders of
magnitude to the range of the test.

Development of a Nonlinear Calibration Method

Because the curve of MRD PCR response versus actual numbers of leukemic
cellsisnot linear, the inverse prediction method of linear limiting dilution assay
proposed by Taswell (4) cannot be used directly. If the analysiswas limited to the
log-linear range, the standard method of Taswell could be used (22). We general-
ized the method of Taswell (5) that was based on the inverse predi ction method of
Fieller (1,2,6-8). Therelationship of PCR response wasfit to the number of cells
usinganonlinear model. Wetried several models, including theexponential model

fixAab)=Al-e™)+b
and the second-order rational function (second-order Michaelis—Menton) model

g, +ax+ax

a,a,b,b)=
oo & D)= ot
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usingtheNLR procedurein SPSS(SPSS, Inc, Chicago, IL). Bothmodelsinclude
aminimal detectablelevel (b or a,, respectively) and asaturation level (A+bor
ay/b,, respectively). Both fit well and provided both estimates of the model
parameters 6 = (A a b) or 6 = (a, &, a, b, b)) and their respective asymptotic
variance—covariance matrix 2.

Tousetheestimated model, for any value of PCR response, y,, of an unknown
sample, either estimated equation can be solved explicitly for the estimated
number of cells, Xy, inthe sample. More generally, either can be solved approxi-
mately to any degree of required accuracy by using asimpl e bisection technique
(9, pp. 98, 261-262) only having the function and the estimated parameters. The
method worksfor monotonic functions such asthe ones used here for MRD and
requiresthat the solution, X,, be bracketed by estimated val ues, say, x; and x,, and
the corresponding functional values f(x;) and f(x,) calculated. The interval is
bisected by cal culating the midpoint and X, = (X; + X,)/2 and f(X,)). The value of
Yofallsinthefirst half of theinterval (f(x,), f(x,)) or thesecond half of theinterval
(f(xy), f(xy)) or exactly at X, If at X, the process stops. Otherwise, the upper or
lower valueof the outsideinterval isreplaced with x,,,, and the bisection proceeds
until the difference between the lower and upper values of the interval is below
athreshold. At that point, X, is assigned the midpoint of the final interval.

As fixed numbers of cells are possible for each sample using the 10-fold
dilution method, a chart of response versus estimated number of positive cells
can be provided for the assay. To determine the variability and the 95% confi-
denceinterval (calledafiducial interval by Fieller becausethenumber of positive
cellsinthe calibration assay isafixed, not random, number), ageneralization of
Fieller’ s theorem to nonlinear models was developed. With either model, the
estimated parametersof themodel, designated asthevector 8, are approximately
and asymptotically normally distributed with true mean 6 and variance—covari-
ancematrix 2 (10). X isestimated by the nonlinear regression (e.g., NLR in SPSS)
by the unbiased estimator matrix in the output, designated as >. A Monte
Carlo simulation is performed that calculates estimators 6, from amultivariate nor-
mal distribution with mean 6 and variance-covariance matrix = [9i ~MVN (6, 2)]
forj =1, ..., nusing an eigenvector transformation Z to transform to a diagonal
matrix and then simulate independent normally distributed random variables,
correlating them to match 2, producing the set of simulated solutions (ei, j=1,
..., N). For each simulated 8, thei nversexo; at yo iscalculated by bisection. The
nmust besufficiently Iargethattheorder statisticsneeded to estimatethefiducial
limits are defined. For example, n must be at least 200 to estimate two-sided
95% fiducial limits [at percentiles 2.5% (X,,5)) and 97.5% (X (195)), Where the
parentheses denotes the order statistics of the set of simulated solutions {X, .,
j =1, ..., n}]. Thiswas accomplished using a custom program written in FOR-
TRAN for the nonlinear regression estimates calculated by SPSS (access
www.odin.mdacc.tmc.edu for a copy of the program).
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Fig. 2. CCG continued-remission patients.

DATA ANALYSIS CONSIDERATIONS OF MRD DATA

Inthissection, wewill illustrate the characteristics of MRD data obtained by
the above methods. The data presented are from a study described in Roberts
(11). This study followed a subset of several Children’s Cancer Group (CCG)
protocols. Although other studies have more patients (12—14), in this study the
individual patient hasasubstantial number of follow-up bonemarrowssothat we
can describe a range of outcomes and still see individual responses. We will
describetheresultsof 69 patientswho had serial follow-up. All patientsachieved
remission as defined by an end-induction bone marrow specimen with <5%
blasts. Sixty-two patientsremained in remission. Figure 2 isascattergram of the
CCG patientsin continued remission with the serial determinations connected.
Theabscissaunitsaremonthsafter diagnosis, with alogarithm transformed bone
marrow PCR [log;o(BM — PCR)] for the ordinate. Observe that within a few
months of diagnosis, l0g;o(BM — PCR) decreased. In some cases, the values
initially decrease, thenincreaseand decreaseagain. Inothers, thevaluesdecrease,
remainlow, thenincreasefollowed by adecline. The caserepresented with solid-
angledtrianglesnever decreasesbelow 104, Figure 3isascattergram of patients
who relapsed. These datainclude the data point prior to the diagnosis of relapse.
Several of the patients show a decrease initialy followed by a rapid rise, but
others show adecreasein log,o(BM — PCR), followed by an increase to relapse
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Fig. 3. CCG relapse patients.

(e.g., reverse open triangles) or aconstant level of log,o(BM —PCR) (e.g., open
circles).

Population Analysis

Standard methods of analysiswould suggest that the popul ation of patientsin
continued remission be compared with the population of patients that relapse,
comparing log,o(BM — PCR) levels. This is accomplished typically by a com-
parison of means either at each time of interest or looking at an interval of
interest. Table 1 gives the means and standard deviations of the two groups at
several timesduring thefirst year. After thelog,o(BM —PCR) readings at 1 mo,
the relapse patients have higher levels than the continued-remission patients
through 1 yr. Beyond 1 yr, the trend continues but with a reduced number of
patients in both groups. Two results bear further comment. The standard
deviations of the relapse patients increase over time and are higher than the
continued-remission patients from 6 mo on. The standard deviations of the
continued-remission patients decrease over time. Both of these conditions are
expected. Theother resultisthat the meansof therel apse patientsdecreaseto mo
6 and then increase whil e the continued-remission patients decrease. Thistoois
expected. Using both timeinterval and remission statusin atwo-factor analysis
of variance analyzing log,o(BM — PCR), both remission status (p < 0.001) and
timeinterval (p < 0.001) were highly significant, with a significant interaction
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Table 1
Descriptive Statistics for the CCG Patient Example

IoglO(BM —PCR)

Relapse Continued remission t-Test
Interval Mean+ SD N Mean+ SD N p-Value
1mo -2.96+ 1.05 7 -3.45+ 1.09 58 0.265
3mo 295+ 1.72 6 -4.24 + 0.92 55 0.005
6 mo -3.67+1.44 7 —-4.67 £ 0.89 45 0.014%
9mo -3.04+1.88 6 -4.89 + 0.83 50 <0.001%
12 mo —2.57+253 6 -5.17 £ 0.59 44 <0.001%

A t-test is a two-tailed pooled t-test with significant F-ratio of variances indicating that
the standard deviation of the relapse patients is greater than that of the remission patients.
The separate variance estimate t-test is not significant, partialy as a result of an imbalance of
sample size in the two groups.

(p = 0.013) showing that the rates of change over time for continued-remission
patientsis different from that for relapse patients.

Prediction of Patient Relapse

The ultimate intent and purpose of the PCR technique must beto predict early
failureand eventual relapse of the patient, whererel apse of the patient isdefined
clinically as a bone marrow with greater than 5% blast cells. Because the PCR
techniqueestimatesthe proportion of cellsfromtheleukemic clone, thisestimate
in someform or another should be predictive of eventual failure. Figure 4 shows
thetypical plot of mean + standard error (SE) at 1, 3, 6, 9, and 12 mo following
therapy. For the patients who relapsed, the penultimate bone marrow isthe last
marrow plotted. The conclusions of the previous section can be confirmed visu-
aly: TheBM —PCR for continued remission patients continuesto decrease with
time, whereas the patients that will eventually relapse remain at an average of
about 1073, although the SE growswithtime (fewer datapointsat eachtime). The
plot would, however, suggest that athreshold level of 10~ or 103 at 3 mo after
the start of treatment woul d separate the patientswhowill relapsefrom thosethat
will continue in remission. This suggestion of the separation of relapse and
continued remission is overemphasized by the fact that there are fewer patients
in the relapse group and many more in the remission group. A more correct plot
to visually see if there is patient overlap would be either a mean + standard
deviation plot (see Fig. 5) or abox-plot (see Fig. 6), where the median isrepre-
sented by the heavy bar in the middle of the box, the extent of the box includes
the middle 50% of the patients in the group, and the whiskers above and below
the box indicate the range. If there are data beyond 1.5 times the inter-quartile
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Table 2
log . O(BM — PCR) with a Threshold of -3 at 3 mo Compared to Actual Patient Status

Patient outcome

Relapse Continued remission Total
Ioglo(BM - PCR)
>-3 2 5 7
<-3 3 50 53
Total 5 55 60

Note: Fisher’s exact test of association: p = 0.099.

range, then the whiskersindicate 1.5 times the interquartile range, with circles
and asterisksindicating databeyond 1.5 timesand 3timestheinterquartilerange,
respectively. Relapse threshold levels at 10~ and 103 have been proposed by
several authors at various times after induction therapy (7, 14, and 28 d after
completion of initial therapy being the most proposed) (10,12,14). Tables2 and
3 present the results of these threshold levels on the CCG data presented here.
Because of the small number of patients, the Fisher’ s exact test of associationis
used instead of the customary chi-sgquare approximate test. Neither Tables 2 nor
3 shows a significant association (p = 0.099 and p = 0.091, respectively), but
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Table 3
log . O(BM — PCR) with a Threshold of —4 at 3 mo Compared to Actual Patient Status

Patient outcome

Relapse Continued remission Total
IoglO(BM —PCR)
>4 4 21 25
<-4 1 34 35
Total 5 55 60

Note: Fisher’s exact test of association: p = 0.091.
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Fig. 7. Kaplan—Meier plot of relapse-free interval using the 10 threshold.

would if the number of patients were doubled with the same proportions (p =
0.017 and p = 0.0128, respectively). Note that if the 10~ threshold is used to
predict relapse, then 21 patientsout of 55that haveremainedinremission (38.2%)
would have been classified as relapse patients that did not relapse and 1 patient
out of 5 (20%) that actually relapsed would have been missed by the criterion.
More will be said about thisin the next section.

Another method that isoften usedisto cal culatethetimeto relapseintheform
of survival curvescomparing thegroupsaboveand bel ow thethreshol d. Although
the patient sizein thisstudy issmall for thismethod, the resultant Kaplan—Meier
curvesareshowninFig. 7using BM —PCR > 10~ at approx 3 mo asthe predictor
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Table 4

General 2 x 2 Decision Table with Parameters at Two Levels

True diagnosis

Relapse Remission Total
Decision
Relapse A B A+B
Remission C D C+D
Total A+C B+D n

of relapse. The patient count isslightly different in thisanalysis because several
patients without 3 mo BM — PCR, but with bracketing val ues both below 1074,
were included as continued remission patients and one patient who relapsed at
90 dwasincluded asarelapsethat wasnot included inthe previousanalysis. The
relapse-free interval of the BM — PCR > 10~ group is significantly less (p =
0.0353) thantheBM —PCR < 10~ group. Asinthetablemethod above, wewould
have classified 4 patients who had continuous remission as going to rel apse out
of 57 total patients (7.0%), whereas 3 out of the 7 relapsing patients (42.9%)
would have been missed.

PREDICTIONS OF INDIVIDUAL PATIENT RELAPSE
Sensitivity, Specificity, and the Decision Table

The decision table technique is used on everything from medical decision
making to stock market and business predictions. Tables 3 and 4 are examples
of contingency or decision tables. The analysis of these tablesis used to deter-
mine the ability of a particular test to predict outcome. In our case, we want to
use MRD to predict the occurrence of relapse in patients with acute leukemia.
Thestructureof theproblemissimple: Thereisan outcome (e.g., clinical relapse
by a certain time after treatment and/or the determination that the patient is
“disease free” or in remission) that is known on a set of patients. Parameters
(e.g., MRD) have been taken that are thought to be predictive in some form for
relapse or continued remission of the patients. A decision table is constructed,
similar to Tables2 and 3 using the prediction. If werestrict the parametersto two
levels, the table looks like Table 4. The ability to predict relapse is termed the
sensitivity and the ability of the parameter to predict continued remission is
termed the specificity (15). Clearly, these definitions can be reversed, although
sensitivity is usually reserved for the “positive condition,” which, in this case,
would be relapse. Sensitivity and specificity are defined in terms of Table 1 as

A
A+C

Sengitivity = s=
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D
Specificity =f=——
v B+D

Sensitivity is then the estimated probability of deciding relapse when the
patient truly relapsed. Specificity is then the estimated probability of deciding
continued remission when the patient truly continuesin remission. Accuracy of
the prediction is given as
A
+B

D
C+D

Positive accuracy =v= A

Negative accuracy =g =

These are often called the positive predictive value (PPV) and the negative
predictive value (NPV), respectively. For an ideal classification, s=f=1 and
there are no patients who are misclassified. However, asin Table 2, s=0.4 and
f=0.909, or asin Table3,s=0.80and f =0.618. Whenever classification criteria
are based on a continuous measure, asthey arein the case of MRD, if thethresh-
old point ischanged, the sensitivity and specificity will changewith oneincreas-
ing and the other decreasing, depending on the direction of the change. In this
case, moving the threshold from 102 to 10~* increases the number of correctly
classified asrelapsing (1/5 to 4/5) but decreases the number correctly classified
asremaining in remission (50/55 to 34/55); thisis because the two populations,
relapse and remission, are overlapping in MRD. This overlap is afeature of a
classification based on asinglethreshold at asingletime. Theso-called optimum
threshold can becal culated by minimizinga*“ cost or risk” function. If the patients
classified as relapse were to be treated with additional therapy and those classi-
fied asremission wereto befollowed without additional treatment, wemay wish
to choose how the consequences of thisdecision areto be controlled. If wewish
to minimize the number that would be treated unnecessarily, of the two thresh-
olds we would choose 102, If we wanted to minimize the number of relapse
patients to be missed for additional treatment, of the two thresholds we would
choose 10, One purposeof thisstudy woul d then beto establisharulefor future
patientsin the same diagnostic/treatment circumstance. Other thresholds can be
established based on more complicated error criteria such as minimizing the
dollar cost of therapy while treating the most patients who would relapse or
minimizing the hazard of adverse outcome if the follow-on therapy had an
increased risk of mortality or other adverse outcome.

We can set two threshol ds, say above 103, 10-°3-10, and below 10~*. For our
example, thisyields Table 5. Here we can classify above 1072 as relapse with
sensitivity of 0.40 and below 10 as remission with specificity 0.618, but have
the 18 patients between 10~ and 102 as unclassified. We have several options
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Table 5
Two Thresholds in MRD

True diagnosis

Relapse Remission Total
IoglO(BM —PCR)
>-3 2 5 7
-3to4 2 16 18
<-4 1 34 35
Total 5 55 60
Table 6
Two Time-Point Measurements of MRD
Degree of MRD at time 1
Degreeof MRD attime2 = 102 107 <107 Negative Total
> 1072 g8 11 |c _ — 9/9
107 35 3/5 [ o — 1E 612
<10 U3 _211|D]| 26 01 | 5/21
Negative 12 113 517 | B] 155 | A 887
Total 13/18 7/30 7/25 1/56 28/129

Source: Adapted from ref. 20.

at thispoint: We could definitely decidethat those above 10-3 will relapse, those
below 10~ will stay in remission while no decision is made on those between 10
and 1073, Thisisthe realm of so-called “fuzzy decision theory” (16).

Another alternative is to add an additional evaluation point to the analysis.
Several studieshavereported using morethanasingleeval uationtime, obtaining
bone marrow aspirates at several distinct times (12—14). Consider Table 5 from
ref. 14 asan exampl e of the situation adapted for our purposesas Table6. At each
time-point, the entries are divided into four groups according to MRD: (1) =107,
(2) 1073, (3) <10* but measurable, and (4) negative. Thisyieldsa4 x 4 tablewith
3 empty cellsand 5 cells with fewer than 5 patients, even though there are
129 patients total. Thisistypical of such atable where the times are not well
separated and the patients are consistent over the time interval. The entriesin
Table 6 are the number of relapses divided by the number of casesin the cell of
the table. Van Dongen collapses the table into five regions as designated in
Table 6 with boxesand aletter to theright of thetable. Table 7 givesasummary
of theregions. There arethreeregions (B, D, E) that have approx 22% rel apses
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Table 7
Regional Analysis of Table 6

Group  Total sample  Relative % relapsesingroup  Percent of total relapses

A 1/55 2.818% 1/28 = 3.57%
B 7132 21.9% 25%
C 15/19 78.9% 53.5%
D 3/14 21.4% 10.7%
E 2/9 22.2% 7.1%
Total 28/129 21.7%

Table 8

Regional Analysis Combining Regions B, D, and E

True diagnosis of relapse

Groups Relapse Remission Total
C 15 4 19
B,D,E 12 43 55
A 1 54 55
Total 28 101 129

within the region whereas group A (negative, negative) has the lowest percent
relapses (1.18%) while Group C (21072, >10-?) has the highest percent. Groups
such as A and C are expected. The middle group isintermediate, very much like
the 10~ to 102 group in the above CCG study. We can then calculate Table 8,
summarizing these results. If groups B—E are combined and the sensitivity and
specificity arecalculated, s=0.964 and f=0.535. If A, B, D, and E arecombined,
s=0.536 and f = 0.96.

With van Dongen’s analysis, there were 2 times with 4 levels at each time,
yielding 16 cells with 2 numbersin each cell (number relapses, number remis-
sions) for atotal of 32 numbers. Ingeneral, if therearet timesand | levelsat each
time, therewill be2 x It numbers, which meansthat most of thecellswill beempty
or avery large number of patientswill have to bein the study. If more than two
timesaredesired, the clinician/researcher must limit the number of levelsto two
or three. For t = 2, 2 levelsimplies 8 numbers and 3 levelsimplies 18 numbers.
For t = 3, two levelsimplies 16 numbers and 3 levels implies 54 numbers.

Practical Alternatives

There appears to be too much overlap of remission and relapse in the distri-
butionsof MRD using just onetime-point because at | east one of the sensitivities
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and specificies are close to 50%. Although we would not like to establish what
an acceptabl e sensitivity/specificity combination should befor MRD, ingeneral,
or even pediatric leukemia, in particular, we do believe that the level achieved
by our effortsand thosearound theworld arenot good enoughtoyield acceptable
levels. Just observing Figs. 2 and 3 shows visual heterogeneity in the response
of MRD inindividual patients. Thismay betheresult of either the heterogeneity
of the patients or the lack of leukemic clone specificity of the particular MRD
marker employed, or both.

Becausethethreshold or level method becomesimpractical for morethantwo
times with more than two levels, other methods must be proposed to predict
patient relapse. We will illustrate our effortsto find an acceptable alternativein
the next few subsections.

Autoregressive Methods

Wefirst presented the autoregressive method approach in the article by Rob-
erts (11). The basic principlein these methodsisto let the previous patient data
predict the future value of the MRD and then compare the actual value to
the prediction. If theobservationwassignificantly higher thantheprediction, the
patient showed an increasein MRD levelsand, potentially, thisisaprecursor to
relapse. Wewill illustrate the prediction method first and then suggest scenarios
for prediction and possible early intervention.

Let the ordered set {t; j =1, ..., i} denote the times of measurement of a
particular patient up to the current timei and {y;; j =1, ..., i} denote the corre-
sponding log;o(BM — PCR) values. We use log;o(BM — PCR) instead of BM —
PCR to stabilize the variance, as the calibration data have an exponential com-
ponent involved. The approach is to use the first i log,o(BM — PCR) values to
predict the (i + 1) st log;o(BM — PCR) value and then compare to the actua
observed valueat t; , 4.

The simplest method of prediction is that of the weighted moving average.
Much asit is calculated for stocks, use

i
melz Z W%
=1

wheretheweights{w} sumto 1. Also, the sumisusually truncated at areduced
number of terms, say T. The sample variance of y is

myi +1

- 5

mvi+1l
j=i—1+1
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Wheresl2 isthesamplevarianceof y;. From our calibration studies, we havefound
that the logarithmic transformation stabilizes the variance, making all of the
variancesof y; approximately equal and thedistribution of they;’ sapproximately
normally distributed. We estimated that the stabilized variance is approx 0.125
log unitssguared, making the standard deviation approx 0.25 log units. However,
the variance of y; . ; is approximately s, making

~

t:M+1_XmH1

NE+¢

1 myi +1

approximately distributed asthet-distribution with T degreesof freedom. For the
one-sidedtesttodetermineifyy; . ; isabovey,,,; .1, usetheone-sidedcritical value
of thet-distribution at significance a. Thus, thealarm ruleto signal asignificant
increase in log,o(BM — PCR) is as follows: If t is greater than the one-sided
critical value of thet-distribution with T degrees of freedom, then there has been
a significant increase in log,o(BM — PCR). One of the disadvantages of the
method isthat it works best in steady-state situations, where the mean of eachy;
isestimated by Yimi + 1 If theweightsareweighted toward theith observation, the
influence will be primarily that of the last observation, minimizing the effect of
thewholeseries{y;;j =1, ..., i}. The other problem is that the moving-average
method works most efficiently if the {t; j =1, ..., 1 + 1} are equally spaced, a
situation often violated in clinical practice. The{w;} can be adjusted to account
for unevenness.

Linear Regression Models
An alternative to ssmple moving-average models is a moving linear regres-
sion. In this case, use the model

yi+1:a+bt'

i+1

whereaand b are estimated using themodel at timei with T datapoints minimiz-
ing the sum of sguares

Q= Y (y-(a+ht)’
j=i—-t+1

using the usual linear regression approach obtaining a and E, respectively.
Then, y; , ; is estimated by

~

yi+1=a‘-|-u:i+1

and compared toy; , 1 Using
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~
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where szy1 istheerror mean square of thelinear regression andt isthe mean of the
T timesin theregression. The expression is approximately t-distributed witht—1
degrees of freedom. The alarm rule for the autoregressive linear model is more
complicated than the moving-average model. One such rule would have three
possibilities. Thefirstisif t is greater than the one-sided critical value witht -2
degreesof freedom, theny, , ; issignificantly abovetheline. However, thisisnot
necessarily aproblem if the slopeissignificantly negative, sotestif bissignifi-
cantly lessthan 0. If not, theny; , ; could be significant or just leveling off
(at minimum perhaps or other steady-state value and the data points on the line
arestill decreasing). A visual determination of which situation isthe case or the
use of the moving average as a secondary test is suggested.

Secondary, if tisnot greater than the one-sided critical value, but the slopeis
significantly greater than O, then the data points are still increasing and y; , ¢
should be considered as significantly increased. The third possibility isif
t is significantly below the negative one-sided critical value but the slope is
significantly greater than 0, thenyy; . ; isleveling of f or decreasing, in which case
Y: + 1 should not be considered as increasing.

The principal advantage of the moving linear regressive model over the
autoregressive model of the previous subsection is that the model accounts for
simple trends in the log,o(BM — PCR) that are modeled by the slope. We have
seen that the population of patientsisvery heterogeneous, especially those who
eventually relapse. This model is an effort to individualize the prediction. The
principal disadvantage is that we have to estimate the slope. This requires an
additional degree of freedom. The minimum number of times T that are needed
for the model isthree, aswe must estimate the intercept and the slope and have
at least one degree of freedom for the estimate of the error mean square (the
residual variance sz) It would be much better for T = 4, so that the number of
degrees of freedom in sz isincreased, reducing the critical values of thet-distri-
bution and making the estl mates more sensitive. The trade-off is that as the
number of data points increases, the ability of alinear equation to fit the data
decreases. Also, becausethe number of bone marrowsbeforethemodel isusable
increases, thisimpliesthat early relapseswill not be predicted. Inour preliminary
tests, T = 4 worked better than T = 3 and fits the changes well enough.
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Curvilinear Predictive Models
Curvilinear predictive models use a polynomial,

= gragral’t. +agt =1,
toestimatey, , ;. Asinthelinear case, wewish to usethelast T timesto produce

amoving curvilinear model. The model to estimate the coefficientsbased onthe
last T timesis

Y= H A
T, T,
where Y, ; isthe vertical vector containing thelog;o(BM —PCR) data, H, ; isthe
corresponding T x k + 1 design matrix of thetimes, and A, ; isthe vertical vector
of coefficients of the curvilinear model. To simplify the equations, the matrices
will bewritten without the subscriptst and, which will beassumed to be present.

The least-squares solution is then the solution to the normal equations
A=(H™H) " H'Y
with the residual error being &, = YTH(HTH)= HTY and the variance-covari-

ance of A be ng 52 K (HTH), where the superscripts T and —1 denote matrix
transpose and i mverse respectively (17). Theestimate of v, , 4 is

yi+1:aU+a1ti+1+ +akti+1
and the one-sided test if y; , , > y. , , i the one-sided t-test

~

Yiei ™Y1
V g A+XHH™

VL. 4,

X'= o, ti+l_ii’ ""tik+1_iul)

where the overbar denote the mean of the powers of t from 1 to i. The slope of
the curvilinear model at t; , ; isgiven as

=328+l

ki+1
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A test of whether the slopeisgreater than zero isbased on the one-sided t-test

~

b

i+1

A, O D)

=01, 2(t|+l i) I<t|+l 7| ))

Other Predictive Models

Other predictive models may be used analogously to the others proposed in
this section. The most promising isthe use of cubic splines, which may be used
as soon as the number of biopsies reaches seven. The theoretical framework for
the method is complicated (9,18-20). In a basic explanation, adapted from the
work of Presset al. (9, pp. 94-98), the method is derived from the linear inter-
polation formula

y=ay thy,,
where

i+l

andt; <t,<... <t,istheordered sequence of timescorresponding tothelog,,(BM

—PCR) valuesyy, Ys, ..., ¥, Thetimeat which theestimateisto be madeisthe next
bonemarrow timet, . ;. If linear interpol ation were employed, the result would be
atwo-point linear model, similar to the mean method described above. The prob-
lem with linear interpolation is that the estimating line is a succession of broken
lines, broken at the time-points. To smooth the ling, the estimate is based on a
smoother interpolation using the second derivatives of the predictor

y:a‘yi +byi+1+Cy'il+dyli'+1
with
c=1/6(%-a)(t

i+1 i)
d=V6(b*-b) (t, —t)

and requiring continuity of the predictor at the interior nodesy;, 1 <i <n, and
choosing the values of the second derivatives at 1 and n. Because the prediction
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and error boundsat t,, , , aredesired, the specification of theseend pointsstrongly
influence the prediction. The standard estimate for the second derivatives at the
end pointsisto set them to zero. If thisassumption is made, then the prediction
att,, IS

Yoer =Ynt (tn+ 1 tr)yr
where

YV
y— iy 1+]J6(t—tn 1)yn

-1

The problem arisesin the estimate of thevarianceat t,, , ;. The error variance
can be estimated by using local differences (19)

~2

O™ 2(n— 1)z =%

but the correction factor to extrapolateto yn+ , isnot yet known. Theform should
be similar to

~2 t t
O-§In+1:0-; 1+ (nn+1 r)
.2
2 (ti_tr)

but over areduced set of t’ swith the appropriate number of degrees of freedom.
Theratio could use local differencesinstead of amean. A similar expression is
defined within the range of times (21, p. 15).

To predict anincreasing y, ., intermsof y . and the variance O'A test if

A

Yoe1” Yoer T t

+1

and test the slopey,,' for positivity following the rule given in an earlier sub-
section.

Clinical Results of Predictive Models

In the event that v, , ; is determined to be increasing, several clinical steps
might be possible. The patient can be asked to return at a shorter interval based
ontherate of increaseto verify theincrease and the prediction of relapse. Wehave
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observed arapid increasein BM — PCR to eventual relapse. If nothing is done,
it is probable that the patient will have continually increasing BM — PCR until
relapse. An alternative therapy may be tried at the time of prediction. These
approaches need to be tested in supervised clinical trials. More of this will be
discussed in the next chapter.
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5 The Application
of Minimal Residual Disease
Detection Methodology
to the Clinical
Decision-Making Process

Theodore E Zipf and Dennis A. Johnston

INTRODUCTION

Chapter 4 was devoted to a mathematically rigorous and comprehensive
examination of some of the methods used to quantify and analyze residual dis-
ease measurements. Thismay not have been comprehensibleto thoseinvestiga-
torswho do not have experiencein either statistics or advanced mathematics.
In thischapter, wewill present anonmathematical description of our view of the
approach that will be required for minimal residual disease (MRD) measure-
ments to achieve a significant role in the clinical decision-making process.

Now that submicroscopic detection of diseaseispossible, these methodsmust
first undergo extensive testing to establish their reproducibility, sensitivity of
detection, and specificity of the detection. Inaddition, the standard error that can
be assigned to the individual measurements must be determined. This testing
process must also include a careful examination of the quantification process.
This examination must include a determination of the lower limit of detection.
When all of thishasbeen accomplished, it isthen appropriatetoinquireabout the
role of MRD measurementsin clinical decision making.

First, the clinical problem that we would like to be resolved by this new
technique must be defined. In our view, the majority would sel ect the determi-
nation of treatment outcome as the prime target. Thus, the goal would be to
predict either treatment failure or a successful treatment with long-term
disease-free survival. Both of these outcomes must be predicted well in advance

From: Leukemia and Lymphoma: Detection of Minimal Residual Disease
Edited by: T. F. Zipf and D. A. Johnston © Humana Press Inc., Totowa, NJ
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inorder toboth beof practical benefit to the patient and further our understanding
of the mechanism of cure. For example, the prediction of treatment failure, or
relapse, must occur at atime when the disease level is sufficiently low so that
when an alternate therapy is initiated, it will be possible to determine, at the
outset, whether it is effective against small amounts of disease. This statement
assumes that the failure of atreatment regimen when the level of diseaseislow
impliesthat afailurewould al so occur if the sametreatment wereinitiated at high
level sof disease. Theconverseof thisstatement may not necessarily betrue. This
is the reason for determining a relapse prediction signal at the lowest possible
level consistent with the technology. Similarly, the identification of the patient
destined for either long-term disease-free survival or cure must be made at the
optimum time such that treatment-associated morbidity can be minimized.

APPROACH TO EVALUATING
THE DECISION-MAKING PROCESS

If thegoal sof the previoussectionaretobeachieved, itisnecessary to devel op
a method of analyzing the predictive capability of the MRD results obtained
during a clinical trial. There will, inevitably, be a threshold of some quantity
derived from the measurement(s) of disease level(s) that will be used to predict
the outcome for a particular patient. The most straightforward way to evaluate
the capability to predict either of the two outcomes (i.e., relapse or continued
remission) is to determine the fraction of the particular outcome that was cor-
rectly predicted according to chosen criterion. This section will give a brief
description of away to accomplishthisgoal that can be used withlittledifficulty
by all clinical investigators. This method of analyzing clinical datato determine
thepredictivereliability of an assay hasbeen discussed in detail by Feinstein (1).
For the purposes of thisdiscussion, an assay isdefined asamethod of usingMRD
datato predict clinical outcome.

In order to evaluate the predictive reliability of an assay, the types of failure
must be identified. When we are concerned with a binary outcome (event/non-
event), there are two types of prediction failure: the failure to predict the event
and the false prediction of the event. In terms of the nonevent, these errors are
identical and arethefal se prediction of thenonevent and thefailureto predict the
nonevent. In this case, the event may be considered to be relapse and the non-
event to be continued remission, and the two types of prediction failure are the
failure to predict relapse and the failure to predict continued remission.

The fraction of correctly predicted relapses is termed the sensitivity and is
easily determined from the data from the clinical trial:

Correctly predicted relapses

Sengtivity =
b4 Actual relapses
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Notethat theterm “ actual relapses” containsthe number of rel apse prediction
failures; that is, (Actual relapses— Relapse prediction failures) = Correctly pre-
dicted relapses; conversely, the fraction of assaysthat the assay failed to predict
is1— Sensitivity.

The fraction of correctly predicted continued remissions, the alternate out-
come, isdetermined fromtheclinical trial datain asimilar manner. Thisfraction
istermed the specificity of the assay and is

Correctly predicted continued remission
Actua continued remissions

Specificity =

The fraction of continued remissions that were not correctly predictedis1—
Specificity.

By defining the sensitivity and the specificity of an assay, we have two mea-
sures of the predictive capability of the assay. The statistical significance of the
actual results is determined from the coefficients of variation (CVs) for
the sensitivity and the specificity. The CV is arough measure of the spread of
theindividual results and providesinformation on the extent that the results can
deviate from their calculated value. It is

i e 1 — Sengitivity (Specificity)
CV Senditivity (Specificity) =
v W) Correctly predicted relapses (remissions,

For most clinical teststhat are considered to be predictive, or diagnostic, the
CV must be lessthan or equal to 5%. It is apparent that an MRD assay that isto
have useful predictive value will need a sensitivity and a specificity that both
have values near 1 and the CV must be less than or equal to 5%. In the next
section, we will choose one study from the literature and discuss the predictive
reliability of the MRD datain termsof the methodol ogy presented in the preced-

ing paragraphs.

AN ILLUSTRATIVE EXAMPLE
OF DETERMINING THE PREDICTIVE CAPABILITY
OF AN MRD-BASED ASSAY

Thestudy of vanDongenet al. isoneof several excellent clinical MRD studies
that haveappeared duringthelast 5yr (2). Wehavechosento useit asanexample
because it presents results on a single group of 129 patients that had semi-
guantitative estimates of MRD levels determined at two time-points during the
first 12 wk of therapy, thefirst at 5wk and the second at 12 wk since the start of
treatment. At each time-point, the levels of MRD were assigned to one of four
categories; 1072, 103-102, 10-10-3, and negative (i.e., undetectable). These
four categories of disease level make possible the assignment of three possible
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Table 1
Separation of MRD Results at 5 and 12 wk
of Treatment from 129 Patients into Categories
Defined by Levels > 10 and <1074

MRD at 5wk
MRD at 12 wk >107 <107
>107 19 (15) 2 (0)
<107 29 (5) 79 (8)

thresholdsfor predicting rel apse. Becausethereweretwotime-points, thisimplies
that there could be 42 possible groupings of these data. The authors chose to
reduce this number to amore manageabl e size and assigned the patientsto three
groups based on the relapse rates and disease levels from the two time-points.
Thefirst group represented about 43% of thetotal population; the patients were
MRD negative at both time-points and they had arelapse rate of 2%. A second
group of 55 patients had, at both time-points, MRD levels less than 103 and a
relapse incidence of about 22%; the third group of 19 patients, or about 15% of
thetotal, had 15 relapses or arate of 79% and MRD levelsin the greater than or
equal to 103 category at both times. An analysis of these data using popul ation-
based statisticsyielded asignificant difference between each of thethree groups
(p <0.001).

If these results are examined with the intent of creating a method of relapse
prediction, the first decision that must be made is the assignment of athreshold
for relapse. Levels of MRD that are above this threshold confer a prediction of
relapse, whereaslevelsbelow it are predicted to remaininremission. Thesedata
aregivenin Table 1. For the purposes of thisexample, wearbitrarily chooseless
than or equal to 10~ asthethreshol d for rel apse. We examinethetwotime-points
separately and then with the results combined using the 10~ threshold. At time-
point 1, theend of inductiontherapy, therewere 81 patientswithMRD level sless
than or equal to 10~ and, of these, 8 rel apsed and 48 patients had values greater
than 10~*. Thus, from atotal of 28 relapses, 20 were predicted and the sensitivity
equals0.71withaCV =12%. Attime-point 2, therewere 108 patientswithlevels
lessthan or equal to 104, and 13 of these ultimately rel apsed. Among theremain-
ing 21 patientswithMRD level sgreater than 104, therewere 15 rel apses. Because
therewere 28total relapsesand 15 of thesewere predicted by thedatafrom time-
point 2, this leads to a sensitivity of 0.53 (CV = 12%). The specificities at
these twotime-pointswere0.72 (CV =6%) and 0.94 (CV = 2.5%), respectively.
Note that because the greater proportion of patients remain in remission, this
specificity is easier to predict and the spread in the possible resultsisless. This
effect becomesmoreevident asthetimeontreatment progresses. Finally, wewill



Application of MRD Detection Methodology 81

determine the sensitivity and the specificity for the combined results from both
time-points. The threshold for relapse remains at less than or equal to 10 at
both time-points. There were atotal of 79 patients out of the 129 patients who
had both MRD levels equal to or below 104, and within this group, there were
8relapses. Becausetherewereatotal of 28 relapsesintheentire 129 patients, this
resultsinasensitivity of 0.71 (CV = 12%) and aspecificity of 0.70 (CV =6.5%).
These results are very similar to the results at time-point 1 and it appears that
althoughtheadditional time-point hasallowedthedefinition of additional groups
of patients according to the paired results of MRD measurements, it does not
necessarily improve the predictive capability when asingle threshold is chosen
for the entire population as the criterion for relapse.

Thereason for the result obtained when the datafrom the two time-points are
combined to calculate the sensitivity and specificity is that this determination
ignoresthe datafrom those patientswho moved from the greater than 10~ group
at the first time-point to the less than or equal to 10~* group at the second time-
point; that is, therewasagroup of patientsthat had aresponseto the second phase
of treatment and were moved into the MRD-level category of patients who
responded very well to the first phase of therapy. This movement isthe result of
the observed heterogeneity in theresponseto therapy that isknown to be present
in most disease entities. The most obvious demonstration of this heterogeneity
isfound intheresults of atreatment protocol; that is, one fraction of the patients
attain cure, whereas the remaining fraction do not, and the proportion often
changeswhen adifferent treatment regimen consisting of other drugs, timing, or
dosagesisused. Thisheterogeneity in treatment responseis apparent in the data
presented in Table 1, where the outcome is mixed in the group of patients who
had MRD levels less than 10~ on both measurements and those who were ini-
tially greater than 10~ and then less than 10 on the second measurement. This
overlap of, or migration across, thresholds makes the assignment of a single
threshold for relapse prediction based on MRD data taken at a particular time
during treatment very problematic. In brief, itisvery difficult to defineathresh-
old for relapse prediction at an early time-point during therapy that separates
those patients who will relapse and those who will remain in remission.

The question that faces the clinical investigator is whether a sensitivity that
failsto predict the relapse of approx 30% of the actual relapsesis satisfactory.
The goal of early relapse prediction is to enable a switch to another type of
therapy to control the malignant cells that are resistant to the present treatment
regimen. Thus, the question becomes whether not being able to initiate early
salvage therapy for 30% of the patientsis appropriate. Early prediction for 70%
of the patientswho will relapse will improve the overall outcomeif an effective
augmented protocol is available, but a valid evaluation of its efficacy for all
patientswho rel apse may not bepossible. If theaugmented therapy isaseffective
in patientsin morphologic relapse asit isin patients predicted to rel apse but still
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inmorphol ogic remission, then therewoul d be no advantage to effectiverelapse
prediction. Conversely, if relapse is averted by initiating the salvage therapy
during morphological remission for those patients predicted to rel apse, then the
effect of the alternate therapy administered at similar MRD levels to those
patients destined to relapse but not identified by the relapse prediction assay
would remain unknown.

A low sensitivity deniesagroup of patients an alternate therapy that could be
beneficial to their long-term disease-free survival, but alow specificity hasthe
effect of exposing patients, destined to remain in remission, to treatment that is
both unnecessary and with associated morbidity. This strongly implies that an
acceptabl erel apse predi ction assay must haveaspecificity closeto 1. Theoverall
result of thisbrief discussion of the sensitivity and specificity isthat it should be
determined for the proposed rel apse predi ction assay beforeitisusedinaclinical
trial. These quantities have profound scientific, cost-effective, and ethical
implications.

Inaseparatearticle, wehavereviewed the problem of rel apse predictionusing
treatment response measured by morphol ogy, immunophenotype, or polymerase
chainreaction (PCR) in childhood acutelymphoblasticleukemia(ALL) (3). This
leukemiaisonethat ishighly curable, with acurerate greater than 70% and also
one that has been prospectively studied by several MRD techniques (4-6). Het-
erogeneity in response hasavery significant role in predicting overall outcome
in this disease and the results shown here for the study of van Dongen et a. are
also found in the other studies of treatment response.

We have concluded that a successful relapse-prediction methodology for
childhood ALL must be one that follows the individua patient sequentialy. Ina
previous study, we used a moving-line model that required three or more data
pointsbefore predicting either rel apse or continued remission (7). Theprediction
was based on the slope of the least-squares-fitted straight line and the associated
confidenceintervals. Over an extended period of time, the MRD datafor asingle
patient will probably not beastraight lineand itislikely that other, more sophis-
ticated, model sneed to be devel oped. Beforethiscan be accomplished, it will be
necessary to conduct studies that collect sequential MRD results from asizable
cohort of patients throughout their course of treatment. We have estimated that
with relapse rates of contemporary protocols, the size of the patient group will
be about 250 patients. This is within the capability of the large cooperative
groups and the time to complete the study would be slightly longer than 5 yr.

In closing, we urge that clinical investigators collaborate closely with statis-
ticians to develop reliable methods to use MRD to make clinical decisions.
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INTRODUCTION

Allogeneic stem cell transplant (ASCT) is the most intensive therapy cur-
rently availableto cliniciansand, therefore, itsuseislimited to children deemed
to beat an unacceptably highrisk of relapse after chemotherapy alone. Although
indicationsfor ASCT vary between major treatment cooperatives, itisgenerally
considered to be the treatment of choice for aminority of children with ALL in
first remission and many of those who suffer a bone marrow relapse (1).

PRINCIPLES OF ASCT FOR ALL

Allogenic SCT effects cure of ALL by three major mechanisms. First, it
allows dose intensification of chemoradiotherapy (conditioning). Second, it
providesa“clean” sourceof stem cellstorestore hemopoiesis. Third, someof the
donor cells are immunocompetent and, therefore, may recognize and eliminate
residual host malignant cells by a graft versus leukemia effect (GvL). The two
major nonrel apse causes of treatment failure after all ogenei c bone marrow trans-
plantation (BMT) arerejection and graft versus host disease (GvHD). Theseare
aproduct of confrontation between donor and recipient alloreactive cells, which
recognize the proteins of the human leukocyte antigen (HLA) system. Having
identified an appropriately HLA-matched donor, the aloreactive cells of the
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recipient immune system must be ablated to prevent rejection, a process known
as conditioning. Conditioning therapy is also designed to treat residual disease
and isthereforetailored to suit the potential side effects of previoustreatment as
well asthe perceived risk of rejection. The most widely used protocolsinclude
cyclophosphamide and/or etoposide and total-body irradiation (TBI).

Immunocompetent donor cells recognize normal recipient cells as non-self
and cause graft versus host disease. Their impact on the transplant course can be
modified inanumber of ways. |mmunosuppressive drugs, commonly combina-
tions of cyclosporin, steroids, and methotrexate, may be given to the recipient
after transplant. Alternatively, various methods of reduction of the number of
immunocompetent donor cellsinthegraft, knownasT-cell depletion (TCD), can
be employed. Itisimportant to note that, at present, the effectors responsiblefor
GvHD cannot be reliably differentiated from those leading to GvL Thus, any
measure aimed at reducing GvHD may theoretically increasetherisk of relapse.

The risk of rejection and GvHD is related to the degree of HLA matching
between the donor and the recipient, which, in turn, governs the transplant pro-
tocol. If an HLA-matched sibling donor is available, the standard approach
involves conditioning with TBI and either cyclophosphamide, etoposide, or
cytosine arabinoside. This is followed by transplant of at least 3 x 10° CD34
positive stem cells per kilogram from afully HLA-matched (MSD). If the graft
isunmanipul ated, approx 3 x 108 T-cells/kg area soinfused. GvHD prophylaxis
isprovided by cyclosporin and methotrexate. Graft rejection occursin lessthan
1% of childrentreatedinthisway. Severe(grades!Il—-V) acute GvHD occursin
10% and extensive chronic GvH in 10% (2).

Only 25% of candidatesfor stem cell transplant (SCT) haveamatched sibling
donor. The 1990s saw a vast expansion in unrelated donor BMT, and, in our
experience, if one accepts some degree of mismatch, it is now possible to offer
anunradicateddonor BMT (UDBMT) to 9 of every 10 childrenlackingamatched
sibling (3). However, the increased alloreactivity of 10 antigen-matched unre-
lated graftsissuch that 45% of childrenwill develop severeacute (grades!1-1V)
GvHD and morethan 31% extensive chronic GVHD in spite of prophylaxiswith
cyclosporin and methotrexate. In the mismatch group, as many as 60% suffer
from severe acute grades | 111V GvHD. This contributes to atransplant-related
mortality of 20-30% (4). Many groups believe that such a high incidence of
GvHD is unacceptable and have resorted to T-cell depletion of unrelated grafts
using either lympholytic antibodies or cell selection. Thisreducestheincidence
of severeacute and extensive chronic GvHD to ratesequivalent to that seen after
MSD grafts (5). Although there is no evidence from controlled trials that TCD
increases relapse in acute lymphoblastic leukemia (ALL), this remains a con-
cern. Previous studies of sibling SCT reported that those with mild GvHD had
alower incidenceof relapsewhen compared to thosewho did not devel op GvHD.
Two further concerns are the increased risk of rejection (up to 12% after mis-
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matched UDBMT) and the poor immune reconstitution with such procedures.
Takentogether thesecomplicationsresultinatransplant-related mortality (TRM)
after UDBMT of 10% (5).

A minority of candidates for ASCT lack either a matched sibling or suitable
unrelated donor. In the last few years, it has become possible to offer these
children effective haploidentical grafts. Traditionally, unmanipulated haplo-
identical graftswere associated with a high incidence of lethal GvHD. By con-
trast, TCD led to unacceptabl erisk of rejection (6). Itisnow possibleto overcome
these risks by the use of heavily T-cell-depleted (CD3 dose <5 x 10%/kg) periph-
eral blood stem cell transplants in which massively augmented stem cell doses
(at least 10 x 10° CD34/kg) are used to overcome HL A disparity. Thisprocedure
isinitsinfancy and no reliable comment can be made about the risk of relapse.
However, itisaready clear that such profound TCD leadsto avery highrisk (20-40%)
of severeviral infection and, at present, the TRM of thisprocedureisat best 20%.

INDICATIONS FOR AND RESULTS OF ASCT FOR ALL

Morethan 80% of childrenwith AL L can be cured without resortingto ASCT.
SCT duringfirst remissionisreservedfor Ph* andtrue hypodiploid ALL. A 50%
5-yr event-free survival (EFS) has been reported after ASCT for Ph* disease.
This compares favorably with outcome after chemotherapy (7).

Treatment of relapsed ALL isthe commonest indication for ASCT in child-
hood. Whereas preciseindicationsfor BMT in relapsed disease vary among the
major treatment consortia, it isgenerally agreed that prognosisif chemotherapy
aloneisgiven after relapseisdependent on the duration of first remissionandthe
site of relapse. Thisis exemplified by consideration of the results of the MRC
UKALL R1 protocol (1). Here, the overall 5-yr EFS for children treated with
chemotherapy was 42%; however, there were no survivors among those suffer-
ing abone marrow relapse ontherapy. Thisisin marked contrast tothe 77% EFS
seen in those children relapsing without bone marrow involvement (extramed-
ullary relapse) more than 2.5 yr from diagnosis. An intermediate prognosis is
seen in those suffering abone marrow relapse following compl etion of therapy.
Inthe United Kingdom thishasled to therecommendation that BM T isreserved
for thosewho relapsein the marrow within 2 yr of the completion of therapy (1).

INCORPORATION OF MRD ANALYSIS
INTO PROTOCOLS FOR ASCT IN ALL

Our unit has now performed more than 150 ASCT for relapsed ALL; the
majority of these have TCD unradicated donor (UD) grafts. It isnow clear that
the major cause of death in these children is recurrent disease (5). We have
examined whether analysisof MRD can highlight children at highrisk of relapse
so that they may be offered more effective therapy. Our initial studiesinvolved
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measurement of MRD after ASCT; more recently, we have concentrated on the
measure of tumor burden prior to the graft.

MRD Post-ASCT

The last decade has seen amassive expansion in the use of cellular immuno-
therapy (donor lymphocyteinfusions) to treat relapse after ASCT (8). Thisstrat-
egy has been most successful in adult-type chronic myeloid leukemia (CML).
It isnow clear that in CML immunotherapy is most effective (and |east toxic)
when given at times of molecular relapse as defined by MRD analysis. It is
reasonable to postulate that measurement of MRD in the early months post-
ASCT for ALL may provide early warning of relapse and target children who
may benefit fromimmunotherapy. Thisisparticularly relevant to centerssuch as
our own who perform T-cell-depleted ASCT for ALL in an attempt to reduce
transplant-related mortality and morbidity resulting from GvHD.

Methods of Measuring MRD

Inastudy publishedin 1998 weretrospectively analyzed the behavior of MRD
(9), asdetected by antigen-receptor gene polymerase chainreaction (PCR), after
allo-BMT in 71 children with ALL. The method employed four sets of primers
that were designed to generate short products that could readily be resolved in
polyacrylamidegel electrophoresis(PAGE) gels. Foll owing sequencing, aclone-
specific oligonucleotide was designed to match the junctional region of the
rearrangement and thiswas used to detect MRD. One microgram of DNA from
the marrow under analysis was amplified using IgH or TcR primers along with
equivaent amounts of DNA from two normal's, anon-DNA-containing control,
and logarithmic dilutions of leukemic DNA into normal. The productswerethen
subjected to PAGE and visualized after ethidium bromide staining.

Electroblotting of thegel onto anylon membranewasthen performed and the
products were probed with a 20-base radiolabeled clone-specific oligonucle-
otide. It is important to note that electrophoretic resolution of PCR products
generated from samplestaken post-ASCT isvital if oneistoavoid false-positive
results(11). Thetechniqueallowsthe study of 90% of all childrenwith ALL and
has a median sensitivity of 10 MRD was said to be present at high level (gel
positivity) whenadistinct clonal band of the samesizeasthat seen at rel apseprior
toBMT was seen after PAGE. Probing and sequencing confirmed theidentity of
this band. Low-level or probe-positive disease was defined as hybridization
stronger than that seen in the normal controls after autoradiography (10).

In this study, 55 children received T-cell-depleted marrow unrelated donors
and 16 unmanipulated grafts from related donors. All were conditioned with
120 mg/kg cyclophosphamide and 1440 Gy TBI in eight fractions. Patients
receiving T-cell-depleted marrow al sorecei ved further immunosuppressionwith
Campath 1G. Cyclosporin + methotrexate was used for GvHD prophylaxis
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posttransplant. More complete details of the transplant protocol can be found
inref. 5.

Minimal residual disease was measured in bone marrow taken at 1, 3, 6, 12,
18, and 24 mo after BMT. The correlation between MRD and clinical outcome
is shown in Figs. 1 and 2. Three children were excluded from this analysis
because of transplant-related mortality.

ResuLTs IN PATIENTS WHO REMAINED IN REMISSION

Thirty-six children (26 transplanted from unrelated donors, 10 from matched
sibling donors) remain in continuing complete remission (CCR) with amedian
follow-up of 78.8 (range: 55-130) mofrom BMT. In 28 of these children, MRD
was not detected at any time post-BMT. In the remaining eight, at least one
positive result was obtained. However, in each instance, disease was present at
thelowest limits of detection of thetechnique. Moreover, evidence of MRD was
confinedtoearly time-pointsafter BMT; insix of thesecases, thepositivesample
wasfound solely within 3 mo of theBMT. All positive samplesfrom thisremis-
sion group have been followed by at |east two negative sampleswith aminimum
follow-up of 60 mo in the patients involved.

ResuLTs IN CHILDREN WHO RELAPSED

Thirty-two children (26 transplanted from unrelated donors, 6 from related
donors) relapsed at amedian of 5mo after BMT (range: 2.4-64.9 mo). Of these,
16 were MRD positive at all timespost-BMT and 12 wereinitially negative but
became positive at a median of 3 mo (range: 1.5-11 mo) prior to relapse. The
stability of clonal rearrangements amplified at rel apse post-BM T was examined
in 31 cases. In 24 cases, identical rearrangementswere seen pre-BMT and post-
BMT. Elevenrearrangementsin seven patientswerefoundto have changed from
those seen prior to BMT: eight of the rearrangements were |ost and three under-
went achangeto an unrel ated sequence (completeclonal change). Another stable
rearrangement was available for the reliable tracking of MRD in six of these
seven patients. In the remaining child, no MRD was detected at any time post-
BMT: afalse-negative result consequent on complete clonal change.

No MRD was detected prior to relapse in four patients. The reasons for this
failure bear further consideration. In one child, a single sample of poor quality
was available for analysis; in a second child, marrow was available: Relapse
occurred at 19 mo, but thelast sampleavailablefor testing wastaken 5moearlier.
Inthethird case, isolated testicular relapse occurred 65 mo after ASCT and 41 mo
since the last MRD analysis. In a single patient, a false-negative result was
obtained because of complete clonal change (see above).

StATISTICAL ANALYSIS OF TOTAL PATIENT POPULATION

At least one sample positive for MRD over the first 3 mo after ASCT was
foundin 7/36 (19%) of the patientsin CCR compared with 18/26 (69%) of those
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Fig. 1. Diagram representing the MRD result (those from extracted DNA are above and
those from immunomagnetically selected cells are below each gray horizontal broken
line) from individual patients with time for patients remaining in continuing complete
remission (CCR). The unique patient number (UPN) for each patient is detailed on the
left with the source of thedonor in superscript (SIB = sibling, UD = unrelated donor, PAR
= parent donor, and SY N = syngeneic twin donor) and the follow-up in patientsin CCR
isinmonths on theright. © = MRD negative; ® = low-level MRD detected after PAGE
and allel e-specific oligoprobing; @@ = high-level MRD evident after PAGE only; W =
overt hematological relapse; > = continuing completeremission; X =failed to engraft;
A = autologous marrow rescue; and I = alogeneic peripheral blood progenitor cell
infusion. [Reproduced from Br. J. Haematol. 102 (1998) 860—876 with permission].
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Fig. 2. Diagram representing the MRD resultsfor patientswho haverel apsed. Seelegend
to Fig. 1 for complete explanation. [Reproduced from Br. J. Hematol ., 102 (1998) 860—
876 with permission.]

who relapsed at least 4 mo after BMT (x? = 13.55, [two-sided] p = 0.0002, odds
ratio = 9.32, 95% confidence interval = 2.89-30.12). Of those who were inves-
tigated over thefirst 2 mo, 4/32 (13%) of the CCR group and 20/30 (67%) of the
relapse group had at least one positive MRD result (x2= 16.93, [two-sided] p <
0.0001, odds ratio = 14.00, 95% confidence interval = 3.84-51.07).
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CrLinicaL VaLue oF MRD AnAaLYsis Post-ASCT rFor ALL

Immunotherapy is of unproven value in ALL moreover it is associated with
a high incidence of acute and chronic GvHD. Data from CML suggests that a
minimum period of 2moisrequiredto achievecytoreduction by donor leukocyte
infusion (DLI) (8). Therefore, any strategy of targeted immunotherapy must
fulfill two criteria. First, the risk of death from relapse in those patients who
receive such therapy must be so great that the risk of added toxicity isjustified.
Second, DLI should be given as soon as possible after BMT to maximize effi-
cacy. Unfortunately, webelievethatinitscurrent state, apositiveM RD measure-
ment fail sto adequately provide ahigh-risk measure or early timing to permit an
efficacious DLI.

In our study, apositive MRD result within the first 6 mo after the graft was
not specific for relapse. Thus, if one chose to administer DLI on the basis of a
positive MRD result within 2-3 mo of BMT, asignificant minority of children
would be unnecessarily exposed to potential toxicity. This obstacle could be
overcome by targeting only those with high-level MRD, afinding universally
correlated with relapse. However, the median timefrom obtai ning such aresult
to eventual relapse was 2 mo and may be too short atime frame for successful
immunotherapy.

MRD PRE-ASCT FOR CHILDHOOD ALL

Allogeneic SCT for ALL israrely, if ever, successful if performed when the
marrow is not in hematological remission, suggesting that the leukemic burden
must be adequately reduced to maximize the efficacy of conditioning and graft
versus leukemia (11). It is logical to use MRD measurements to attempt to
correlate the submicroscopic tumor burden with transplant outcome.

Methods

We therefore measured MRD in marrows taking amedian of 13 days (range:
1-62) prior to conditioning for BMT in 64 children. MRD methodology and
conditioning regimeswereidentical to those described earlier. Of those studied,
19 werein CR1, 39in CR2, and 6 in CR3 or later (12).

Results

Resultsareshownin Table1and Fig. 3. Themost notablesinglefinding of this
study isthat the presence of high-level MRD immediately prior to conditioning
foraTCD ASCT isuniversally associated with relapse. By contrast, 3-yr event-
freesurvival for the MRD-negative group was 73%, and for those with low-level
MRD positively was 36%. In univariate chi-square analysis, MRD status pre-
BMT was significantly related to EFS (p < 0.001). However, when clinical risk
factorsareincludedinanalysis, significant correl ationisseen betweentheknown
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Table 1
Clinical Outcome Accordlng to MRD Status
Prior to BMT in 64 Children; X for Trend = 21.16; p < 0.0001

Negative Low-level positive High-level positive Total
Remission 30 4 0 34
Relapse 8 5 12 25
TRM 3 2 0 5
Total 41 11 12 64
Source: Ref. 12.

event-free survival
100%

80% - MRD negative

bbbt T TR § i n i
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60% - ;

low level MRD positive X
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time from allo-BMT (months)

Fig. 3. Kaplan—Meier plot of outcomeaccordingto MRD statuspre-BMT. (Fromref.12;
used by permission of the American Society of Hematology.)

clinical risk factors [Ph(1) disease, on treatment medullary relapse] and MRD
detection pretransplant.

It isinteresting to focus on patients transplanted in CR2, currently the most
common indication for ASCT in ALL. Of 39 children, 9 had high-level MRD
posttransplant, and of them, 7 had suffered an on-treatment bone marrow rel apse.
No patient who had high-level MRD had relapsed at morethan 1 yr fromtheend
of treatment. Inamultivariate analysisof patientstransplanted in CR2 following
amedullary relapse, MRD lost statistical significanceonceadjustment wasmade
for the duration of first remission. Nevertheless, analysisof MRD illustratesthat
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Table 2
Significance of Pre-BMT MRD Status in Univariate and Multivariate
(Including Duration of CR1 and Site of Relapse) Analysis

Univariate Multivariate
Hazard ratio p-Value Hazard ratio p-Value
Negative 1 1
Low level 3.79 341
High level 13.91 <0.001 6.50 0.058

Source: Ref. 12.

the poor prognosis of children who suffer an medullary relapse on treatment
relatestotheir failureto clear MRD, which, at least in part, reflectstheresistance
of their disease to chemotherapy (see Table 2).

Two subsequent studies have extended our knowledge of the relevance of
MRD pre-ASCT for ALL. Bader et al. used identical techniques in a cohort of
patients transplanted in Tubingen (14). The patient group (n = 36) was similar,
with the exception that the majority (30/36) of transplants were T-cell replete.
Seven patientsweretransplantedin CR1, 25in CR2, and4in CR3 or more. Using
the same definitions of MRD level as Knechtli et al., 14 were found to be high-
level MRD*, 7 low-level MRD*, and in 11 no evidence of MRD could be found.
TheEFSfor MRD negative, low-level, and high-level MRD* patientswere 82%,
42%, and 21% respectively. These results concur with our own, confirming the
excellent prognosis of MRD negative patients and the poor prognosis of high-
level MRD* patients. However, thereisonenotabledifference. High-level MRD
pre-ASCT was not universally associated with relapse. In three cases (all had
received T-cell-replete marrow), it appears that this high burden of MRD was
overcomeby either GvHD (two cases) or DLI (onecase) or the patient responded
to the conditioning regimen.

Further evidenceof thepotential for GvHD and by inference GvL toovercome
ahigh tumor burden at the time of conditioning isdrawn from Uzunel et al., who
measured MRD by gene-rearrangement PCR immediately prior to conditioning
in 30 patients (age and remission status unspecified) (15,16). MRD was present
at ahigh level in 20 patients and at low level in 5 patients. Of these 25 MRD-
positive patients, 11 developed GvHD, of whom 3 rel apsed, whereastherisk of
relapse was much higher (10 of 14) in those with no GvH.

Clinical Value of MRD Analysis Pre-ASCT for ALL

Our large study of ahomogeneously conditioned group of children undergo-
ing ASCT for ALL inour unit reveal ed that the procedureisfutileif conditioning
beginsat atimewhen high-level MRD ispresent inthe marrow. However, other
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groupshaveshownthat thisisnot auniversal finding. Inparticular, it would seem
that GvHD (as asurrogate for GvL) or the conditioning regimen may be ableto
overcome a high disease load prior to the conditioning regimen.

BLUEPRINT FOR THE CLINICAL APPLICATION
OF MRD MEASUREMENT DURING ASCT FOR ALL

Although ASCT in ALL isintensive, expensive, and toxic it is not a panacea.
Attempts to define the place of the procedure in the treatment of relapse and to
reducetherisk of treatment failure have been frustrated by thelack of large-scale
randomized studies. MRD analysis offers physicians a unigue opportunity to
overcome this obstacle.

Itisnow clear that asimple measurement of MRD status prior to conditioning
would allow cliniciansto compare the success of different transplant protocols.
We recommend that this should be come anintegral part of all reports of ASCT
in ALL. This must be allied with an examination of mechanisms by which dis-
ease persists and attemptsto achieve better cytoreduction and augment the graft
versus leukemia effect.

Currently, our data suggest that the measurement of residual disease after
ASCT is not useful. However, this approach should be revisited when well-
validated, rapid, truly quantitative techniques, which can measure MRD in
peripheral blood, become the norm.
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INTRODUCTION

Although chemotherapy achieves clinical remission (CR) within 1 moin the
majority (=80%) of adultswith B-lineage acute lymphoblastic leukemia (ALL),
lessthan 40% areconsideredtobecuredat 5yr (1,2). Clinical relapses, following
complete clinical remission (CCR) after induction therapy, indicate that leuke-
mia cells, undetected by light microscopy (theoretically up to 1 in 10'°cells),
expand at any time after achievement of remission until there is full-blown
clinical relapse.

Consequently, the detection of residual disease at levels below 1 in 102 leu-
kemic cells among normal bone marrow (BM) cells has recently been explored
using sensitive immunological and cytogenetic approaches. The use of leuke-
mia-specific antigen profiles and four-color cell-sorting techniques (3-5) has
improved the sensitivity and specificity of detecting leukemic cells. Thesetech-
niques will be extensively described in a separate chapter of this volume.

Cytogenetic examination, even using the fluorescent in situ hybridization
(FISH) technique, has, so far, failed to achieve the sensitivity required for the
detectionof residual diseasein ALL, butit remainsvaluablefor theidentification
of genetic changes in presentation material (6,7). Thisallowsthe identification
of chromosomal transl ocations, which are potentially valuabl e as clone-specific
markers for tracking residual disease by molecular methods (see below).
Molecular techniques have indeed had the greatest impact on the monitoring of
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residual diseasein acute and chronic hematol ogical malignancies. It isthe scope
of thischapter todescribetheir valueintheMRD investigationfocusing onadults
with ALL and discussing datafrom our own laboratory and datapresentedinthe
literature.

DEFINITION OF MINIMAL RESIDUAL DISEASE

Minimal residual disease (MRD) is defined as the “lowest level of disease
detectablein patientsin CR by the methods available.” In order to detect MRD,
it is necessary to identify leukemic-specific markers using sensitive detection
techniques. In Table 1 (8-16), we havelisted some of the most frequent markers
used in patients with ALL for the investigation of MRD.

MRD ANALYSIS USING MOLECULAR MARKERS

Markers can be distinguished into (1) “clone-specific” and (2) “ patient-spe-
cific’ (see Table 1). The former are present in the leukemic but not normal
background cells. All patients with that particular type of leukemia and abnor-
mality show that molecular marker. Thisappliesprincipally to markerslinked to
chromosomal translocations that create novel fusion genes. Among these, the
first to be studied werethet(14;18) in non-Hodgkin' slymphoma(NHL) follicu-
lar lymphoma and the t(9;22) in chronic myeloid leukemia (CML) and ALL.
Becausethetranslocationisessentially thesameinall patients, thisfacilitatesits
detection by commonandwidely applicabletests, irrespective of theage, gender,
phenotype, and clinical featuresof thepatient cohort. Inadult ALL, theincidence
of theseabnormalitiesvariesgreatly. Thet(9;22) isthe most common abnormal -
ity (15-30%) and leads to the fusion of the BCR and ABL genes. Other translo-
cationsaremorerarely detectedinadult ALL . Theseincludet(4;11) (5-10%) and
t(1;19) (5%) (17), which, liket(9;22), also carry a poor prognosis. Other trans-
locations, such ast(12;21) (<1%) (18), have limited relevance to the overall
clinical outcome, asthey arerareinadult AL L. Recent reviewsof the cytogenet-
ics and frequency of these abnormalities have been published in the past few
years(19-21). Theuse of these clone-specific markersfor MRD investigationin
adult ALL isdescribed in Chapter 11.

PATIENT-SPECIFIC MARKERS

These markers are almost exclusively the unique rearrangementsthat happen
to the antigen-receptor genes, both immunoglobulin (Ig) and T-cell receptor
(TCR) during leukemogenesis and subsequent clonal expansion. The unique
type of DNA rearrangement associated with Ig and TCR production (22,23)
involves del etion and rejoining of large stretches of DNA and insertion of novel
nucleotides by the enzyme terminal deoxynucleotidyl transferase (TdT), which
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Table 1
Markers Applied to the Investigation of MRD in Adult ALL Patients

Markers Incidence® Sensitivity Soecifici tyb Impact on survival Ref.
Immunophenotype 90-95% 1:10-1:10° Clone-specific® Based on phenotypes 3

WT1 5-10% >1:10% Clone-specific NK' 8,9
TAL-1 deletion <B5%of T >1:10% Patient-specific NK 10
Cytogenetic abn. >50% <1:10° Clone-specific Depends on type 7
RT-PCR >30% >1:10% Clone-specific None® 11
Ag-receptor genes >90% >1:10" Patient-specific None 11
MTHFR RFLP NK Clone-specific Increased risk of ALL 12
ATM deletion 28% NK Clone-specific Good 13
del (13q14) 10% NK Clone-specific Poor 14
RB1° 51% NK Clone-specific Poor® 15
P16 (INK4A)® 41% NK Clone-specific Poor 15
p53° 26% NK Clone-specific Poor 15
Ikaros-6 isoforms 34% NK Clone-specific NK 16

& ncidence of some markers may vary depending on the marker.

bSpecificity isdefined asclone-specificwhenthesamemarker ispresentin different patientsand itisindistinguishablefrom patient to patient
by the method used; amarker isdefined pati ent-specific when the method used identifies differences specific to each patient. Thelatter arethe
most sensitive methods.

€Some combination of surface markers can be patient-specific and therefore highly sensitive.

%The occurrence of these changes has no impact per se on survival.

®The combination of one or more of these defects is associated with worse outcome.

fNK, not known.
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creates a gene sequence unique to each cell. During the normal course of early
B-cell development, 1 each of 55 variable (VH), 30 diversity (D), and 6 joining
(JH), segments are selected and undergo a somatic VH-(D)-JH recombination
event (22,23). Thisisassociated with achangefrom the germ-line configuration
of the IgH genes, which can be revealed by using Southern blotting and the
polymerase chain reaction (PCR). Southern blotting isan easy and widely appli-
cabletechnique, butitfailsto providethesensitivity requiredfor MRD investiga-
tion, asit can only detect clonal cell populations at a sensitivity of 5-10%.
The detection, however, of aclone by Southern blotting and PCR exploits the
fact that following IgH rearrangement, the resultant complementarity-determin-
ing region 3 (CDR3) isunique (in sizeand sequence) to each B-cell anditsclonal
progeny. Therefore, the CDR3 sequence provides aleukemia-specific target for
tracking MRD. PCR identification of leukemia-specific CDR3 is based on the
principle that a monoclonal population of CDR3-bearing leukemic cells will
exhibit amplification of one particular size of CDRS3 at presentation (known as
a fingerprint), compared to the heterogeneously sized CDR3-bearing B-cells
seen in normal specimens (24).

The combination of amplification using primers for the VH segments of the
sixmajor V families(VH1-VH6) andaJH primer yieldsaclonal IgH patternthat
can be demonstrated following either separation on an agarose gel by electro-
phoresisand ethidium bromide staining or by separation of PCR products pul sed
with a radiolabeled nucleotide (a-32P dCTP) (Fig. 1). The two methods have
levels of sensitivity between oneleukemic cell in 10?to 103, respectively. Prim-
erscan be designed for the framework (FR) 1, FR2 and FR3 regionsand used in
combination with the antisense JH primer.

Theleukemic CDR3 region can befurther analyzed for DNA sequenceand an
allele-specific oligonucleotide (ASO) can be generated. If thisisused in combi-
nation with the forward FR1 primers a 10-fold higher sensitivity (>1-5 in 10%)
can be obtained (Fig. 2).

Higher sensitivity of detection has been achieved in various laboratories by
running 10 duplicate reactions for each sample (allowing analysis of increased
DNA substrate), cellular enrichment of lymphoid cells, or in vitro culture prior
to DNA amplification (25). However, these more sensitive PCR-based assays
have considerable implicationsin terms of cost, manpower, and time required.
The different methods have recently been extensively reviewed (11).

MRD: THE TESTS

The Ig and TCR rearrangements are the most common markers used for the
investigation of MRD in ALL, asthey can be detected in most cases of B- and
T-cell ALL, irrespective of age or of additional molecular or cytogenetics
changes. They are by far more frequent than the most frequent chromosomal
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Fig. 1. IgH gene rearrangement. Each VH segment joins, by arandom recombinatorial
event, aD and JH segment to generate the V DJ segment encoding the “variable” part of
thelgH molecule. Inthejoining process, random nucleotides (N) areadded at the VD and
DJjunction. Also, nucleotides complementary to trimmed basepairs (P nucl eotides; Pn)
are added to increase variability to the complementarity region 3. Abbreviations are as
follows: V, variable; D, diversity: J,joining; CDR: complementarity-determiningregion;
FR: framework region; ASO, allele-specific oligonucleotide.

ALL
(VH3)

Fig. 2. Radiolabeled fingerprinting IgH gene analysis. PCR amplifications using VH
family-specific forward primers and JH reverse primers were spiked with radiolabeled
nucl eotides and then separated on denaturing gel and autoradiographed. (A) PCR ampli-
fication using normal bone marrow; (B) prolonged exposure (5 d) of individual VH PCR
amplificationsasin (A); (C) autoradiograph of VH3 amplification of aVH3 cloneinan
adult ALL patient as a comparison.

abnormality andthey allow monitoring of MRD inover 90-95% of casesof ALL.
In Table 2, we compare the different approaches used for MRD investigationin
relation to the amount of material required, level of sensitivity, speed, and cost.
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Table 2
Technical Approaches to the Investigation of MRD in Adult ALL
Time
Required amount ~ Sensitivity®  to result

Methods of material (%) (d) Cost-effectiveness’
Southern blotting 10 ug 5-10 4-10 Low
Agarose gel PCR 100-500 ng 1-5 1 Low
Heterodupl ex 100-500 ng 1-5 1-2 Medium
Gene scanning 50-100 ng 0.1-1 1-2 High
Real-time PCR 50-100 ng 0.01-0.001 1 High

#Thesensitivity increasesusing an allel e-specific primer derived from the CDR3region, which
is patient-specific.
O\ ai nly the result of the high cost of the equipment required for these tests.

These techniques are also described more fully in other chapters of this vol-
ume. Some of the more recently introduced and widely used techniques are
described next.

REAL-TIME QUANTITATIVE PCR

Thistechnology introduced by Heid and colleagues (26) promisesto revolu-
tionize the time and effort in using PCR for MRD investigation. In this system,
the PCR reaction results in the displacement of a fluorogenic product-specific
probe that is degraded while the PCR product is being generated and emits a
detectabl e fluorescent signal (i.e., real-time detection). This amplification sys-
tem resultsin afivefold increase in sensitivity, eliminating the requirement for
nested PCR amplification. Inthefew studiespublished to date, particularly using
the breakpoint-specific fusion genes for the t(9;22) (27), (1(8;21) (28), and
t(14;18) (29) translocations, have shown an excellent level of specificity and
sensitivity (107).

Morerecently, real-time quantitative (RQ)-PCR has been used for the ampli-
fication of IgH rearrangements in multiple myeloma (30,31) and ALL patients
(30-33). Larger and more comparative studiesarein progressto fully assessthe
impact of this new technique on MRD investigation in ALL, both using leuke-
mia-specific breakpoints and anti gen-receptor—specific rearrangements.

MRD: USEFULNESS OF MONITORING ADULT ALL PATIENTS

At present, ALL patients are classified as standard (low or intermediate) and
high risk based on clinical findingsat presentation, such asage, sex, whiteblood
count (WBC), immunophenotype, and cytogenetics. On these criteria, over 70—
75% of adult ALL patientsfall into the standard risk group and 20-25% into the
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particularly high-risk group. Thelatter predominantly includepatientswitht(9;22),
T-ALL with high WBC and patientswith t(4;11). Cliniciansare still unable, how-
ever, to predict overall clinical response in the standard-risk group and identify,
within thefirst 6 mo from presentation, those patients who may benefit from less
intensive treatment because they are responding well to chemotherapy or to iden-
tify patients whose prognosis will improve by having more intensive treatment.
Because postinduction clinical and morphological CR isachieved by over 85% of
all adultstreated withthe UKALLXII protocol (2), theuse of molecular studieshas
been explored as possible meansto separate high-risk fromlow- and intermediate-
risk patients in remission within 1-3 mo from presentation.

Studiesin children have shown that patientswho have achieved morphological
remission at the end of induction carry detectable residual disease (by molecular
detection of leukemic-specific markers) in approx 30% of cases. Moreover, mea-
surement of the level of leukemic cell infiltration in the BM has been shown to
predict the relative risk of relapse. Conversely, approx 60—70% of children have
been shown to achieve complete molecular remission by 1-3 mo, asrevealed by
failure of detection at alevel of lessthan 1 leukemic cell in 10° BM normal cells.
In these patients, the prediction for continuous clinical remission (CCR) was far
more accurate than using other standard criteria previously available, providing
continuousmonitoring for residual disease showed no re-emergence of thedisease
during thefirst 24 mo of therapy. These observationshave prompted our and other
laboratories to extend molecular monitoring to adult ALL patients. The principle
information derived from this analysis will be summarized below.

MRD: RELEVANT TECHNICAL
AND BIOLOGICAL INFORMATION

Clonality Assessment in Adult ALL

The most common combination of patient-specific markers for B-lineage
adult ALL arethelgH and TCR-y gene rearrangements (85-90%), followed by
IgH and TCR-0 (in 50-60% of cases). Frequency of single-locusrearrangement
(in our experience) in adults varies from 75% to 80% for the IgH, from 60% to
70% for TCR-y and from 40% to 50% for TCR-0. For the IgH rearrangement
(the most common), efficiency of amplification using FR1 primers or leader
sequenceprimersissuccessful intheidentification of aclonal marker in 70-80%
of patients. Thisfrequency isonly slightly lower than the frequency of the same
type of rearrangement in childhood AL L (80-90%). Therefore, IgH remainsthe
first choice of marker for MRD studiesin ALL. Two events decrease the effi-
ciency of detection of the marker: (1) somatic mutations within the V and J
coding regions at sequences where primers are conventionally designed for
amplification and (2) incomplete VDJ rearrangements. Somatic mutations,
restricted to thelgH genes, introduce sequence changesresulting in poor anneal -
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ing of the primers and poor amplification efficiency. To avoid this problem,
several laboratoriesuse MRNA and real-time (RQ) PCR for amplification of the
rearranged alleles encompassing the variable to constant region. Thisis, how-
ever, more successful in chronic lymphoid malignancies, where the rearranged
aleleistranscribed and resultsin asurface immunoglobulin. Inthe acute leuke-
mias, only pre-B-ALL (cytoplasmic IgM positive) and mature B-ALL are ame-
nable to such investigation. Both null and common (CD10+) ALL have no
detectable cytoplasmic Ig heavy chains.

In addition, the lower efficiency of amplification in adult compared to child-
hood AL L hasbeen explained by the presence of moreimmature IgH rearrange-
ments with DJ rearrangements in approx 10-15% of adult cases. We have
analyzed 110 diagnostic BM DNA samples from adult B-lineage ALL patients
and found PCR amplifiablerearrangementsin 85 (77%), in agreement with other
reports (34—-36).

Oligoclonality

Investigation of VH rearrangement in ALL has also revealed the frequent
occurrence of oligoclonality. Oligoclonality is defined as the expansion of
subclones from the primary leukemic cell. It leads to the generation of as many
asfiveto six different subclonesin the same patient and is detected in 20-30%
of cases of adult and childhood ALL with little difference between the two age
groups. In our study, the majority of the cases carried 1 clone (59%), 18 had
2 clones (21%), and 17 had 3 or more clones (20%). It is important to identify
cases with oligoclonality to allow the monitoring of all subclones. We have
recently shown that the rates of proliferation of different clones vary greatly
because subclones can acquire additional molecular changes with different
growth potential and resistance to therapy (37,38).

VH Gene Usage

Analysisof IgH rearrangement of 245 alelesin adult ALL has confirmed that
the clonal cellsin adult ALL are derived from arelatively more immature B-cell
than in chronic B-cell malignancies such as chronic lymphocytic leukemia (CLL)
and non-Hodgkin' slymphoma(39). VH6, themost JH proximal VH gene, isused
inastatistically higher proportion of ALL patients than expected. With the exclu-
sion of VH6 and genes within the JH proximal region (within 150-200 kilobases
[kb] from JH), there isno other preferential usage of individual VH genes (39).

MRD MONITORING AND CLINICAL OUTCOME

Althoughthevalueof MRD in predicting outcome hasbeenextensively evalu-
ated in childhood ALL (4,5,40,41), little is known of its value in adult ALL
(34,42,43). We have analyzed adult AL L patients using BM aspirate specimens
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taken postinduction (between 28 and 35 d) and at threel ater time-points (3-5mo,
6-9 mo, and 10-24 mo) during the first 24 mo of treatment. No Philadelphia-
positive patient or patients with T-ALL were included. ALL patients were
between 15 and 55 yr of age and treated according to the UKALLXII trial pro-
tocol. For patients with an IgH rearrangement (77% of al cases investigated),
their MRD status was monitored whilein clinical CR at available time-points.
End points were latest CCR recording, relapse event, or death (in CR).

Inagreement with Brisco’ sstudy (42), approx 50% of patientsshowed residual
disease at the end of induction (1 mo). With the exception of one patient, alevel
of disease of 1:10%-10° wasidentified. Astime progressed, areductionin level
of residual disease was observed among patients who remained in CCR com-
pared to patients who later relapsed.

Brisco and colleagues (42) showed that atest between d 28 and d 42 postin-
duction could correlate with outcome if accurate quantification was conducted.
They showed that the incidence of relapse was greater with increased level of
disease at time of assessment (42). Our results (44) demonstrate how, among
Philadelphia (Ph)-negative B-lineage ALL patients, subgroups with different
outcomes can beidentified depending onthe MRD pattern during thefirst 6 mo of
treatment. Among 49 patients who had been tested at |east twice in the first 6 mo
of treatment, thefollowing four patternsemerged: (1) only positive MRD tests
were recorded; (2) a positive test was followed by conversion to negative test;
(3) conversion from negativeto positive was observed; (4) all testswere negative.
Our dataindicate that patients with patterns (1) and (3) have the worst outcome
(77% and 71.5% incidence of rel apse, respectively) and can therefore be pooled
into a high-risk group, whereas patients with pattern (2) or (4) had the greatest
chanceof CCR (16% and 22%, respectively) and were entered into thelow-risk
group (see Table 3). Theindividual subgroups will be discussed next.

High-Risk Group

Two consecutive positive tests were detected in 18 patients; 7 patients con-
verted from anegativeto apositivetest during the period of observation (1-6 mo
from induction). We investigated the correlation between these patterns and
outcome, and the impact of chemotherapy (CHT), autologous stem cell trans-
plant (SCT) (ASCT), or allogeneic SCT (allo-SCT) treatment on overall out-
come. All patientswerein CR at time of SCT. Among patients with pattern 1 or
4, the incidence of relapse was comparable (14 [77%] of 18 patients and 5
[71.5%)] of 7 patients), indicating the association between positive MRD tests
and conversion to positive MRD and high relapse rate.

Only 2 of 15 patients in this high-risk group treated with CHT remained in
CCR. All four patients, who received ASCT relapsed. In all four patients, BM
harvests pre-BMT were found to contain more than 1:10° leukemic cells.
By contrast, four of five patientswho received allo-SCT haveremained in CCR.
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Table 3
MRD Patterns and Association with Outcome
MRD pattern Total no. CHT ASCT  Allo-SCT  Predictive value®
(1) ++ 18 9 4 5
Relapses (14) 9 4 1 PPV: 77%
CCR (4) 0 0 4 NPV: 22%
% of relapses  100% 100% 20%
(2) +I- 6 3 1 2
Relapses (1) 0 0 1 PPV: 16%
CCR (5) 3 1 1 NPV: 83%
% of relapses 0% 0% 50%
3) -+ 7 6 1 0
Relapses (5) 4 1 0 PPV: 71.5%
CCR (2 2 0 0 NPV: 28.5%
% of relapses 71.5%  100% NA
4 —- 18 11 4 3
Relapses (4) 3 0 1 PPV: 22%
CCR (14) 8 4 2 NPV: 77%
% of relapses 27% 0% 33%

Abbreviations: +/+, only positive MRD tests during the first 6 mo postinduction; +/—, MRD
positive conversion to negative during the first 6 mo; —/+, aconversion from negative to positive
tests; —/— only negative tests recorded during the first 6 mo post-induction.

@A sawholegroup. ThePPV and NPV areprovided. NA: notavailable; PPV positivepredictive
value; NPV: negative predictive value.

Relapse occurredinonly one patient who received allo-SCT, but this patient had
failedtoclear residual disease2 mo posttransplant and progressedrapidly (within
1 mo) to aclinical relapse.

These data indicate that allo-SCT appears to be the only procedure with an
impact on outcomein thishigh-risk group. Consequently, if we exclude patients
who received allo-SCT, relapse was then observed in 18 (90%) of 20 patients
with patterns 1 and 4. CHT and ASCT appeared to have little or no effect in
preventing relapse in these patients.

Low-Risk Group

Six patients showed conversion from a positive to a negative test (pattern 2)
during the first 6 mo of treatment. All patients remained in CCR. Three had
received CHT, one had ASCT, and two had allo-SCT, suggesting a favorable
outcome irrespective of treatment.

Two consecutive negative tests during the first 6 mo of observation (pattern
4) were recorded in 18 patients. Except for four patients, all remained in CCR.
Three of the relapsed patients received CHT and one received allo-SCT. Four
patientsreceiving ASCT and two patientsreceiving allo-SCT remained in CCR.
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Fig. 3. Autologous-BMT patient time lines, showing MRD status at various times from
presentation. Thetimein months hasbeen shown relativeto the point at which transplan-
tation took place. The patients have been divided according to clinical outcome.

Inthisgroup, analysis of MRD pattern and outcome showed that a negative test
is associated with CCR in 77% of cases investigated.

ASCT Patients

Noinformation isyet availablein adult ALL patientsin complete remission
undergoing ASCT relating level of residual diseasein the bone marrow samples
to clinical outcome. Wewere ableto collect data on alimited cohort of patients
and the findings are described in this subsection.

We observed that patientswho receive ASCT showed astriking concordance
between MRD results at the time of transplant and clinical outcome (Fig. 3).
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Apart fromonepatient (patient 142), all transplantation procedurestook place5—
9mofrom presentation. Almost all samplesfrom patientsinlong-term CCRwere
MRD negative (21 of 23; 91.3%) at time-points mainly prior to SCT, and none
were positive after SCT. The only patient to remain in CCR with a positive test
prior to SCT (patient 177) converted to MRD negativity immediately after SCT.

The oppositeistrue for those patients who relapsed, with all but one patient
(six of seven; 85.7%) testing MRD positive prior to SCT. Interestingly, one
patient (patient 95) who was positive at 1 mo prior to SCT (at level greater than
1in 10%) became negative at 10 mo post-SCT, but then had an extramedullary
relapse at 15 mo. There was good concordance between the MRD status of the
harvested BM sample (usually taken at between 1 and 2 mo prior to ASCT) and
clinical outcome of the SCT, with all six MRD-negative harvests being associ-
ated with subsequent CCR and six of seven (85.7%) MRD-positive harvest being
associated with relapse. Fisher’ sexact test reveal ed therel ationship to be highly
significant (p = 0.005).

Allogeneic SCT Patients

Similar to the autologous SCT, BM assessment in patients undergoing allo-
geneicbonemarrow transplantation showed featuresimportantin planning future
studies (Fig. 4). Apart from one patient (patient 289), all transplantation
procedurestook place 5-8 mo from presentation. In contrast to autologous SCT,
there was no correlation between MRD result prior to alo-SCT and clinical
outcome (Fig. 4). Among 14 patientswho remained in CCR, 8 (57%) were MRD
positive and 6 (43%) were MRD negative prior to SCT. Among three patients
who relapsed (or died with residual disease) after transplantation, only one was
MRD positive and two were MRD negative prior to SCT.

By contrast, there was good correlation between the MRD test post-SCT and
clinical outcome. Patientsinlong-term CCR showed no MRD after SCT, andthe
two patients who were MRD positive either relapsed or died with detectable
MRD soon after SCT.

However, because of the low number of relapse patients tested and treated,
theseresultsshould be considered asvery preliminary and suggestivefor further
testing.

RELAPSES AND MRD TESTS

Thevalueof MRD testsisalso judged by their ability to predict relapsewithin
aspecified lapse of time. Thisisstill under investigation in several studies. We
applied this analysis to 37 patients in a homogeneous cohort of de novo ALL
patients. In 26 (70%), relapse was preceded by a positive MRD test, indicating
thestrong ability of MRD assessment to predict impending relapse. However, in
11 (30%), the last test prior to relapse showed no evidence of MRD. There are
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Fig. 4. Allogeneic-BMT patient time lines, showing MRD status at various times from
presentation. In this group of patients (19 patients in total), follow-up (in months) has
been shown relative to the point at which transplantation took place. The patients have
been divided according to clinical outcome.

anumber of possible explanations for this discrepancy: (1) It could be a conse-
guence of extramedullary relapse with no evidence of BM involvement (in two
patients) or (2) prolongedinterval (longer than 5 mo) between thelast MRD test
and relapse (in four patients). Sensitivity of the test may also be relevant. Tests
should guarantee level of detection >1:10* to avoid false-negative tests. Four
relapsesoccurredin patientswhereno all el e-specific oligonucl eotide (A SO) was
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available. Only one patient relapsed within 3 mo after atest, with sensitivity of
1:10* showing no evidence of residual disease. The patient had received a
matched-unrelated donor (MUD) transplant 4 mo prior to relapse. Therapidrise
of residual disease in transplant patients has been previously recorded both in
Ph-positive and Ph-negative patients (45).

The results in our group of patients suggest that (1) monitoring for MRD
should be done at regular intervals; we suggest 3 monthly testing. As severa
patients carry multiple IgH clones (oligoclonality), efforts should be made to
follow all available clones. Markers for the TCR-6 and TCR-y rearrangements
should befollowed in parallel. In our experience, however, the IlgH genesare, by
far, themost reliable markersin B-lineage ALL asclonal TCR-0 rearrangement
in particular can be lost during the follow-up period preceding relapse.

MRD TESTS AS INDEPENDENT PREDICTOR OF OUTCOME

The Cox regression multivariant model was used to determine the most sig-
nificant independent prognostic variable comparing age, sex, WBC, and daysto
first remission. Thisanalysismade use of information collected from the cohorts
of patients discussed above and another 40 patients who had been tested at
different times during the first 24 mo of treatment (44). As our study excluded
Ph+ ALL, cytogenetics were not taken into account, as other cytogenetics sub-
groups|[e.g., t(4;11) and t(1;19)] weretoo small to have animpact. Wetherefore
compared MRD statusat each time period with age, WBC, count at presentation,
and time to first CR for effects on disease-free state (DFS) rates. The only
covariable to have any significant independent effects on DFS was MRD.

MRD IN ADULT ALL:
COMPARISON WITH CHILDHOOD ALL STUDIES

Comparison between MRD datain childhood and adult ALL highlights dif-
ferences between responsesin thetwo age groupsbut similarity inthe predictive
value of MRD detection. Data for comparison have been derived from recent
studiesin childhood ALL (4,5,40,41).

Differences

1. Effect of induction therapy. Children show a better response rate to induction
therapy than adults, inthat alarger proportion reach molecular remission aswell
as morphological remission (75%) compared to adults (50%) by the end of
induction therapy.

2. Less effective response to treatment in adult versus children. The prolonged
persistence of residual disease in adults indicates comparative resistance to
therapy becausethey aretreated at | east asaggressively aschildren. Inour cohort
of patients, over 50% of patientsstill had detectabl e disease between 3 and 5 mo
and this was strongly associated with a high relapse rate (70%).



Molecular Investigation of MRD in Adult ALL 111

3. Bonemarrow transplant and outcome. TheM RD statuspriortoallo-SCT appears
to be the most important indicator of outcome in children (46,47). On the other
hand, in adults, we have found that the presence or absence of MRD prior to
allogeneic transplant carries little or no impact on outcome. The reason for this
differenceis not apparent, but it is possible that children selected for allo-SCT
have moreresistant disease than adults (all infirst CR in our study). In children,
allogeneic transplants are T-cell depleted (a procedure not applied to adults),
removing the antileukemic effect. Asthere are no large-scale reportsin autol o-
gous SCT, the data we have collected suggest that all harvested BM should be
tested for residual disease, which is the most important factor in predicting
outcome in the autologous procedures.

Similarities

1. MRD isavalid parameter for measuring therapy response. In both adult and
childhood ALL, MRD is the most important prognostic factor in measuring
outcome and it is independent of total WBC, gender, immunophenotype, and
age. In children, this has been strongly corroborated by the publication of two
large European studies that reported MRD investigation in atotal of 178 and
240 childhood AL L patients, respectively (4,40,41). These datahave now been
corroborated among adult ALL through our study.

2. Thereisdirect correlation betweenlevel of diseaseandincidenceof later relapse
(42) when measuring MRD postinduction, as previously demonstrated in chil-
dren (4,40,41).

MRD ANALYSIS: IMPORTANT CRITERIA

Peripheral Blood Versus Bone Marrow

Thereis strong agreement that peripheral blood (PB) isabout 1 log less sen-
sitivethan BM for detection of MRD (45,48,49). TCR-yistheleast sensitive of
markers used (50). Molecular remission in the PB is therefore compatible with
residual disease in the BM. Consequently, marrow is preferable for analysis.
Most reports have utilized mononuclear cell preparations from fresh marrow
samples. If not available, DNA can beobtained fromarchival glassslides, but the
DNA isfrequently of inferior quality, which may compromise the sensitivity of
thetest. Therearenow several kitsthat facilitate the preparation of DNA or RNA
for analysis. No study hasextensively compared theuse of RT-PCR versusDNA
analysis for antigen-receptor genesin ALL and, therefore, DNA remains the
preferred material for analysis.

Timing of Testing
Although testing for MRD at only one time-point may provide informative

results, most investigators advocate testing on two or more occasions (e.g., imme-
diately postinduction and at 3-5 mo and 6-9 mo of therapy). More frequent
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testing may be desirable, particularly if MRD is being assessed by a more sen-
sitive and quantitative technique to detect an emerging clone of proliferating
cells. However, the practicality and ethicsof thisneed to be considered carefully.

BM Testing for Extramedullary Relapse

We havelimitedinformation ontheefficiency of MRD analysisusing BM for
prediction of extramedullary relapse. In children, several studies have shown
that BM testing isnot yet sufficiently sensitiveto predict extramedullary relapse
(central nervoussystem, testis, and skin) inall cases(40,41,51,52). Therearetoo
few cases of extramedullary relapsesin our study to reach any meaningful con-
clusion. It is only noteworthy that two of three extramedullary relapses were
preceded by negative tests. Larger studies and more regular monitoring are
required in the future.

At the time of extramedullary relapse, the bone marrow in children almost
invariably containslow-level MRD (41,53). Thisobservation explainswhy there
isahigh incidence of subsequent marrow relapse in such patients and provides
arationale for systemic treatment, in addition to site-directed treatment.

MRD in Harvested Bone Marrow Specimens

Minimal residual diseaseanalysishasbeen useful intheassessment of residual
disease both prior to or after purging in BM harvested for ASCT. A direct rela-
tionship between PCR-positive BM and incidence of relapse following ASCT
has been described in patients with non-Hodgkin's lymphoma (54,55), CLL
(56), and ALL (44,57). Whether relapse originates from residual diseasein the
BM graft or from persisting medullary disease that survives the effect of high-
dosetherapy isunknown. Relapse derived from the grafted cellshasoccurred in
AML (58). Purging studieswith MRD monitoring may help to resolvethisissue
in casesof ALL.

CONCLUDING REMARKS

The evaluation of MRD following chemotherapy or bone marrow transplan-
tation hasprogressed in the past 10—15 yr from morphol ogical assessment of BM
aspirates to the use of immunological and cytogenetic tests. The application of
molecul ar techniques, including PCR, hasenabled usto detect MRD to levels of
sensitivity of 10°-10". We now have the ability to trace leukemic cellsamong
normal counterparts using both clonal changes in antigen-receptor genes (IgH
and TCR) andleukemi c-specific changes(transl ocations, poi nt mutations). These
testshave been used, to date, to study morethan 900 patientswith AL L, predomi-
nantly children. In at least threelarge prospective studiesthat together evaluated
over 500 childhood ALL patients(4,40,41), thispredictive value hasbeenfound
to beindependent of other risk factorssuch asage, sex, and presenting leukocyte
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count. Quantitative and semiquantitative assessment of MRD is becoming
important with three of these large studies defining relapse risk as a function of
MRD level immediately postinduction and at later time-points.

We have now been able to evaluate the same parametersin adult ALL and
show that MRD detection hassimilar predictivevalue(44). Bothfor childrenand
adults, the challenge isto incorporate routine, regular MRD analysisinto prog-
nostic indicesfor testing in large randomized trials. The potential benefit would
seem to be largest in “standard-risk” ALL asjudged by conventional criteria
(age, sex, presenting leukocyte count, chromosomal translocations). In this, the
largest category of patients, overall benefit hasbeen obtained by treatment inten-
sification, but this is at the expense of overtreating a substantial number of
patients (who may be cured with lessintensive protocols), especially in children.
Inadults, alargenumber of patientsappear to becured by standard chemotherapy
and could be spared invasive SCT procedures. The corollary to thisisthe poten-
tial for detecting anew group of high-risk patients, both adults and children on
the basis of slow MRD clearance or rapid rise following negative MRD. These
could becandidatesfor further treatment intensificationincluding thepossibility
of SCT infirst CR or alternative, more aggressive treatments.

For such decisionsto be made, therewill need to beahigh level of confidence
ininterpreting MRD results. Aswe have described, these results can be affected
by the technique used and a host of other potential pitfalls. The availability of
several different markers helpsto rule out false-positive or false-negative tests
but increases the total labor and costs substantially. The current technology is
labor intensive, but improvements including kits for DNA/RNA extraction,
automated sequencing, fluorescent-based methodol ogy, and, morerecently, real -
time PCR may |ead to a more widespread availability of MRD testing.

We hope that within the next 5 yr MRD analysis will be used routinely and
prospectively to assess treatment response in all patients with ALL treated on
major national and international protocols. The challenge will be how to incor-
porate the information learned into new studies for the overall benefit of the
patients.
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8 Investigation of Minimal Residual
Disease in Acute Myeloid Leukemia
by Immunophenotyping
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INTRODUCTION

Current treatment strategies for patients with acute myeloid leukemia (AML)
result in a high complete remission (CR) rate (60—-80%). However, relapses due
to the persistence of low numbers of residual neoplastic cells which are undetect-
able by conventional morphological techniques (minimal residual disease
[MRD]), still occur in most patients; in fact, only around one-third of patients
with AML are leukemia-free at 5 yr. Owing to this, patients are indiscriminately
subjected to consolidation treatments, including conventional chemotherapy and
autologous and allogeneic stem cell transplantation, in order to eradicate pos-
sible MRD. Therefore, more sensitive techniques are needed to lay the founda-
tions for the design of patient-adapted consolidation therapies that would reduce
the risk of both: toxic deaths resulting from overtreatment in patients that could
be cured with conventional chemotherapy and relapses resulting from insuffi-
ciently intensive consolidation treatment in patients at high risk of relapse because
of persistence of residual leukemic cells. In addition, such sensitive methods for
MRD detection can contribute to the assessment of the efficacy of ex vivo purg-
ing protocols for autologous stem cells prior to reinfusion and to a more precise
evaluation of the effectiveness of new treatment strategies.

A detailed analysis of the literature shows that different methodological
approaches have been used for the detection of MRD (/-17). The efficacy and
applicability of the different methodological approaches that are available for the
detection of MRD depend on three main features: (1) specificity: discrimination
between malignant and normal cells, without false-negative and false-positive
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results; (2) sensitivity: leukemic cells are undetectable by morphology when their
number falls below 1-5% of the total bone marrow (BM) nucleated cells, and,
consequently, the detection limit of an MRD technique must be at least 1073
(i.e., discrimination of 1 leukemic cell among 1000 normal cells); and (3) clinical
applicability: the technique should allow for easy standardization and rapid
collection of results for their clinical application.

In general, the strategies that are currently used for the detection of MRD in
hematological malignancies are based on the identification at diagnosis of
uniquely characteristic features of the leukemic cells, which would be used later
to distinguish them from a major population of normal cells in samples in which
neoplastic cells are not detected by conventional morphology (/,2,6,8,12,15-
29). On the basis of these leukemia-associated features, one or several patient-
specific probes can be built at diagnosis to be used later during the follow-up of
patients who achieved morphologic complete remission for MRD detection.
According to the cell characteristics explored, MRD techniques are classically
grouped into: (1) cell culture techniques; (2) cytogenetic approaches based on
conventional karyotyping, fluorescence in sifu hybridization (FISH), or chromo-
some analysis by flow cytometry; (3) flow-cytometric analysis of total cell DNA
contents; (4) molecular biology, mainly based on polymerase chain reaction
(PCR) techniques, and (5) immunophenotyping using multiple stainings ana-
lyzed by flow cytometry (/—4,6-9,11,12,29). Based on the relative sensitivity
and applicability of the different techniques, the two most commonly used meth-
ods for detection of MRD are the multiparametric immunophenotypic flow-
cytometry studies and PCR analysis.

It should be noted that these techniques cannot be indiscriminately used for all
types of leukemia, but they should be adapted to each individual case, depending
on the markers (cytogenetic, immunologic, molecular, etc.) that best character-
ize the malignant clone. Thus, immunophenotyping is ideal for T-ALL, whereas
PCR analysis is the method of choice for chronic myeloid leukemia (CML).
Ideally, at present it is recommended that two or more techniques should be
simultaneously explored in each patient, in order to define the best approach for
investigation of MRD. In this chapter, we review the use of flow-cytometry
immunophenotyping for the investigation of MRD in patients with AML. First,
we will focus on technical-related aspects and then we will comment on the
information that is currently available regarding the clinical utility of MRD
studies using immunophenotyping.

IMMUNOPHENOTYPIC DETECTION OF MRD:
METHODOLOGICAL APPROACH

Immunophenotypic analysis of leukemic cells has proved to be an attractive
approach for MRD investigation, owing to its relative simplicity and speed
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(8,9,11,12,26,30-32). Moreover, the combination of multiple antigen stainings
and flow cytometry has increased the sensitivity and reproducibility of the method
by providing the possibility to (1) simultaneously analyze several parameters on
asingle-cell basis, (2) allow the study of high numbers of cells within arelatively
short period, at the same time it permits storage of the information for latter
analysis, (3) quantitatively evaluate antigen expression, and (4) combine the
detection of surface and intracellular antigens.

In spite of these advantages, flow-cytometry immunophenotypic detection of
MRD has, at least from the theoretical point of view, two major disadvantages
that would hamper the specificity and applicability of immunophenotype for
MRD detection (33,34): (1) At present we should consider that, in most cases,
leukemic cells do not express well-characterized leukemia-specific antigens; in
addition, although there are some proteins resulting from fusion genes, such as
BCR/ABL or PML/RARG, that would represent true specific leukemic markers,
no reliable monoclonal antibody (MoAb) for their routine detection are avail-
able, and (2) several groups have reported on the existence of phenotypic changes
at relapse and this may lead to an increased proportion of false-negative results
(23,35-41). Although the first disadvantage poses the question as to whether
leukemia-associated phenotypes exist and could overcome the lack of leukemia-
specific antigens, the second points out the need to ensure that the abnormal
phenotypic characteristics detected at diagnosis remain stable during follow-up
evaluation. Accordingly, two key prerequisites for the immunophenotypical
investigation of MRD are the demonstration that leukemic cells display singular
antigenic profiles that allow their distinction from normal hemopoietic cells even
when present at very low frequencies and the demonstration that such antigenic
characteristics remain stable during the course of the disease; in other words, that
immunophenotypic probes are reliable markers for the identification of residual
leukemic cells.

Characterization and Incidence
of Leukemia-Associated Phenotypes

Precise identification of leukemia cells is essentially based on the ability to
clearly distinguish them from the normal cells present in the specimen. Accord-
ingly, phenotypic patterns of not only leukemic cells but also normal cells, present
in all types of sample used for the diagnosis of hematological malignancies, must
be well established in advance. Traditionally, it has been considered that leuke-
mic cells reflect the immunophenotypic characteristics of normal cells blocked
at a certain differentiation stage. However, the combined use of multiparametric
flow cytometry and large panels of fluorochrome-conjugated MoAb reagents
have shown that leukemic cells frequently display either aberrant or uncommon
phenotypic features that allow their distinction from normal cells (/3,16,17,
22,24,28,42-56). Accordingly, those phenotypes that go undetected in normal
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hematopoiesis, either because they do not exist or they are present at very low
frequencies, could be considered as leukemia-associated phenotypes (LAPs).
These unusual or aberrant phenotypes generally result from (1) cross-lineage
antigen expression (i.e., expression of lymphoid-associated markers in myeloid
blastcells), (2) asynchronous antigen expression (i.e., coexpression in neoplastic
cells of antigenic characteristics that correspond to different maturational stages
in normal hematopoiesis), (3) antigen overexpression (i.e., presence of an anti-
gen in leukemic cells at abnormally high amounts), (4) ectopic antigen expres-
sion (i.e., presence of a marker outside of its normal homing area [i.e., presence
of TdT+ cells in the spinal fluid], and (5) the existence of abnormal light-scatter
patterns (i.e., lymphoid cells displaying high forward scatter [FSS] and side
scatter [SSC] features) (19,22,24,44,46,47,52,56—-59). The detection of these
aberrancies at diagnosis represents a prerequisite for the investigation of MRD
during follow-up evaluation once morphologic CR has been attained. Together
with these phenotypic aberrancies, there are other situations that may herald the
presence of leukemic hematopoiesis. The most relevant one is the detection of
an increased proportion of immature cell populations with abnormal maturation
patterns (60). Accordingly, it has been suggested that an abnormally high ratio
between CD34+ myeloid and CD34+ lymphoid progenitors after intensification
treatment could reflect the existence of MRD in AML patients (60).

From the clinical point of view, the applicability of the use of immuno-
phenotyping for the investigation of MRD is directly dependent not only on the
existence of these abnormal phenotypes but also on the frequency at which they
are detected. In this sense, careful analysis of the literature shows the existence
of disturbing levels of variability in the incidence of LAP in AML as well as in
other hematologic malignancies (19,22,24,28,42—54,59). Such discrepancies are
probably related to technical pitfalls, including the use of different fluorochrome-
conjugated reagents, monoclonal antibody clones, single- versus multiple-stain-
ing combinations, different gating strategies, the methods used to assess
fluorescence expression, sample preparation protocols, and the use of distinct
control samples to establish normal phenotypes (57,61). In any case, it may be
stated that the frequency at which LAPs are detected has increased during the last
years in parallel to the technical improvements and the availability of new ana-
lytical capabilities (16,17,19,22,24,45—47). At present, the incidence of aberrant
or LAP in AML ranges from 30% to 85%, depending on the criteria used for their
definition and the panel of MoAbs employed. In our experience, 70% of AML
patients display aberrant phenotypes, two or more aberrancies coexisting in more
than a half of them (56%) (22,27,62). Therefore, according to these results,
immunophenotypic detection of MRD is feasible in around three-quarters of
AML patients. Below, we will discuss how the most relevant antigenic aberran-
cies present in AML.
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ASYNCHRONOUS ANTIGEN EXPRESSION

The most common type of LAP found in AML is the presence of asynchronous
antigen expression (60% of cases), usually caused either by the coexistence of
two antigens in the same cell that are not simultaneously expressed in the normal
myeloid differentiation or by the lack of reactivity for one of two myeloid-
associated antigens that are coexpressed on normal cells (i.e., CD13 and CD33).
During normal maturation of hematopoietic cells, expression of surface and
intracellular antigens is finally controlled in such a way that downregulation of
certain antigens precedes the expression of other molecules and vice versa.
Therefore, antigens exist whose expression is characteristic of specific matura-
tional stages within an hematopoietic cell lineage (16,17,26,63,64). The use of
multiple stainings analyzed by flow cytometry in which two or more antigens are
simultaneously explored has shown that leukemic cells frequently display asyn-
chronous antigen expression (15,22-24,41,45,62,64). This implies the need for
detailed knowledge on the sequence of antigen expression during normal differ-
entiation, because some phenotypes that may appear to be asynchronous may
actually either exist at low frequencies or they might be restricted to a specific
myeloid lineage usually with a low representation (i.e., mast cells, dendritic cells).

In our experience the overall incidence of asynchronous antigen expression
among AML is around 80%. The most representative examples of this aberrancy
are illustrated in Table 1 and include CD33++DR-CD34-CD15-CD14-
(17% of cases), CD33—-CD13+(14%),CD117+CD33+DR-(11%),CD34+DR-
CD33+(9%),CD34+CD56+ (8%); CD33+CD13—(7%),CD117+CD34-CD15-
(6%), CD117+CD11B+ (5%), and CD34+CD11B++ (5%).

CRross-LINEAGE ANTIGEN EXPRESSION

Although several leukocyte antigens have long been associated with the
lymphoid cell lineage either because they are absent or present at very low
frequencies and/or intensity in myeloid cells, it was already observed in the late
1970s and early 1980s that some AML-expressed lymphoid-related markers
and vice versa. Since then, a large number of reports have analyzed the inci-
dence of expression of lymphoid-associated markers in blast cells from AML;
the incidence ranges from 4% to 60%, with CD2 and CD7 being the markers
most frequently found in neoplastic myeloblasts (8,12,19,56,65,66). In our
experience the overall incidence of cross-lineage aberrancies in AML is 29%,
and the individual expression of CD2, CD7, and CD19 is 21%, 9%, and
2% respectively (22,62) (see Table 2). It is possible that upon using fluoro-
chromes that have a high resolution (i.e., phycoerythrin), this incidence may
even increase; nevertheless, the expression detected with sensitive fluoro-
chromes may be so dim that it would limit their value during follow-up for the
specific identification of MRD.
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Table 1
Incidence of Aberrant Phenotypes in AML (I)
CD34+DR-CD33+ 11 9%
CD34+CD56+ 10 8%
CD34+CD11b+ 6 5%
CD34+CD33++ 4 3%
CD34+CD14+ 4 3%
CD34+CD117+DR— 3 2.3%
CD34+CD117-CD15+ 3 2.3%
CD34+CD33-CD13+DR+ 2 1.5%
CD34+CD33-CD13+DR- 1 0.8%
CD34+CD33-CD117+DR+ 1 0.8%
CD117+CD33+DR— 14 11%
CD117+CD34-CD15-“ 8 6%
CD117+CD11b+ 7 5.5%
CD117+CD33+CD34-CD15+ 5 4%
CD117+DR-CD15+ 3 2.3%
CD117+DR-CD15-¢ 2 2.3%
CD117+DR+CD33+CD34— 1 0.8%
CD33++DR-CD34-CD15-CD14— 22 17%
CD33-CD13+ 18 14%
CD33+CD13- 9 7%
CD33+DR+CD4+CD45dim 1 0.8%
CD33++DR+CD15-CD14-" 1 0.8%
CD33+CD45d CD34-CD15-¢ 1 0.8%
CD33+DR+CD56+CD13+ 1 0.8%

“Mast cells express this phenotype, but with higher expression of CD117.
‘Minor phenotypes (dendritic cells).
“Minor phenotypes (basophilic lineage).

ANTIGEN OVEREXPRESSION

Multiparametric flow cytometry allows not only the qualitative evaluation of
antigen expression (presence vs absence) but also the assessment of quantitative
expression on a single-cell basis. It has frequently been observed that leukemic
blasts may express antigens that, in spite of being present in normal cells, are also
observed at significantly higher amounts (intensity levels) in the malignant coun-
terpart (antigen overexpression). The overall incidence of this aberrancy in AML
is low (21%) and the antigens more frequently involved are CD33 (11%), CD34
(9%), and CD13 (2%) (see Table 2).

ABNORMAL LIGHT-SCATTER PATTERNS

Flow-cytometry immunophenotyping combines the measurement of cell
antigen-associated fluorescence with that of the light-scatter properties of the
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Table 2
Incidence of Aberrant Phenotypes in AML (II)

Cross-lineage infidelity =~ Antigen overexpression — Abnormal light-scatter pattern

37/126 29% 26/126 21% 22/126 17%
CD2 26 (21%)  CD33+++ 14 (11%)  High FSC/SSC
CD7 11 (9%) CD34 11 (9%) CD2 4(2.6%)
CDI19 3 (2%) CDI13 3 (2%) CD34 4(2.6%)
CD20 1(0.8%)  CDI17 1 (0.8%) CD7 4(2.6%)
CD5 1(0.8%)  CDI5" 1 (0.8%) CDI117 2(1.5%)
HLADR  1(0.8%) CD19 2(1.5%)
CD20 1(0.8%)
Low FSC/SSC
cp13? 3 (2%)
cD33” 1(0.8%)
CDI5 1(0.8%)

YOverexpression of CD15 in nongranulocytic lineage.
"Minor phenotypes (basophilic lineage).

individual cells under study. These latter parameters include the light scattered
at (1) low angles (forward light scatter, or FSC) and (2) angles of 90° (sideward
scatter, or SSC). The amount of FSC is directly dependent on the size and the
refractory index of the cell. In turn, SSC mainly reflects the relative homogene-
ity/heterogeneity of intracellular components that reflect the laser light such as
cytoplasmic granules and cell membranes (55). Along the maturation process of
normal hematopoietic precursors, cells gradually change their light-scatter prop-
erties, specific FSC/SSC patterns being associated with each maturational step
within an individual hematopoietic cell lineage. Leukemic cells from AML
patients usually display a relatively high FSC/SSC and the presence of cells
expressing lymphoid-associated antigens in this area should be considered as
aberrant. In our experience, this occurs in around 2% of AML cases for CD19 and
3% for CD2. It should be noted that this specific aberrancy parallels that of cross-
lineage antigen expression. In normal differentiation, the expression of stem cell
markers (CD34 and CD117) is associated with relatively low/intermediate
FSC/SSC values; however, in approx 3% and 2% of all AML cases, these mark-
ers are present on cells with abnormally high FSC/SSC. Finally, myeloid mark-
ers can be observed on myeloid blast cells that resemble lymphoblasts as a result
of a very small FSC/SSC. This aberrant expression involved CD13 in 2% of our
AML cases and CD33, and CD15 in around 1% of the cases each (see Table 2).
Overall, abnormal FSC/SSC patterns aberrancies occurred in 17% of our AML
patients (62).
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Phenotypic Changes

Because the strategy for the immunophenotypical detection of MRD relies
mainly on the identification of residual cells with the same phenotypic aberran-
cies detected at diagnosis, a possible major limitation for this type of approach
is the existence of phenotypic switches during the evolution of the disease. In this
sense, several groups, including our own (23,35-41) have suggested that pheno-
typic changes may occur with a relatively high frequency. However, few studies
have been specifically devoted to the analysis of the frequency at which
these phenotypic switches affect the aberrant criteria that could, in principle, be
used for the investigation of MRD during follow-up evaluation. It has been
reported that a high incidence of phenotypic changes (20-70%) (23,35—41) can
be detected in AML when large panels of monoclonal antibodies are used to
compare the antigenic expression of blast cells at diagnosis and at relapse. In our
AML series, the incidence of changes in individual antigens was 62% (23).
However, most of these phenotypic switches involve individual differentiation-
associated markers (CD15, CD14, CD11b, HLA-DR), whereas changes affect-
ing aberrant phenotypes were much less frequent, only 16% of the cases in our
series (23), and at least one of the aberrancies detected at diagnosis remained
stable at relapse (23). These findings point out the need to use not only one but
all phenotypic aberrancies detected at diagnosis for the follow-up of MRD,
in order to avoid false-negative results.

Two major factors may account for the variability observed in the literature
with regard to the incidence of phenotypic changes in AML: (1) technical pitfalls
and (2) the presence of two or more phenotypically different blast cell subpopu-
lations at diagnosis. Regarding the first factor, the use at relapse of different
reagents (i.e., new monoclonal antibodies, clones, and fluorochrome conjugates)
than those employed initially at diagnosis, may generate apparent, but not real,
antigenic changes. The second possible pitfall derives from the presence of more
than one cell subset at diagnosis. Until now, in most reports the immuno-
phenotypic detection of MRD has been based on the antigenic characteristics of
the predominant blast cell population at diagnosis (1,2,9,10,19,31,36—38,44,45,
52,66). However, itis well known thatin AML, several leukemic subpopulations
with different phenotypic characteristics may be present at diagnosis (24,56),
and perhaps a minor one may be the resistant clone that is the responsible for the
relapse. In our experience, around 60% of all AML patients have two or more cell
populations, at diagnosis at least one of them being small in size (<10% of all
blast cells) (24). These subpopulations frequently correspond to different stages
of maturation of the neoplastic clone. According to this observation, the investi-
gation of MRD should be based on the phenotypic characteristics of each sub-
population even if it was present at low frequencies at diagnosis. It is important
to note that many of these cell subsets share the same phenotypic aberrancy,
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which would eventually facilitate MRD follow-up. In fact, in our experience in
most AML cases, MRD can be investigated with just two triple-antigen staining,
this usually covers the leukemic-associated phenotypes present in all different
cell subpopulations identified at diagnosis.

Sensitivity of Flow-Cytometry Inmunophenotyping
Jor MRD Detection

Flow cytometry is a well-suited technology for the identification, enumera-
tion, and characterization of rare cells. As a matter of fact, among other applica-
tions, flow cytometry is currently used as the preferred method for the
enumeration of CD34+ hematopoietic progenitor cells (67), dendritic cells, and
mast cells (68,69) in both bone marrow and peripheral-blood-derived samples.
Most of the information on the sensitivity of the flow-cytometric approach used
for the immunophenotypic detection of MRD has been obtained through either
dilutional experiments or the capacity to identify, in patients in morphological
complete remission, residual cells with the same phenotype as that displayed by
the blast cells at diagnosis (/-3,5-12,27,59,70). Accordingly, experiments in
which leukemic cells are progressively diluted in normal peripheral blood and
bone marrow samples have shown that flow cytometry is able to reliably detect
cells displaying aberrant phenotypes at frequencies ranging from 10~ to 1073
(see Fig. 1). Nevertheless, it should be noted that the level of sensitivity clearly
varies depending on the type of phenotypic aberrancy, the combination of mono-
clonal antibody reagents used for their detection, and the sample under study.

CLINICAL VALUE
OF THE IMMUNOPHENOTYPIC INVESTIGATION
OF MRD IN AML

Although the information available so far on the clinical value of the
immunophenotypic detection of MRD in AML is still scanty, most preliminary
studies suggest that it may contribute to predict relapse and to define different
patient risk-group categories at specific time-points during follow-up. Figure 2
shows an example of follow-up of MRD in an AML patient. Initial studies were
based not on a three- and four-color multiparametric flow-cytometry strategy,
but simply on double-marker combinations analyzed by fluorescence micros-
copy. Accordingly, Adriaansen et al. (3/) and Campana et al. (/) investigated
MRD in AML patients, based on the aberrant coexpression of terminal
deoxynucleotidyl transferase (TdT) and myeloid markers (CD13/33) (cross-lin-
eage marker expression). The criteria used to define TdT positivity at diagnosis
was different in both studies, as Adriaansen et al. (3/) included all cases that
displayed more than 1% TdT* myeloid leukemic cells, but the cutoff value was
much higher in the study of Campanaetal. (/). In this latter series, from the seven
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Fig. 1. Sensitivity of immunophenotyping for MRD detection. Serial dilutional experiments of leukemic cells (CD34+DR+) with
normal BM cells were performed. The detection limit reached was 1 leukemic cell among 10° normal cells (10~>). The first plot
corresponds to whole BM sample and the remaining plots correspond to CD34+-gated cells. The three plots on the bottom are shown
in the highlight mode (Paint-A-Gate software program, Becton Dickinson).
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Fig. 2. Follow-up of MRD in an AML patient. The leukemic cells at diagnosis showed asynchronous coexpression of CD34 and CD56.
A small number of residual leukemic cells were detectable during follow-up, even after allo-BMT (d +70 and +100), and the patient
relapsed.
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patients included, residual disease persisted during follow-up in four cases, all
of whom subsequently relapsed; by contrast, only one of the three negative cases
relapsed. In the Adriaansen et al. (3/) series, 9 of the 10 relapses observed were
preceded, over a period of 14-38 wk, by a gradual increase in the number of TdT/
CD13*residual cells. In five additional patients who remained in continuous CR,
TdT* CD13*blast cells were detected, but their number did not increase during
follow-up. It should be noted that it has been shown that early lymphoid progeni-
tors may coexpress the myeloid-related CD13 and CD33 markers, which could
at least partially explain these latter findings (71,72). In spite of this latter obser-
vation, both studies suggest that this phenotypic combination (TdT/myeloid
antigen) may be very useful to predict relapse with very few false-positive results.
Drach et al. (44) have followed three patients who also displayed cross-lineage
antigen expression (CD13*CD7*) and in whom the persistence of these cells was
predictive of relapse. More recently, Campana and Pui (8), using multiparametric
flow cytometry, have studied 13 children in CR after BMT. In four patients,
residual leukemic cells were observed, and all relapsed within 2 mo after the
phenotypical detection of MRD. In the remaining nine patients, leukemic cells
were not detected, and seven of them remained in CR with a median follow-up
of over 1 yr after transplant. The other two patients relapsed, and, according to
the authors, should be considered as false-negative cases. Other reports have
focused not on sequential follow-up studies, but on the analysis of the potential
prognostic value of the levels of MRD detected at specific time-points of the
treatment scheme, such as at the end of induction and intensification therapy.
Thus, Reading et al. (/9) have studied 16 AML patients in morphological CR
using three-color stainings analyzed by flow cytometry: Six patients had more
than 0.2% phenotypically aberrant cells in the first remission BM aspirate
obtained following induction therapy, and all relapsed between 1 and 7 mo latter.
Conversely, in the 10 patients with less than 0.2% aberrant cells, only 1 relapsed
during the follow-up period. These findings are consistent with those of Worman
et al. (45), who have also quantitated the number of residual cells in a series of
45 adult AML patients. In two-thirds of these cases, more than 0.5% phenotypi-
cally aberrant cells were detected in the first CR bone marrow sample, and half
of these patients relapsed within 1 yr. As far as our own experience is concerned,
we initially reported on a series of 53 AML patients who entered into morpho-
logical complete remission (mCR) following induction therapy and displayed an
aberrant phenotype at diagnosis, allowing for MRD follow-up (27). In this study,
we observed that patients with =5 x 1073 residual cells with a leukemic-associ-
ated phenotype (LAP+) in the BM sample in mCR obtained after induction
therapy showed a significant higher relapse rate (67% vs 20% for patients with
less than 5 x 1073 LAP+ cells; p=0.002) and alower median relapse-free survival
(17 movsnotreached; p=0,01). Atthe end of intensification therapy, the number
of residual LAP+ cells slightly decreased, and, accordingly, a reduced cutoff
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value of LAP+ cells was used (2 x 1073 cells) for the discrimination of the two
AML risk groups with relapse rates of 69% versus 32%, respectively (p = 0.02).
Interestingly, we also analyzed which one of the two time-points explored (BM
after induction or after intensification therapy) was more informative in terms of
relapse prediction. Our results show a high degree of concordance once the MRD
levels at both time-points are compared, because all except two patients with
high and low MRD levels after intensification therapy corresponded to the same
cases identified as high and low risk in the postinduction BM. Accordingly, the
analysis of the first BM in mCR immediately after induction therapy should
be the first choice in terms of clinical applicability, because it already allows the
discrimination of different patient risk groups, which could contribute either to
individualize or to stratify postinduction treatment in AML patients. Further-
more, we explored whether residual disease was related with the functional
expression of multidrug resistance (MDR-1) at diagnosis. Patients with high
rhodamine-123 efflux displayed significantly higher levels of residual leukemic
cells, probably reflecting that immunophenotypical detection of MRD repre-
sents an “ex vivo” test for drug resistance.

More recently, we have expanded the investigation of MRD to a series of
126 consecutive AML patients who displayed aberrant phenotypes at diagnosis
and achieved mCR with induction therapy (62). Current results confirm the
clinical value of these immunophenotypical studies. Accordingly, four different
risk group categories can be established based on the level of MRD found in the
BM in morphological CR obtained after induction therapy: patients at very low
risk of relapse (<10~* LAP+ cells), at low risk (10#~10~3 LAP+ cells), at inter-
mediate risk (103102 LAP+ cells), and at high risk (>10~2 LAP+ cells) with a
cumulative incidence of relapses at 3 yr of 0%, 14%, 50%, and 84 %, respectively.
It should be mentioned that the adverse prognostic influence of having high
levels of MRD after induction therapy was also observed when M3 and non-M3
leukemias were analyzed separately. Moreover, high levels of MRD were asso-
ciated with some of the most relevant prognostic factors identified in AML, such
as adverse cytogenetics subtypes, the need for two or more cycles of chemo-
therapy to achieve mCR, and both high white blood cell (WBC) and blast cell
counts at diagnosis. In spite of these associations, multivariate analysis showed
that the level of MRD detected by immunophenotypic flow-cytometry tech-
niques was the most powerful independent prognostic factor for predicting both
disease-free survival and overall survival in AML (62). This finding is of particu-
lar interest for clinical practice because, at present, the only relevant factors for
risk stratification of AML are cytogenetics and morphologic evaluation of
response to induction therapy. However, this latter parameter is of limited value
because it only identifies a subgroup of patients with a very bad prognosis: those
who fail to achieve morphological CR; by contrast, information provided by
morphology within those patients who enter into mCR is not really relevant,
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because although some of these patients will remain in continuous CR, many
others will relapse. Therefore, more sensitive techniques for a more precise
assessment of the magnitude of the response to induction therapy are needed and,
according to our results, multiparametric immunophenotypic investigation of
MRD by flow cytometry could represent a very useful tool for the management
of AML patients who achieve mCR after induction therapy.
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9 Minimal Residual Disease
in Acute Myeloid Leukemia

RT-PCR—Based Studies of Fusion Transcripts

Guido Marcucci and Michael A. Caliginri

INTRODUCTION

Acutemyeloidleukemia(AML) isabiologically heterogeneousdisease of the
hematopoietic system characterized by a clonal accumulation of immature
myeloid cellsin the bone marrow. The management of thisdiseaseisclinically
complex, withonly approx 40% of the patientstreated with conventional or high-
dose chemotherapy reaching along-term complete remission (CR). Nonrandom
chromosomal abnormalitiesareidentified at the cytogeneticlevel inapprox 55%
of all adult primary or de novo AML patients and have long been recognized as
important independent prognostic indicators for the achievement of CR, dura-
tion of first CR, and survival following intensive chemotherapy treatment (1,2).
Among these recurrent aberrations, chromosome transl ocations and inversions
often result in genomic structural rearrangements leading to the creation of chi-
meric fusion genes that, in turn, encode fusion transcripts readily detected in
bone marrow (BM) and blood by highly sensitive molecul ar techniques such as
the reverse transcription—polymerase chain reaction (RT-PCR). Because the
fusion transcripts are thought to be specific to the leukemic cells, their detection
in BM or blood from AML patients who achieve CR following intensive treat-
ment has been used as a surrogate marker for minimal residual disease (MRD)
(3-5). It was anticipated that those patients with a positive assay would inevita-
bly relapse as a consequence of thetreatment failure to completely eradicate the
leukemogenic clone, whereas those patients with a negative RT-PCR status
would remain in continuous CR (CCR). Although this strategy has been rela-
tively successful in predicting clinical outcome in chronic myeloid leukemia
(CML) and acute promyelocytic leukemia (APL), its prognostic use in other
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types of myeloid leukemiahasyet to prove useful (6,7). In some cases, infact,
detection of minimal residual disease (MRD) during CR is not indicative of
impending relapse, and chimeric transcripts have been found in patients with
long-term clinical remission and in hormal healthy individuals (8,9). Simi-
larly, a BM or blood sample deemed negative for MRD on the basis of an
undetectable fusion transcript invariably has not been predictive of long-term
remission. These data support the notion that different molecular subgroups
of AML may have a diversified biology, and in some cases, persistence of
chimeric clones following aggressive treatment is compatible with normal
hematopoiesis. At the sametime, it isimportant to underscorethat apositive
or negative result by RT-PCR in remission samples may not be the mere
reflection of the presence or absence, respectively, of atarget transcript, but
may also depend on the experimental conditions used to develop the assay.
Thus, theuseof avery sensitive RT-PCR capabl e of detecting 1 leukemic cell
in 10°-10° normal cells demands several precautions to avoid the potentials
for cross-contamination, leading to fal se-positive results. On the other hand,
an RT-PCR assay with an inferior level of sensitivity may fail to detect a
small but potentially important residual tumor burden, leading to fal se-nega-
tiveresults. In this chapter, we discuss the applicability of MRD analysis by
RT-PCR to theclinical management of AML patientsin remission, exempli-
fying advantages and limitations of this strategy in the context of specific
molecular subgroups of AML.

CORE-BINDING FACTOR AML

Translocation (8;21)(g22;922) and inversion or transl ocation of chromosome
16[inv(16)(p13g22) or t(16;16)(p13;022)] are among the most common cytoge-
netic aberrations found in patientswith AML and are generally associated with
the most favorable prognosis (10). These abnormalities result in the disruption
of genes encoding subunits of the core-binding factor (CBF), an heterodimeric
transcriptional factor involved in the regulation of normal hematopoiesis. In almost
al studies of adult primary AML, t(8;21) and inv(16) or t(16;16), herereferred
toasCBF AML, havebeen associated with the highest CR rate (approx 90%) and
thelongest disease-freesurvival (DFS) at 5yr (approx 60%) (1,10). Thesefavor-
ableresultscould beachieved with incorporation of high-dose ARA-C (HiDAC)
into the consolidationtreatment, asshowninarecent CALGB analysis(CALGB
study 8695) (11). Inthisstudy, patientswitht(8;21) or abnormalities of chromo-
some 16 treated with HIiDAC therapy showed a better DFS and overall survival
(OS) when compared to patients with the same cytogenetic abnormalities but
treated with lower doses of ARA-C, or compared to patients with no or other
cytogenetic abnormalities. A similar favorable impact of the CBF gene rear-
rangements on clinical outcome was also found in the setting of bone marrow
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transplantation (BMT) (11a). Despite these favorable treatment results, how-
ever, asubgroup of patients with CBF AML are destined to relapse, and imple-
mentation of strategiesthat have the potential to predict clinical outcome during
remission are highly desirable.

MRD STUDIES IN (8;21) AML

Thet(8;21)(g22;022) isabal anced transl ocation between chromosomes8 and
21. At the molecular level, this genomic abnormality resultsin the fusion of the
AML1 gene on chromosome 2122 with the ETO gene on chromosome 8g22
(12). A novel chimeric gene, AML1/ETO, created on the derivative chromosome
8, encodesthe AML1/ETO fusion transcript that isreadily amplified by RT-PCR
(13). Detection of the AMLL/ETO fusion transcript in remission samples has
been used in several studiesto define the risk for relapse and the probability to
continuein CR.

Using ahighly sensitive RT-PCR assay with the ability to detect 1 malignant
cell in10°~10°normal cells, several groupshavereported detection of the AML1/
ETO fusion transcript in patientsin early or long-term CR. Nuciforaet al., for
example, analyzed six t(8;21) AML patients by RT-PCR during various stages
of their disease (14). Threepatientsin early CR (1-4 mo) werefound positivefor
the AML1/ETO fusion transcript. Two of these patients subsequently relapsed,
whereas the third patient was alive and in CCR at 70 mo from remission. The
AMLL/ETO fusion transcript was also detected in blood samples from three
additional patientsin CCR for 83-94 mo. Chang et a. described three patients
in CR with blood and BM samples positive for the AML1L/ETO fusion transcript
at 1-5yrfromdiagnosis, and other authorshaveal so reported patientsin CR with
positive RT-PCR following high-dose chemotherapy and autologous BMT
(ABMT) (15,16). Finally, the inability to completely eradicate the AMLL/ETO-
positiveclonedespiteasuccessful treatment wasal so demonstrated in the setting
of allogeneic BMT (alloBMT). We reported on 10 patients with t(8;21) AML
who received aloBMT in either first or second remission or first or second
relapse (8). A variety of myel oablative regimenswere used. Five patientsdevel -
oped acute and/or chronic graft versus host disease (GvHD). Thefurthest remis-
siontime-pointsanayzedforthe AMLL/ETOfusiontranscriptinthese10 patients
ranged from 7.5t0 83.0mo after alloBMT. The AMLL/ETO fusion transcript was
detected by RT-PCR in 9 of the 10 patients: 8 were positive in BM and 1 was
negativeinBM, but positiveinblood. The AMLL/ETOfusiontranscript could not
bedetected inaBM samplefrom theremaining patient at 7.5 mo after alloBMT,
but theamount of RNA availablefor analysiswasdeemed suboptimal. Similarly,
Sanderset al. described a patient with t(8;21) AML who was found positive for
the AMLL/ETO fusion transcript in BM and blood at 18 mo following alloBMT
performed in first CR (CR1) (17).
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In contrast with these data, other groups have reported patients who achieved
RT-PCR-negative status following conventional chemotherapy or alloBMT.
Satakaet al., for example, reported an undetectable AMLL/ETO fusion transcript
during remission in five patients at 52—198 mo following chemotherapy and in
1 patientat 61 mofollowingalloBMT (18). Miyamoto et al. found that, although
the AMLL/ETO fusion transcript was detectable by RT-PCR inremission BM or
blood from 18 patientstreated with conventional chemotherapy, it wasundetect-
ablein 4 patientsin CCR following alloBMT (19). Morerecently, Elmaacagli et
al. reported aseries of patientswith t(8;21) AML who underwent alloBMT (20).
Three of the five patients who wereinitially positive for the AMLL/ETO fusion
transcript by RT-PCR converted to negative test at 6, 9, and 30 mo following
aloBMT and continuedin CR. Two patientswhowererepeatedly positivefor the
AMLY/ETO transcript instead relapsed. Finally, Morschhauser reported aretro-
spectiveanalysisof five patientstreated with alloBMT (21). Three patientswere
transplanted in CR1 and two in second CR (CR2). All of these patients tested
negative for the AMLY/ETO fusion transcript in both BM and blood between 38
and 120 mo during remission. These same authors also prospectively studied
eight additional t(8;21) AML patients who received alloBMT in CR1. Of the
eight patients, three relapsed and five continued in CR. All three patients who
relapsed remained positive for the AMLL/ETO fusion transcript between 3 and
12 mo after transplantation. The five CCR patients instead tested negative
between 6 and 50 mo after transplantation. Among patientstransplanted in CR2,
onewas positive at 8 mo and rel apsed, whereas three with positive BM samples
died with no evidence of disease (NED) as a consequence of therapy-related
toxicity. Only one patient continued in CR despite testing positivein BM at
12 mo; in this patient, the AMLL/ETO fusion transcript became undetectablein
blood at 15 mo following transplantation.

In the same study, the authors evaluated the predictive value of a negative or
positive RT-PCR result in atotal of 51 patients with t(8;21) AML by using two
different assays, anested RT-PCR with a sensitivity of 106 and aone-step RT-
PCRwithasensitivity of 107°(21). Patientswho convertedto RT-PCR negativity
by the one-step assay (60%) or by both assays (48%) after treatment had alonger
CR duration than those with a persistently positive RT-PCR status (two-sided
log-rank test, p = 0.0001). Patients who became RT-PCR negative by the one-
step assay beforeintensive consolidation (23%) had alower relapserate (11%vs
72%) and alonger CR duration than those who remained persistently RT-PCR
positive at the sametime-points (two-sided |og-rank test, p= 0.0015). Theauthors
concludedthat in patientswitht(8;21) AML, RT-PCR negativity can beachieved.
Moreover, a negative RT-PCR result correlated well with decreased risk for
diseaserelapse. Early conversion to anegative result before consolidation treat-
ment seemed to carry an especialy good prognosis, suggesting that RT-PCR
analysis could be helpful in assessing therapy response and stratify patientsto a
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different type of consolidation strategy according to therisk for relapse. How-
ever, it isto be noted that a negative result was more likely to be achieved with
the one-step assay and a positive result with the nested RT-PCR. This disparity
waslikely to berelated to the one-order differencein the sensitivity between the
two assays. Furthermore, despite achieving RT-PCR negativity, a significant
number of patientseventually relapsed, underscoring how anegative result does
not necessarily mean eradication of theleukemogenic clone, but simply indicates
aresidual blast population below the detectable limit of the assay utilized. Nev-
ertheless, the data reported by Morschhauser et al. suggest avery good correla-
tion between molecular status and clinical outcome using the less sensitive
one-step RT-PCR, which may be preferableto the nested RT-PCR because of its
simplicity, alower risk of contamination, and alower cost. Interestingly, these
resultsare similar to those obtained in other molecular subgroups of AML, such
as the PML/RARa acute promyelocytic leukemia. In this context, a positive or
negative result in remission sample by an RT-PCR assay with a sensitivity of 10
correlated well withrisk of relapse or probability toremainin CCR, respectively
(22). In contrast, the presence or absence of apositive RT-PCR losesitsclinical
usefulness when an assay with ahigher level of sensitivity is used, as suggested
by Tobal et al., who detected the PML/RARa fusion transcript or its reciprocal
RARa/PML in patientsin long-term CR (23).

Although a reduced sensitivity may improve the clinical usefulness of the
MRD analysisby RT-PCR, it isa so necessary to underscore the potential risks
for false-negativeresultsthat occur in thiscontext. Variation in the sensitivity of
the RT-PCR assay or intheamount and the source of the starting material (i.e., BM
vs blood) was shown to have a profound impact on the probability of obtaining
apositiveresult. In our hands, for example, the sensitivity for anested RT-PCR
assay changed with individual reactionson the basis of the amount of RNA used
in the reverse-transcription step (8). Using 0.5 g of total cellular RNA isolated
from a AML1/ETO-positive Kasumi-1 cell line AMLL/ETO-negative K562 cell
linedilutionsof 1:10°0r 1:10%, the AML1/ETO fusi on transcript coul d be detected
in89% or 29% of theRT-PCR amplifications, respectively. However, if theRNA
amount isolated from 1:10°% Kasumi-1:K 562 dilution was increased from 0.5 to
1.0. ug, a positive result was obtained in 78% of the RT-PCR amplifications,
suggesting that detection of the AML1/ETO fusion transcript depends not only
on the presence of MRD but also on the absolute number of transcript copiesin
the sample analyzed. In light of these results, we have, therefore, proposed that
the following conditions should be applied to the analysis of remission samples
from patientswitht(8;21)AML: (1) threeindependent PCR amplificationsusing
2.0 g of total cellular RNA per reaction, (2) coamplification of ahousekeeping
gene used as an internal control for each reaction; (3) asensitivity for detection
of the AMLI/ETO transcript of at least 10-° performed simultaneously inall three
independent PCR amplifications, and (4) PCR amplification to be performed on
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both blood and BM. Using these criteriauniformly, it would be possible on the
basi sof anegative RT-PCR assay to scorearemissionsampleas*truly” negative.

Finally, with regard to a persistent RT-PCR positivity in patientsin long-term
remission, more recent studies appear to support the inability of the currently
availabletreatmentsto eradicateresidud AMLY/ETO-postiveclones. Saundersetd.,
for instance, wereableto demonstrateby RT-PCR that the AMLL/ETOfusiongene
isexpressed in colony-forming cells of granulocyte-macrophage originated from
remission BM samplesof patientswitht(8;21) AML inlong-term CR after chemo-
therapy or BMT (24). These results were confirmed by Miaymoto et a., who
demonstrated that AMLL/ETO fusion transcriptswere present in afraction of stem
cells, monocytes, and B-cellsfrom BM of t(8;21) AML patientsin remission (25).
The AMLY/ETO fusion transcripts were also detected in a fraction of colony-
forming cells of erythroid, granulocyte-macrophage, and/or megakaryocyte lin-
eages originated from the same samples. Both of these studies, therefore, strongly
suggest that persistence of residual AMLL/ETO-positive stem cellsin BM iscom-
patible with long-term CR. It isunlikely, however, that these precursors have the
ability to produce a leukemic phenotype without the occurrence of additional
genomic mutations, assupported by recent studiesin AMLL/ETO transgenic mice,
wheremalignant growth resembling granul ocytic sarcomadevel opsonly whenthe
animals are treated with additional mutagenic agents (26).

QUANTITATIVE RT-PCR FOR t(8;21) AML

Based on the current data, it isbecoming clear that the use of MRD detection
by RT-PCRtopredict clinical outcomeint(8;21) AML isnot straightforward and
that, ultimately, it may be difficult to assign broad criteriato predict relapse or
cure only on the basis of a positive or negative result in this group of patients.
Therefore, we and others have recently tested the hypothesisthat quantification
of the AMLL/ETO fusion transcripts during CR could be more useful than a
gualitativeassay to estimatetheburden of theresidual clonal cell populationand,
ultimately, to identify acritical level of MRD predictive of cure or relapse (27—
29). Intheinitial studiesthat used thisstrategy, calculation of levelsof chimeric
fusion transcripts was performed by quantitative competitive RT-PCR (QcRT-
PCR) (28,30). Thisisamethod that uses a known amount of competitor cDNA,
dlightly different in size from the target cDNA but with a presumed equivalent
efficiency of PCR amplification. A known amount of competitive cDNA is
serially dilutedinto tubes containing equival ent but unknown amounts of cDNA
from a patient sample. The equivalence point of target-to-competitor product
ratio at the end of the PCR is used to calculate the starting amount of cDNA in
the unknown patient samples. The dynamic range of target cDNA quantification
is two to three logs, with the best accuracy in estimating the amount of target
cDNA given by atarget-to-product ratio 1:1, visualized after |oading the ampli-
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fication products on an ethidium-bromide-stained gel . Using thisstrategy, Muto
et a. quantified the AMLL/ETO fusion transcript in eight t(8;21) AML patients
at diagnosis and thereafter (28). Four of the eight patients had relapsed (timeto
relapse: 2—22 mo), and four werein CCR (follow-up duration: 4-43 mo). In all
patients, the AMLL/ETO fusion transcript decreased and, in some cases, became
undetectable over time following induction and consolidation chemotherapy.
In the four CCR patients, the level of the AMLL/ETO fusion transcript was
always<0.1fg of thecompetitor dosethroughout their courses. Incontrast, inthe
four relapsed patients, the level of the AMLL/ETO fusion transcript increased to
>0.1 fg of the competitor dose before relapse. Similar results were recently
reported by Tobal et al. BM and blood samples from 25 patients with t(8;21)
AML were evaluated for levels of the AML1/ETO fusion transcript at different
time-points during the course of their disease (30). A considerable variation in
thelevel of theAML1/ETOfusiontranscriptswasshownindiagnosticBM (range:
2.27 x 10%t02.27 x 10” molecules/pg of RNA) or blood (range 0.71 x 10°to 2.27
x 10% molecules/ug of RNA) samples, with at least aone log-fold differencein
thefusion transcript copies between BM and blood. A two to six log-fold reduc-
tion in the level of the AMLL/ETO fusion transcript was detected over time,
followinginduction and consolidation chemotherapy. Therewereno differences
in the kinetics of molecular response between patients who received different
chemotherapy regimens. Most of the patients evaluated, however, continued to
be positive for the AMLY/ETO fusion transcript during remission. Among these
patients, those who continued in CR had alevel of the AMLL/ETO fusion tran-
script consistently <10° molecules/ug of RNA in BM and <10? molecul es/ug of
RNA in blood. In contrast, five patients who relapsed had a significant increase
inthe AMLYL/ETO fusion transcript level in BM (range: 0.71 x 10°t0 2.27 x 10°
molecules/ug of RNA) or blood (range: 2.27 x 10%to 2.27 x 10* mol ecul es/ug of
RNA) within 3-6 mo before onset of hematologic relapse.

Although these data support the concept that in t(8;21) AML, it may be ulti-
mately possible to establish a threshold of MRD above which relapse can be
predicted, the quantification methodology used in these studies was laborious
andrelatively inefficient to beappliedto large patient populations. Theintroduc-
tion of an automated system called real -time (or Tagman) PCR hassimplified the
detection of the absolute amount of an amplified target by eliminating many of
the extra steps necessary in the previous quantitative RT-PCR techniques (31—
33). Inthis system, a probe | abeled with areporter fluorescent dye at the 5' end
and a quencher fluorescent dye at the 3' end is designed to hybridize to atarget
sequence (seeFig. 1). During the extension phase of the PCR cycle, the5' nuclease
activity of Tag DNA polymerase cleaves the probe from the target and releases
thereporter dye from the proximity of the quencher dye, resulting in anincrease
of thetarget-specific fluorescent signal. Theincreasein reporter fluorescent dye
emission is monitored in real time (i.e., during PCR amplification) using a
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Fig. 1. A schematicillustration of thereal-time PCR. (A) A detection probelabeled with
areporter fluorescent dye (R) at the 5' end and afluorescence dye quencher (Q) at the 3'
end specifically hybridizes to the AMLL/ETO fusion cDNA. (B) During the extension
phase of the PCR, the Taq DNA polymerase cleaves the probe from the target. The
reporter fluorescent dyeisreleased from the dye quencher and produces a specific fluo-
rescence signal. (C) The fluorescence signal increases with each amplification cycle
proportionally to the starting amount of the AML1/ETO fusion transcript present in a
given sample. A charge-coupled device (CCD) camerameasuresthe fluorescence signal
emission spectra in real time, approximately every 7 s, allowing quantitation of the
AMLIL/ETO fusion transcript during the PCR amplification (not shown). An excess of
labeled probeis available for hybridization as the amount of amplicon increases during
the PCR amplification.
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Fig. 2. The AML1L/ETO cDNA standard curve for real-time RT-PCR. The C; decreases
linearly with increasing copy numbersof the AML1/ETO cDNA. The standard curve can
then be used to cal cul ate the absolute AML1/ETO fusion transcript copy number present
in an unknown patient sample, following reverse transcription and determination of the
relative C; value during the real-time PCR amplification.

sequence detector system, the 7700 Sequence Detector (Applied Biosystems).
The higher the starting copy of the nucleic acid target, the sooner a significant
increase in fluorescence is observed. The parameter C; (threshold cycle) is
defined as the PCR cycle number at which the reporter fluorescence generated
by the cleavage of the probe passesafixed threshold abovethebaseline. Because
aplot of thelog of initial target copy number for a set of standards versus Cy is
astraight line, it is possible to construct a standard curve (see Fig. 2). Quantifi-
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Fig. 3. Examplesof serial quantification of the AML1/ETO fusion transcript by real-time
RT-PCR at diagnosis, during remission and relapse. Onthey-axis, the AML1/ETOfusion
transcript copy number normalized to a housekeeping gene (i.e., b-actin), on the x-axis
(time in months). (From ref. 33.)

cation of theamount of target in unknown samplesisaccomplished by measuring
Ct and comparing this value with the standard curve. The entire process of
calculating Cy, preparing the standard curve, and determining starting copy
number for unknowns is performed by the software of the 7700 system.

We have applied the above principles to quantification of the AMLI/ETO
fusion transcript at diagnosis, during remission, and at relapse in patients with
t(8;21) AML (27) (see Fig. 3). Using alimiting dilution of aknown quantity of
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an AMLY/ETO cDNA standard synthesized in our laboratory, we have con-
structed astandard curve to quantify the AMLL/ETO fusion transcript in patient
samples. Inorder to minimizevariability intheresultsresulting from differences
inthereverse-transcription efficiency and/or RNA integrity among theunknown
patient samples, theabsolute AML L/ETO fusiontranscript copy number wasthen
normalized to transcript copiesof aninternal housekeeping gene(i.e., f-actinor
GAPDH). Six patientswith t(8;21)(g22;q22) AML who achieved CR were stud-
ied by real-time RT-PCR at different timeintervalsfollowing diagnosis. Differ-
ent levels of AMLL/ETO fusion transcript could be measured at diagnosis, but a
direct correlation between number of blasts and AMLL/ETO fusion transcript
copy number could not be established. Each patient showed a two- to four-log
decrease in the level of the AML1/ETO fusion transcript following successful
induction chemotherapy. In one patient, relapse was preceded by anincreasein
AMLY/ETO copy number. In another case, however, relapse occurred despite a
stable copy number from the remission value. This could be merely the result of
atechnical error or illustrate the limits of the methodology. In fact, RNA-based
MRD detection, asexpression of achimerictranscript intheleukemic clone, may
vary dramatically from patient to patient, if not from leukemic cell to leukemic
cell in the same patient. Thus, low fusion transcript copy numbers detected
during remission may beeither truly reflective of alow number of residual blasts
or only indicative of alow expression of thefusion geneand not indicative of the
number of blast cells or in the leukemic clone. In the latter case, the predictive
valueof aMRD level deemed“low” wouldbeincorrectly estimatedif arelatively
high number of resistant leukemic cellswith reduced fusion gene expression but
high potentia for reexpressing the leukemic phenotype is still present after
treatment.

Other authors have since replicated our results (34,35). Sugimoto et al., for
instance, analyzed BM samplesfrom seven AML patientswith t(8;21) at differ-
ent time points during the clinical courses of their disease by real-time RT-PCR
and found levels of AML1L/ETO expression quantitatively increased before
relapse and decreased following reinduction chemotherapy or donor lympho-
cyte(35). Krauter et al. quantifiedthe AMLL/ETOfusiontranscript relativetothe
expression of the GAPDH housekeeping geneby real-time RT-PCR in 22 patients
witht(8;21) AML atinitial diagnosisand thereafter. The quantitative expression
of the AMLL/ETO fusion transcript varied considerably at diagnosis, with
achievement of a marked decline in the levels of fusion transcript during
remission (34).

Thecollectiveanalysisof these datademonstrated that quantification of levels
of AML1/ETO fusion transcript by both QcRT-PCR and real-time RT-PCR is
feasible and hasagood correspondence with disease status. It ispossiblethat the
use of these strategies applied to larger AML1/ETO-positive patient popul ations
would allow usto identify the threshold of MRD predictive of clinical outcome



148 Marcucci and Caligiuri

and totailor therapeuti c strategies during remission accordingly. Both methodolo-
gies appear comparable for sengtivity, linearity, and reproducibility, as recently
reported by Wattjes et al. (36). The real-time RT-PCR offers, however, some
technical advantagesby providing absol ute quantification of thetarget sequence,
expanding the dynamic range of quantification to over six orders of magnitude,
eliminating the post-PCR processing, and reducing | abor and carryover contami-
nation, which make this technique a more attractive method to be applied in
future studies.

MRD STUDIES IN inv(16)(Q13Q22) AML

Atthemolecularlevel,inv(16)(p13qg22) resultsinthefusion of the CBF3 gene
from chromosome 16422 with the MYH11 gene from chromosome 16p13 (37).
The CBF[3 gene encodes the 3 subunit of CBF. The CBF[3 fusion partner, the
MYH11 gene, encodesasmooth-muscleform of themyosin heavy chain. Severa
studies have demonstrated that the genomic breakpoints within CBF3 and
MYH11 are extremely variable, resulting in the production of CBF/MYH11
fusiontranscriptsof different sizes. Atleast eight different typesof CBFR/MYH11
fusion transcripts have been identified by RT-PCR (38). The most common one
isreferredtoastypeA and hasbeen detected in approx 85% of patientswith AML
and inv(16)(p13g22). Identical CBFB/MYH11 fusion transcripts are detected in
patients with t(16;16)(p13;922), indicating that the genesinvolved in the trans-
location are the same as those involved in the inversion. Whether the different
fusion transcripts have any clinical or biological significance is currently
unknown, but thereis preliminary evidencethat rare CBFB/MYH11 fusion tran-
scripts(i.e., type B-H) are found more commonly than CBFB/MYH11type A in
therapy-related inv(16)(p13g22) AML (39).

Amplification of CBF/MYH11 fusion transcripts in patients with inv(16)
(p13922) AML using aqualitative RT-PCR assay in BM and blood samples has
been used to detect MRD and assess the risk of relapse simply on the basis of a
positive or negative result. Similar to t(8;21) AML, however, this strategy
has produced conflicting results(40). Several studies, for example, havereported
patients who tested negative by RT-PCR, and although most of them continued
in CR, others have relapsed. Claxton et al. reported the first two patients
with inv(16) AML who were studied for MRD during remission (41). Both
patientsin CR for more than 1 yr had a negative RT-PCR assay. Similarly, we
have reported three patients in long-term remission (40). Of the three patients,
two were RT-PCR negative at 36 mo during CR1 following chemotherapy and
one was RT-PCR negative at 12 mo during CR2 following alloBMT. Of these
three patients, two continued in CR1 at 40 and 55 mo, respectively, and the
remaining patient has died of infection with NED at 15 mo after alloBMT.
Incontrast, Martinelli etal. reported two patientswhorel apsedfollowing ABMT,
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despiteanegative RT-PCR assay for the CBF[3/MYH11 fusion transcript at 8 and
12 mo before disease recurrence (42). In the same study, however, seven addi-
tional patients, three of whom treated with alloBMT, continued in CR with a
negative RT-PCR assay. Althoughitispossiblethat at the sampling time-points,
fusion transcript levelsin the rel apsed patients were indeed bel ow the detection
threshold, it cannot be excluded that these negative results are related to arela-
tively low sensitivity level of the RT-PCR assay utilized. The results from this
study, therefore, underscore the need for a standardi zed methodol ogy that could
efficiently elucidate the potential clinical significance of a fusion transcript
deemed undetectable by nested RT-PCR. We have recently proposed that, as a
minimum definition, the criteriathat we used for the AMLL/ETO AML to score
apatient positive or negativefor MRD should also be adopted for CBF/MYH11
AML (33).

Similarly unresolved is the prognostic value of a detectable CBF3/MYH11
transcript, because some studies have reported patientswho continued in remis-
sion despite a positive RT-PCR status. Poirel et al. reported three patients in
remission who were positive at 1, 3, and 6 mo from diagnosis (43). Four addi-
tional patientsin CR were found positive by Herbert et al. between 4 and 22 mo
from diagnosis (44). Costello et al. has proposed that although a positive RT-
PCR assay can be found during remission, conversion from apositiveto anega-
tive status usually occursin those patients destined to CCR (45). These authors
reported on 10 patientswithinv(16) AML treated withalloBMT (n=1), ABMT
(n=15), or chemotherapy (n = 4). Of the 10 patients, 5 were found positive at
2 mo from diagnosis. This early positivity, however, was not predictive of
impending relapse, and only three patients who remained positive beyond 8 mo
from diagnosis relapsed. In alarger study, Martin et a. reported 15 patientsin
first CR following treatment with chemotherapy (n = 8), ASCT (n = 6), or
alloBMT (n=1) (46). All 15 tested positive at least once during remission.
Of the 15 patients, 7 (chemotherapy = 3; ASCT= 3; alloBMT=1) remained in
CCR after amedian follow-up of 48 mo (range: 31-79 mo). These patientstested
positive for the CBF/MYH11 fusion transcript up to 24 mo from diagnosis
(median: 7.5; range: 1-24 mo) before converting to a negative RT-PCR status.
Theremaining eight patients (chemotherapy = 5; ASCT = 3) tested positive for
the chimeric transcript at amedian time of 10.5 mo from diagnosis (range: 5 to
19 mo). These patients never converted to a negative RT-PCR status and even-
tually al relapsed. From the analysis of these data, it emerges that, although
conversion from a positive to a negative test may be a necessary condition to
achievelong-term remission, the prognostic value of apositive RT-PCR contin-
uesto remain uncertain. In fact, in both groups, patients destined to relapse and
patients who continued in CR tested positive at the same time-points during
remission. Inthe seriesfrom Martin et al ., the last conversion from apositive to
anegative statusamong CCR patients occurred at 24 mo. Thiswas5 mo beyond
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thelongest time-point during remission at which thelast of the patients destined
torelapsetested positive before diseaserecurrence. In addition, Tobal et al. have
recently reported two patients post-alloBMT and postchemotherapy who were
positive at 30 and 108 mo from achievement of CR, respectively, supporting the
notion that even a persistent positive RT-PCR assay may be compatible with
long-term remission (47).

Finally, itispossiblethat theintensity of the treatment received has asignifi-
cant impact on the probability of converting from a positive to a negative
RT-PCR statusduring remission. Elmaagacli et al. evaluated by nested RT-PCR
a patient population with inv(16) AML undergoing high-dose chemotherapy
with allogeneic or autologous BMT or peripheral stem cell transplantation
(PSCT) (48). Two patientswhoreceived ABMT and were positivefor the CBF 3/
MYH11 fusion transcript at 3 mo following therapy eventually relapsed. The
remaining eight patients underwent allogeneic BMT/PSCT in CR1 (n=7) or
CR2 (n = 1). At 3 mo following transplant, six of these eight patients were
negative for the CBFf3/MYH11 fusion transcript by RT-PCR and continued in
remission. Of the two remaining patients, one continued to test positive at 6 mo
following transplantation and eventually relapsed, whereas the other patients
converted to anegative status and continued in CR. These datatogether with the
results of other different studies indicated that, in contrast to t(8;21) AML,
patientswithinv(16) AML undergoing alloBMT arelikely to achieve molecular
remission. To date, of 15 patients who underwent alloBMT, only two tested
positivefor the CBF/MYH11 fusion transcript during remission; 1 relapsed and
1 continuedinlong-term CR. Of theremaining 13 patients, all achieved RT-PCR
negativity and continued in CR or died as consequence of therapy-related toxic-
ity with NED. In contrast, of 21 reported patients who underwent ABMT or
APSCT, 9 (43%) haverelapsed, 7 with apositive RT-PCR during remission, and
2 with anegative RT-PCR during remission (42,45,46,48). Whether contamina-
tion of the leukapheresis products by leukemic cells plays an important rolein
determining disease rel apse remains unknown. Costello et al., however, studied
four patientswithinv(16) AML who underwent APSCT (45). Threeof thesefour
patients who were reinfused with leukapheresis products negative for the
CBFB/MYH11 fusiontranscript by RT-PCR remained in CCR at 18-24 mo after
therapy. In contrast, one patient who was reinfused with a CBF/MYH11-posi-
tive leukaphersis product experienced early relapsed. In contrast, Testoni et al.
reported two patients who underwent APSCT with a negative leukapheresis
product; one relapsed and one continued in CR.

QUANTITATIVE ANALYSIS OF MRD IN inv(16) OR t(16;16) AML

Based on the current data, it continues to be difficult to stratify inv(16) or
t(16;16) AML patientsfor risk of diseaserelapseonly onthebasisof thepresence
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or absence of the CBF3/MYH11 fusion transcript by RT-PCR. Conversion from
a positive to a negative RT-PCR status following treatment can occur and is
potentially predictiveof long-term CR, but conversionsduring long-termremis-
sion are not uncommon. Thus, inthe case of apositiveresult, it remainsdifficult
to determinewhether apatient will become negativefor thefusion transcript and
continue in CR or, instead, will relapse. Two recent small retrospective studies
have suggested that a quantitative RT-PCR methodology that detects residual
levelsof CBFB/MYH11 fusiontranscriptsininv(16) AML during CR may prove
more useful to assess treatment response and predict clinical outcome than a
simple qualitative assay (49,50). Utilizing QcRT-PCR, both of these studies
found that the decline in the amount of fusion transcript following treatment
occurs over avariable length of time and suggested that the degree of log-fold
reduction in the level of the CBF/MYH11 fusion transcript is predictive of
patients' outcome. In neither study, however, wasit possible to identify, during
CR, an absolute threshold of fusion transcripts above which relapse occurs and
below which cureislikely. Moreover, limitations such as the small number of
patients analyzed in the two studies (n = 7 and n = 5, respectively), the variety
of treatments used, and the narrow dynamic range of quantification of the tech-
nique utilized in both studies prevent any firm conclusion from being drawn.
As discussed for the t(8;21) AML, the recent introduction of the real-time
RT-PCR appears promising for resolving some of the technical limitations
intrinsic in theseinitial quantitative analyses. We have recently reported on
16 uniformly treated patientswithinv(16) AML (51). Thepreliminary datafrom
this study suggested that a high CBFB/MYH11 transcript copy humber during
remission correlated with risk of relapse and CR duration. Future large prospec-
tive studies that analyze cohorts of uniformly treated patients and utilize BM
and/or blood samples collected at the same specific time-points are, however,
necessary to establish the predictive value of CBF[3/MYH11 fusion transcript
guantificationinorder to provideuseful information for theclinical management
of patients with inv(16) or t(16;16) AML during remission.

MLL-ASSOCIATED AML

Rearrangements of the MLL (ALL1, HRX, Htrx-1) gene, located on chromo-
some band 11g23, characterize 5-10% of adult and pediatric de novo acute
leukemias and more than 50% of secondary AML following treatment with
inhibitors of topoisomerase Il (2,52). The majority of these cases present with
reciprocal translocations involving at least 25 other chromosomes, most
commonly t(4;11)(g21;923), t(6;11)(g27;923), t(9;11)(p22;923), and t(11;19)
(g23;p13). Inaddition, asel f-rearrangement of MLL wasdescribed intheabsence
of fusion with any other chromosome partner (53,54). |n most instances, abnor-
malities involving MLL are associated with a poor clinical outcome (55).
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To date, only afew studies have addressed the prognostic value of detection
of fusiontranscriptsby RT-PCRin MLL AML, and it remainsunknown whether
molecular remission is anecessary condition for achievement of prolonged CR
in this group of patients. In arecent study, 27 out of 210 patients (13%) were
found with rearranged MLL genes by Southern blot analysis (56). Of the 27,
the MLL/AF6 fusion transcript was detected in 6 patientsby RT-PCR. Sequence
analysis showed that in these patients different types of MLL/AF6 fusion tran-
scripts involving MLL exons 5, 6, or 7 and AF6 exon 2 could be detected.
MLL/AF6-positive patientswere monitored by RT-PCR for aperiod of 6-33 mo
following achievement CR (56). Five of the six patients had MLL/AF6 fusion
transcripts detectable in every sample tested during remission and eventually
relapsed (CR duration range: 2.6-8.3 mo). The remaining patient, who achieved
molecular remission, remained in CR 33 mo after diagnosis. In asecond study,
four patients with t(9;11) AML were serially monitored by RT-PCR for the
MLL/AF9fusiontranscript for aperiod of 4—23moduring CR (57). Two patients
became RT-PCR negativein BM and blood after one cycle of induction chemo-
therapy and remained in CR at 15 and 22 mo from diagnosis, respectively.
Two additional patients who initially achieved CR failed to become RT-PCR
negativefor the MLL/AF9 fusion transcripts. One of these patientsrelapsed 5 mo
after achieving CR, whereas the other received alloBMT in CR1 and became
RT-PCR negative. Unfortunately, because of the small number of patients ana-
lyzed, it is difficult to draw a definite conclusion from these studies. However,
it appears that in AML patients presenting with t(6;11) or t(9;11), the use of a
qualitative RT-PCRin AML may be more applicablethan in other subgroups of
AML, and achievement of molecular remission can predict afavorable outcome.

In contrast with these results, for patients who present with a self-rearrange-
ment of MLL in the absence of fusion with any other chromosome partner,
analysis of MRD may not be so straightforward. This genomic abnormality
resultsin apartial tandem duplication (PTD) of an internal portion of MLL that
createswithinthe MLL genetranscript auniquefusion of exonsinwhichtheopen
reading frame (ORF) is always maintained. Sinceitsinitial discovery, the PTD
of MLL has been found to be present in the majority of primary AML patients
withtrisomy 11 asasole abnormality and in afraction of primary AML patients
with trisomy 11 accompanied by additional cytogenetic abnormalities (58).
Recently, we and others have reported that the PTD of MLL canalso befoundin
5-10% of adult patientswith AML and normal cytogenetics (59). It was antici-
pated that monitoring for evidenceof MRD by RT-PCR inthispatient popul ation
could beimportant for assessing treatment response and in atimely prediction of
disease relapse. Therefore, we completed a study to determine if BM or blood
from normal donors express the fusion transcripts that result from the PTD of
MLL or whether these transcripts are instead restricted to leukemic blasts (9).
The ultimate goal of this study was to determine the specificity of fusion tran-
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script amplification by RT-PCR to detect MRD in AML patients with the PTD
of MLL. We analyzed 60 healthy normal donorsfor the PTD of MLL by nested
RT-PCR andfound that in 10 of the 60 samples(16%), it was possibleto amplify
a unique transcript showing an abnormal fusion of MLL exons. Marked differ-
ences, however, were observed between the MLL fusion transcripts detected in
normal donors and those detected in leukemic patients with a PTD of MLL
documented at the genomic level. First, the transcripts detected in normal indi-
viduals were not of similar size or composition compared to those described in
AML patients. Second, fusion transcripts resulting from the PTD of MLL in
AML haveall beenin-frame and found in the polyA+ fraction of the RNA, with
the PTD of MLL that is always demonstrated at the genomic level as well.
In contrast, only 5 of 10 MLL fusion transcripts detected in normal donorswere
in-frame, suggesting this to be a random event. Moreover, these fusion tran-
scripts from normal samples could be amplified only in the total RNA fraction,
and notinthepolyA+RNA, suggesting that they arenot translatedinto apartially
duplicated protein. Finally, no rearrangement of the MLL gene could be identi-
fied at the genomic level by Southern analysisor DNA PCR amplificationinthe
normal individuals otherwise positive for the fusion transcripts. Collectively,
these results suggested that the genesis and the composition of the MLL fusion
transcriptsfound in normal cellsaredistinct from those found in leukemic cells,
reflecting thedifferent biological significanceof each product. It appearsthat the
fusion transcriptsin normal samples are not derived from a mutated MLL gene,
but, rather, may be generated during a mRNA splicing process termed “exon
scrambling.” Recently, theseresultswereconfirmed by two other groups(60,61).
Inthestudy by Schnittger et al., however, theincidence of MLL fusion transcript
in normal donorswas higher and the PTD of MLL genewas detected by genomic
PCR, whereasin the second study, Caldas et a. confirmed the presence of MLL
“scrambled” transcriptsin normal BM without detecting the PTD of MLL at the
genomiclevel. Although thereasonsfor these differencesremainto beresolved,
these studies underscore that the presence of MLL fusion transcripts detected by
RT-PCR may not be sufficiently specific for diagnosis of AML associated with
the PTD of MLL associated and, in addition, may not correlate with a correct
assessment of MRD during remission.

UNIVERSAL MARKERS FOR MRD

Despiteits limitation, the use of specific chimeric genes or their fusion tran-
scripts by RT-PCR—based methodologies may represent an important step in
understanding the significance of MRD and implement a risk-adapted strategy
inthoseAML patientswho achieve CR. Unfortunately, thisapproach can be used
only in the context of fully characterized genomic abnormalities, whereas it
cannot be used in AML patients who present with normal cytogenetics or other
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chromosome rearrangementsthat fail to generate chimeric transcripts. For these
patients, the demand for “universal” molecular markers that could consistently
be used to assesstreatment response and predict clinical outcomeindependently
of specific genomic rearrangements has remained, thus far, unanswered.

In the search for disease-specific markers, the prognostic value of WT1 gene
expression at diagnosis or during remission has been assessed in patients with
acuteleukemia. WT1isatumor suppressor genethat encodesazinc-finger DNA-
binding protein. This gene plays a key role in the carcinogenesis of Wilms'
tumor, but its expression has also been demonstrated in embryologic develop-
ment of genitourinary organsand during normal hematopoiesis. WT1 transcripts
havebeen demonstratedinthemajority of patientswith acuteleukemiaand CML
(62). In about 80% of patients with acute leukemia, the WT1 transcript was
detectableby RT-PCR, and in somestudi es, an associ ation between WT1 expres-
sion and an increased risk of relapse was shown. Therefore, detection of WT1
transcript by RT-PCR has been suggested to be a potential marker for MRD in
acute leukemia regardless of the presence or absence of other tumor-specific
DNA markers (63). Inoue et al. monitored WT1 expression in nine acute leuke-
miapatientsduring remission. In four patients, WT1 transcriptswere detected at
2-8 mo before clinical relapse (62). The same group has recently updated their
initial results by reporting 31 patients (27 with AML, 2 with acute lymphocytic
leukemia[ALL], and 2with acute mixed lineageleukemia) treated with conven-
tional chemotherapy, and 23 patients (13AML,5ALL, and 5with CML) treated
with alloBMT (64). In these patients, expression of WT1 transcript was
assessed in serial samples by RT-PCR. Sixteen patients in the chemotherapy
group and three patientsin the alloBM T group relapsed following achievement
of CR. In 10 of these patients, WT1 expression that had returned to low levels
during remission, significantly increased at 1-18 mo before clinical relapse.
Inanother ninepatients, thelevel of WT1 transcript never significantly decreased
after achievement of CR, and the subsequent relapse was accompanied by a
further rapidincreasein WT1 expression. Levelsof WT1 mRNA intheremaining
35 patients who continued in CR instead remained significantly low during
remission.

Incontrast, Geigeret et al. found no correl ation between WT1 expression and
probability of relapse (65). These authors analyzed WT1 gene expression by
RT-PCRin serial blood or BM samples from patients with de novo AML up to
95 mo after diagnosis. Of those patientswithWT1-positive AML, 44 weretreated
with chemotherapy, whereas 24 patients underwent unrelated donor (n = 4),
sibling donor (n = 13), or autologous (n=7) BMT. After achieving CR, 62% of
these patientsbecameWT1 negative, whereas38% remained WT1 positive. There
was no difference in DFS or OS between WT1-positive and WT1-negative
patients. Following BMT, 32% of the patients analyzed in CR within the first
100 d after transplantation were WT1 positive by RT-PCR. Detection of WT1
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transcripts within 100 d following BMT, however, did not affect DFS and OS
after transplantation. Ten of 11 patientswho werein CCR for morethan 3yr had
been transiently WT1 positive during the observation period. Thirteen relapsed
patientswere WT1 negative at 4 mo before disease recurrence, and eight of them
were WT1 negative at the time of relapse. These data indicate that (1) achieve-
ment of WT1 negativity is not associated with longer DFS and OS, (2) not all
patients who relapse become WT1 positive again, and (3) patientsin long-term
CR frequently display the WTL transcript. Similar results were reported by
Elmaagacli et al. in 46 patients with acute leukemia after alloBMT or PSCT
(65a). Prior to alloBMT, WT1 transcripts were detected by RT-PCR in 38 of 46
patients (83%). In 14 of 38 patients(37%), WT1 transcriptswere detected at | east
once posttransplant (range: 1-89 mo). Twelve of the 38 patients relapsed after
transplant, but only 7 of the 12 were WT1 positive. Infive relapsed patients, the
WT1 RT-PCR status remained negative 0—3 mo prior to relapse. On the other
hand, only 7 of 14 patientswith apositivetest for WT1 after transplant rel apsed.
In 17 of the 46 study patients, chromosomal abnormalities had been found prior
to transplant. In these 17 patients, the WT1 transcript was simultaneously
expressed with other fusion transcripts specific for the corresponding chromo-
somal abnormality. In 32 of 45 samples (71%), the results for the fusion tran-
scripts and WT1 transcript were concordant, but differed in 13 patients. On the
basis of these data, therefore, it is possible to conclude that the value of WT1
transcript detectionto predict leukemicrelapseremains, at thevery least, contro-
versial. Other more recent fusion products such asthe PTD of FLT3 detected in
AML patients will be important to assess for predictability in a prospective
fashion (66—69).

Finally, another area of potential interest for disease “universal” markersis
represented by detection of genesthat become methylated in AML. Recent data
have suggested that hypermethylation of the promoter area of a few selected
genes is an important mechanism of inactivating growth control and/or tumor
suppressor genes during different phases of leukemogenesis (70-72). Because
these epigenetic mutations are independent of specific chromosome rearrange-
ment, the use of PCR-based methodologies could be used to detect methylated
genesas” universal” markersto predict diseaserel apse. Thesemethodol ogiesare
based on the introduction of methylation-dependent sequence differences into
the genomic DNA by sodium bisulfite trestment and PCR amplification (73).
The combination of bisulfite treatment and PCR amplification results in the
conversion of unmethylated cytosine (C) residues to thymine (T) and in the
conversion of methylated cytosine (m-C) to cytosine (C). The net result are two
possible distinct sequences of the same DNA site, depending on the methylated
or unmethylated status of the original sequence, that can be exploited asamarker
for MRD by using specific primersand restriction enzyme analysis of theampli-
fied product. Furthermore, the methylation-dependent sequence modifications



156 Marcucci and Caligiuri

of target genes can be quantified by applying the quantitative real-time PCR
technology (74,75). Thus, asnew methylated genesareidentified and character-
ized, these bisulfite—-PCR-based assays will be tested for their usefulness in
determining the incidence and the prognostic significance of genes methylated
in AML at diagnosis and during remission.

CONCLUSION

In summary, analysis of MRD is an appealing strategy to stratify AML
patientsfor risk of relapse during remission. The applicability of thisstrategy,
however, suffers from technical limitations, which could be overcome by the
systematic utilization of standardized methodologies and their prospective
evaluation in larger patient populations. In addition, it will be important to
develop markersthat can be utilized independently from specific chromosome
rearrangements. Unfortunately, despite numerousstudies, these goal shave not
been met and, thus, the usefulness of MRD analysis by RT-PCR for the man-
agement of AML in remission remains undetermined. Moreover, becauseit is
unlikely that the presence of a chimeric gene by itself is causative of leuke-
mogenesis, but rather isimportant in addition to other genomic changes, detec-
tion of chimeric clone in remission may not be predictive of a clonal cell
potential to expressaleukemiaphenotype (2). Thishypothesisissupported by
studies showing the presence of hemetopoietic precursors carrying chimeric
fuson genes in patients in long-term remission and by the inability of fusion
genes by themselves to induce leukemia in transgenic mouse models (24—
26,76). Monitoring just the fusion transcript and not also monitoring other
genomic rearrangements such as deletions or epigenetic mutations such as
methylation may lead to incorrect identification of the true residual leukemic
blasts. Inthisregard, innovative gene microarray technol ogiesarebeing devel -
oped and applied to the study of the molecul ar biology of hematopoietic clonal
disease (77). It is conceivable, therefore, that the use of these methodologies
may identify additional structural and functional genomic changes occurring
with the fusion genes, providing additional important characterizations of the
malignant potential of residual blasts detected at initial presentation of that
may be used singly or in combination to follow the progression of the disease
as amarker of MRD during remission.
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1 O Minimal Residual Disease

in Acute Promyelocytic Leukemia

Francesco Lo Coco and Daniela Diverio

INTRODUCTION

Acute promyelocytic leukemia (APL) is a unique subtype of acute myeloid
leukemia (AML) with specific genetic and clinical features, which include the
frequent association at diagnosisof alife-threatening hemorrhagic diathesis, the
presence in leukemic blasts of a specific chromosome translocation that has
never been detected outsidethe APL context, and astriking responseinvitro and
invivo to retinoids such as al-transretinoic acid (ATRA) (1-5). In light of the
associated risk of massive bleeding (approx 10% of early hemorrhagic death are
still reported even in patients receiving state-of-the-art modern treatments) (6—
14), APL should be considered amedical emergency. Together, the above char-
acteristics contribute to classifying this disease as a unique leukemic subset
requiring immediate recognition by means of genetic diagnosis and early onset
of tailored treatment.

Detection of the APL-specific chromosome aberration (or of its molecular
counterpart) permits identification of virtually 100% of patients responsive to
ATRA, which, in turn, is known to exert its action through targeting the same
product of thet(15;17) (i.e., the PML/RARa protein) (1-5) (see below). In addi-
tion, by inducing cell differentiation, ATRA therapy may effectively counteract
the hemorrhagic syndrome and improve the coagulation parameters (15).
According to recently reported multicenter trials, combined ATRA and
anthracycline-based chemotherapy resultsin long-term remission and potential
curein up to 70% of cases (6—14), whereas prior to 1990, no more than 30% of
patients were reported as long-term survivors after receiving conventional che-
motherapy (16). Two major advances have contributed to this impressive
improvement: theidentification of the APL-specific genetic lesion and theintro-
duction of retinoidsin frontline therapy.

From: Leukemia and Lymphoma: Detection of Minimal Residual Disease
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In 1990, only afew months after the report of first clinical experienceswith
ATRA (17), severa groupsclonedthet(15;17) and demonstrated that two genes,
the retinoic acid receptor-a (RARa) and the newly described PML gene (for
promyelocytic), were joined together to form ahybrid protein as aresult of the
chromosomal recombination (18-20). Asit occurred withthe BCR-ABL hybrid
underlying the Philadel phiachromosome detected in chronic myeloid leukemia,
the identification of such novel abnormality led to an impressive series of basic
and applied studies. Thelatter included development of polymerase chain reac-
tion (PCR)-based strategiesfor improving diagnosisand for analysis of minimal
residual disease (21-29). In addition to the important progress in diagnostic
recognition, it was soon demonstrated that use of the PCR technology to assess
responseto therapy and clinical outcome could be helpful inthe management of
APL. In fact, a number of studies published in the early 1990s indicated that
patients who converted from PCR negative to PCR positive for PML/RARa
while in clinical remission were at higher relapse risk and, conversely, that
negativization of PML/RARa below PCR sensitivity levelswas associated with
improved outcome (28-34). More recently, large cooperative studies in which
patients were prospectively monitored have confirmed these results and several
groups worldwide are currently using PCR results to guide therapy (7,35,36).
In light of this possibility and considering the availability of a disease-specific
agent targeting the genetic lesion, APL is now regarded as a paradigm for
molecularly targeted and PCR-driven therapy in hematooncology. However, a
number of issues related to the technique itself and to its reproducibility and
standardization have been raised and actually deserve special attention (37).
The objective of solving these controversiesis, obviously, that of alowing cli-
nicians a better comparison of PCR results among studies, in order to feel more
confident with respect to PCR-based therapeutic decision.

We will describe here methodologic and clinical aspects of PCR studies
appliedto APL diagnosisand monitoring. Furthermore, wewill review critically
the resultsreported so far in clinical trials and relevant investigational areasfor
future research.

MOLECULAR ARCHITECTURE OF THE t(15;17)
AND ROLE IN APL PATHOGENESIS

APL is cytogenetically characterized by reciprocal translocations that con-
stantly involve chromosome 17, with breaks within the locus encoding for the
retinoic acid receptor-a (RARa) (18-20). Usually, the chromosome partner is
the 15, with the break located within the PML locus. The t(15;17) originates
several aberrant proteins, including PML/RARa on the 15g+, RARa/PML on
the 17g—, and a truncated PML gene (26). The RARa/PML fusion gene is
expressedinapprox 70% of APL s, whereasthereciprocal PML/RARa isdetected
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in amost 100% of cases, being, therefore, more suitable for routine molecular
diagnosis and monitoring (38). On the 17q, the breakpoints are consistently
located in RARa intron 2 (39,40), whereas on 15q, the breakpoints may be
located at three different sites of the PML locus (26). Based on this variability,
threedifferent PML/RARa isoformsareformed (26—-28). Of these, the so-called
“long transcript,” derived from PML bcrl, is detected in 55-60% of cases; the
“short transcript” created asaconsequenceof ber3 PML breakpointsisdescribed
in 35—40% of patients, and, finally, abcr2 PML breakpoint (or “variable” tran-
script, derived from breaks in PML exon 6) is found in approx 8% of cases
(7,11,12).

The hybrid PML/RARa transcript retains both the PML RING finger and
dimerization domains and the RARa DNA-binding and retinoic-acid-binding
domains. Inthepresenceof physiological concentrationsof ATRA, PML/RARa
acts as a transcription repressor on target genes, interfering with normal RAR,
RXR, and PML functions (1-5). When analyzed with specific antibodies, the
PML protein shows, in normal cellsand in non-t(15;17) leukemias, a character-
istic nuclear staining in nuclear bodies (also named PODs). Interestingly, this
pattern is abrogated in t(15;17)-positive cells and replaced by a microspeckled
nuclear distribution. The identification of microspeckled structures correlates
withthepresence of thePML/RARa protein asdetermined by RT-PCR analysis,
and is therefore suitable for the purpose of correct diagnosis (41,42).

In rare cases, the APL phenotype might be associated with translocations
involving RARa at 17q and other chromosomeregions(i.e., 11923, 5932, 11913
and 17921 with breaks in the PLZF, NPM, NuUMA, and STAT5b loci, respec-
tively). The resulting hybrid genes encode PML/RARa, PLZF/RARAa,
NPM/RARaq, or STAT5b/RARa fusion proteins, all of which retain the same
portion of RARa (43-46). Among the APL variants associated with distinct
fusion genes, only the PML/RARa and the PLZF/RARa forms have been char-
acterized in detail at the biological and clinical level (1-5,47). Despite the fact
that PML/RARa and PLZF/RARa APLsshow clinical similarity, ATRA treat-
ment induces differentiation only in PML/RARa APLs (1-5,47). Moreover,
bothPML/RARa and PLZ/RARa transgenic micedevel op leukemias; however,
only leukemias from PML/RARa mice are ATRA sensitive (48-52).

The potential of PML/RARa to interfere with hematopoietic differentiation
is thought to involve transcriptional deregulation of retinoic acid (RA)-target
genes. RARsare RA -dependent transcription factorsthat, in adult hematopoi etic
cells, areinvolved in the control of terminal differentiation (53). In the absence
of RA, RARsrepresstranscription by recruiting thenuclear corepressor (N-CoR)—
histonedeacetylase (HD) complex. Low level sof histoneacetylation arethought
to lead to a repressive chromatin conformation. RA releases the HD complex
fromRARsand recruitsmultiplecoactivators, thusresulting in activation of gene
expression (54-57). PML/RARa retains the ability of RARa to regulate tran-
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scription of RA-target genes. Indeed, the integrity of the PML/RARa DNA-
binding domainisessential for both the transcriptional regulation propertieson
RA-target genesand the effectson differentiation of thefusion protein. PML/RARa
and PLZF/RARa fusion proteinsrecruit the N-CoR/HD complex through their
RARa moiety. PLZF/RARa contains asecond, RA-resistant binding sitein the
PLZF N-terminal region. This might explain why high doses of RA release HD
activity from PML/RARa, but not from PLZF/RARa (54-57).

GENETIC CHARACTERIZATION OF APL
AND UTILITY OF REVERSE TRANSCRIPTION-PCR
AT DIAGNOSIS

Based on the equation specific lesion = specific therapy, modern diagnosis of
APL must aim at rapidly identifying the genetic abnormality. This can be dem-
onstrated at the chromosome, DNA, RNA, or protein level. Karyotyping on
banded metaphases allows identification of the pathognomonic t(15;17) in the
majority of cases; however, fal se-negative results are not uncommon, asaresult
of the analysis of cells not belonging to the neoplastic clone or, alternatively, to
poor quality metaphases or occurrence of cryptic rearrangements (1-5). This
clearly indicates that lack of at(15;17) by conventional cytogenetics does not
necessarily preclude adiagnosisof APL. The use of fluorescencein situ hybrid-
ization (FISH) with specific probesfrequently allowsoneto overcomethedraw-
backsof karyotyping by identifyingthe PML/RARa rearrangement in caseswith
cryptic translocations or apparently normal karyotype (58).

Southern blot might be employed to identify rearrangementsin the PML and
RARa loci, although it is alaborious approach. In fact, several probes must be
used to confirm theinvolvement of both PML and RARa (39,59,60). Anti-PML
polyclonal or monoclonal antibodiesto analyze the PML distribution patternin
leukemic cells provide a rapid and simple diagnostic tool. This latter method
exploitsthe characteristic aberrant distribution of thePML proteinderiving form
the translocation t(15;17), often referred to as “microspeckled,” which differs
considerably from that observed in normal cells and in non-t(15;17) leukemias
(so-called “nuclear body” PML distribution) (41,42,60). In light of their poor
sensitivity, conventional karyotyping, Southern blot, and PML immunostaining
are not suitable for MRD assessment.

Diagnostic detection of PML/RARa in leukemic cells by reverse transcrip-
tion (RT)—PCR isthe most specific and sensitive method for establishing patient
eligibility into state-of-the-art ATRA-containing regimens (21-29). In light of
thisand becauseitistheonly techniquethat definesprecisely the PM L breakpoint
typeallowing oneto establish acorrect strategy for successive MRD monitoring,
RT-PCR of PML/RARa should be mandatory at diagnosisinevery APL patient.
Recent results of large multicenter studies have indicated complete remission
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rates close to 100% for patients who had diagnosis confirmed by RT-PCR
(6,7,11,12). Updated resultsof theltalian GIMEM A study show that, of 480 patients
PML/RARa positive by RT-PCR who completed the induction phase, only 1
(0.2%) was resistant to a treatment combining ATRA and idarubicin (unpub-
lished data).

The main technical approaches for genetic diagnosis of APL, together with
advantages and pitfalls of each method, are shown in Table 1.

RT-PCR AMPLIFICATION OF PML/RARa:
TECHNICAL ASPECTS

The quality of RNA and efficiency of the reverse transcription (RT) step are
themostimportant determinantsfor successful RT-PCR analysisof PML/RARa
(58,61). Analysis of the extracted RNA by running into a minigel is recom-
mended for detecting degradation and/or gross DNA contamination. At diagno-
sis, blood or marrow samplestaken from an APL patient are particularly prone
torapid clotting, cell damagerel ease of enzymesthat could affect RNA yieldand
integrity. Rapid isolation of mononuclear cells and storage in a guanidium—
isothiacyanate (GTC) solutionisimportantinorder to prevent RNA degradation.
Asfor the reverse-transcription (RT) step, improved specificity of the reaction
and amplification of cleaner products have been reported using the hot-start
method, which contributes to minimize primer misannealing and enhances sen-
sitivity of thereaction (29). Controlsof the diagnostic assay should include both
theNB4 cell line (long transcript) and RNA derived from apatient with the short
PML/RARa isoform. Negative controlsshouldincludeawater laneand ano-RT
laneto distingui sh between possible RNA or cDNA contamination, respectively.
Tofurther verify RNA integrity and efficiency of the RT step using patient RNA
(“internal control”), some authorsamplify one of thetwo normal genesinvolved
in the translocation, whereas others analyze a gene with a ubiquitous but low
expressions gene (62). Choice of the internal control is particularly relevant in
the context of MRD studies. Figure 1 shows the location of PML and RARa
primers and the distinct types of PML/RARa isoforms that may be detected in
t(15;17) APL. Given two alternative splicings of PML exons downstream of
exon 3 and two distinct locations of breakpoints, external PML primers would
amplify asingle band in bcr3 (short or S transcript) cases and a multiple band
patternin berl-2 (long or L transcript) cases (26). In these latter, the successive
use of aninternal PML primer allows the resolution of asingle band. Thus, the
appropriate primer set capable of amplifying asinglefragment will bepreferably
used after induction treatment for MRD monitoring.

AsconcernsMRD tests, themost critical issuesarethetiming of sampling, the
sensitivity of the assay, and the controls of the reaction (58). The timing of
samplingisstrictly dependent onthetypeof clinical context (e.g., ATRA,ATRA
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Table 1

Techniques Used for Genetic Diagnosis of APL

Method Target lesion Advantages Pitfalls

Karyotype t(15;17) Highly specific; Frequent “normal” K (cryptic PML/RARQ)
widely available

Southern blot PML and RARa Highly specific Time-consuming and laborious

rearrangements (severa hybridizations required)

RT-PCR PML/RARa hybrid Rapid; specific; Prone to false positive (contaminations, artifacts);
highly sensitive poor RNA yield

PML immunostaining PML nuclear pattern Rapid; specific Artifacts resulting from cell degradation;

poorly sensitive
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Fig. 1. Schematic representation of the three major PML/RARa isoforms and location
of oligoprimers (arrows) used for the RT-PCR amplification of the hybrid transcript.

pluschemotherapy, all ogenei ctransplantation). M oreover, thefrequency of PCR
testing might be adapted to the relapse risk, which, in turn, may be considerably
different from patient to patient. For example, a higher risk has been calcul ated
for hyperleukocytic APL (63). Finally, thefirst 6-8 mo after theend of frontline
induction and consolidation represents a higher relapse risk (6—14), and during
which amore stringent monitoring might be justified. Thus, establishing appro-
priatetimeintervalsfor MRD evaluationsisrelevant to obtaining useful clinical
information.

False-negative PCR hasbeen attributed to the limited sensitivity of the assays
used. This, in turn, depends largely on reasons intrinsic to the disease biology.
Infact, it has been shown that the PML/RARa hybrid is expressed at extremely
low levelsin APL cells and is more unstable than the two wild-type genes.
Toincreasetheefficiency of reversetranscription, Sealeet a. (61) suggestedthe
use of greater amountsof RNA (upto 20 ug), initial denaturation of RNA (65°C
for 5min), and elongation of theincubation timeto 2 h. Such modificationsand
the application of the hot-start principle allow one to increase the cDNA yield,
as reproduced by others and by our group. Internal controlsto be chosen in the
context of MRD should be low-expressed genes devoid of pseudogenes and
should be diluted in order to quantitatively reproduce the minimal amounts of
MRD (62).
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CLINICAL SIGNIFICANCE
OF THE DISTINCT PML/RARa ISOFORMS

Initial studies published in the early 1990s suggested that patients with the
short (bcr3) isoform had an inferior outcome, as compared to those carrying the
long PML/RARa transcript (64,65). In addition, astudy by Gallagher et al. (66)
indicated a poorer response to ATRA in vitro for patients with the bcr2 (or
variable) isoform. More recently, the same analysisin alarger series published
in Europe (7,11,12) and in the United States (67) did not report a significant
difference in the outcome of APL patients according to PML/RARa junction
type, although atrend toward a poorer clinical outcome was found for patients
with the short isoform. One important difference explaining such apparent dis-
crepanciesisrelated tothedifferent therapeutic context. Infact, although patients
with bcr2 and ber3 isotypes might be less responsive to ATRA aone, such
difference seems to be abrogated with modern combinatorial regimens, includ-
ing chemotherapy and ATRA, as shown by the US Intergroup (67), the Italian
GIMEMA (7), the British MRC (11), and the Spanish PETHEMA studies (12).
However, it hasto be emphasized that in the reported series the techniques used
fail todistinguishthebcrl fromber2 PML/RARa isoforms. Hence, the prognos-
tic significance of including bcr2 patients in the long-transcript group is
unknown. However, the bcr2 patient cohort accountsfor only 8% of APL cases
(58). A recently reported in vivo study in patients enrolled in the US Intergroup
trial did not clarify thisissue, given thelow patient number and the fact that hal f
of them received chemotherapy alone (67). A longer follow-up of largeclinical
trials will probably clarify better the prognostic significance of PML/RARx
isoforms.

LONGITUDINAL PCR STUDIES OF MRD IN APL

Thefirst technical reports on RT-PCR strategies to amplify the PML/RARQ
hybrid were reported in 1992 by Miller et al. (21), Biondi et a. (22), Castaigne
etal. (24),andBorrow et al. (23). Thesewereimmediately followed by anumber
of studies on MRD assessment after therapy, which included mostly retrospec-
tive evaluations performed in patients receiving ATRA aone or with chemo-
therapy (25—34). Together, these showed that treatment with ATRA givenasa
singleagent wasa most uniformly associated with persistence of PCR positivity.
Confirming previousclinical observation, thisindicated that ATRA givenorally
was unable to eradicate the leukemic clone. By contrast, chemotherapy and/or
bone marrow transplantation was associated in approximately half of the cases
with negativization of the PCR test. Moreover, using techniqueswith sensitivity
10-1073, patients in long-term remission invariably tested PCR negative,
whereas conversion from negativeto positive during hematol ogic remissionwas
strongly predictive of subsequent relapse (25-34). This suggested, in turn, that
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Table 2
Results of Prospective RT-PCR Monitoring of PML/RAR«
in APL Patients Treated in the GIMEMA, MRC, and PETHEMA Trials

Difference
% Patients inrelapse risk
PCR positive/ in patients Relapse risk

Sudy group PCRnegative positive vs negative % Positive at2yr

(ref.) after induction postinduction postconsolidation (all patients)
GIMEMA 40 NS 5 20

(7)
MRC 60 NS 6 25

(11)
PETHEMA 51 NS 7 10

(12)

Note: NS = not significant.

molecular remission represents a more appropriate and advanced therapeutic
objective in APL. Following publication of these preliminary reports, several
groups initiated prospective PCR monitoring in patients enrolled in large
multicenter trials of ATRA and chemotherapy, including the GIMEMA,
PETHEMA, and MRC groups(7,11,12,35,36). Based on the notion that ATRA
alonewasinsufficient for cure, thesetrialsincluded several combinatorial regi-
mens in which conventional chemotherapy was added to differentiating treat-
ment (7,11,12,35,36).

Approximately 50% of patients receiving ATRA plus chemotherapy had
detectable PML/RARa transcript in their marrow after completing induction in
the GIMEMA (7), MRC (11), and PETHEMA (12) studies, although no corre-
lations were found between PCR status at the time of remission achievement
after inductionandrelapserisk (Table2). After completion of consolidation, 93—
95% of cases tested PCR negative in the marrow in the above series (7,11,12).
Asto tests performed in between consolidation cycles, the MRC dataindicated
that patients remaining positive after three chemotherapy courses (of four total
cycles) had increased risk of hematologic relapse as compared to patients who
achieved earlier negativization of PML/RARa. Interestingly, this finding had
independent prognostic significance together with white blood cell count in the
multivariateanal ysisof relapserisk. Unfortunately, thiseval uation wasavailable
for only aminor proportion of patientsenrolled inthe MRC study (11). A rather
distinct kinetics of PML/RARa negativization was observed in the German
AMLCG study, where patientswere given adoubl einduction strategy including
high-dose cytarabine(TAD/HAM protocol) incombinationwithATRA. Infact,
up to 91% of patients studied after this induction tested negative by RT-PCR
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performedinthebonemarrow. Giventhelow patient number and limitedfollow-
up, it cannot be established at this time whether such a high percentage of early
PCR negativization translates into better relapse-free and overall survival as
compared with results published by others (68).

Postconsolidation monitoring studies have been prospectively performed at
pre-established time intervals in patients enrolled in the GIMEMA study (35).
The results on 163 homogeneously treated and longitudinally evaluated cases
showed that 20 of 21 who converted from PCR negative to PCR positive after
consolidation therapy underwent hematologic rel apse at amedian time of 3 mo
from PCR conversion, whereas only 8 (or 5.6%) in the group of patients who
tested PCR negative in two or more tests after consolidation relapsed after a
median time of 18 mo. These results led the Italian group to anticipate salvage
therapy in such patients (35).

A comparison of marrow versus peripheral blood (PB) PCR testing for
PML/RARa hasbeen performedin someof thepatientsenrolledinthe GIMEMA
study. This showed that although the hybrid transcript is always detectable at
diagnosisin both PB and marrow (even in cases with very low leukocyte count
and absence of PB blasts), MRD is better identified during remission in marrow
samples (unpublished observations). Therefore, for the purpose of MRD evalu-
ation, marrow testing rather than PB is recommended.

Although there is general consensus on the value of PCR positivity during
remission as a predictor of relapse, several cautionary issues have to be consid-
ered before atherapeutic decision isbased on molecul ar tests. The aboveresults
are, in fact, based on studies performed in the context of uniform clinical trials
and employing PCR testswith 10~ sensitivity. Persistence of residual diseasein
long-term remi ssion using moresensitive assayshave been occasionally reported
(69). Inaddition, in order to rule out the occurrence of contamination, confirma-
tion of molecular relapse in an additional marrow sample is required in the
GIMEMA study prior to initiate salvage therapy (35). Finally, one mgjor limi-
tation of the employed assaysistheir failure to precisely quantitate the amount
of residual disease, which, in turn, makes difficult a comparison among the
reported studies. Theuseinthenear future of thenewly devel opedreal -time PCR
technology may hold promise to provide adequate standardization at the quan-
titative level and more objective comparison of results.

PCR-DRIVEN THERAPY IN APL

Based on results of prospective PCR studies, several groups have designed
therapeutic strategies for APL that include longitudinal PCR monitoring of
PML/RARa and adaptation of treatment intensity to the results of molecular
evaluations (36,70). Treatment intensification for patients who convert to PCR
positiveiscurrently adopted by the GIMEMA, PETHEMA, Japan Acute L euke-
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miaStudy Group (JALSG), and MD Anderson Cancer Center (MDACC) groups
(36,70). Following frontline induction and consolidation with ATRA and
anthracycline-based chemotherapy, the GIMEMA and PETHEMA groups have
adapted the stringency of PCR controlsaccording to relapserisk. Thus, patientsat
higher risk of relapse (e.g., those with initial leukocyte counts above 10 x 10°)
are monitored more frequently as compared to patientsin the low-risk category.
Then, patients who show conversion from PCR negative to positive are given
salvagetherapy (following confirmation of molecular rel apsein another marrow
sample), and the same treatment is administered to those rare cases of molecu-
larly resistant disease (i.e., patientswho after frontline induction and consolida-
tion do not achieve PCR negativity).

In arecently published study of the MDA CC (36), patients with newly diag-
nosed APL weregivenintravenousliposomal ATRA asasingle agent for atotal
time of 9 mo and were monitored prospectively from the time of diagnosis.
Patients who had a PCR-positive test in two successive controls during Atragen
therapy were administered additional treatment with idarubicin, whereas those
remaining PCR negative were maintained on Atragen alone (36). Hence, PCR
monitoring not only is intended as a tool for identifying patients in need of
additional treatments but also may function asameans of avoiding unnecessary
toxicity in ahighly curable leukemia.

FUTURE PERSPECTIVES

Duringthepast decade, basic and clinical research have contributed important
advancesin our understanding of APL pathogenesisand thishasbeen paralleled
by a significant improvement in clinical results. The use in APL of treatment
targeted at an abnormal leukemia-associated protein represent the first example
of genetic-tailored therapy in human cancer and have fostered basic and clinical
research aimed at extending the potential of differentiation and molecularly
driventherapy to other |eukemiasubsets. Inaddition to theseimportant advances,
several issuesstill remain to be addressed and will bethe subject of futureinves-
tigation. Among these, the precise biochemical mechanisms of APL |leukemo-
genesis, theroleof other APL -associated abnormal products, and thesignificance
of additional genetic alterations need to be clarified. Moreover, mechanisms
associated withthedevel opment of ATRA resistanceare poorly understood, and
in spite of receiving modern state-of-the-art therapies, a sizable proportion of
APL patients still succumb to their disease and/or suffer from severe chemo-
therapy-related toxicity. Inthiscontext, the use of awell-designed and standard-
ized molecular monitoring is not only relevant to better identify patients at risk
of relapse and therefore intensifying or anticipating treatment, but also appears
important in order to spare unnecessary toxicity in patients presumably cured. Itis
hoped that cooperation at the multinational level, including efforts aimed at
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improving PCR technology and interlaboratory standardization, will further
contribute to better risk-adapted protocols to increase the cure rate of this once
inevitably fatal disease.
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]. 1 Minimal Residual Disease

in Chronic Myelogenous Leukemia

Results of RT-PCR Detection
of BCR-ABL Transcripts

Nicholas C. P Cross and Andreas Hochhaus

INTRODUCTION

Aims of MRD Analysisin CML

The degree of treatment-induced tumor load reduction is an important prog-
nostic factor for patients with CML. Response to treatment may be determined
at threelevels: (1) hematol ogic response, defined asthe normalization of periph-
eral blood countsand spleen size; (2) cytogenetic response, defined asthereduc-
tion in the proportion of Ph-positive metaphases detected by conventional
karyotypic analysis or fluorescence in situ hybridization; and (3) molecular
response, defined as the reduction in BCR-ABL DNA, mRNA, or protein.

Minimal residual disease (MRD) refersto the presence of cells derived from
the malignant clone in patients who are in conventional remission; in CML this
isusually defined by cytogenetic criteria. Theaim of MRD analysisisto enable
a better assessment of the response of individual patients to treatment or to
evaluate the efficacy of a particular treatment protocol on a group of patients.
Measurements of residual disease may potentially be used to stratify patients
according to risk of relapse prior to conventional relapse diagnosis and to adopt
risk-oriented or individualized treatment protocols. In the context of CML, this
stratification could mean a reduced or increased dosage of interferon-a (IFN)
and whether or not to undergo bone marrow transplantation (BMT) or the use of
immunotherapy (e.g., donor lymphocyte infusion) post-BMT for impending
relapse. The same techniques can also be used to assess the extent to which
enriched “ stem” cell harvestsor sel ected cellsfor autografting are contaminated
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with malignant cells. MRD analysisis likely to play an important role in the
initial assessment of the efficacy of new treatments, such asthe tyrosine kinase
inhibitor ST1571.

Molecular Genetics of CML

The standard Ph chromosome is seen in approx 90% of cases of CML, and
cytogeneticvisiblevariantsaccount for afurther 5%. Theremaining 5% of cases
haveavisibly normal karyotype, and on molecular analysis, roughly half turn out
to be BCR-ABL positive; therest are considered to have aBCR-ABL-negative
chronic myeloproliferative disorder (1).

Thet(9;22) genomictransl ocation breakpointscluster withinthe5.8-kb major
breakpoint cluster region of the BCR gene but arewidely dispersed within ABL,
principally becausethefirstintron of thisgeneisextremely large(2,3). However,
after splicing of the primary transcript, at least 98% of CML patients have a
chimeric mMRNA inwhich either BCR exon b2 (exon 13) or b3 (exon 14) isfused
to ABL exon 2 (b2a2 or b3a2 transcripts) (4,8). Both transcripts giveriseto a
210-kDa BCR-ABL protein and roughly 5-10% of patients express both b2a2
andb3a2 mRNA (seeFig. 1). About 0.5-1% of patientsexpresspl90 BCR-ABL,
which results from the fusion of BCR exon 1 to ABL exon 2 and which ismore
typically found in Ph-positive acute lymphablastic leukemia (5). p190 BCR-
ABL mRNA is also detectable in most or all p210 patients at a low level and
probably arises through missplicing (6,7). The remaining cases, perhaps 1-2%
of thetotal, areaccounted for by anumber of rareBCR-ABL fusions, themajority
of whichlack ABL exon 2 (3,4). BCR-ABL transcript typesare stable over time
inindividual patients and thereis no convincing evidence that clonal evolution
may occur.

There is believed to be no clinical difference between those cases that are
positive for p210 BCR-ABL without a discernible Ph-chromosome and those
cases with typical Ph-positive disease (9). Patients who express high levels of
p190 BCR-ABL usually havedistinct hematol ogical features, principally mono-
cytosis(5). However, because of the small number of cases reported, theimpact
on prognosisfor theseindividuals, or patientswho expressother variant fusions,
isunclear.

METHODS TO DETECT CML CELLS
Cytogenetic Techniques
ConvENTIONAL CYTOGENETICS

Several studies have shown that cytogenetic responseto IFN is significantly
correlated with clinical outcome (10-12), and this technique therefore remains
the standard method to ascertain the quality of remissionin CML patients. Bone
marrow metaphase chromosomes, derived from dividing cells, are scored for the
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presence or absence of the Ph-chromosome and/or any other abnormalities.
Complete cytogenetic remission or responseisusually defined asthe finding of
anormal karyotypein at least 20 or 30 consecutive metaphasesfor those patients
who were Ph-chromosome (or variant Ph-chromosome) positive at diagnosis.
In CML, thistechniquethereforehasan abnormal metaphase detection probabil -
ity of about 3-5%, althoughitispossiblethat the selectionin culturefor dividing
cells means that the real sensitivity is greater.

Cytogenetic analysis does, however, have a number of disadvantages. First,
itisusually necessary to obtain abone marrow sample. Not only isthisinvasive,
but in some patients, the marrow may beinseparable. Second, patientsat presen-
tation who are negativefor the Ph chromosome or an easily recognizabl e variant
are not amenableto analysis. Third, although the results of cytogenetic analysis
arequantitative, thelarge statistical errorsresulting from analysisof small num-
bers of metaphases are considerable (13). Fourth, it cannot be used in cases that
have anormal karyotype. Fifth, it isrelatively insensitive. In its favor, cytoge-
netics is very well established and it is the only technique that detects
prognostically significant secondary chromosomal abnormalities.

FLUORESCENCE IN SiTU HYBRIDIZATION

Fluorescenceinsitu hybridization (FISH) analysi sdetectsthejuxtaposition of
BCR and ABL sequences in metaphase or interphase cells (14,15). Probes are
usually large genomic clones, such as cosmids or YACs, and are labeled with
different fluorochromes so that they can be readily distinguished. Becauseit is
thecolocalization of BCRand ABL that isscored, FI SH analysisdoesnot depend
on the presence of the Ph chromosome and will detect rare BCR-ABL variant
fusions. Interphase FISH hasfurther advantages over conventional cytogenetics
in that it can be performed on peripheral blood samples and alarger number of
nuclei, at least 100, are scored, resulting in smaller sampling errors (16-19).
The use of hypermetaphase FISH routinely enables 500 bone-marrow-derived
metaphases to be analyzed (20,21).

Thesensitivity of interphase FI SH islimited by thefal se-positiverate(i.e., the
frequency with which BCR and ABL signals randomly colocalize in normal
cells). For standard two-color FISH, the limit of detection of CML cellsistypi-
caly 1-10% and depends, in part, on which probes are used, the size of the
nucleus, the precise position of the breakpoint within the ABL gene, and the
criteriaused to define colocalization (22). Thefal se-positiverate can bereduced
by addition of athird or fourth probethat enabl esthereciprocal 9g+ to bedetected
inadditiontothe Ph chromosome (23-25). |n many cases, however, the presence
of large deletions surrounding the ABL-BCR breakpoint on the 9g+ chromo-
some preclude the use of this more sensitive assay (26,27).

It hasbeen claimed that FI SH iscapabl e of detecting BCR-ABL-positivecells
in substantial proportion of patientswho havevery low or undetectablelevel sof
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residual disease as determined by reverse transcription—polymerase chain reac-
tion (RT-PCR) (28). Potentially, these cells could be dormant components (not
producing mRNA transcripts) that might have the capacity to contribute to late
relapse. However, detection of low level of disease by FISH isproblematical as
aresult theintrinsic false-positive rate, and other groups have failed to confirm
these findings (29,30).

Molecular Techniques
SOUTHERN BLOTTING

Southern blottingisusedto detect arearrangement withinthe BCR gene. Once
arearrangement hasbeenidentifiedinadiagnosti c specimen, subsequent samples
from patients on treatment are analyzed with the same restriction enzyme/probe
combination. The intensity of the rearranged allele is measured relative to the
nonrearranged allel e to estimate the proportion of malignant cells(31,32). Apart
from some very rare exceptions(33), the level of disease detected in contempo-
raneous peripheral blood and bone marrow samplesisessentially identical, and,
therefore, peripheral blood is normally used for analysis (32,34). The typical
sensitivity of Southern blot analysis is 5-10%, but this technique is routinely
used in only asmall number of centers.

WESTERN BLOTTING

Western blotting isused to detect BCR-ABL protein. BCR-ABL isoformscan
be distinguished with a maximum sensitivity of about 1-10% and quantified
relative to the amount of normal pl45 ABL protein (35,36). As above, this
technique is not widely used for routine monitoring of patient response to
treatment.

QuaLiTaTiveE RT-PCR

RT-PCR Assaysand Controls. Reverse transcription—PCR isused to detect
BCR-ABL mRNA. With al PCR amplification assays, stringent precautions
have to be employed to prevent false-positive results that can arise by contami-
nation of patient samples and reaction substrates by previously amplified prod-
ucts. In outline, the procedure involves extraction of peripheral blood or bone
marrow leukocyte RNA, reverse transcription to form cDNA, and PCR ampli-
fication usingaBCR and an ABL primer. Thissingle-step PCR amplificationis
relatively insensitive but is useful to determine the BCR-ABL transcript type at
diagnosis and to test for the presence or absence of BCR-ABL in patients who
haveanormal or ambiguouskaryotype(37). Toachievethemaximum sensitivity
for remission specimens, a small portion of this reaction is reamplified in a
second PCR using primers that are internal to the first set. This procedure is
referred to as “nested PCR.” To control for adequate cDNA quality for each
specimen, ahousekeeping genesuchasABL, b2M, G6PD, or PBGD isamplified



184 Cross and Hochhaus

by single-step PCR. Because genomic DNA fregquently contaminatesRNA prepa-
rations, it isessential to ensure that the primers employed are specific to cDNA.
Although somegroupshaveused 3-actinasacontrol, thisisgenerally considered
to beunsatisfactory inthe context of MRD because of itshigh level of expression
and the presence of multiple processed pseudogenes (38). Itisalso customary to
include dilute positive controls, such as dilutions of BCR-ABL-positive cell
lines, tocontrol for adequate sensitivity. Givenadequatecontrol s, patient samples
are scored as positive or negative for BCR-ABL transcripts.

Sensitivity of RT-PCR.  Nested RT-PCR can routinely enableasingle BCR-
ABL-positive cell to be detected in a background of 10°-10° normal cells (39).
However, although RT-PCR is up to four orders of magnitude more sensitive
than conventiona methods, patientswho have no residual disease detectable by
thistechnique may still harbor up to amillion malignant cellsthat could contrib-
uteto subsequent relapse (39). Attainment of RT-PCR negativity isthereforenot
tantamount to cure.

Variabilityin Clinical Specimens. Thequality of cDNA samplesfromclini-
cal specimensmay vary considerably. Obviously, an effectively smaller sample
will appear to contain less of aparticular target sequence compared to asimilar
samplethat isingood condition. Theproblemisparticularly seriousfor RT-PCR
because of the susceptibility of RNA to degradation and the variable efficiency
of the reverse-transcription step. This has led to considerable confusion in the
literatureand makesit difficult to compare studiesbetween centers. Inparticul ar,
theterm“PCR negative” haslimited meaning becausethe sensitivity of theassay
for each negative sampleis not generally known. However, this problem can be
solved by the use of quantitative assays.

There has been some debate on whether bone marrow is more sensitive that
peripheral blood for analysis. This question can only be answered satisfactorily
by quantitative techniques and results indicate a similar level of BCR-ABL
relativeto control genesinbothtissuesafter treatment withBMT or IFN (40,41).
Many groups, therefore, prefer to use peripheral blood for analysis because this
isreadily obtainable.

QuaNTITATIVE RT-PCR

Kinetics of PCR Amplification. Analysisof patient samples after treatment
by qualitative RT-PCR givesonly very limitedinformation (see above). Quanti-
tative PCR aimsto estimate the number of BCR-ABL moleculesin asample
and thus, by implication, the amount of detectable MRD. Because of the
nature of the amplification process, accurate quantification has proved to
betechnically challenging, for threereasons: (1) theamplification efficiency
may vary between samples, (2) the kinetics of PCR amplification, and (3) the
amount and “amplifiability” of cDNA derived from patient samples may be
highly variable (42).
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Because the products of each cycle become substrates for the subsequent
cycles, template amplification initially proceeds exponentially. However, repli-
cation at each step is not perfect and, therefore, the number of molecules that
accumul ate (N) isdescribed by theequation N=Ny(1+ E)", whereNyistheinitial
number of target molecules, E isthe efficiency (thefraction of templatesthat are
replicated per cycle), and n is the number of cycles. Small variations in the
amplification efficiency can makelargedifferencesintheamount of product that
accumul ates. Theefficiency may vary substantially from tubeto tube evenwhen
reactions are performed at the sametime using identical reagents. Asincreasing
numbers of cycles are performed, amplification no longer proceeds exponen-
tially. Theefficiency eventually dropsto zero, leading to aplateau in the amount
of product that accumulates. Once the amount of product begins to plateau off,
which may often occur before the product is visible on an agarose gel, informa-
tion about the number of starting moleculesis lost (42).

Units of MRD Detected by Quantitative RT-PCR. The only effective way
to control for the variables described above isto quantify the number of tran-
scripts of a housekeeping gene as an internal control for each sample. For
positive specimens, the number of BCR-ABL transcripts are then normalized
to the number of transcripts of the control gene and expressed as aratio (e.g.,
BCR-ABL/ABL, BCR-ABL/B2M, etc.) or the number of control transcriptsis
used to estimate the effective amount of RNA analyzed and results expressed
asBCR-ABL transcripts per microgram of RNA. Becausethe number of BCR-
ABL and control gene transcripts per cell is unknown and, furthermore, this
number is likely to vary depending on cell type and cycling status, it is not
possibleto accurately translate these figuresinto the number of CML cellsthat
are being detected. For negative specimens, results are expressed as negative
per number of control transcripts or effective amount of RNA actually ana-
lyzed, which then gives an indication of the level at which MRD can be
excluded for each sample. Unfortunately, it is not obvious what is the best
control gene to be used and different groups have tended to set up different
systems. Again, this means that it is difficult to accurately compare results
between centers.

Quantitative RT-PCR Methods. The most commonly used method in the
literature for quantification of BCR-ABL transcripts is competitive PCR (42—
44). Known numbers of molecules of a synthetic template are added to fixed
aliquots of BCR-ABL-positive cDNA and subjected to nested PCR (seeFig. 2).
Provided that conditions are established whereby the competitor and BCR-ABL
areamplified with equal efficiency, the number of BCR-ABL transcriptsin the
sampleisindicated by theamount of competitor added that producesequal molar
amountsof target and competitor PCR products. Although thismethodology has
provided much useful information, it is highly laborious and, consequently, has
not been widely adopted.
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Recently, real-time PCR procedures have been developed that simplify
existing protocols (see Fig. 2). These techniques employ a single-step amplifi-
cation of the target sequence in conjunction with specific fluorescent detection
probesthat enable the amount of product to be determined accurately during the
exponential phase of the amplification reaction. Several independent assaysfor
guantification of BCR-ABL mRNA using the TagMan™ system have been
developed (45-48). The assay is based on the use of the 5' nuclease activity of
Taq polymerase to cleave a nonextendible dual-labeled hybridization probe
during the extension phase of PCR. One fluorescent dye servesasareporter and
its emission spectrais quenched by the second fluorescent dye. Degradation of
the probe during the extension phase releases the quenching, resulting in an
increase of fluorescent emission. The point at which the fluorescence for each
sample exceeds a threshold limit is compared to a standard curve in order to
determine the number of BCR-ABL or control gene transcripts.

Analternativerea -timeRT-PCR approachfor detectionof BCR-ABL mRNA
has been established using the LightCycler™ technology (49). Fluorescence
monitoring of PCR amplification is based on fluorescence resonance energy
transfer between two adjacent hybridization probes carrying donor and acceptor
fluorophores. Excitation of thedonor fluorophoreresultsin energy transfer tothe
acceptor, whichthen emitsafluorescenceat adifferent wavelength, theintensity
of which is proportional to the amount of PCR product.

RESULTS OF RT-PCR ANALYSIS

Detection of BCR-ABL in Normal Individuals

If the RT-PCR method is pushed to extreme, principally by analyzing alarger
number of leukocytes, BCR-ABL mRNA can be detected at alevel of 1—
10 transcriptsper 108 cellsin many normal adults (50,51). It has been suggested

Fig. 2. (previous page) Quantitative PCR techniques. (A) Competitive PCR. Remission
samplesareinitially subject to nested PCR (top panel). Inthisexample, samples 1, 2, and
4 are positive for BCR-ABL transcripts; samples 3 and 5 are negative. B = blank; M5 =
dilute positive control. Fixed amounts of BCR-ABL-positive cDNA are coamplified
with different numbers of competitor molecules (bottom panel, samples 1, 2, and 4).
The number of BCR-ABL transcripts in each specimen is estimated by the number of
competitor mol ecul es added to give equimolar competitor and BCR-ABL products(B).
Real -time quantitative PCR using hydrolysisprobes. The probehybridizesto BCR-ABL
PCR products during the annealing phase (top panel) and is degraded during extension
phase (bottom panel). Hydrolysis of the probe dissociates the reporter (R) from the
quencher (Q) resulting in afluorescent signal on excitation. (C) Real-time quantitative
PCR using hybridization probes. Thetwo probesareinitially freein solution (top panel)
but hybridizeto BCR-ABL productsduring the annealing phase (bottom panel). Hybrid-
ization bringsthe two probestogether, enabling the donor (D) to excite the acceptor (A).
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that BCR-ABL and, probably, several other fusion genesarebeing continuously
formed at alow frequency during cell division, but only the combination of an
in-frame BCR-ABL fusion in the correct primitive hematopoietic progenitor
would have the potential to confer a selective advantage. Alternatively, it is
possible that BCR-ABL alone is not sufficient to result in the expansion of
myeloid cell numbersand that other cooperating genetic eventsmay berequired.
Whatever the explanation of BCR-ABL in normal individuals, there is general
agreement that it isonly detectable at avery low level. Using routine RT-PCR
methodologies, the chance of detecting background “normal” BCR-ABL is
approx 1 in 40 and, therefore, this phenomenon is unlikely to impinge signifi-
cantly on MRD analysiswhich isprincipally concerned with kinetic changeson
sequential assays (51).
Allogeneic BMT

QuaLiTaTive RT-PCR

The primary aim of MRD analysis post-BMT is to distinguish those patients
who will relapse from those destined to remain in sustained remission. Indeed,
thefirst evidence that RT-PCR could detect early relapse was made aslong ago
as 1990 (52). Severa investigators have since reported on the detection of
residual diseasein patientsincytogeneticremission after allogeneicBMT (53-67).
To summarize some of the principal studies, Miyamura et a. studied 64 patients
but found no association between BCR-ABL positivity and subsequent relapse
(53). Cross et a. studied 61 patients and found that RT-PCR positivity was
frequent inthefirst 9 mo but was not associated with rel apse, whereas positivity
at 1yrorlater wasweakly predictive of subsequent relapse (54). Leeetal. studied
26 patients and found no significant association between RT-PCR positivity
and relapse (55). Delage et al. studied 26 patients who underwent CD6 T-cell-
depleted transplants and found that early detection of BCR-ABL or persistent
PCR positivity was significantly associated with subsequent relapse (56). Roth
et al. studied 64 patientsand found that the sequential pattern of RT-PCR results
defined subgroupswithalow, intermediate, or highrisk of relapse(57). Guerassio
etal. foundavery low incidenceof BCR-ABL positivity in 48 patientswho were
inlong-term remission (approx 4 yr) after transplant (58). Van Rheeet al. found
2 of 18 patients more than 10 yr after BMT remained BCR-ABL positive (59).
For 36 patientswho had undergone T-cell-depl eted transplants, Mackinnon et al .
found that two consecutive positive RT-PCR assays was highly predictive of
relapse (60). Radich et al. studied 346 patients and found that BCR-ABL posi-
tivity at 6-9 mo was a highly significant independent predictor of relapse, but
positivity later than thistimewas of no prognostic significance (61). Despitethe
impressiveassociation between RT-PCR positivity and subsequent rel apsefound
here, it is worth noting that disease recurrence was seen in less than 50% of
patients who were BCR-ABL positive at 6-9 mo.
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Thereasonsfor the discrepancies between studiesare probably twofold. First,
differences could be caused by heterogeneity of treatment regimens and of the
patients analyzed. In particular, some of the studies showing astrong predictive
value of apositive assay had a high proportion of patients at relatively high risk
of relapse (i.e., patients who had undergone T-cell-depl eting transplantation or
who were transplanted in advanced phases of the disease). Second, itispossible
that the assays in those laboratories finding a strong association between PCR
positivity and rel apsewerelesssensitivethanthosel aboratoriesthat found apoor
association. Nevertheless, some clear points of consensus have emerged:

« BCR-ABL transcripts can be detected in most patients for some months after
transplant, indicating that some CML cellscommonly survive the conditioning
regimen.

» RT-PCR detectable disease correlates with either absent or less severe graft-
versus-host disease.

» Patients who are persistently RT-PCR negative, particularly more than 6 mo
after transplant, have alow risk of relapse, but thisfinding is no guarantee that
remission will be sustained.

« Patients who relapse by hematologic or cytogenetic criteriaare RT-PCR posi-
tive several months prior to relapse.

e Qualitative RT-PCR cannot generally be used to predict relapse for individual
patients.

Morerecently, Serrano et a. found that reappearance of alternatively spliced
p190 BCR-ABL mRNA in p210 patients and increases of lineage-specific chi-
merism preceded cytogeneticrelapse (68). Thisfinding needsto beconfirmed by
other studiesbut might proveto be useful asan alternativeto quantitative assays.

QuanTiTATIVE RT-PCR

Thefirst suggestion that aquantitative risein BCR-ABL transcripts might be
a useful predictor of relapse was made by Delage et al. and Thompson et al.
(56,69). Subsequently, it hasbeen clearly demonstrated that rising or persistently
highlevelsof BCR-ABL mRNA can be detected several months prior to cytoge-
netic relapse provided that assays are performed rel atively frequently (seeFig. 3).
In contrast, patients who remain in remission have low, stable, or falling BCR-
ABL levels on sequential analysis (44,70,71).

REsPoNsE oF PATIENTS TREATED
FOR RELAPSE BY DONOR L YMPHOCYTE |NFUSION

Animportant aim of MRD analysisistodiagnoseearly relapse. Itishoped that
treatment of relapse while the burden of diseaseisrelatively low might be more
effective and/or allow relatively mild treatment that might lead to fewer side
effects. Quantitative RT-PCR data have been used to initiate early treatment for
relapse by donor lymphocyteinfusion (DL1) and preliminary evidence suggests
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persistently RT-PCR positive at alow level for several months, but rising BCR-ABL transcript levels preceded frank relapse in both
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that early interventionisof therapeutic benefit (72,73). Dazzi et a. found that the
great majority of patientswho respond to DL | achieve durable molecular remis-
sion (RT-PCR negativity) with a median followup of 29 mo (74).

DEFINITIONS OF MOLECULAR RELAPSE

A definition of molecular relapse would ideally bealevel of disease at which
patientshad avery high probability of progressing to cytogenetic rel apse. Defin-
ing such alevel of disease needs to take kinetic changes and the sensitivity of
detection into account, which depends on the frequency of analysis and the
guantification of control genes, respectively. In the absence of a standardized
assay, defining molecular relapse has proved to be difficult. We have suggested
alevel of 0.02% BCR-ABL/ABL (equivalent to 100 BCR-ABL transcripts per
microgram of RNA) as a threshold for relapse. This corresponds to a level of
disease approx 50-fold lessthan that present at early cytogenetic relapse. In prac-
tice, the criteriawe currently use for molecular relapse are somewhat cumber-
some, a minimum of 4 wk in which the BCR-ABL/ABL ratio exceeded 0.02%
in three samples, or exceeded 0.05% in two samples, or showed rising levels,
with the last two higher than 0.02%. These criteriawere adopted to avoid clas-
sifying asrelapsethe occasional patient who had fluctuating low levels of BCR-
ABL transcripts (74).

A moregeneral definitionof molecular rel apse hasbeen suggested asa10-fold
risein the level of BCR-ABL transcripts, which does not depend on the use of
aspecific control gene(70,75). However, thisdefinition also clearly dependson
thefrequency of analysis, anditisunclear how to consider apatient who converts
from negativeto positive, particularly if the RT-PCR positivity isat arelatively
high level. A complete definition of molecular relapse would ideally be framed
inthe context of adefined assay at specifiedintervalsand takeinto account both
increases in BCR-ABL expression and a threshold above which subsequent
cytogenetic relapse is almost certain.

TowAaRD A STANDARDIZED RT-PCR Assay AFTER ALLOGRAFTING

The issue of how frequently to monitor patients post-BMT is relatively
straightforward. Thereisageneral consensus that patients should be monitored
as a baseline at 3-monthly intervals for the first year and then at 6-monthly
intervals for at least 5 yr, or perhaps indefinitely. Patients who are BCR-ABL
positive at any time-point should have additional assays, ideally monthly, to
determineif levels of disease arerising, faling, or static.

Defining the precise parameters of quantitative RT-PCR assaysis much more
problematical. Although it is probably not necessary for all centersto use iden-
tical primersand amplification conditions, itisbecomingincreasingly important
to define aunit of residual diseasein CML that isreadily comparable between
laboratories. Such a unit must necessarily involve the quantification of one or
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more control genes in order to normalize levels of detectable BCR-ABL or to
indicate the sensitivity with which MRD can be excluded if BCR-ABL isunde-
tectable. As mentioned above, thereis currently little consensus on what refer-
ence gene to use. This situation is unlikely to progress much further until, for
example, participation in international trials or cooperative studies compels
participating laboratories to define common protocols. Alternatively, it is pos-
sible in the future that commercialy available kits will become the preferred
method of analysis.

Interferon-a

A substantial minority of patients (6-38%) with CML achieve a complete
response to treatment with IFN defined as the disappearance of Ph-posi-
tive metaphasesor, for patientswho are Ph negative but BCR-ABL positive, the
disappearance of theleukemiaclone asassayed by FI SH or Southern or Western
analysis. For thegreat majority of patientstreated with IFN, qualitative RT-PCR
isof very limited value in determining patient response. For those patientswho
have achieved a complete cytogenetic response, several groups have reported
that a substantial proportion are also PCR negative (reviewed in ref. 76). Other
studies, however, have shown that the great majority of compl ete respondersdo,
infact, have PCR-detectabl eresidual disease. Hochhauset al. studied 54 patients
and found that all were RT-PCR positive, although 3 were intermittently nega-
tive (77). Similarly Martinelli et al. detected MRD in al 34 patients analyzed
whilein complete cytogenetic remission (78). Again, different findings between
studies are almost certainly attributabl e to the sensitivity with which BCR-ABL
transcripts have been detected, but in the absence of internal quantitative con-
trols, itisnot possibleto estimatethemagnitudeof different sensitivitiesbetween
laboratories.

Patients who achieve a complete response to IFN have levels of residual
disease that differ by as much as 10,000-fold; Hochhaus et al. have shown that
the level of MRD on IFN therapy is related to the probability of relapse (77).
Consistent with this, analysis of granulocyte-macrophage col ony-forming units
from patients with acomplete response has indicated that detectable BCR-ABL
transcripts are at least partly derived from clonogenic myeloid cells (79,80).
Sequential analysis of patients in complete remission has indicated a slow
decline in levels of BCR-ABL transcripts over time, suggesting an ongoing
process of quantitative disease depletion by IFN treatment (77,81). However,
these levels appear to plateau at about 5 yr, which bringsinto question whether
or not IFN isreally capable of entirely eradicating the disease in any patient.
On the other hand, several patients have been described who maintain remission
long term despite cessation of treatment, suggesting that they may be* operation-
aly” cured (81).
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Fig. 4. Summary of BCR-ABL RT-PCR results. Almost all IFN-treated patientsremain
RT-PCR positive, whereas the majority of patients after allogeneic BMT become
RT-PCR negative. Normal healthy individuals may be RT-PCR positive for BCR-ABL
transcripts using an optimized, very sensitive PCR strategy.

Autografting

There has been considerable interest in recent yearsin autografting for CML
using purged marrow or mobilized peripheral blood stem cells (PBSC). Corsetti
et a. have shown that quantitative RT-PCR reveals considerable heterogeneity
in the extent to which Ph-negative PBSC are contaminated with CML cellsand
that the first one or two collections generally contain significantly lower levels
of BCR-ABL transcripts. Furthermore, there was a significant correlation
between thedegreeof PBSC contaminationandtheprobability that an autografted
patient will achieve cytogenetic remission (82). Waller et al. have suggested that
aDNA-based PCR assay for BCR-ABL may be more sensitivethan RT-PCR for
detecting contamination of PBSC with CML cells(83); however, in the absence
of internal quantitative controls, this remains speculative.

CONCLUSIONS

Qualitative RT-PCR is useful for clarification of diagnosis but hasvery lim-
ited value for monitoring CML patients after treatment. For patients in cytoge-
netic remission after treatment by allografting, the results of serial quantitative
RT-PCR analysis can alert the clinician to the need for further antileukemia
therapy. For patients treated with IFN, BCR-ABL transcript numbers very sel-
dom fall below the level of detection, but their actual level correlates with the
probability that remission will be maintained (see Fig. 4).
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New real-time quantitative RT-PCR procedures promise to greatly simplify
the cumbersome protocols that are currently in use. They also offer a unique
opportunity to standardize the assay and to devel op rigorous standards and con-
trols. We believe that quantitative RT-PCR will shortly become a routine and
widely used basis for clinical decision making in CML.
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in Non-Hodgkin’s Lymphoma
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CLINICAL UTILITY OF PCR IN LYMPHOMA

Although patients with advanced-stage non-Hodgkin's lymphoma (NHL)
often achieve clinical complete remission (CR), the majority of these patients
ultimately relapse. Thesourceof suchrelapseinNHL isfromresidual lymphoma
cellsthat are below the limit of detection using standard diagnostic techniques.
Considerable efforts have been made over the past decade to develop new tech-
niquesthat have greatly increased the sensitivity of detection of neoplastic cells.
In particular, the identification of specific gene rearrangements and chromo-
somal translocationsin neoplastic cells has permitted the devel opment of sensi-
tive molecular techniques that are capable of detecting minimal residual
malignant cells. With the devel opment of these more sensitivetechniques, espe-
cialy by the application of polymerase chain reaction (PCR) technology, the
presence of residual neoplastic cellsin patientsin complete clinical remission,
commonly called “minimal residual disease” (MRD), has been demonstrated
clearly. High-dose therapy approaches with stem cell support are attractive
mechanisms to attempt to eradicate residual lymphomacells. In addition, it has
been shown that quantitative detection of residual neoplastic cellsonthemol ecu-
lar level may reflect the clinical course of the patients. Results obtained to date
suggest that the goal following stem cell transplantation in lymphomashould be
the achievement of a“molecular CR.”
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PCR After Stem Cell Transplantation
in Lymphoma

Theevaluation of minimal residual disease hasfound one of its most impor-
tant applications in the field of stem cell transplantation (SCT). SCT is an
important treatment approach in order to enhance tumor eradi cation by chemo-
therapy escal ation followed by autologousor allogeneic stem cell rescue. SCT
hasbecomethetreatment of choicefor patientswith relapsed aggressive NHL.
Therole of SCT in the management of patients with low-grade NHL asfolli-
cular lymphoma remains more controversial although increasing numbers of
patientswith advanced-stagefollicular lymphoma, mantlecell lymphoma, and
chronic lymphocytic leukemia are now undergoing SCT. The major obstacle
to the use of autologous stem cells for transplantation is that residual tumor
cells present in the graft may contribute to relapse. The assessment of residual
lymphomacellsin the stem cell collectionis, therefore, essential for thistreat-
ment approach. In addition, PCR assessment of MRD can be used to assessthe
efficacy of purging strategies used to attempt to eradicate such residual lym-
phomacells. Inadditiontotherisk of reinfusion of tumor cells, thereisincreas-
ing concern regarding toxicity of autologous SCT, especially the higher than
expected long-term risk of development of myelodysplastic syndrome. This
hasledtorenewedinterestintheroleof allogeneicBMT for patientswithNHL.
In addition, a major advantage of allogeneic SCT isthe potential to exploit a
graft versus lymphoma effect to eradicate MRD, and many studies are under-
way exploring the possibility of manipul ating donor cellsand the host to maxi-
mize T-cell responsivenessagainst lymphoma. Assessment of MRD isproving
useful for following the effects of infusion of donor lymphocytesto eradicate
residual disease.

Tissue Sources to Detect Minimal Residual Disease

Non-Hodgkin’s lymphoma is primarily a disease of the lymph nodes, but
lymph node biopsies are usually only performed at the time of initial diagnosis
or at overt relapse and rarely when apatient isin clinical CR. Peripheral blood
(PB) and bone marrow (BM) samples provide areadily available tissue source
to detect MRD. BM involvement iscommonin NHLsand bilateral BM biopsies
arearoutine part of initial staging of disease (1). Thelikelihood of BM infiltra-
tion with lymphoma is determined by a number of clinical variables such as
tumor type and stage of disease. In general, the higher the stage of the tumor, the
morelikely theBM istobeinvolved, and especially infollicular lymphomas, BM
involvement is amost invariable and may even be the site of the clonogenic
lymphomacell (2). In some subtypes of NHL, and particularly in the low grade
BM and PB will beasuseful aslymph node samplesfor detecting residual disease
in follicular lymphoma.
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MOLECULAR BIOLOGIC TECHNIQUES
FOR THE DETECTION OF LYMPHOMA

Human malignancies are characterized by the proliferation of cellsthat have
undergonetransformation with subsequent clonal expansion, and theunderlying
principle for the application of molecular biologic techniques to the diagnosis
and detection of these cancers is the detection of such clonal proliferation of
malignant cells. Tumor-specific DNA sequencesoccur at the sitesof nonrandom
chromosomal translocations that are commonly found in NHL and are candi-
dates for detection by PCR amplification if the sequences at the sites of the
chromosomal breakpoints are known. Tumor-specific DNA sequences also
occur at the site of gene rearrangements. Because of the specific nature of gene
rearrangements occurring at the antigen receptors, the lymphoid malignancies
have been studied most extensively. During lymphoid ontogeny, there is rear-
rangement of the genesthat encodethe antigen receptors. Theserearrangements,
although not causal in the malignancy, nonetheless provide useful markers of
disease that can be used both to confirm the diagnosis and to detect MRD.

DNA restriction fragment analysis with Southern blot hybridization with
immunoglobulin (1g) and T-cell receptor (TCR) probes has demonstrated the
presence of the clonal lymphoid populations in the majority of lymphoid neo-
plasmsincluding NHL, acute and chronic leukemias, myeloma, and Hodgkin's
disease (3-6). DNA hybridization techniquesconfirmed that residual lymphoma
cells could, indeed, be detected in the PB of patients who were judged to bein
complete clinical remission by established diagnostic criteria (7).

PCR Amplification of t(14;18)

One of the most widely studied nonrandom chromosomal translocations in
NHL isthet(14;18) occurring in 85% of patients with follicular lymphomaand
in up to 30% of patients with diffuse lymphoma (8-12). In the t(14;18), the bcl-2
proto-oncogene on chromosome 18 isjuxtaposed with the lgH locus on chromo-
some 14. The breakpoints have been cloned and sequenced and have been shown
to cluster at two main regions 3' to the bcl-2 coding region: the major breakpoint
region (MBR) within the 3' untranslated region of the bcl-2 gene, and the minor
cluster region (mcr) located 20 kb downstream (13—16). The clustering of the
breakpoints at these two main regions at the bcl-2 gene and the availability of
consensus regions of thelgH joining (J) regions makethisan ideal candidate for
PCR amplification to detect lymphoma cells containing the t(14;18) transloca-
tion (17-19). A major advantage in the detection of lymphoma cells bearing the
bcl-2/1gH translocation is that DNA rather than RNA can be used to detect the
translocation. Inaddition, becausethereisavariation at the site of the breakpoint
at thebcl-2 gene, the PCR productsfor individual patientsdiffer insizeand have
unique sequences. The size of the PCR product can be assessed by gel electro-
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phoresis and used as confirmation that the expected size fragment is amplified
from a specific patient.

PCR Amplification of t(11;14)

The t(11;14)(g13;932) is associated with a number of B-cell malignancies,
particularly mantle cell lymphoma (MCL). In this translocation, the proto-
oncogenebcl-1 (also known asPRAD-1) on chromosome 11 isjuxtaposedtothe
IgH chain locus on chromosome 14 (20). Although the breakpoints on chromo-
some 11 have been shown to be widely scattered, the majority are clustered
within a restricted fragment known as the major translocation cluster (MTC)
(21-23), making this suitable for PCR amplification (22-25).

PCR Amplification of t(8;14)

Thereciprocal chromosomal transl ocationt(8;14) ischaracteristic of thehigh-
grade NHL, Burkitt’ s lymphomaand a subset of casesof ALL. Thisrearrange-
ment juxtaposes coding exons 2 and 3 of the oncogene c-myc on chromosome 8
to the joining regions if the IgH locus on chromosome 14. The breakpoints
involved in this rearrangement have been cloned and sequenced (26). PCR has
been used to detect the site of the transl ocation and was a highly sensitive tech-
nique capable of detecting MRD (27). However, the breakpoints are highly
variable on chromosome 8 and may occur upstream, downstream, or at the site
of c-myc, which limitstheapplicability of thistechniquein MRD detection (28).

PCR Amplification of t(2;5)

Anaplasticlarge-cell NHL ischaracterized by theexpression of CD30 (Ki-1).
Approximately one-third of anaplastic lymphomas express the chromosomal
translocation t(2;5)(p23;935). Thistransl ocation appearsto involve anovel pro-
tein tyrosine kinase and nucleophosmin, resulting in a p80 fusion protein. This
transl ocation can be detected by reverse-transcriptase (RT) PCR in a subset of
patients (29). It remainsto be determined whether thistechniquewill haveclini-
cal utility.

PCR Amplification of t(11;18)

Extranodal MALT-type marginal zone lymphoma is characterized by the
chromosomal translocation t(11;18)(g21;g21). Thisresultsin the expression of
achimeric API2-MLT transcript fusing 5° API2 on chromosome 11 to 3' MLT
on chromosome 18. The finding that this translocation occurs in extranodal
MALT-type lymphomas of the stomach and not in other marginal zone cell
lymphomas suggests its recognition as a separate lymphoma entity. Moreover,
the absence of the translocation in nodal and splenic marginal zone cell lym-
phoma challengesthe idea of these lymphomas being secondary to MALT-type
lymphomas of the gut (30).
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PCR Detection of Antigen Receptor Gene Rearrangements

For those cases of lymphoma in which there is no nonrandom chromosomal
translocation or in which the translocation cannot be detected by PCR amplifi-
cation, an aternative strategy must be devel oped to detect MRD. During normal
lymphoid maturation, B-cells and T-cells undergo rearrangement of their anti-
gen receptors, thelg and T-cell receptor (TCR) genesrespectively. Lymphomas
rearrange either 1g genes or TCR, and their clonal progeny have this identical
antigen-receptor rearrangement, providing auseful marker of clonality and stage
of differentiation in these tumors (3,31). Because most NHL s are of B-lineage,
most work has focused on the use of |g gene rearrangements to detect MRD in
this disease.

Ig diversity in B-cells is generated by rearrangement of the germ-line
seqguences on chromosome 14. The third complementarity-determining region
(CDR I11) of the IgH gene is generated early in B-cell development and is the
result of rearrangement of germ-linevariable (V), diversity (D), and joining (J)
region elements(32—34). Thefirst processisrecombination of the D and Jregions.
The resulting D-J segment then joins one V -region sequence, producing aV-D-
Jcomplex. Inasimilar mechanismin both g and TCR genes, the enzymetermi-
nal deoxynucleotidyl transferase (TdT) inserts random nucleotides (N regions)
at two sites—the V-D and D-J junctions—and, at the same time, random
deoxynucleotides are removed by exonucleases (35). Rearrangement of the
heavy-chain locusisfollowed by rearrangement of thek light-chain genes, and
if this occurs nonproductively, the A light chain genes rearrange (36). Antibody
diversity isincreased further by somatic mutation. Thefina V-N-D-N-Jsequence
isuniquetothat cell, and if the cell expandsto form aclone, then thisregion may
act as a uniqgue marker for the lymphoma cell clone.

Polymerase chain reaction amplification of the CDR 111 sequenceis possible
asaresult of the presence of conserved sequenceswithintheV and Jregionsthat
are specificto therearranged alele and serve as useful clonal markersfor MRD
detection. A variety of strategiescan beemployedto PCR amplify therearranged
IgH gene as shown in Fig. 1. In humans, there may be up to 250 VH segments,
more than 30 DH segments, and 6 functional JH segments. The germ-line VH
segments are grouped into six families (VH1 to VH6), with the family sizes
varying from 1 (VH6) to morethan 30 (VH3). Itisnot possible, therefore, tofind
consensus primersthat are capable of amplifying all possible V-D-Jrecombina-
tions. However, two strategies have been successfully applied to amplify the
CDR 11 region. Consensus primersto the framework region (FR) 3 are capable
of amplifying clona products in to up 50% of cases and will result in PCR
amplification of aproduct some 100-120 basepair (bp) inlength. In casesthat fail
to amplify using consensus primers, the use of V-family-specific consensus
primersto the FR1 region will resultin aPCR product of 280-300 bp. Although
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Fig. 1. IgH structureand PCR strategy. A variety of methods can be used to PCR amplify
the CDR 111 region comprising the V-N-D-N-Jregion of the rearranged IgH gene. Con-
sensus primersto thejoining region (Jcon) are used with consensus primersto theframe-
work region (FR) 1, FR2, or FR3. The resulting PCR product is directly sequenced.

these techniques have the advantage of being applicable to alarger number of
patients, they are much less sensitive than the detection of chromosomal trans-
locations. More highly sensitive tumor detection can be achieved by using prim-
ersdirected against the uniquejunctional region sequenceswithintherearranged
antigen-receptor genes(37). These sequences can be cloned and sequenced from
diagnostictissueby first using primersfor the conserved regionswithintheV and
Jregions for PCR amplification. Clone-specific oligonucleotides can then be
constructed and used as primers for PCR amplification or as probes for hybrid-
ization in that patient. In designing patient-specific oligonucl eotide probes, two
regionswithinthe CDR |11 complex may be used: V-N-D and D-N-J. TheV-N-
D sequence hasalarger N region, but the D-N-J site may be preferableto use as
aclone-specificprobe, asthereislessbasedel etion of the 3' end of the FR3region
thanthe5' end of the Jregion. TheN regionsbetween D-Jrather thanV-D regions
may bemoresuitablefor patient-specific probeconstruction, asthe D-Jsegments
appear to be inherently more stable than V-D segments; and, in addition, where
thereis V-V switching, the D-J segment remains unchanged.

IgH genes show a high degree of somatic hypermutation in post-germinal-
center lymphoid malignancies. Follicular lymphoma cells can also exhibit an
oligoclonal pattern and characteristically have evidence of ongoing somatic
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mutation of theV genes(38,39). Of note, the mutationstend to occur inthe CDR
regions while preserving the structural framework regions. This might suggest
that the use of consensus primerswill successfully amplify aclonal product even
following somatic mutation. However, mutation at the site of the patient-specific
oligonucleotide probeinthe CDR 111 region might lead to afailure of hybridiza-
tion with a subsequent fal se-negative result. Serial studies of follicular lympho-
masthat have progressed to diffuse lymphomas have shown shared mutationsin
both cell types, demonstrating a single origin (40).

QUANTITATION USING PCR

Although a number of quantitative methods have been developed, a major
drawback of PCR isthat it has been extremely difficult to quantitate the tumor
cellsinthe original sample. Traditional methods for detection of MRD by PCR
give a binary readout (i.e., the presence or absence of a PCR band). The
semiquantitative nature of PCRistheresult of minor differencesin efficiency of
amplification from tube to tube (e.g., aresult of variation in temperature based
on thermal cycling block position) that are accentuated during the logarithmic
amplification of DNA samples. However, these variables can be controlled for
amplification efficiency using an internal standard. Because variation in ampli-
fication efficiency can also be attributed to primer annealing efficiency, rate of
template denaturation, and length of template among other variables, the best
internal standard is primed by the same primers as the target DNA but can be
distinguished from the starting template either by minor size differences or the
presenceof asinglebase-pair change adding or ablating arestriction endonuclease
site. These quantitation strategies have been termed “ competitive” PCR (41,42).

Real-Time PCR

Real-time quantitative PCR is a method that has been developed to address
deficiencies of traditional quantitative PCR strategies (43-45). This method
exploits the 5'-3' nuclease activity associated with Tag polymerase and uses a
fluorogenically labeled target-specific DNA probe (see Fig. 2). This probeis
designed to anneal between the forward and reverse oligonucleotide primers
used for PCR amplification. The nucleaseactivity of Taq polymerasecleavesthe
labeled probe during the extension phase of PCR amplification, producing a
fluorescent signal that can be detected in solution. The amount of fluorescence
produced in areaction by this method is proportional to the starting DNA target
number during the early phases of amplification. Thus, when this reaction is
performed on a combined thermal cycler/sequence detector such as the PE
Applied Biosystems 7700 (Foster City, CA), a quantitative assessment of input
target DNA copy number can be made in the tube asthe reaction proceeds. This
method eliminatesthe need for post-PCR sampl e processing and thereby greatly
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Fig. 2. Real-time quantitative PCR. The 5'-3' exonuclease activity of Taq polymeraseis
used to cleave the reporter (R) form the quencher activity (Q) of the probe. Upon laser
activation, the reporter will fluoresce in proportion to the amount released, alowing
quantitation of the PCR product.

increasesthroughput. Real-time PCR al so reducesthe potential for fal se-positive
resultsby adding the additional |evel of specificity provided by thehybridization
of aprobe to sequencesinternal to amplification primers and offering a closed-
tube assay system. Significant for purposes of MRD studies, real-time PCR has
arelatively widedynamicrange. Thus, itispossibleto accurately quantify MRD
insampleswith greatly differing levels of tumor contamination. Real-time PCR
strategi eshave been devel oped to quantitate lymphomasexpressing thet(14;18),
t(11;14), and IgH rearrangements (46-51).

CLINICAL UTILITY OF MINIMAL DISEASE DETECTION
AFTER STEM CELL TRANSPLANTATION

In patients with previously untreated advanced-stage low-grade lymphoma
treated with combination chemotherapy to achieve aminimal disease state before
proceeding to high-dose therapy and autologous BM transplantation (ABMT),
PCR detection of minimal disease added little to morphologic assessment of the
BM at thetimeof initial evaluation (52). Of note, al patientswith advanced-stage
low-grade lymphoma who had a PCR-amplifiable bcl-2 translocation in their
diagnostictissuea so had evidence of BM infiltration when assessed by PCR (52).
This study suggested that BM samples are a good tissue source for identifying
PCR-detectable disease in patients treated with chemotherapy.
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PCR Detectable Disease Persists
After Conventional Dose Chemotherapy

Long-term analysis after completion of conventional dose chemotherapy
has suggested that conventional dose chemotherapy does not eradicate PCR-
detectabl e disease, but that noneradicated disease might not be associated with
poor outcome (53,54). Because PCR analysis detectsresidual lymphomacells
after conventional dose chemotherapy in the majority of patients studied, itis
hardly surprising that it has not been possible to determine any prognostic
significancefor the persistence of PCR-detectablelymphomacells. Cellscon-
tainingt(14;18) might not alwaysrepresent residual lymphomacellsbut, rather,
cells with this translocation but without the additional necessary cellular
changesrequired for malignant transformation. However, an alternative expla-
nation is that conventional chemotherapy might not cure any patients with
advanced-stage follicular lymphomaand that all patients with persistent lym-
phoma cells are destined to relapse. The long-term remission status of these
small numbersof patientsmight thereforerepresent merely thevery longtempo
of their disease. These studies suggest that conventional dose chemotherapy
does not result in a “molecular CR.”

Detection of Circulating Lymphoma Cellsin PB

Peripheral blood islessfrequently involved than BM at presentation, butisa
more frequent finding as disease progresses (55,56). Studies in patients at the
time of presentation have suggested a high level of concordance between the
detection of lymphomacellsinthe PB and BM when assessed by PCR. However,
other studieshavefoundthat theBM ismorelikely than PB to containinfiltrating
lymphoma cells in previously untreated patients (57). Multiple PB and BM
sampleswere obtained from 45 patients at thetime of BM harvest from patients
undergoing ABMT to determinewhether lymphomacells could also be detected
in PB at thistime. Lymphomacellsweredetected by PCR analysisin 44 of these
patients (98%) in BM samples. In contrast, PCR analysis detected circulating
lymphoma cells in 24 patients (53%) in PB samples. The presence of residual
lymphomaintheBM but notinthe PB arguesstrongly that themarrow is, indeed,
infiltrated with lymphoma in these patients and does not simply represent con-
tamination from the PB. The findings of PB contamination with NHL when
assessed by PCR are likely to have profound implications because increasing
interestisnow being placedintheuseof PB stem cellsrather than BM asasource
of hematopoietic progenitors. PB stem cell collectionsmay al so be contaminated
with lymphoma cells when assessed by sensitive techniques in which it was
found that almost 50% of patientshad detectablelymphomacellsin PB stem cell
collections (58).
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PCR Detection of Tumor Cellsin Stem Cells Collected
at the Time of Transplantation

After combination chemotherapy, PCR-detectable lymphoma cells bearing
the t(14;18) remain detectable in the BM (52,59,60). In patients undergoing
ABMT at the Dana-Farber Cancer Institute, the bcl-2/IgH translocation was
identified in diagnostic tissue obtained from 212 patients, involvingthe MBRin
167 patientsand themcrin45 patients. Atthetimeof BM harvest, BM infiltration
wasdetected by morphol ogy in 96 of these pati ents (45%), whereasPCR analysis
revealed BM infiltrationin 211 of 212 patients (99.5%). Only one patient had no
evidence of BM infiltration by PCR analysis in any of the four BM samples
obtained at the time of BM harvest. Studies have compared the tumor burdenin
peripheral blood stem cells (PBSC) compared to BM (61-63). These studies
demonstrated that PBSC have alower degree of tumor contamination than BM,
but that a significant number of lymphoma patients have detectable lymphoma
cellsmobilized into PB at the time of stem cell collection. In addition, because
approximately onelog more PBSC than BM have to be collected, this decreases
the difference in total tumor contamination (62).

Contribution of Reinfused Lymphoma Cells
to Relapse After ABMT

Themajor obstacleto the use of autol ogous stem cellsisthat the reinfusion of
occult tumor cellsharbored withinthe marrow may resultinamorerapid rel apse
of disease. To minimize the effects of the infusion of significant numbers of
malignant cells, most centersobtain marrow for ABMT whenthepatientiseither
in CR or when thereisno evidence by histologic examination of BM infiltration
of disease. As described above, many patients with NHL have tumor cells
detected within BM and PB at the time of transplantation, even in patients with
no histologic evidence of diseasein their BM. A variety of methods, including
monoclonal antibodies (mAbs) to the proteins of the malignant cells, havethere-
fore been developed to “purge” malignant cells from the marrow (Fig. 3). The
aimof purgingisto eliminate any contaminating malignant cellsandleaveintact
the hematopoietic stem cells that are necessary for engraftment. The develop-
ment of purging techniques has led, subsequently, to a number of studies of
ABMT in patientswith either aprevious history of BM infiltration or even overt
marrow infiltration at thetime of BM harvest (64,65). Because of their specific-
ity, mAbsareideal agentsfor selective elimination of malignant cells. Immuno-
logicpurging using mAbswasfirst performed at the Dana-Farber Cancer Institute
(66) and hasbeen most widely studiedin patientswith NHL (59,64,65,67). These
clinical studieshave demonstrated that immunol ogic purging can deplete malig-
nant cells in vitro without significantly impairing hematologic engraftment.



Utility of PCR Assessment of MRD After SCT 211

|
Anti-CD20 mAb L |

2
<=~
cD 19 -
NHL
cells CD 20 Complement »
Stem O]
calla ch 34 by )
CD34 and O @
Lineage
antigens }_.
Stem cell i3 : Reinfusion
collection Positive Selection

Fig. 3. Immunologic purging of tumor cells from autologous stem cell collections.
Because of their specificity, monoclonal antibodies are ideal agentsto attempt to elimi-
nate contaminating tumor cells. This can be performed either by negative depletion of
tumor cells by targeting antigens expressed on the tumor cell surface or by positive
selection of hematopoietic stem cells using antibodies directed against CD34.

Whereas the rationale for removing any contaminating tumor cells from the
autologous marrow appears to be compelling, there have been no clinical trials
testing the efficacy of purging by comparison of infusion of purged versus
unpurged autologous BM, primarily resulting from the large number of
patients that would be required for such studies. Intense argument therefore
persistsastowhether attemptsto removeresidual tumor cellsfromthe harvested
BM have contributed to improving disease-free survival in these patients.
In addition, thefinding that the mgjority of patientswho relapse after ABMT do
S0 at sites of prior disease hasled to the widespread view that purging of autolo-
gous marrow could contribute little to subsequent outcome after ABMT. Three
independent lines of evidence have suggested that the reinfusion of tumor cells
in autologous BM may, indeed, contribute to relapse. Gene marking studies
performed at St. Jude Children’ sHospital have demonstrated that, at the time of
relapse, marked autologous marrow cells are detected, suggesting that the
reinfused tumor cells contribute to relapse (68—70). Studies at the University of
Nebraskahave demonstrated that those patientswho are reinfused with morpho-
logically normal BM containing clonogenic lymphoma cells have an increased
incidence of relapse after ABMT (71,72). Studies at the Dana-Farber Cancer
Institute have demonstrated that those patients whose BM contain PCR detect-
able lymphoma cells after immunologic purging had an increased incidence of
relapse after ABMT (59,73).
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PCR Assessment of the Efficacy of Purging Lymphoma Cells
from Autologous BM

Polymerase chain reaction has been used to assess the efficacy of immuno-
logic purging in modelsusing lymphomacell lines(74), demonstrating that PCR
is a highly sensitive and efficient method to determine the efficacy of purging
residual lymphoma cells. The efficacy of purging varies between the cell lines
studied, making it likely that there would also be variability between patient
samples.

Polymerase chain reaction amplification of the t(14;18) was used to detect
residual lymphoma cellsin the BM before and after purging in patients under-
going autologous BM transplantation to assesswhether the efficiency of purging
had any impact on disease-free survival (59). In this study, 114 patients with
B-cell NHL and the bcl-2 translocation were studied. Although these patients
were highly selected on the basis of chemosensitivity and achieved either aCR
or protocol eligible partial remission, residual lymphoma cellswere detected in
the harvested autologous BM of all patients. Following three cycles of immuno-
logic purging using the anti-B-cell mAbs J5 (anti-CD10), B1 (anti-CD20), and
B5 and complement-mediated lysis, PCR amplification detected residual lym-
phomacellsin 50% of these patients. Theincidence of relapse was significantly
increased in the patientswho had residual detectable lymphomacells compared
to thosein whom no lymphomacellswere detectabl e after purging. Thisfinding
wasindependent of the histol ogy of thelymphoma, the degree of BM infiltration
at the time of BM harvest, or remission status at the time of autologous BM
transplantation. An updated follow-up of the outcome of patients who were
reportedinthischapter areshowninFig. 4. Inaddition, wehavepublished results
from an expanded cohort of 202 patients and this continued to show a signifi-
cantly improved disease-free survival of patientswho arereinfused BM with no
residual PCR detectable lymphomacells. Of the 91 patientswho were reinfused
with marrow containing no detectable lymphoma cells, 11 patients have
relapsed. In contrast, of the 111 patients who had detectable lymphoma cells
after immunologic purging, 42 patients have relapsed (p < 0.0005) (73). These
studies have been confirmed from other centers (75,76). However, other studies
could not find a correlation between the PCR status of reinfused bone marrow
and outcome in patients with follicular lymphoma (77).

The majority of studies assessing purging have been performed in patients
with follicular lymphoma. Studies have been performed at our own center in
patientswithfollicular lymphomawho do not demonstrate at(14;18) (78) andin
patientswith chronic lymphocytic leukemia(79) and have demonstrated similar
resultsto those seen assessing thet(14;18). In contrast, our studiesin mantle cell
lymphomademonstrated that the purging strategy usedrarely eradicated residual
lymphoma cells in patients with mantle cell lymphoma (25).
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Fig. 4. Successful purging is associated with improved outcome after autologous bone
marrow transplant. Those patients who have successful eradication of PCR detectable
tumor cells form their stem cell collections (PCR negative) have improved out-
come compared to those patients who have residual PCR detectable tumor cells after
immunologic purging (PCR positive).

The magjority of patients who relapse do so at sites of previous disease, sug-
gesting that the major contribution to subsequent rel apse came from endogenous
disease and not from the infused marrow. However, there was an association
between the detection of residual lymphoma cells in the circulation and the
detection of residual lymphoma cells within the reinfused BM (80). Because
follicular lymphoma cells use the same adhesion receptors as normal B cellsto
bind to the germinal center, circulating lymphoma (81) cells may, therefore, be
capable of homing back to the sites of previous disease and it is these sites that
provide the microenvironmental conditions conducive for cell growth.

We have used PCR analysis in preclinical studies to assess the efficacy of
modifications to the purging procedure, including the use of additional mono-
clonal antibodies added to the cocktail of anti-B-cell monoclonal antibodies or
the use of immunomagnetic bead depletion (82). The finding that the use of
immunomagnetic beads is significantly more efficient than complement-medi-
ated lysisin depleting lymphoma cells suggests that the failure of complement-
mediated lysiswasnot theresult of failureto expressthetargeted antigen because
the same mAbs were used for immunomagnetic bead depletion.

Studies have been performed using positive selection of CD34+ cells as a
method to reduce tumor contamination (83-85). The efficacy of purging can be
increased by the use of combined positive selection and negative depl etion steps
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Fig. 5. Eradication of PCR-detectable disease is associated with improved outcome
following autol ogous bone marrow transplant. Those patients in whom no PCR-detect-
abletumor cellsarefound after ABMT (PCR neg) have greatly improved outcome after
ABMT than those patientsin whom thereis persistence of PCR detectable disease (PCR
pos). Those patientswho have PCR-detectabl e diseasefoundintermittently (PCR mixed)
have an intermediate prognosis.

(86). More recently, anumber of centers have used in vivo treatment with anti-
B-cell monoclonal antibody to reduce tumor contamination (84,87).

Detection of Residual Lymphoma Cells
in the BM After Transplantation |s Associated
with Increased I ncidence of Subsequent Relapse

At the Dana-Farber Cancer Institute, PCR analysis was performed on serial
BM samplesobtained after ABMT to assesswhether high-dosetherapy might be
capabl e of depleting PCR-detectable lymphomacells. The disease-free survival
of patientsin thisstudy was adversely influenced by the persistence or reappear-
ance of residual detectable lymphoma cells after high-dose therapy (60). The
failure to achieve or maintain a CR as assessed by PCR analysis of BM was
predictive of which patientswill relapse. In contrast to previousfindingsthat all
patients had BM infiltration following conventional dose therapy, no PCR-
detectable lymphoma cells could be detected in the most recent BM sample
obtained from 77 patients (57%) patientsfollowing high-dose chemoradiotherapy
and ABMT and none of these patientsrelapsed. All 33 patientswho rel apsed had
PCR-detectable lymphoma cells in the BM prior to relapse, irrespective of the
site of relapse. The results of this study suggest that detection of MRD by PCR
following ABMT in patients with lymphoma identifies those patients who
require additional treatment for cure and also suggest that our therapeutic goal
should beto eradicate all PCR-detectablelymphomacells. Resultsto date onthe



Utility of PCR Assessment of MRD After SCT 215

patientstreated at Dana-Farber Cancer Institute are shownin Fig. 5. Thesefind-
ings have been confirmed by the results from other centers. Absence of PCR-
detectable Bcl-2/IgH rearrangements during follow-up was associated with a
significantly lower risk of recurrence and death in studies at St. Bartholomew’s
in London (88) and from Germany (89).

Presence of Residual Lymphoma Cells
in PB Is Predictive for Outcome
After Autologous Stem Cell Transplantation

In asubsequent study at the Dana-Farber Cancer I nstitute, PB sampleswere
obtained following ABMT and PCR analysis performed to determine whether
the detection of residual lymphoma cells in the PB would also predict for
subsequent rel apse (80). PB sampleswereanalyzed from 168 patientsof whom
36 had relapsed. No detectable lymphoma cells were found at any time after
ABMT in PB samples analyzed from 95 patients (57%). Residual lymphoma
cellswere detected at sometime after ABMT in samples obtained from
73 patients (43%). Of the 95 patients with no detectable lymphoma cells,
16 patientsrelapsed. Of the 73 patients (43%) in whom lymphoma cellswere
detected after ABMT, 20 patients relapsed with median disease-free survival
of 43.5 mo. Although the presence of PCR-detectable lymphoma cellsin the
PB was associated with an increased likelihood of subsequent relapse.
BM appeared to be a more sensitive tissue source to detect MRD because
16 patients relapsed with no detectable lymphoma cellsin their PB. The per-
sistence or reappearance of residual lymphoma in the BM may, therefore,
provide more clinically relevant information.

PCR Assessment After Allogeneic BMT

Allogeneic SCT offers the advantage of atumor-free source of stem cells as
well as exploitation of the graft versus lymphoma effect. However, few studies
have assessed the impact of allogeneic stem cell transplantation on detection of
MRD in patientswith NHL. Results obtained in asmall number of patientswith
mantle cell lymphomademonstrated that allogeneic SCT resulted in eradication
of PCR-detectable disease and improved outcome compared to autologous SCT
(25). Thesefindingswereconfirmedinalarger seriesfrom M D Anderson Cancer
Center (90). T-Cell-depleted allogeneic SCT was al so associated with low inci-
denceof tumor relapseand eradi cation of PCR detectabledisease (91). Asshown
inFig. 6, quantitative PCR analysi scan be used to assesstheimpact of allogeneic
BMT and the graft versus leukemiaeffect of infusion of donor lymphocytes. Of
note, tumor reduction following DLI can continue for long periods following
infusion of the donor cells.
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Fig. 6. Quantitative PCR analysisfollowing allogeneic BMT. Quantitative PCR analysis
can be used to follow patientsfollowing BMT. Shown here are the results of quantitative
PCR analysis from a patient with chronic lymphocytic leukemia who has undergone
allogeneic BMT. Thereis persistence of PCR-detectable disease following BMT, with
arising tumor burden documented before overt clinical relapse of disease. This patient
was treated with DL I and had slow eradication of PCR-detectable disease over the next
2-to 3-yr period. By qualitative PCR analysis, only the last specimen was evaluated as
PCR negative, demonstrating the increased power of quantification of minimal residual
disease.

CONCLUSIONS

M ethodol ogies have been developed for the sensitive detection of MRD in
lymphomaand are applicable to the majority of patients. The question that now
remainsto be answered iswhether these techniqueswill have any clinical utility
and will predict which patients will relapse. In NHL these studies are most
advanced in patients with t(14;18). In these patients, conventional dose chemo-
therapy does not appear to be capable of depleting PCR-detectable lymphoma
cells, although lymphomacellswere detectablein PB in only half of the patients
studied. Following stem cell transplantation, the persistence or reappearance of
PCR-detectable lymphoma cells in the BM was associated with an increased
likelihood of relapse. Although detection of lymphoma cellsby PCR in periph-
eral blood sampleswas al so associated with an increased risk of relapse, the BM
appears to be a more sensitive tissue source to detect minimal residual disease
because a significant number of patients relapse who had no evidence of circu-
lating lymphoma cells in their peripheral blood. The clinical significance of
detection of lymphoma cellsin the PB may well have different clinical implica-
tionsthan the detection of BM infiltration. Inlymphomasthat do not expressthe
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t(14;18), it is not yet clear whether failure to detect MRD in PB and BM will
predict which patients will relapse because other subtypes of lymphoma may
relapse in nodal sites without detectable lymphoma cells in the circulation.

Itis, therefore, by no meansclear whether our goal should really beto attempt
to achieve a “molecular CR” in our patients to cure their underlying disease.
Further studies in larger patient numbers are underway and will determine
whether PCR detection of lymphomacellshasclinical significance. In addition,
the recent introduction of real-time PCR analysis will alow serial quantitative
assessment of MRD. It seemslikely that arising burden of MRD will bethe most
useful technique to predict relapse in these patients.
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QUANTITATION OF MINIMAL RESIDUAL DISEASE
BY CLASSICAL PCR

Polymerase chain reaction (PCR) has become a powerful tool in assessment
of residual disease after treatment of leukemia and lymphoma, as well as in the
detection of viral nucleic acid sequences. Quantitative PCR can be performed by
measuring the product either after a given number of cycles (end-point quanti-
tative PCR), which requires the generation and quantification of an internal
standard for each tube. Alternatively, quantitation can be accomplished by sam-
pling each reaction at regular intervals during the exponential phase and quan-
titating the amplification product for each aliquot (kinetic method). With this
approach, an internal standard is not required, and quantitation is accomplished
with an external standard curve. The kinetic method can quantitate samples over
five orders of magnitude, but it is cumbersome and is rarely used (/).

These methods, which depend on classical PCR, have several disadvantages.
Sampling of the product requires opening the reaction tubes, and this introduces
contamination into the work area. Detection of the product is accomplished by
electrophoretic analysis of a fraction of the total reaction volume, thus limiting
sensitivity. Ethidium bromide staining is not as sensitive as filter transfer fol-
lowed by hybridization with radioactive probes. During transfer of DNA from
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Fig. 1. Basic principles of real-time PCR.

agarose, only a fraction of DNA is bound to filters, additionally limiting sensi-
tivity. Detection of radioactive product relies on autoradiography with X-ray
films, where the response of a film to 8- or y-rays is linear only over one to
two orders of magnitude, with prominent shoulders at both low and high concen-
trations (2,3).

PRINCIPLES OF REAL-TIME QUANTITATIVE PCR

Real-time PCR uses Tagman DNA polymerase, which, in addition to its poly-
merase activity, has a 5'-exonuclease activity against double-stranded DNA and
combines amplification and product detection. This is accomplished by the
introduction of a third oligonucleotide, which is designed to hybridize to the
amplified DNA internally to the two amplification primers. The third oligonucle-
otide cannot act as an amplification primer because it has a blocked 3'-OH end.
As shown in Fig. 1, this nonextendable oligonucleotide has 6-carboxy-fluores-
cein (FAM) covalently linked to the 5' end (reporter dye), and 6-carboxy-
tetramethylrhodamine (TAMRA) covalently linked close to the 3' end (quencher
dye). As long as the probe is intact, the FAM fluorescence emission is quenched
by its close proximity to TAMRA, and little or no signal is detectable. During
DNA replication, the internal nonextendable probe hybridizes to the template
internally to the amplification primers, and then it is digested via the 5' exonu-
clease activity of Tagman DNA polymerase. This digestion separates the reporter
and the quencher dyes and results in an increase of fluorescence emission, with-
out affecting the DNA replication reaction and the accumulation of the amplified
product. Because the exonuclease activity of Taqg polymerase degrades the
fluorogenic probe only when it is annealed to the target, it is not degraded when
the probe is free in solution. The increase of fluorescence is proportional to the
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amount of DNA template, which rises exponentially in the presence of DNA
amplification but rises only linearly in its absence (4). Fluorescence emission is
monitored in real-time using the 7700 Sequence Detector (PE Applied
Biosystems, Foster City, CA) (5,6).

Hardware Used in Real-Time PCR

The 7700 Sequence Detector combines a conventional 96-well thermal cycler,
a laser for the excitation of fluorescent dyes, a fluorescent-emission-detection
system, and a computer with software suitable for the automatic acquisition and
calculation of specific fluorescence released during the 5'-exonuclease reaction.
Reactions are placed in 96-well plates, with wells that are firmly closed with
MicroAmp Optical caps (Perkin-Elmer), to avoid cross-contamination and allow
monitoring the reaction in real time. Subsequently, the closed plates are loaded
on the ABI Prism 7700 Sequence Detector. The amplification conditions vary,
but usual starting points include 2 min at 50°C, 10 min at 95°C, followed by
40 cycles at 95°C for 15 sec and at 60°C for 1 min. Reaction conditions are pro-
grammed on a Macintosh desktop computer linked directly to the 7700 Sequence
Detector.

The fluorescence emission is detected during real time through the closed tube
caps with a CCD camera detector. For each sample, the CCD camera collects the
emission data between wavelengths 520 and 660 nm once every few seconds.
Using the fluorescence-emission coefficients of each dye, the computer calcu-
lates the concentration of reporter (R) and the quenching dye (Q). The Rn values
reflect the emission intensity of the reporter probe, as a function of cycle (n).
Emission intensity is usually expressed as ARn, which is defined as the difference
of Rn from baseline at cycle 14 and is displayed either in linear or in logarithmic
scale against the number of amplification cycles. The threshold cycle at which
the ARn rises significantly above the base is designated as threshold cycle
(Cyp) (see Fig. 2). The computer software automatically determines the C on
the basis of the mean baseline signal detected during the first 15 amplification
cycles plus 10 standard deviations. The higher the starting number of the nucleic
acid targets, the lower the Cy value is (see Figs. 2 and 3). In order to quantitate
unknown experimental samples, a standard curve is generated with serial dilu-
tions of target DNA, which are amplified during the same PCR run. Linear
regression between Crand the logarithm of the number of input DNA sequences
yields an equation, which is used to quantitate unknowns on the basis of their Cy.
Quantitation of DNA sequences (7,8) usually depends on cell line DNA as a
standard, in which case results are usually expressed as number of copies per cell
or microgram of DNA tested. With RNA quantitation, results are usually
expressed as number of molecules per microgram of total RNA (9).

Real-time PCR has several advantages over classical PCR methods. Work-
place contamination is minimized because the fluorescent signal is monitored in
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Fig. 2. Amplification of cell line DNA: (a) [gH-bcl-2 at MBR; (b) B-actin amplification.
Cell-line DNA was serially diluted into normal genomic DNA and 1 pg from each
dilution was tested in duplicate.

closed sample tubes, which do not need to be opened at the end of the assay.
The Cris observed during the exponential phase and depends on the emission
of the whole specimen, thus avoiding the reduced sensitivity, associated with
quantitation of only part of the reaction volume with classical PCR, which
relies on filter transfer, hybridization, and autoradiography (9). In addition,
the real-time probe has a long half-life and up to 80 specimens can be analyzed
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Fig. 3. Logarithm of target DNA sequences per reaction versus cycle threshold (Cy) from
datain Fig. 2. Target DNA IgH/bcl-2 sequences are defined as number of cells multiplied
by 4, which is the number of t(14;18) chromosomes (major breakpoint region), revealed
by fluorescence in situ hybridization analysis in the JMcA cell line used for standardiza-
tion. The equation is obtained by linear regression.

and quantitated in 1 d. Finally, the combination of amplification and product
detection in real time yields results within a few hours.

DESCRIPTION OF THE GENE t(14;18)(q32;q21)

The chromosomal translocation t(14;18)(q32;q21) is associated with follicu-
lar lymphoma (/0) and juxtaposes the bcl-2 locus on the long arm of chromosome
18 to the immunoglobulin heavy-chain (IgH) locus on chromosome 14 (/7).
The rearrangements involve the major breakpoint region (MBR) on chromo-
some 18g21, located within a 150-basepair (bp) region in the untranslated 3' end
of the last bcl-2 exon (/2—-14) or the minor cluster region (mcr), located 30 kb
downstream of the MBR. The rearrangements involve a region of 500 bases on
chromosome 14q32 (15) at one of the six joining segments JH (1-6) of the heavy-
chain locus (16,17). The terminal transferase introduces a random number of
deoxynucleotides at the JH breakpoints, which are unique for an individual tumor
(18,19). In follicular lymphoma (FL), 70% of bcl-2 rearrangements are detected
at the MBR region and 15% at the mcr (20). These rearrangements result in
overexpression of bcl-2, which through its antiapoptotic properties causes accu-
mulation of B-cells. This immortalization and accumulation of t(14;18) B-cells
(21) is thought to allow additional transformation events to occur and to result
in the emergence of frank B-cell lymphomas.
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Table 1
Reports of Real-Time PCR in t(14;18)
Author (ref.) N? Amplification control Quantitation
Luthra et al. (22) 53 None No
Dolken et al. (2) 51 B-Actin, external Yes
Olsson et al. (23) 134 None Yes
Voso et al. (24) 28 bcl-2, internal Yes
Estalilla et al. (25) 168 B-Actin, external No
Tsimberidou et al.” 392 B-Actin, internal Yes

“N = Number of specimens analyzed.
bNot published and cited in MedLine as of 1/07/2002.

SUMMARY OF PUBLISHED REPORTS
WITH REAL-TIME PCR OF t(14;18)

The first use of real-time PCR for the detection of IgH/bcl-2 was performed
at our institution by Luthra and collaborators (see Table 1). They analyzed DNA
from fresh or frozen lymph node biopsies, bone marrow, and peripheral blood
from 53 patients, including 38 with B-cell non-Hodgkin’s lymphoma, and from
15 subjects with non-neoplastic proliferations. They correlated results obtained
with real-time and conventional PCR. No internal control was used to monitor
for the presence of amplifiable DNA in a particular reaction tube. Twenty-four
out of 25 samples positive with real-time PCR were also positive by conventional
PCR. No fusion sequences could be detected in patients who were negative by
conventional PCR. The overall concordance between classical and real-time
PCR was 98% (52 of 53 cases either positive/positive or negative/negative) (22).

Dolken and collaborators have also used a real-time PCR technique to quanti-
tate 51 samples of DNA. These samples were obtained from blood of patients
with t(14;18)-positive follicular lymphoma, previously known to be PCR posi-
tive for IgH/bcl-2. A two-step, seminested PCR was used with an external control.
The quantitation in 51 positive patients by classical and real-time PCR correlated
quite well (7% = 0.80). Nineteen samples, which were negative by classical PCR,
were also negative by real-time PCR. Only one sample deemed negative by clas-
sical PCR was positive by real-time PCR. The concordance between classical and
real-time PCR was 98%. Circulating t(14;18)-positive cells were detectable in
peripheral blood of six patients, who remained in continuous complete remission
for more than 10 yr, but their number remained within one order of magnitude from
baseline. Relapses in two patients were preceded or followed by a logarithmic
increase in circulating t(14;18)-positive cells (2).

Olsson and collaborators performed a blinded comparison between real-time
PCR and nested classical PCR to analyze cell line and DNA samples from patients
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treated on a phase I/II clinical trial for non-Hodgkin’s lymphoma. They also
assessed the efficacy of purging autologous stem cells for transplantation. Real-
time PCR was able to detect a 4—6 log reduction on tumor cells. Concordance
between real-time and classical PCR was observed in 122 of 134 samples ana-
lyzed (91%) (23).

Voso and collaborators used real-time and classical PCR to quantitate the
number of t(14;18)-positive cells in blood and bone marrow. The sensitivity of
real-time PCR was determined using a PCR-positive cell line and was one
t(14;18)-positive cell in 105-10° control cells for both PCR techniques. Ampli-
fication of bcl-2 sequences was used as an internal control in the same tube for
real-time PCR. To quantitate the number of tumor cells, the ratio between the
copy number of the internal bcl-2 gene and of the translocated IgH/bcl-2 was
used. An increase in the C; reflected a decrease in the number of t(14;18)-
positive cells. The C; obtained for the internal control was divided by the Cof
the PCR for the t(14;18) translocation. A decrease in this ratioreflected a decrease
in the number of t(14;18)-positive cells. A progressive decrease in the number
of t(14;18)-positive cells in blood and bone marrow was observed with real-time
PCR in four patients after treatment. Conversion to PCR negativity was achieved
in the peripheral blood of seven patients. Concordant positive results were seen
in 20 out of 28 samples with real-time and conventional PCR. Discordant results
were observed in eight cases, of which four were positive only by real-time PCR
and four only by classical PCR. The authors concluded that real-time PCR
allowed quantitation of circulating cells. They felt that changes in minimal
residual disease and the conversion to PCR negativity were better predicted by
real-time than by conventional PCR (24).

Luthra and her collaborators have published updated results of real-time PCR
analysis using samples from 135 patients withnon-Hodgkin’s lymphomas, 6 patients
with Hodgkin’s disease, 10 subjects with nonmalignant conditions, and periph-
eral blood specimens from 11 normal individuals. DNA from cell lines with
t(14;18) involving MBR was amplified in duplicate to generate a standard curve
of Cyversus target DNA sequences. -Actin was also included as an amplifica-
tion control for each specimen, but was run in a separate tube. Overall concor-
dance was noted in 160 out of 162 (99%) specimens between classical and
real-time PCR. For non-Hodgkin’s lymphoma (NHLs), concordance was found
in 134 out of 135 specimens (99%). The tumor with discordant results had an
IgH/bcl-2 in the mcr region sequences by real-time PCR, but was negative with
classical PCR. The overall concordance for 10 benign biopsy specimens and
11 normal peripheral blood samples was 95% (20 out of 21). One lymph node
with follicular hyperplasia was positive for the IgH/bcl-2 at the mcr region of
bcl-2 by real-time PCR, but was negative by classical PCR methodology (25).

In our laboratory, we quantified genomic DNA extracted from peripheral
blood of 102 volunteer blood donors, peripheral blood or bone marrow of
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Table 2

Conditions of Real-Time PCR Reactions for IgH/bcl-2
Reagents Final concentration in 50 UL tube
Tagman buffer 1x
MgCl2 4 mM
dATP 200 uM
dGTP 200 uM
dCTP 200 uM
dUTP 400 uM
Primers for B-actin (internal control) 10 uM
Primers for IgH-bcl-2 120 nM
Probe for B-actin (internal control) 10 nM
Probe for bcl-2 60 uM
Tagq gold polymerase 0.05 U/uL
Uracil N-Glycosylate 0.01 U/uL
DNA (total) 1ug

203 patients with follicular lymphoma, and 87 patients with nonfollicular lym-
phoma. We developed a real-time PCR method for IgH/bcl-2 using B-actin as the
internal control to be amplified in the same tube with the IgH/bcl-2. This was
needed in order to verify the presence of amplifiable DNA and the performance
of amplification in a given reaction tube.

We optimized the reactions, using genomic DNA from a lymphoma cell line
known to carry four copies of the IgH/bcl-2 rearrangement at MBR per genome.
The primers and probes for both the IgH/bcl-2 and 3-actin reaction were adjusted to
maintain high sensitivity for the IgH/bcl-2 reaction. In order to accomplish this,
the concentrations of the B-actin primers and probe were reduced to allow the
detection of amplifiable DNA, but without interference with IgH/bcl-2 reaction
(see Table 2). The cell-line DNA was serially diluted with germ-line DNA from
normal blood donors, who were PCR negative. A constant amount of DNA (1 ug)
was used for amplification (26). Reaction conditions involved storage for 2 min
at 50°C, denaturing for 10 min at 95°C, cycling 40 times at 95°C for 15 s only,
and cooling at 60°C for 1 min. These cycling conditions were programmed on a
Macintosh G3 linked directly to the 7700 Sequence Detector. Data analysis was
performed on a Macintosh Power G3 using the Sequence Detector V1.6 program.
All reactions were run in duplicate. The cell number was obtained from the C;
of each reaction and linear regression between ARn and Cr of the serial dilutions
of the cell lines (see Fig. 3). Cell numbers were averaged from the cells obtained
in each reaction and expressed as cells/ug DNA.

Amplification of serial dilutions of cell line DNA into normal genomic DNA
(total, 1 ug) demonstrated that 100% of specimens diluted 10 (4 targets/tube)
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gave positive reactions. However, only 55% of specimens diluted 10~ (0.4 tar-
gets/tube) gave positive reactions. These results are consistent with the Poisson
distribution (27) and the four t(14;18) translocations present per genome in the
standard cell line (see Figs. 2a,b and 3).

For analysis of patient samples, every experiment included duplicate tubes
with a total of 1 uL of DNA from standard cell line, serially diluted from 10° to
1076 into normal genomic DNA. We analyzed duplicate 1 uL. DNA reactions
from patients with lymphoma. DNA from normal donors was analyzed in dupli-
cates of 1 mg and, additionally, 2 pg in quadruplicate. A standard curve was
generated by plotting the log of the known copy number of target DNA in stan-
dards versus the C;. The amplification plot of each specimen from normal donors
or from patients with lymphoma was visually inspected to determine which
specimens were positive. A sample was considered to be true positive when both
mbr bel-2/IgH and B-actin amplifications were observed (see Fig. 4a,b). In con-
trast, it was considered negative only if B-actin was amplified without amplifi-
cation of mbr bcl-2/JH in the same reaction tube (see Fig. 4c,d).

Using linear regression between C; and the amount of target DNA in the
standard samples, an equation was derived for each experiment, which was used
to quantitate the number of cells in positive samples. Results are expressed as
numbers of mbr bcl-2/IgH cells per 2 g total DN A analyzed, which is equivalent
to 240,000 cells. Samples that were determined to be negative on the basis of
visual inspection of the amplification plot were considered to have zero number
of IgH/bcl-2 targets.

We quantitated the absolute cell number of cells with t(14;18) in 392 DNA
samples. As shown in Table 3, when 1 ug of genomic DNA was tested in dupli-
cate, 22% of normal blood donors had detectable t(14;18) in their peripheral
blood. When 10 pg of genomic DNA was tested, this number was increased to
40%. In contrast, 44% of specimens derived from untreated or treated patients
with follicular lymphomas and 50% of those derived from other lymphomas had
detectable IgH/bcl-2 amplicons. To rule out contamination, the products of real-
time PCR from normal donors and follicular lymphoma patients carrying the
JH/bcl-2 MBR rearrangement were also analyzed using Southern analysis.
The expected 100- to 300-bp amplicons were obtained when resolved on
1.5% agarose gels. Hybridization of amplicons with an internal bcl-2 oligo-
nucleotide probe also verified product specificity. The size of the amplicons
varied from normal donor to normal donor and from patient to patient (data not
shown), but these amplicons were of identical size for all positive reactions for
a given positive subject. Quantitation of cells with IgH/bcl-2 revealed that
patients with follicular lymphoma had 100- to 200-fold more cells compared
with normal blood donors and patients with other lymphomas. However, patients
with nonfollicular NHL had significantly higher numbers of circulating t(14;18)
cells than normal blood donors (p = 0.0003 with Kruskal-Wallis test). From the
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Fig. 4. Analysis of DNA from patients with follicular lymphoma: (a) IgH bcl-2 at MBR;
(b) B-actin amplification of specimen a.

133 specimens from patients with lymphoma who had detectable IgH/bcl-2
amplicons, only 52 specimens (39%) had cell numbers higher than the statistical
upper limit seen in normal blood donors, defined as the mean plus two standard
deviations.
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Fig. 4. (continued) (¢) germ-line IgH-bcl-2 at MBR; (d) B-actin amplification of
specimen c.

CONCLUSIONS

Real-time PCR is emerging as a convenient, accurate, and sensitive method
for the detection of t(14;18) in blood or marrow of patients with follicular lym-
phoma. Many variations of the technique have been reported. Our technique
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Table 3
Quantitation of t(14;18) in Normal Blood Donors and Patients with Lymphoma

DNA  Subjects  Positive % more cells than
Individuals tested tested tested  subjects Positive  Mean £ SD Range  upper normal limit*
Normal donors 2ug 102 22 22 0.6+2.7 0-17 3
Normal donors 10 ugb 102 41 40 0.8£23 0-17 2
Follicular lymphoma pts. 2ug 203 89 44 107.3 £588.2 0-6769 40
Nonfollicular lymphoma pts. 2 ug 87 44 50 97645  0-598 9

“The upper normal limit is defined as the mean plus 2 standard deviations and is 6 cells for 2 ug of tested DNA and 5.4 cells for 10 ug

of tested DNA.
This consists of two duplicate reactions of 1 ig and four reactions of 2 pg each for a total of 10 pg.
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allows the amplification of an internal -actin sequence, which confirms both the
presence of amplifiable DNA and the proper performance of the amplification
reaction in a particular tube. We have confirmed the presence of t(14;18) in blood
of normal blood donors and in blood and marrow of patients with follicular and
other lymphomas. The levels were much higher in follicular lymphoma patients
than in other lymphomas, and those were, in turn, much higher than levels
observed in volunteer blood donors. This technique is currently used to deter-
mine the clinical significance of circulating tumor burden at presentation and
during therapy of patients with follicular center cell lymphomas.
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]. 4 Monitoring Follicular Lymphoma
by Polymerase Chain Reaction

Ming-Sheng Lee and Fernando Cabanillas

During the last three decades, evidence firmly establishing the close associa-
tion of nonrandom karyotypic abnormalities with particular types of human
cancers has been increasing. The importance of these observations is under-
scored by therevelation that several oncogenesare mapped to theregionsknown
to beinvolved in tumor-specific chromosomal aberrations. For lymphoid malig-
nanciesin particular, thefirst consi stent karyotypic abnormality wasobservedin
Burkitt’s lymphoma (1). Approximately 75% of Burkitt’s lymphomas display
the characteristic t(8;14) translocation and the remaining 25% show either the
t(2;8) and thet(8;22). Thecommon feature of thesetranslocationsistheinvolve-
ment of chromosome region 8g24, where the c-myc oncogene resides. Break-
points on the counterpart chromosomes occur within either theimmunoglobulin
heavy-chain (IgH) genelocusat 14932 or oneof theimmunoglobulinlight-chain
gene loci at 2pll or 22g11. Many other cytogenetic aberrations in lymphoid
neoplasiaappear tofollow asimilar rule, such asthet(11;14)(g13;g32) inmantle
cell lymphoma and the t(14;18)(g32;921) in follicular lymphoma.

Thechromosomal translocationt(14;18)(g32;g21) isone of themost common
karyotypicabnormalitiesinnon-Hodgkin’ slymphomas. It occursin approx 85%
of follicular lymphomas (FL) and 20% of diffuse large B-cell lymphomas(1).
Thistranslocation resultsin thefusion of the bcl-2 generesiding at chromosome
18021 and theimmunoglobulin heavy-chain gene (IgH) residing at chromosome
14932 (2-4). By means of Southern blot analysis, it has been shown that the
breakpoints on chromosome 18g21 in about 70% of FL fall within a 2.8-kb
EcoRI-HindIII restrictionfragment named themajor transl ocation cluster region
(MBR) (5-7). DNA sequencing of several representative cases reveals that
the breakpoints actually are tightly clustered within 150 bp of each other.
The breakpoints on chromosome 14432 are al so very consistent, always occur-
ring at the 5' end of one of the J segments of the IgH gene(8,9).
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Tight clustering of the breakpoints at both genes enables the use of two uni-
versal primers for amplification of the hybrid bcl-2/IgH DNA sequences by
polymerase chain reaction (PCR) in different patients. Becauseit amplifiesonly
thehybrid DNA of thetransl ocation, PCR permitsthe detection of one abnormal
cell among several hundred thousand normal cells (10-12). Owing to its high
sensitivity and specificity, PCRisapowerful tool for detecting minimal residual
disease (MRD).

Theclinical valueof the PCR assay inthedetection of small numbersof occult
t(14;18)-carrying cellsin FL has been extensively examined by many different
investigators. Although they appear normal by standard morphological exami-
nation and Southern blot analysis, many blood or bone marrow samplesobtained
from patients in the early stages of disease or in clinical remission have been
clearly identified by PCR as positive for the t(14;18)-carrying cells (13-15).
Persistent PCR positivity in patients in remission helps explain the continuous
late recurrence typical of FL. To determine if t(14;18)-bearing cells persist in
patients with follicular lymphomain long-term complete remission, Price et al.
examined patients who had been in remission for more than 10 yr (15). PCR
positivity wasobserved in six of eight patientswhoinitially presented with stage
I11 or stagelV disease. However, itisnot known whether these patientswhowere
PCR positive and in long-term complete remission had previously achieved a
molecular response and, later, relapsed molecularly. Thiscould explainthelong
remission in spite of their positive PCR. In contrast, none of seven patientswith
stagel or 1| disease had t(14;18)-carrying cellsdetectable by PCR. PCR negativ-
ity in this subgroup of patients is consistent with the low risk of relapse, even
though we do not know whether this PCR negativity isthe result of the number
of t(14;18)-bearing cells falling below the detection sensitivity or to true com-
plete freedom from residual disease.

Utilizing PCRto monitor residual diseasein FL inanearlier study, Cabanillas
et al. compared the effectiveness of tumor eradication by anew intensive thera-
peutic regimen named alternating triple therapy (ATT) (adriamycin/cytoxan,
ara-C/platinum, and mitoxantrone/procarbazine-based combinations given
sequentially in alternating fashion for 12 cycles) to either standard CHOP
(cytoxan, adriamycin, vincristine, and prednisone) or CV P (cytoxan, vincristine,
and prednisone) (16). A total of 272 blood samples obtained at different times of
treatment were analyzed: 111 on ATT and 161 on CHOP or CVP. The results
were correlated with the type of treatment regimen and the time when samples
were obtained. A high percentage of PCR negativity indicative of absent or
extremely low residual tumor burden was achieved by the new intensive chemo-
therapy. In contrast, most patients treated with CHOP or CVP therapy
showed persistent PCR positivity. Sequential follow-up studieswere avail -
able in 37 patients with median follow-up of 34 mo: 21 received ATT and
16 received CHOP or CVP. Molecular complete response (CR) (as defined by
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achieving PCR negativity at any time) wasattainedin 17 of 21 (81%) patientson
ATT versus 5 of 16 (31%) patients on CHOP or CVP (p < 0.01). None of the
22 patientsachieving molecular CR relapsed. In contrast, of the 15 patientswho
failed to achieve molecular CR, 6 relapsed. These findings suggest that PCR
negativity isindicative of very low residual tumor burden and, thus, of alow
probability of imminent disease recurrence.

Tofurther investigate the prognostic val ue of assessing molecular responsein
indolent follicular lymphoma, investigators at M.D. Anderson Cancer Center
conducted a study of 194 patients who had assessable t(14;18)-carrying cells
(17,18). The median follow-up was 29 mo (range: 6 to 91 mo). The molecular
responseratewasnoted to progressively increasefrom 37% at 3-5 mo of therapy
t0 66% at 15-19 mo of therapy. Failure-free survival (FFS) rates correlated with
molecul ar responserate at each of thefirst three PCR determinations (at 3-5 mo,
6-8 mo, and 9-14 mo). Patients who were PCR negative tended to have longer
FFS than nonresponders. The differences in FFS were more pronounced at the
later time-points, suggesting that determination of molecular response may be
more clinically meaningful after the first 9 mo of therapy. More specifically,
there was a substantial failure-free advantage for patients with evidence of
molecular response within the first year of therapy (4 yr FFS: 76% vs 38%; p <
0.001). Late failure also occurred more frequently in the molecular non-
responders. Furthermore, by multivariate analysis, 32-microglobulin (p < 0.01)
and molecular response (p < 0.001) werethemost important variabl esassoci ated
with outcome. When these two determinants were combined, three prognostic
groups emerged: (1) low B2-microglobulin and molecular responders, (2) low
[32-microglobulin and molecular nonresponders, and (3) high 32-microglobulin
and molecular nonresponders. There were no high B2-microglobulin and
molecular responders. The 4-yr FFS of these three groups were 86%, 65%, and
23%, respectively (p < 0.0001).

The significance of molecular responseto central lymphaticirradiationin FL
patientswith stagel-l11 diseasehasal so beeninvestigated (19,20). A strikingand
intriguing findingisthehigh CRratefor patientswhowere PCR negative. A total
of 33 patients (4 stage |A, 8 stage IIA, 19 stage I1IA, and 2 stage 111B) were
studied. Twenty-one patients had assessabl e t(14;18)-carrying cellsfor longitu-
dinal follow-up. A total of 287 PCR resultswereavailable: 64 from bonemarrow
and 223 from peripheral blood. Median follow-up was44 mo (range: 12—67 mo).
There was a clear and steady trend toward conversion to PCR negativity (51%
for bone marrow and 68% for peripheral blood at 3 yr), whereas the actuarial
proportion of patientsfreefromrelapseat 3yr was87%. Persistent PCR-positive
samplesat 3 yr appeared to occur morefrequently in patientswithinitial adverse
International Prognostic Index (IP1): 10% for IPI =0, 31% for IPI = 1, and 63%
for [Pl =2. Moreover, | Pl wastheonly statistically significant predictor for rel apse:
FFS of 91% at 3 yr for IPl < 2 and 75% for IPl = 2 (p = 0.024, log-rank test).
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Application of the PCR assay in the bone marrow transplant setting wasini-
tially reported by Gribben et a., who assessed the immunological purging of
marrow by PCR in patientswith relapsed FL after an ablative regimen of cyclo-
phosphamide and total-body irradiation (21). A total of 114 patients were stud-
ied. In 57 patients, nolymphomacells could be detected by PCR. Theremaining
57 patientshad PCR-positivemarrowsafter purging. Correlatingthe PCRresults
with FFS, Gribben et al. observed that the FFS was significantly increased in
those patientstranspl anted with PCR-negativemarrow (p< 0.00001). The obser-
vation had been expanded recently to 153 patientswith longer clinical follow-up
(22). Atmarrow harvest, only 30% of patientswerein CR and overt bone marrow
(BM) infiltratewaspresentin 47%. The FFSand overall survival were estimated
tobe42% and 66% at 8 yr, respectively. Patientswhose marrow was negative by
PCR after purging experienced|onger freedomfrom recurrencethanthosewhose
marrow remained PCR positive (p < 0.0001). Continued PCR negativity in fol-
low-up marrow samples was also strongly predictive of continued remission.
The 12-yr survival from diagnosisfor these 153 patients was 69%. | nasmuch as
the median survivals from diagnosis from first recurrence in patients with
advanced FL were 8 and 5 yr, respectively, myeloablative therapy followed by
autologous marrow transplant may prolong overall survival.

However, a somewhat contradictory observation regarding autol ogous bone
marrow transplantation hasbeenreported from St. Bartholomew’ sHospital (23).
Ninety-nine patientswith FL received ablative high-dose therapy as consolida-
tion of second or subsequent remission. Bone marrow was treated in vitro with
anti-B-cell antibodies and complement. Sixty-five patientsremained alive with
amedian follow-up of 5.5 yr. Four early deaths and 10 | ate deaths occurred, and
12 developed either secondary myelodysplastic syndrome (ssMDS) or acute
myel oblasticleukemia. FFSand overall survival ratesat 5 yr were 63% and 69%,
respectively. PCR negativity during follow-up was associated with a signifi-
cantly lower risk of recurrence (p < 0.001) and death (p < 0.02), whereasthe PCR
status of the reinfused bone marrow did not correl ate with outcome. Retrospec-
tively, although prolonged FFS can be achieved with autologous bone marrow
transplantation, there is, as yet, no survival advantage compared with conven-
tional treatment. Theincidenceof ssMDSisof increasing concerninthissetting.

The use of combined high-dose chemotherapy and allogeneic stem cell trans-
plantation is associated with ahigh risk of treatment-related mortality and mor-
bidity. Investigators have begun to empl oy nonabl ative conditioning regimensto
decrease toxicity while achieving engraftment of an allogeneic blood stem cell
transplant and allowing a graft-versus-malignancy effect to occur. Khouri et al.
reported apilot study of 10 FL patientsinwhom nonablativedosesof fludarabine,
cyclophosphamide, and rituximabweregiven prior toallogeneic peripheral blood
stem cell transplantation (24). All patients achieved engraftment of donor cells
with minimal toxicity. The medium number of dayswith severe neutropeniawas
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six. Only two patients required platelet transfusions and no manifestations of
nonhematol ogic toxicity exceeded grade 2. Of the eight patientswith assessable
t(14;18)-carrying cellsbeforetransplant, seven achieved molecular remissionin
3 mo, and intheremaining one, themarrow converted to PCR negativity at 7 mo.
Strikingly, all patientswerealive, and none had diseaserecurrencewith amedian
follow-up of 16 mo.

Although eventual translation into improved overall survival remains to be
seen, the association of amolecular response with prolonged FFS appearsto be
a uniform finding in many different studies and in many different treatment
settings. Therefore, as a therapeutic guideline, elimination of cells bearing the
t(14;18) ishighly desirableand should beattempted. However, thefate of patients
with PCR-positivemarrow after therapy appearstovary: somerelapseand others
remaininremission for aprolonged period. Perhaps combining abiologic assay
with PCR might help assess the proliferative activity of the residual t(14;18)-
carrying cellsand thereby help predict imminent rel apse more accurately. It also
rai sesaninteresting question astowhether quantitativemonitoring of theresidual
lymphoma cells would improve predictive capability of the eventual clinical
outcome. PCR technology now permits real-time quantification, so the goal is
technologically feasible.
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FLOW CYTOMETRY (CHAPTERS 1, 2, 8)

By theend of the 1990s, the number of fluorescent markersthat wereavailable
to detect cellular proteinshad grown to, at least, 11, Thisincrease wasthe result
of developmentsinlaser technol ogy, fluorochrome chemistry, optical hardware,
and data analysis software. These advances, accompanied by technical advice,
are presented in the excellent review article of Baumgarth and Roederer (1).

We present abrief overview of the fluorochromes: their excitation and emis-
sion propertiesandthetypesof lasersused for their excitation. Tothisend, abrief
introductionto thenomenclaturefor thevariousfluorochromesisgivenfor those
unfamiliar with thefield. These fluorochromes are summarized in Table 1. The
first group of fluorescent dyes are the small organic molecules that are easily
conjugatedtoantibodies. Theseincludefluoresceinisothiocyanate(FITC), Texas
Red (TR), Alexa 595 (A595), Cascade Blue (CasB), and Cascade Y ellow. Next
arethe single-protein molecul esrequiring more complicated conjugation proce-
dures. phycoerythrin (PE), alophycocyanin (APC), and peridin chlorophyll
protein (PerCP). Finally, thetandem dyes are covalently linked combinations of
donor and acceptor molecules that can then be conjugated to antibodies. Thus,
Cy5PE, Cy5.5PE, and Cy7PE are the result of a combination where PE is the
donor and either Cy5, Cy5.5, or Cy7 isthe acceptor dye.

LIMITED DILUTION CALIBRATION (CHAPTERS 3 AND 4)

Although the comment that when the starting number of cells positive for
minimal residual disease (MRD) isvery low or very high givesriseto potential
errorsin estimation of thenumber of target cells, thiseffectisminimized by using
anonlinear calibration model instead of thesimpler, better known linear calibra-
tion model using limited dilution (2). The statistics of the problem are binomial
in that the problem isto estimate the proportion of cells (e.g., 1:10% cells) in the
sample that have the particular rearrangement of interest. The limiting dilution
assay is constructed by taking a known concentration of cells reactive to the
MRD technique (e.g., 107 cancer cells or the equivalent amount of DNA), sepa-
rating into 10 equal aliquots of, say, 10° cells. One aliquot of the 10 is set aside
tobefurther diluted. Each full-strength aliquot istested using the MRD reaction.
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Table 1
Fluorochrome Dye Characteristics

Excitation Emission

wavelength wavelength Laser commonly used
Dye (nm) (nm) for excitation
CasB 407 440 Krypton @ 407
CasY 407 545 Krypton @ 407
FITC 488 525 Argon @ 488
PE 488 575 Argon @ 488
Cy5PE 488 or 532 665 Argon @ 488 or YAG @ 532
Cy5.5PE 488 or 532 720 Argon @ 488 or YAG @ 532
Cy7PE 488 or 532 785 Argon @ 488 or YAG @ 532
TR 595 625 Dye @ 595
APC 595 660 Dye @ 595
Cy5.5APC 595 or 632° 705 Dye @ 595 or HeNe @ 632
Cy7APC 595 or 6322 750 Dye @ 595 or HeNe @ 632

@Diode |aser operating at 632 nm can also be used for excitation.

ThelOthaiquotisthendividedinto 10 aliquotsof, say, 10° cellsand diluted with
nonreactive DNA to make the same amount of DNA as previously tested. One
aliquot isset aside for further dilution. The other nine are tested. The procedure
can continue until only one reactive cell remainsin the aliquot. Typically,
the dilution stops when 10 cell equivalentsremain, as 1 cell in 10° nonreactive
cellswill probably not react. At this point, the number of aliquots at each level
showing positive reactions are tabulated and correspond to the number of cells
inthealiquot. Thisistabulated or plotted providing acurveof reaction versusthe
number of cellsin the sample. The correspondence is to a binomial proportion
that can also be considered a count. Taswell (2) stated that the proportion is
approximated by the Poisson distribution, but the linear prediction model uses
standard regression techniques that are correct assuming Gaussian errors. In
either case, ultimately, the Gaussian distribution is used to approximate the
errorsand provide estimatesfor the slopeand intercept, which areinverted using
Fieller's theorem (3—7). This method presumes a linear relationship. Because
PCR is a geometric process over the amplification time, the observed signal
corresponding to the counts is associated with alogarithm (base 10 usually) of
the initial number of copies of the rearrangement (positive cells) that are to
be amplified by polymerase chainreaction (PCR), say. Atlow concentration, the
nonamplified DNA tends to interfere with the amplifiable DNA causing the
signal to“ bottomout.” Thereisareal bottom|ower than theapparent bottom seen
and occurs when no cell out of the total number of cells is positive for the
rearrangement. The next possible higher value above O istherefore 1 out of the



Editors’ Notes 245

number of cellsinthe sample. Thisistypically below the apparent bottom of the
calibration since the minimum number of positive cells necessary to provide a
nonzero signal isgreater than 1, probably more like 25 cellsif the total number
of cellsis 106. Onthe high end of the curve, where large amounts of amplifiable
DNA are present, the curve saturates. These effects produce the characteristic
heel and shoulder graph observed and a nonlinear, nonloglinear relationship
between the number of positive cells and the output signal.

MRD-PREDICTING RELAPSE (CHAPTER 6)

This note is in reference to their use of MRD to predict relapse post-BMT
(bonemarrow transplantation). MRD wascalculated at 1, 3, 6, 12, 18, and 24 mo.
Of the four patients who relapsed with no MRD detected, one was a sampl e of
poor quality that probably should have been resampled, if possible. Another was
arelapseat 19 mo, 5 mo after the previousmeasurement (approx 14 mo). Another
was 65 mo, 41 mo after the previous scheduled measurement (approx 24 mo).
The last relapse was a clonal change. The emphasis must be made that if MRD
isto be areliable predictor of relapse, it must be done at regular short intervals
(probably < 6 mo), with the minimum interval yet to be determined. Thetesting
must continue for an extended length of time, perhaps 48 mo.

Another concernisthat many researchersareusing positive/negative statusas
thecriterionfor MRD. Weand others[e.g., Radichet al. (8)] haveseen positive”
MRD patients continue in remission for years. The criterion for relapse should
be based on persistent positive rate of change of the diseaselevel over time. The
time interval will undoubtedly be short and needs to be determined. Such a
procedure is probably required to increase the sensitivity and specificity of the
relapse prediction to an acceptable level.

More rapid means of quantitative M RD measurements are now available that
should require only a few days for processing. This assumes that the positive
clone(s) has been determined before the BMT was performed. The problem of
clonal change reported in this chapter isanother problem. The need to continue
screening for additional abnormal clonesis not clear.

Caligiuri suggested that even acontinuously positive patient (>10° on at | east
bone marrow or blood samplesin triplicate) “...may be compatible with long-
term remission.” This suggests that a semiquantitative analysis with follow-up
at regular intervals during remission may be able to discriminate between con-
tinuously positive patients remaining in remission (complete clinical remission
[CCR]) and thosethat relapse. Caligieri also stated that MRD after BMT may or
may not relate to disease-free survival (DFS), overall survival (OS), or just
relapse. A positive MRD might indicate a noncancerous clone. Thus, apositive
or negative status may not be sufficient to determine relapse but require an
increase in observed levels. In several studiesin this book, the use of BMT did
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not yield anegative MRD. This should be of some concern to clinicians. MRD
might be used as a measure of the completeness of the BMT, if the MRD is
negativeinthe donor. However, apositive MRD may be merely anindication of
residual marrow stem cellsafter BM T and not necessarily aconcernfor treatment
if the graft versustumor effect is sufficient to maintain control over the residual
disease. Indeed, theresidual disease seen by the more sensitive M RD techniques
may reflect residual disease under control of the immune system or reflect a
guiescent clone or stage of the disease.

Thismay alsoindicate astrategy (1) for thosewho “convert” from positiveto
negative, the interval between successive MRD follow-up may be lengthened,
(2) for those who continue positive, a closer follow-up than (strategy 1) should
befollowed to detect theincrease that may precede aclinical relapse, and (3) for
those who have increasing MRD, a salvage, or successive therapy might be
initiated early (prior to clinical relapse) with potential positive benefits.

NOTES ON THE SENSITIVITY REQUIRED
FOR DISEASE MONITORING

From the preceding section, we see that the more sensitive MRD techniques
may be reaching the sensitivity level where they are measuring as positive dis-
easethat either will not relapse as aresult of immune system control or changes
in the disease will relapse very slowly, reflects a nonmalignant subclone, or,
possibly, istheresult of nonspecificreactivity tothe MRD procedure. Thiseffect
needsto be studied morethoroughly. It appearsthat perhapsalevel of sensitivity
around 1 cell in 106 may be sufficient to reach thislevel. When in doubt that the
level has been reached, a semiquantitative method should be used rather than
positive or negative readings.

STATISTICAL METHODS USED IN THIS BOOK (CHAPTER 2)

Statistical methods used include several standard statistical methods. For
proportions such athe proportion of MRD positive or the proportion relapsed in
a particular group, chi-square test of association or Fisher exact probability
statisticsaregenerally used where proportionsare compared. Campanaal so uses
the proportion £ thestandard error (SE). Thiscan be confusing. If wearelooking
at abinomial probability suchasaproportion, say p, based on, say, n observations
(positive/negative, relapse/nonrel apse), the SE isexactly [p(1—p)/n]Y2. If weare
talking about a set of proportions and the mean of the set, then the SE isthe SE
calculated from the sample variance and is based on the number of proportions
compared. If other factors are to be compared to the proportions (e.g., age,
presence of a particular marker, etc.), logistic regression is generally used (9).

If timetoarecognizableevent (e.g., length of remissionfromremissioninduc-
tion or the end of treatment to relapse) is to be compared between two or more



Editors’ Notes 247

groups, Kaplan—Meier survival curvesareusually cal culated and compared using
thelog-rank or generalized Wilcoxon test. If other factors are to be compared to
the time to event (e.g., age, presence of a particular marker, etc.), proportiona
hazards (Cox model) regression is generally used (10).

NOTE ON BATCHES OF REAGENTS (CHAPTER 1)

Variations in fluorochrome dyes and other reagents used in these involved
assays vary from manufacturer to manufacturer and lot to lot within a manufac-
turer. Changeover from batch to batch requiresrecalibration using standardsand
aliquotsof samplesrun at thetime of changeover with both the old batch and the
new batch. This should be done along with periodic control runs during abatch.

NOTES ON SAMPLE SIZE CONSIDERATIONS

The chaptersin thisbook are necessarily methodological in tone and present
data to support and illustrate the methods proposed. As such, the power of the
individual studies may not be sufficient to properly test for prediction of relapse,
DFS, or OS. Thefield of MRD researchisready for more substantial trialsof the
methods suggested in thisbook following ageneral outlineof testingto seeif (1)
MRD predictsrelapse in severa diagnostic groups and (2) MRD can be used to
determinethose patientswho can benefit in early salvage or successivetreatment
before the relapse becomes clinical. Such sample size determinations need to be
made within the context of a proper, well-designed clinical trial using standard
power calculation software (e.g., DSTPLAN at www.odin.mdacc.tmc.edu).

GENERAL NOTE ON NEGATIVE VERSUS POSITIVE
AS A CRITERION OF RELAPSE

In several chapters in this book, the issue of how to determine a positive
relapse has been presented. Lo Coco describesthisasthe sensitivity of the assay
and asks if the level is in the range 10°3-10* or 10°-107°. Cross presents a
“cumbersome” method of defining relapse and questions whether a threshold
above which relapse is certain could not be defined. Lee and Cabanillas are
concerned with the variable results achieved in the literature using positive and
negative. Gribben questions whether molecular CR should be the goal. He used
both peripheral blood and bone marrow and found different thresholds. Multiple
positive events have been tried and referred to as successful (see Cross).
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standard deviation, 60, 62
standard error, 60, 246
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247
sample size considerations, 247
Reverse transcription-polymerase
chain reaction, see Poly-
merase chain reaction
S
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coefficient of variation, 79
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minimal residual disease assay
development, 53-55
relapse prediction, 64, 66, 67, 78

requirements for disease monitor-
ing, 246
SIL-TALI fusion, acute lymphoblas-
tic leukemia detection, 38
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coefficient of variation, 79
definition, 119, 120
relapse prediction, 65-67, 79
T
T-cell receptor (TCR),
acute lymphoblastic leukemia
rearrangements,
adults, 103, 104
children, 3841
non-Hodgkin’s lymphoma rear-
rangements, 205-207
TCR, see T-cell receptor
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Variability, minimal residual disease
assay development, 54
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Western blot, BCR-ABL fusion
detection, 183
WT1, expression in acute myeloid
leukemia, 154, 155
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