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Multiple Myeloma e Research Paper

Levels of minimal residual disease detected by
quantitative molecular monitoring herald relapse
in patients with multiple myeloma

A B S T R A C T

Background and Objectives. Detection of minimal residual disease (MRD) has helped
to improve the treatment of patients with leukemia. At present MRD testing in patients
with multiple myeloma (MM) is not applied as a standard diagnostic or prognostic method.

Design and Methods. Immunoglobulin heavy chain (IgH) polymerase chain reaction
(PCR) using patient-specific TagMan probes together with LightCycler technology was per-
formed to quantify minimal residual disease in MM. Relative levels of clonotypic cells were
assessed as IgH/2[3-actin ratios with a sensitivity of 10 to 10°.

Results. Following stem cell transplantation, a significant reduction of clonotypic cells
was observed in bone marrow (BM) and peripheral blood (PB) samples of 11 patients, com-
paring pre-treatment values with those of best response (median: 13% to 0.09% and
0.03% to 0%, respectively). In 5 patients with ongoing clinical remission IgH/2p-actin
ratios remained stable at a low level, while in 6 patients an increase to 2% in BM and
0.4% in PB was associated with progression of the disease. In 4 of these 6 patients the
increase of clonotypic cells in PB was detectable a median of 3 months (range: 0.5-6)
before relapse. Furthermore, time-to-progression of patients with pre-transplantation
IgH/2[3-actin ratios > 0.03% in BM was significantly shorter than that of patients with
lower MRD levels.

Interpretations and Conclusions. MRD in patients with MM can be quantified reliably
using TagMan chemistry adapted to the LightCycler system. Residual tumor cell levels
before transplantation as well as results of sequential molecular monitoring are predic-
tive of relapse.

Key words: multiple myeloma, immunoglobulin H, molecular monitoring, minimal
residual disease, real-time quantitative PCR.
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allele-specific oligonucleotide (ASO)

primers complementary to the unique
sequence of the immunoglobulin heavy
chain gene (IgH) is a widely used technique
for detecting residual tumor cells in
patients with B-cell malignancies.”? The
existence of residual tumor cells in samples
of peripheral blood (PB) and bone marrow
(BM) measured by qualitative IgH PCR has
a prognostic value in patients with MM,
acute lymphoblastic leukemia (ALL)*" and
low-grade non-Hodgkin's lymphoma such
as follicular lymphoma, mantle cell lym-
phoma and chronic lymphatic leukemia
(CLL).>= Meanwhile, quantitative PCR
methods are available and have shown that
the extent and changes of residual tumor
cell infiltration are of clinical relevance. In
childhood and adult ALL, quantitative MRD
after transplantation can define groups of

Polymerase chain reaction (PCR) using
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patients at different risks of relapse™” and
in patients with CLL real-time PCR is used
to assess response to novel therapies.”™

In patients with MM quantitative MRD
monitoring using IgH PCR has been used in
studies to quantify purging efficiencies®®
and to examine the prognostic value of
MRD after transplantation.”? At present,
the prognostic value of the amount of
residual tumor cells in PB, BM or stem cell
harvests and its changes over time is still
not clear. Limiting dilution PCR* and real-
time quantitative (RQ)-PCR* for IgH have
been established to quantify clonotypic
cells. Two different detection systems are
used for RQ-PCR: the ABI Prism Sequence
Detection System (SDS) which uses one
hydrolysation probe labeled with a reporter
and a quencher dye (Tagman probe)* and
the LightCycler system which is based on
the use of two hybridization probes, each
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Table 1. Patients characteristics.

No. age sex type stage R2 therapy response EFS
1 51 f IgGK A 1.2 auto + allo CR 4141
2 52 m IgAK A 4.8 auto + INF CR 467°
3 65 m IgMK A 1.9 auto + INF PR 690"
4 53 m IgGK A 2.1 auto + Thal PR 607"
5 45 m IgGK A 2.3 auto + INF MR 423"
6 45 m 1gGK A 1.5 auto CR 309 PD
7 55 m 1gG/AN A 4.3 auto + Thal CR 274 PD
8 41 m IgGK A 3.0 auto + INF CR 112 PD
9 45 m 1gGK A 1.5 allo + Thal PR 508 PD
10 62 m 1gG IMA 2.4 auto + Thal PR 413 PD
11 48 m IgGA B 3.4 auto + INF PR 334 PD

: female; m: male; stage according to the classification of Durie and Salmon; 2; beta2-microglobulin (mg/L); auto: high-dose melphalan (200mg/nm?) and autologous
PBSCT; allo: allogeneic PBSCT with reduced conditioning regimen (fludarabine 90mg/m’, TBI); INF: maintenance therapy with interferon; Thal: maintenace therapy with
thalidomide; CR: complete remission; PR: partial remission; MR: minimal response; PD: progressive disease; EFS: event-free-survival (days); : death from infection;

': ongoing remission.

labeled with a fluorescence dye (HybProbes).* It has
been shown for patients with ALL that IgH quantifi-
cation assays can be transferred from one detection
system to the other.®

To investigate whether both RQ-PCR techniques
could be combined for IgH monitoring in MM we used
one ASO primer, one consensus primer and an ASO Tag-
man probe together with the LightCycler system. The
second goal of the study was to examine whether lev-
els of residual tumor cells at given time points could
identify patients with a high risk of relapse and whether
changes in clonotypic cell numbers over time are pre-
dictive of relapse. Therefore, MRD levels of patients with
MM following autologous and/or allogeneic peripheral
blood stem cell transplantation (PBSCT) were correlat-
ed with clinical data to evaluate the prognostic value
of quantitative molecular monitoring.

Design and Methods

Patients and samples

During routine diagnostic and procedures, 55 bone
marrow (BM) and 107 peripheral blood (PB) samples
were obtained from 11 patients with MM. The patients’
characteristics are summarized in Table 1. Remission
status was defined according to the EBMT criteria.”
Informed consent was obtained from all patients and
the study was performed according to the guidelines
of the ethical committee of the University of Diissel-
dorf.

Mononuclear cells (MNC) from patients’ samples
were stored at -20°C. Cells from the myeloma cell line
U266 (German Collection of Microorganisms and Cell
Cultures, Braunschweig, Germany) were grown in
RPMI 1560 (10% FCS, 50 pg/mL penicillin, 50 pg/mL
streptolysin) and either pelleted or serially diluted in
10-fold increments into normal PB MNC of healthy
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donors at dilutions ranging from one to 10° U266 cells
in 10’ normal MNC. CD 19* B cells were separated from
MNC of healthy donors with MACS CD19 MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) accord-
ing to the manufacturer’s recommendations. Genom-
ic DNA was isolated using the QlAamp Blood Kit (Qia-
gen, Hilden, Germany) and total RNA was extracted
using the RNeasy Mini Kit (Qiagen), again according to
the manufacturer’s instructions. Concentrations of
DNA and RNA were assessed by measurements of opti-
cal density (OD).

Amplification and sequencing of the
patient-specific IgH

Total RNA from samples with high tumor load was
reversely transcribed and a consensus PCR was per-
formed using the Gene Amp RNA PCR core kit (Applied
Biosystems, New Jersey, USA). In brief, 3 pL of total
RNA were added to a mixture containing 1xPCR buffer,
5 mM MgClz, 1 mM of each deoxynucleoside triphos-
phate (dNTP), 2.5 uM oligo(dT) primer, 1 U RNase
inhibitor and 2.5 U MulV RT. Reverse transcription was
performed at 42°C for 15 minutes followed by 99°C for
5 minutes. Afterwards consensus PCR was performed
with 1 uM FR1c-primer,® 1 uM JH12s5-, 1T UM JHs- and
1 UM JHe- primer® together with 1xPCR-buffer, 2 mM
MgClz, T mM dNTP and 0.025 U AmpliTaq Polymerase
(Applied Biosystems). Amplification conditions were
as follows: 5 min preheating at 94°C, 40 cycles of 1
min denaturation at 94°C, 1 min annealing at 59°C
and 1.5 min elongation at 72°C, followed by a final
extension of 8.5 min at 72°C. PCR products were ana-
lyzed by gel electrophoresis and excised from the gel
for purification using the QiaQuick gel extraction kit
(Qiagen). PCR products were then inserted in the
pCR4-TOPO plasmid vector using the TOPO T/A Cloning
Kit for Sequencing (Invitrogen, Paisley, UK) according
to the manufacturer's recommendations. Plasmid DNA
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from 10 bacterial clones of each patient was purified
using the QlAprep Miniprep Kit (Qiagen) and
sequenced by a commercial supplier (SEQLAB, Gottin-
gen) by automated cycle sequencing. A sequence
repeated in at least three different clones was consid-
ered to be the patient-specific IgH sequence.

Design of ASO primers and ASO Tagman probes

The patient-specific IgH was compared with pub-
lished Vi and Ju sequences of the V BASE directory
(www.mrc-cpe.cam.ac.uk).

A sense ASO primer and an ASO Tagman probe were
designed for the patient-specific complementary deter-
mining region (CDR) 3 using the PRIMER3 software
(www-genome.wi.mit.edu/genome_software/
other/primer3.html) and advice from TIB Molbiol
(Berlin, Germany). An appropriate consensus Jx primer
(Juizss, Jus or Jue)** was chosen as the antisense primer.
Probes labeled with FAM (6-carboxy-fluorescein) as
reporter at the 5' end and the quencher TAMRA (6-car-
boxy-tetramethyl-rhodamine) at the 3' end were
obtained from TIB Molbiol (Berlin, Germany).

Development of plasmid standards for
quantification

For quantification an external exogeneous standard
with plasmids containing the patient-specific IgH
sequence was used. DNA concentration of plasmids
was calculated from three independent ODaso deter-
minations. The copy number was calculated from the
concentration, mean molecular weight of the nucleo-
tides and the plasmid size. Then plasmid DNA was
digested with 1 U Pst | (Biolabs, New England, USA) for
1 h at a concentration of 1x10° copies/pL, before the
enzyme was inactivated at 95°C for 10 minutes. The
plasmid solution was diluted in 6 ng/mL MS2 phage
RNA (Roche, Mannheim, Germany) to a final concen-
tration of 5x10° copies/pL and stored at -20°C.

To be sure that PCR efficiency did not differ between
plasmid standards and genomic DNA of patients' sam-
ples, plasmids and DNA from U266 cells and one
patient were serially diluted in DNA from healthy
donors and analyzed by RQ-PCR.

Real-time PCR of patient-specific IgH and
B-actin

The IgH-PCR reaction was carried out with the
LightCycler system (Roche, Mannheim) in a final vol-
ume of 20 ML containing 1xLightCycler-FastStart
Hybridisation Probes Reaction Mix (including FastStart
Taq polymerase; Roche, Mannheim), dependent on tar-
get sequence, 0 to 7 mM MgClz, 0.5 mM ASO Primer,
0.5 mM Ju consensus primer (Juizss, Jus or Jus dependent
on target sequence), 200 nM ASO Tagman probe and
1 to 4 mg of sample DNA or 2 pL of diluted standards.
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Cycling conditions were as follows: one cycle of pre-
incubation at 95°C for 10 min, 45 cycles of a denatu-
ration step at 95°C for 0 sec and an amplification step
at 60-67°C for 30 sec, one cycle of cooling at 40°C for
5 min. For fluorescence detection of Tagman probes
the LightCycler software was set as follows: acquisi-
tion mode at the end of the amplification: single,
channels: F1/F2, fluorimeter gains: automated.

For assessment of the linear amplification and the
sensitivity of each patient-specific lgH PCR, 10-fold
dilutions of the IgH plasmid in 660 ng normal cellular
DNA corresponding to 10° cells were made and ana-
lyzed by RQ-PCR. To confirm the specificity of the
assay each IgH RQ-PCR was tested with a panel of
DNA from two healthy donors, two patients with MM,
two patients with low-grade non-Hodgkin's lym-
phoma and from sorted CD19* B cells from MNC of a
healthy donor.

The B-actin PCR was run on the same instrument
with the Tagman PCR Reagent Kit (Perkin Elmer, Weit-
erstadt) according to the manufacturer's instructions.
Briefly, the PCR was run in a final volume of 20 pL con-
taining 1xLightCycler-FastStart Hybridisation Probes
Reaction Mix (Roche, Mannheim), 3.5 mM MgCl;, 0.3
mM [-actin forward primer, 0.3 3-actin reverse primer,
200 nM B-actin Tagman probe and 1 to 4 g of sam-
ple DNA or 2 pL of diluted standards. Cycling condi-
tions were identical to those described for IgH PCR.

Analysis of patients’ samples

IgH and B-actin copy number were determined for
each sample and each sample was analyzed twice. A
total of 5 measurements were made for negative sam-
ples. Three 10-fold dilutions of patient-specific IgH-
plasmid, starting with 10° plasmid copies, and three
10-fold dilutions of human genomic DNA supplied by
the Tagman PCR Reagent Kit (Perkin Elmer Biosystems,
Weiterstadt) starting from 6x10° copies, were always
co-amplified together with the patients' samples to
create external standard curves for IgH and [B-actin
quantification. Mean IgH (1 allele) copy number was
normalized by dividing by two the mean number of 3-
actin copies (2 alleles) multiplied by 100, thus obtain-
ing an IgH/2B-actin ratio in percent, indicating the
proportion of clonotypic cells in MNC from BM or PB.

Statistical analysis

Levels of clonotypic cells in BM were compared to
those in PB using the Wilcoxon test. Correlation of
results was analyzed with standard linear regression
models. Standard curves were compared using multi-
ple regression analysis with dummy coding. The coef-
ficient of variation (CV) was calculated by dividing the
standard deviation by the mean value. Kaplan-Meier
plots were analyzed using the log rank test.
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Table 2. ASO primers and ASO probes used for IgH RQ-PCR: for U266 and for patients #1-#11 individual sequences
of the IgH VDJ region are shown using IUPAC codes. CDR3 sequences are in bold. The ASO primer (left) and ASO

probe (right) for each patient are underlined.

U266 cystgtattactgtgcgaaaagtgaccctttttggagtgattattataactttgactactcgtacactttggacgtctggggcc

#1 acacggcystgtattactgtgcgagaacttttacatattactctgtttcgaagacttattataacgagtactactttgactcctggggccaggga
#2 acacggctctgtattactgtgcaaaagatcgtaactggggggogtggggaaggcttetttgactcctggggcc

#3 acacggccctgtattactgtgcgagaageccccacccggggagggtggatcactactttgactactggggccaggga

#4 cggcystgtattattactgtgcgcgagattgg ggeattgtagtagacccagttgegeccgacttttggggecagggagecct

#5 agtcgaggacacggctgtttattactgtgcgagagtacaaataccagetgcetcttgattcctggggecaggga

#6 acacggccgtgtatttctgtgcgagagattatcatggcagegectggtaccctcgggcectttcaatactggggccaggga

#7 cacatattattgtgtacacaccccggggeagtggeaggeccccgctgagtacttccagcactggg

#8 cggccgtatattactgtgccggeccggattattttgatactaagggccagggaaccct

#9 ctgtctattattgtgtgagacaaaatt cctaaagga. acaacgactactactactcc acgtctggg

#10 ctgtttattactgtgtgagagacagagcgcttcggggacttagtecctactactttgagcactggggecagggaacc

#11 tgtttattactgtgcgagagatgaagtgggagttgcggggoactactggggccagggaaccct

Results To validate the use of plasmid standards, we ana-

Linear range, sensitivity, reproducibility and
accuracyf or 11 MM patients and the myeloma
cell line U266

A clone-specific lgH RQ-PCR was established using a
sense ASO primer and an antisense Ju-consensus
primer together with a patient-specific ASO Tagman
probe (Table 2). Linear amplification conditions were
found for each patient-specific IgH PCR with correla-
tion coefficients of = 0.98 for serial plasmid dilutions
in a range from 10° to 10" copies. Slopes and intercepts
of IgH standard curves were 3.4+0.2 and 40.7+3.6,
respectively. The sensitivity of the assay was at least
10" (1 IgH copy in 10 cells). For some patients sensi-
tivity was 10° (n=3) or even 10 (n=3). No positive
signal was observed in any non-patient samples,
reflecting the specificity of our assay.

Intra-assay and inter-assay variability were ana-
lyzed using 210 and 60 samples from PB and BM,
respectively, which were obtained at different time
points during the course of the disease and which con-
tained different concentrations of clonotypic cells. We
found a good reproducibility of the assay as reflected
by a correlation coefficient of 0.99 and a CV of 0.27
(95% Cl: 0.21-0.33) for intra-assay variability as well
as a correlation coefficient of 0.99 and a CV of 0.38
(959% Cl: 0.28-0.48) for inter-assay variability. To test
the accuracy of the IgH RQ-PCR, U266 myeloma cells
were diluted in normal PB MNC resulting in spiked
samples with proportions of tumor cells ranging from
1% to 0.00001%. A close linear correlation (r = 0.99)
was found between expected and measured values in
samples with a tumor load from 1% to 0.01% indi-
cating a high accuracy of the assay. In samples with a
tumor load < 0.001%, when less than 10 copies were
present in a tube, the amount of tumor cells was over-
estimated (Figure 2).
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lyzed dilutions of DNA and plasmid targets with the
same cell equivalents for the U266 cell line and one
patients’ sample. Regression analysis of cell equiva-
lents versus crossing points showed no significant dif-
ferences (p = 0.8) indicating that the PCR efficiency
did not differ between plasmid DNA and genomic DNA
in our study (Figure 1).

Tumor load in peripheral blood and bone
marrow

We performed an intra-individual quantification of
myeloma cells in 30 PB and BM samples obtained at
the same time. The samples were collected during the
course of disease of 11 patients and included time
points with different numbers of tumor cells. A nega-
tive PCR finding in PB, which occurred in 15 samples,
was associated with a positive PCR result in two-thirds
of the corresponding BM samples. In contrast, PCR
negativity in five samples from BM was always accom-
panied by a negative PCR finding in PB. Tumor load in
samples from PB was significantly (p < 0.001) lower
than in samples from BM as reflected by median
IgH/2B-actin ratios of 0.000023% (range: 2 to 0%)
and 0.29% (range: 85 to 0%), respectively (Figure 3).
The difference in IgH/23-actin ratios in paired samples
from BM and PB of individual patients varied by a fac-
tor of 2 to 650.

Amount of clonotypic cells before therapy, in
remission and at the time of relapse

We report 11 cases of MRD from patients with MM
following high-dose chemotherapy and autologous (n
= 10) PBSCT and/or allogeneic (n = 2) PBSCT with
reduced conditioning regimen. BM and PB samples
from time points before and after PBSCT were com-
pared. Six of eleven patients relapsed and samples
were also examined at the time of progressive disease.
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Figure 1. Plasmid DNA versus genomic DNA for standard
curves. Plasmid DNA (H) and genomic DNA (®) of the
U266 cell line (A) and a sample from patient #11 at the
time of diagnosis (B) were diluted in 660 ng DNA of
healthy donors. Tumor cell equivalents were plotted
against crossing points showing equal amplification effi-
ciency of both standards. Markers cover duplicate meas-
urements of two independent experiments.
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Figure 2. Evaluation of accuracy. The U266 cell line was
diluted in MNC from healthy donors to produce samples
that had a tumor cell content ranging from 1% to
0.00001%. Expected values and results of triplicates (1-
0.1%)/quintuples (0.00001%) of 2 independent experi-
ments are shown.

The intraindividual analysis of IgH/2B-actin ratios
showed that the number of clonotypic cells was relat-
ed to the state of disease. There was a significant
reduction of IgH/2[3-actin ratios (a median of 2 log)
between pre-treatment values and those of best
response in BM (median: 13% [range: 0.0001-100%)]
to 0.09% [range: 0-2.5%], p = 0.003 (Figure 4A). In PB
the reduction of IgH/2[3-actin ratios was even more
pronounced (median: 0.03% [range: 0-1%)] to 0%
[range: 0-0.5%], p = 0.02 (Figure 4B). Relapse was
associated with an increase of the median IgH/2[3-
actin ratio to 2% (range: 0.1-100%) in BM and to
0.4% (range: 0.1-2%) in PB (Figures 4A, B).

Analysis of the amount of clonotypic cells at given
time points during therapy revealed that IgH/2[3-actin
ratios from samples collected at the time after induc-
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Figure 3. Differences in tumor load in BM and PB:
IgH/2B-actin ratios of 30 paired BM-PB samples with
low and high tumor load taken at the same time are
shown. IgH/2B-actin ratios of PB and BM samples are
plotted on the x-axis and y-axis, respectively.
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Figure 4. Association with state of disease. IgH/2[>-actin
ratios in 11 MM patients at the time of active disease
(time of diagnosis, during induction therapy), remission
(best response during remission) and progressive dis-
ease in BM (A) and PB (B). Bars indicate median IgH/2[3-
actin levels. Open circles show negative PCR results.
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patients with relapse following PBSCT
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tion chemotherapy but before PBSCT were associated
with the probability of relapse. At this time point two
groups of patients could be identified using a thresh-
old level of 0.03% for IgH/2B-actin ratio in BM. Time-
to-progression in these two groups differed significantly
(p < 0.01) after a median observation time of 13 months
(Figure 5B). IgH/2-actin ratios of more than 0.03% in
BM samples or above 0.001% in PB samples were found
in all patients who relapsed (median time-to-progres-
sion: 10.8 months). IgH/2B-actin ratios of all patients
with ongoing remissions after PBSCT (median follow-
up: 17.1 months) were below these levels (Figure 5A).
Whereas the amount of clonotypic cells before trans-
plantation was associated with the probability of
relapse, no association could be found with paraprotein
levels, bone marrow infiltration, 32-microglobulin and
lactate dehydrogenase levels or the presence of cyto-
genetic abnormalities. Two case reports exemplify this
finding. Two male patients, 41 and 45 years old, with
stage Il A multiple myeloma of IgGK subtype and nor-
mal BM karyotype were treated with induction chemo-
therapy followed by high-dose melphalan chemother-
apy with autologous SCT and maintenance therapy with
interferon a.

One patient, who had 80% BM infiltration and a [32-
microglobulin of 3.0 mg/L, achieved a complete remis-
sion with negative immunofixation but relapsed 4
months after transplantation whereas the other patient,
who had 60% BM infiltration and a 32-microglobulin
of 2.3 mg/dL, achieved a minimal response with a less
than 50% reduction of monoclonal protein which last-
ed for more than 423 days. Whereas conventional prog-
nostic parameters, such as cytogenetic abnormalities
or [32-microglobulin level, were not predictive of the
clinical outcome of these identically treated patients,
the IgH/2[-actin ratios of 0.47% and of 0.0013% in
BM at the time before transplantation discriminated
very well between the patient who went on to have an
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early relapse and the other patient who had long-last-
ing remission, respectively.

Sequential molecular monitoring of patients
following therapy

We report 11 cases of sequential monitoring of MRD
in PB from patients with MM following PBSCT. A medi-
an of 9 samples (range: 2-17) per patient were ana-
lyzed. Ongoing remission was observed in 5 patients,
with constantly negative IgH RQ-PCR in three patients
and a persistent low level of residual tumor cells (medi-
an IgH/2[3-actin ratio: 0.0003%) in the other two. On
the other hand, there were six patients who relapsed
(Figure 6 A-F). In patients A-D relapse was associated
with an at least 10-fold increase of the IgH/2B-actin
ratio 3 months (median, range: 0.5-6) before the onset
of relapse. Two patients (A,C) were in complete remis-
sion with a negative immunofixation result at the time
when a rise of the IgH/2B-actin ratio was observed.
Another two of the relapsed patients (B,D) had partial
remissions without significant changes in the concen-
tration of the monoclonal protein measured by elec-
trophoresis at the time when an increase of IgH/2[3-
actin ratio was observed. In patients E and F the rise of
IgH/2B-actin ratio in PB was found simultaneously with
the conversion of negative to positive immunofixation
and the beginning of a rising M gradient, respectively.

Discussion

In patients with MM, quantitative IgH PCR permits
the measurement of residual clonotypic cells in sam-
ples from PB and BM before and after therapy. At pres-
ent, different PCR methods are proposed for quantita-
tive monitoring of MRD in patients with MM, although
the prognostic significance of changes in the amount
of residual tumor cells is still not clear.

haematologica 2004; 89(5):May 2004
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Figure 6. Sequential monitoring of MRD in PB. Changes of clonotypic cell numbers in PB are shown for 6 patients (A-
F = #6-11) with relapse after PBSCT. Paraprotein levels (g/dL) measured by electrophoresis are represented by dia-
monds in the upper line by the right y-axis, IgH/23-actin ratios are represented by triangles in the lower line by the
left y-axis. Open diamonds indicate no M gradient in the electrophoresis and a negative immunofixation, open trian-
gles show negative PCR results. Start of chemotherapy (= C) and time of high-dose therapy (= auto) and/or allogeneic
PBSCT (= allo) are shown by arrows. The duration of remissions is indicated by rectangles (CR: complete remission;

PR: partial remission).

In this study, we provide further evidence for the
prognostic relevance of quantitative MRD monitoring
in MM. We show that results of sequential molecular
monitoring of MRD following high-dose therapy were
able to predict a relapse in two-thirds of the patients.
Furthermore, our study suggests the existence of a
cut-off level for residual tumor cells in samples
obtained prior to PBSCT with prognostic impact for
the probability of relapse. We also show that the
amount of residual tumor cells is associated with the
state of disease and that the extent of MRD in sam-
ples from PB and BM differs significantly in patients
with MM. Moreover, we established a method for
quantification of MRD in patients with MM combin-
ing two alternative RQ-PCR systems. The use of Tag-
Man chemistry together with LightCycler technology
makes performance of patient-specific IgH RQ-PCR a
reliable technique.

In our study pre-transplantation IgH/23-actin values
in BM could discriminate two different prognostic
groups of patients. This suggests that, as shown for
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patients with ALL, there might be a pre-transplanta-
tion cut-off level of residual tumor cells in samples from
BM and PB that allows the identification of patients
with MM at a high risk of relapse. The observation that
conventional prognostic parameters did not correlate
with IgH/2B-actin ratios highlights the usefulness of
IgH RQ-PCR as an independent molecular parameter,
which provides additional prognostic information for
individual patients. Moreover, our findings provide fur-
ther evidence of the prognostic value of pre-transplan-
tation levels of tumor cells®* and the need to improve
induction therapy. Similar results were reported in a
study using limiting dilution IgH PCR instead of RQ-
PCR. Bakkus et al” showed, for the first time, that there
is a threshold of post-transplantation tumor load in BM
which has prognostic significance regarding the pro-
gression-free survival of patients with MM. Before MRD
testing can be used in the management of patients with
MM, as it is already in the management of patients
with leukemia, data from different groups and with
larger numbers of patients are necessary. Then, meas-
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urement of IgH/2B-actin ratios could lead to treatment
stratification on a molecular level in patients with MM.

Besides the prognostic value of residual tumor cells
at a given time point, our study highlights the role of
sequential quantitative monitoring of MRD. To date,
published results on changes of the amount of tumor
cells during different kinds of therapy of patients with
MM are limited.**## Looking at BM in 11 patients, we
observed a significant, 2-log reduction of clonotypic
cells between the time of active disease and that of
best response after PBSCT. This is in accordance with
findings of other groups**'* who reported a similar
reduction in the number of tumor cells in BM. During
relapse after PBSCT we found an increase of IgH/2[3-
actin ratio, which was also described by Lipinsky et
al” Looking at the amount of clonotypic cells in PB,
different groups have produced conflicting data. In
line with Cremer et al* and in contrast to others,"* we
observed a significant reduction of clonotypic cells
after high-dose therapy in patients who achieved
remission, and a subsequent rise in patients at the
time of progressive disease. Most importantly, a con-
tinuous increase of IgH/2[3-actin ratios of more than
1 log preceded disease progression in 66% of relaps-
ing patients 3 months before other examinations indi-
cated relapse. This suggests that quantitative IgH
monitoring in PB is of value in predicting relapse in
MM after autologous PBSCT. Patients with rising
IgH/2B-actin ratios after high-dose chemotherapy
could be candidates for dose-escalated maintenance
therapy or for treatment with novel drugs, such as
Revimid or Velcade. Our findings, using RQ-PCR to
analyze a median of 9 PB samples from each patient,
are in line with those of Cremer et al.*who used lim-
iting dilution PCR and showed results from PB samples
at three time points after transplantation. Two other
studies®* also reported results from sequential MRD
monitoring in patients with MM following high-dose
chemotherapy and autologous PBSCT, with only one
study providing data on samples from two patients at
the time of disease progression. Furthermore, our find-
ings demonstrate the prognostic importance of quan-
titative molecular IgH monitoring not only for patients
after allogeneic PBSCT® but also for patients after
autologous PBSCT, who represent the majority of all
patients with MM.

With growing evidence of the prognostic value of
monitoring of MRD in MM, methodological questions
arise. There are different methods for quantifying
clonotypic cells in B-cell malignancies by IgH PCR.
ASO or consensus probes provide equal specificity and
sensitivity??2 when stringent criteria for the effective-
ness of RQ-PCR are applied.” It has been shown that
only those patients who have less than three total
mutations in both probe and primer binding sites ful-
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fill the conditions for an optimal RQ-PCR.»** In our
study the ASO primer and probe assured 100% homol-
ogy to the target sequence. The use of a consensus
reverse primer, which is identical to the plasmid DNA
used as the external standard, but which is potential-
ly less perfectly matched to the DNA of the myeloma
clone, could theoretically cause a bias in PCR amplifi-
cation efficiency. Our data comparing standard curves
from cloned DNA with standard curves made from
DNA of heavily infiltrated BM showed that using one
antisense consensus primer did not result in a signif-
icantly different PCR efficiency. Similiar results were
described by Gerard et al*

Tagman probes are more suitable than HybProbes
for the design of ASO probes, because of the small size
of the patient-specific CDR3. We show that Tagman
probes can be used with the LightCycler system to
quantify IlgH copy numbers in patients with MM, as
has been shown for patients with ALL** The sensitiv-
ity, specificity, accuracy and reproducibility of our
assay were comparable to those of other assays by
groups using hybridization probes with the LightCycler
system or a hydrolization probe with the ABI Prism
SDS.z#-255 Thys, for quantitative IgH monitoring in
patients with MM the application of Tagman probes is
independent of the fluorescence detection system
used. The possibility of using different equipment facil-
itates the realization of multicenter studies, which are
required for further evaluation of the clinical relevance
of IgH monitoring in patients with MM.

Another important question, alongside the method-
ological considerations, is whether samples from PB or
BM should be used for monitoring. While it is very easy
to obtain blood samples on a regular basis, allowing
monthly monitoring, we found a lower number of
clonotypic cells in samples from PB than in those from
BM. The difference in IgH/2[-actin ratios between
paired BM and PB samples varied over a range of 3
logs. It is not clear whether this variation was due to
the heterogeneous BM infiltration® in comparison to
the homogeneous distribution of tumor cells in PB.
Another explanation for this variation could be the
variable contamination of BM samples with different
volumes of PB. Pragmatically, we suggest that both
BM and PB are examined with RQ-PCR.

In conclusion, this study has shown that quantita-
tive molecular monitoring in patients with MM fol-
lowing PBSCT is of prognostic value and is, therefore,
helpful for guiding therapeutic interventions. Further
studies are necessary to confirm these results in larg-
er groups of patients.

RF planned, performed and analyzed the experiments reported. He
wrote and revised the manuscript. MA, CA and MK performed exper-
iments providing several data presented in the publication. MA cre-
ated Figure 2 and Table 2. CA created Figures 1 and 3. MK created Fig-
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