CLINICAL OBSERVATIONS, INTERVENTIONS, AND THERAPEUTIC TRIALS

Consensus strategy to quantitate malignant cells in myeloma patients is
validated in a multicenter study
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Recently the Belgium—Dutch Hematology—
Oncology group initiated a multicenter
study to evaluate whether myeloma pa-
tients treated with intensive chemother-
apy benefit from additional peripheral
stem cell transplantation. To determine
treatment response accurately, we de-
cided to quantitate malignant cells. To
test a consensus quantitation strategy, 5
centers independently determined the
immunoglobulin heavy chain sequences
of patient tumor cells and developed
allele-specific oligonucleotides (ASO) and

ASO-polymerase chain reaction (PCR).

We compared the reproducibility of real-
time quantitation with quantitation using

limiting dilutions. We distributed DNA
samples with a 4-log range of tumor cell
concentrations and found average quanti-
tation values deviating 74% and 42% from
the input values with real-time PCR
(1 center) and limiting dilutions (4 cen-
ters), respectively. Within single centers
we found an average variation coefficient
of 0.74, with limiting dilutions not signifi-

cantly different from the average 0.82
center-to-center variation coefficient.
Within a single center, real-time quantita-

tion proved more reproducible (average
variation coefficient, 0.36). Quantification
was confirmed in 3 patients during treat-
ment in the protocol. This report shows
that real-time PCR or limiting dilution
assays can be used for quantitation in a
single multicenter trial. We present a
consensus strategy that allows an accu-
rate comparison of quantitation data
generated in independent centers. (Blood.
2000;96:63-70)
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Introduction

Multiple myeloma is a malignant disease characterized by #wgic or flow cytometry examinations. The serum or urine M-
increased number of clonal plasma cells in the bone marroprotein concentration reflected the secreting capability of monoclo-
Intensive treatment of patients with multiple myeloma results inal plasma cells rather than the absolute number of tumor cells and
more complete remission, event-free survival, and overall survivahs of limited value as a parameter for treatment response. Data
than treatment with conventional doses of chemotherapy. Recergbnerated by Corradini et 3alstrongly suggest a correlation
updated results from the French IMF group showed a 43#%etween the PCR detection of posttransplant bone marrow tumor
(median, 57 months) 6-year probability of survival after diagnostlls and treatment outcome. Ninety-two percent of myeloma
in the myeloma group treated with high-dose chemotherapy verqetients who underwent autologous stem cell transplantation were
a 21% probability (median, 42 months) in the group treated witACR-positive, and most of these patients had relapses. Among
conventional doses. In multivariate analysis the most importapatients subjected to allogeneic bone marrow transplantation, 45%
prognostic factor was response to treatniénBased on these became PCR-negative. Only 1 of 4 PCR-negative patients had
results, the Belgium—-Dutch Hematology Oncology group (HOVONElapses. To define treatment response more accurately, we decided
initiated a multicenter study (HOVON-24) to evaluate the addio quantitate malignant cells using PCR.

tional effect of peripheral stem cell transplantation on treatment For logistical reasons quantitation data were generated in the
outcome. In this study myeloma patients received 3 to 4 coursespafrticipating HOVON centers. Other multicenter studies reporting
VAD, followed by cyclophosphamide, stem cell mobilization, andarge center-to-center variations in quantitation data clearly indi-
2 courses of intravenous intermediate-dose melphalan (70#ng/ntate that an accurate comparison of data generated in individual
Subsequently, patients were randomized to receive either inteenters is dependent on the standardization of a reproducible
feronw alone or cyclophosphamide/TBI and peripheral stem cethethod* The HOVON-24 group, therefore, developed a consensus
transplantation, followed by interferammaintenance. Treatment strategy for the quantitation of malignant cells in myeloma patients.
response was measured using bone marrow plasma cell percent@uentitation was based on amplification of the unique immuno-
plasma cell monoclonalityk(\ ratio), and serum or urine M- globulin heavy-chain sequence of the malignant clone using
protein concentration as parameters. Areliable assessment of tud@®@le-specific oligonucleotides (IgH ASO-PCR). In this report we
cell fractions below 1%, however, was not possible with morphdested a consensus strategy using a limiting dilution assay in a
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multicenter setting and compared these data with quantitati®he PCR was performed for 35 cycles of 1 minute at 94°C, 1 minute at
results using a recently developed integrated system for therrfflfC, and 1 minute at 72°C, and for a final 10-minute extension at 72°C in
cycling, real-time fluorescent detection, and subsequent calculatf$h EPpendorf Mastercycler (Eppendorf, Hamburg, Germany). Products

of PCR product (7700 SDS: ABI-PRISM; Perkin-Elmer.\vere separated on a 2% agarose gel. As an alternative, Frl-region V
' ' ‘family-specific sense primers gy antisense primers were used.

Norwalk, CT)>
Direct sequencing
Patients, materials, and methods Double-stranded IgH PCR product was sequenced in 2 directions by the
) dideoxy chain termination method in a 15-cycle PCR using 5 pmol of an
Patients end-labeled sequencing primer (Table 1) and a 1-pL (10 ng) tenfpldte.

quences were probed for homology with published functiopglDy,,

d J; gene segments (V-base downloaded from the internet site http:/
.mrc-cpe.cam.ac.uk/imt-doc/public/INTRO.html) using DNAPLOT or

STA software.

Each patient had stage Il or Il multiple myeloma, according to the stagir?c;
system of Durie and SalmdnBone marrow cells were obtained bya
aspiration from the sternum or iliac crest after each patient gave inform
consent. Cytospin preparations of bone marrow cells were stained
May—Grinwald—-Giemsa, and the morphology of 200 nucleated cells was
quantitated by 2 independent investigators. Cells were layered oVeesign of allele-specific oligonucleotides

F|coII_—Hyp.aque, and the mononuclear layer was cqllected after densMele-specific oligonucleotides complementary to the CDRI (sense) and
centrifugation and Walsh_ed in pho;phate—buffered saline. These cells WEESR I (antisense) regions were designed using the Primer Express
cryopreserved at 196°C in small aliquots. software program (Perkin—Elmer, Foster City CA; demo version 1.0 ppd).
Design criteria for ASO were: temperature between 59°C and 64°C
(nearest-neighbor method), no secondary structures with temperature
More than 1< 10° cryopreserved cells were thawed, washed in phosphatieigher than 50°C, no primer dimer formation wifiG less than—10
buffered saline, and counted using a Coulter counter. Five million cells wekeal/mol, no stretches of 4 or more Gs, the lasb&se of the sense primer
used for DNA extraction with the QlAamp Blood (Qiagen, Hildenpreferentially complementary to a point mutation in the CDRI region, and
Germany) kit. The remaining>61(° cells were used for RNA extraction the 3 penultimate '3bases of the antisense primer in the CDRIII region
using the RNAzol B isolation (CAMPRO-Scientific, Veenendaal, Thereferentially in the N region between the ¥nd D segments.

Netherlands) kit. For quantitation of samples containing fewer thah0®
cells after thawing, whole cell lysates were uged.

Nucleic acid extraction

Tumor clone-specific polymerase chain reaction

cDNA synthesis An ASO-PCR was performed on 1 pL patient cDNA essentially as
. . . described for IgH consensus PCR, except for the use of 30 phasidb3
One microgram RNA (5 uL) was reversed transcribed in a total volume QFSO primers instead of the;Mand constant region consensus primers. PCR

ﬁqOmE:;L ?\;I)nglng riomg};ro(;/itLh;{thﬁr_eigll éng SﬁgllzsdlznTrTDOVSL Kr'r?c!l/lis products were separated on 2% agarose gel. A PCR product of the correct
9~ ' H O H length justified further use of the tested ASO. The specificity of the

random hexamers (Pharmacia, Uppsala, Sweden), 20 U RNAsin (Prome ) :
Madison, WI), and 200 U Mo-MulLV reverse transcriptase (Life Technolo- O-PCR (essentially performed as described for IgH consensus PCR)

gies, Gaithersburg, MD). Reverse transcription was performed at 42°C e tested using 0.5 ug patient or 1 pg control DNA (normal bone marrow

r ; .
. cells, normal white blood cells [NWBC], and normal tonsillar cells). Three
45 minutes.

independent allele-specific dilution series were generated by diluting
patient marrow DNA in 10-fold decrements into NWBC DNA to yield a
concentration of 0.1 pg/pL and 160,000 cells per PCR. Sensitivity of the
ASO-PCR was tested using these dilution series as templates. PCR
Six independent IgH PCRs were performed using leader regign \products were separated on 2% agarose gel, transferred to nylon mem-
family-specific sense primers (Table 1) and a constant region antisemsanes (Hybond MN; Amersham, Roosendaal, The Netherlands), and
primer (ax for IgA-producing tumor clones,cfor IgG-producing tumor probed with end-labeled \V family-specific Fr2 or Fr3 probes under
clones). One microliter cDNA was subjected to IgH PCR in a 100-pL PC&ringent conditions. Radioactive signals were visualized on x-ray film
solution containing 10 mmol/L Tris—HCI (pH 8.3), 50 mmol/L KCI, 2 (Eastman Kodak, Rochester, NY). Sensitivity of the ASO-PCR was
mmol/L MgCl,, 250 pumol/L dNTP, 2.5 UTag DNA polymerase (Life considered satisfactory when PCR product was detectable up to 0.1% tumor
Technologies), and 30 pmol of each primer (Eurogentec, Seraing, Belgiumglls on agarose gel or 0.01% tumor cells on x-ray film. To increase

Vy family-specific amplification of IgH using
consensus primers

Table 1. Primers used for PCR and sequencing

Primers
Amplification Sense Antisense
IgH rearrangement tumor clone  VH1-leader 5'-ATGGACTGGACCTGGAGG-3' Cy 5'-GGGTCTAGACAGGCAGCCCAGGGCCGCTGTGC-3'
5'-GAGTTTGGGCTGAGCTGG-3' Ca 5'-GGCTCAGCGGGAAGACCTTGG-3'
VH3-leader 5'-CTGGTGGCAGCTCCCAGA-3'
VH4-leader 5'-CTCGCCCTCCTCCTGGCT-3'
VH5-leader 5'-ATGTCTGTCTCCTTCCTC-3'
VH6-leader
Sequencing or alternative set VH1/7 5'-TCTGGGGCTGAGGTGAAGAA-3’ Jh-cons 5'-GGTCACCGTCTCCTCAGGT-3'
VH2 5'-ACCTTGAAGGAGTCTGGTCCT-3' Jh21 5'-ACCTGAGGAGACGGTGACC-3’
VH3 5'-GGGGGTCCCTGAGACTCTC-3’
VH4 5'-GCCCAGGACTGGTGAAGC-3'
VH5 5'-CTGGTGCAGTCTGGAGCAG-3’
VH6 5'-GTACAGCTGCAGCAGTCAGGT-3'
B-actin reference PCR B-actin forward 5'-TCACCCACACTGTGCCCATCTACGA-3' B-actin reverse 5'-CAGCGGAACCGCTCATTGCCAATGG-3’
B-globin reference PCR PCO5 5'-CAACCTCAAACAGACACCATG-3' PCO3 5'-ACACAACTGTGTTCACTAGC-3’

GH21 5'-GGAAAATAGACCAATAGGCAG-3’
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ASO-PCR sensitivity, the annealing temperature could be optimized BYsO—-PCR product formed is quantitated using the relative reporter group
testing at 58°C to 62°C. fluorescenced( Rn) at a given cycle or using the Ct. The ABI/Prism 7700
Sequence Detector System (Perkin—Elmer) computed the fraction of tumor
cells in patient samples using the patient-specific linear regression equation
Patient DNA samples were serially diluted (usirdlO decrements) in @S & calibrator.

dH,0 59 Dilutions were amplified using a 2-step PCR procedure. The initial  The amount of tumor cells as determined by PCR was dependent on the
amplifications were performed using 30 pmol of the Fr1 region or the lead@nount of DNA used in a PCR reaction and on factors affecting
region Vi family-specific sense primer and the Jh21 antisense primer. DN#nplification fidelity and efficiency. Normalizing the tumor cell-specific
template (10 uL) was subjected to IgH—PCR essentially performed as in th&O-PCR for the input of increased DNA in each sample was therefore
Vy family-specific consensus IgH-PCR except for the use of 2 mmolfiequisite. PCR amplification of a reference locus was used for normaliza-
MgCl,. Two microliters from the first PCR was used as a template in #on. With real-time PCR thg-actin reference locus was amplified using 15
nested PCR procedure performed with 30-pmol patient-specific ASO apihol B-actin forward and reverse primer and 10 pnfehctin Tagman

2.5 mmol/L MgCb. PCR products were separated on 2% agarose gel. Theobe (Perkin—Elmer) using Tagman buffers and cycling parameters as for
most diluted sample that was positive in the above procedure and tite ASO—-PCR. The amount of increased DNA was computed relative to a
neighboring dilutions (2 lower, 2 higher) were subjected to this limitinglilution curve of 1 ug NWBC DNA in d5O (5-fold decrements). For each
dilution assay, each sample in 9-fold. Results were corrected for the inputgeftient sample, the ASO-PCR signal was normalized t@thetin signal.
increased DNA, and-10° to +10' dilutions were subjected to a 2-stepFigure 1 shows that ASO—PCR for patients and PCR amplification of the
B-globin reference PCR, each in 10-fdfiExcept for the use of 30 pmol g-actin locus had equal amplification efficiencies across a dynamic range of
PCQ; and GH21 primers, 5 uL DNA template was subjected to refereneg least 2 log template concentrations (input, 800-80,000 cells).

PCR performed essentially as tumor-specific ASO-PCR was performed. Conventional quantitation of PCR product using densitometric imag-
Two microliters of the first PCR was used as template in a seminested P{ﬁ@_ Calibrator and unknown samples were used as templates in ASO—
procedure performed with 30 pmol Pe@nd GH21 primers. Precautions pcRrs, which were performed for 35 cycles on 1 pg DNA essentially as
necessary to avoid cross-contamination were taken, as described by Kwgkcriped for IgH consensus PCR except for the use of 30 phaoid3

and Higuchi*! The number of tumor cells in a sample was calculated usinggo primers instead of ¥ and constant region consensus primers.

a program based on Poisson distribution statistics of positive and ”ega@Gantitation was performed as previously described.
reactions of the PCR at each dilution leVélAs a starting value for

Newton’s method of iterative approximation, the weighted mean estimate
was used. The likelihood maximization and tRéminimization were
calculated as described by Taswéll. Results

Quantitation using limiting dilutions

Quantitation of tumor cells using a calibration curve Development of a consensus strategy for quantitation

. N . of myeloma tumor cells
As calibrator samples, we used serial dilutions of patient bone marrow

taken for the diagnosis containing more than 10% plasma cells in NWBThe unique immunoglobulin heavy-chain gene rearrangement
The relationship between the fraction of tumor cells and the amount @fjH) is generally used as a marker for malignant B-lineage clones.
ASO-PCR product in calibration samples was expressed in a regressey quantitate myeloma tumor cells by IgH rearrangement, 1 of 2
equation used to translate the ASO-PCR product (densitometric uni proaches can be followed: either probe IgH PCR products with a
relative reporter group fluorescence, or threshold cycle) in tumor cg mor-specific probi&25 or use tumor-specific IgH primef&3t

fraction of patient samples. Deviations in the logarithmic relationshi% limi . ts sh d . | fal it trol
between tumor cell fraction and amount of PCR product measured usi 56 Iminary experiments snowed occasional false-positive contro

individual calibrator samples were expressed in the correlation coefficied@MPles in IgH ASO-PCR using only 1 tumor-specific primer
of the regression equation. Consequently, this correlation coefficiefftigure 2). In addition, we observed that mismatched probes were
expressed the accuracy of the quantitation. able to hybridize and function in quantitation strategies. To avoid
Real-time quantitation of PCR product using the Tagman assayfalse positivity and the necessity of developing expensive patient-
Calibrator and unknown samples were subjected to real-time quanti§secific fluorogenic Tagman (PE/ABI) probes for real-time PCR,
tion!416 ysing the 5 nuclease ass&yand the ABI/Prism 7700 sequence, e tested a consensus strategy using 2 tumor-specific IgH primers

detector (Perkin—Elmetf In this system the tumor-specific PCR products . . . .
- . nab confirmation of amplified IgH sequences with consensus
are quantified using a nonextendable, dual-labeled fluorescent probe neste . L . .

from the PCR primers. This Tagman probe (PE/ABI, Warrington, UK)F,)rO es. Using Clustal W big ‘n FAT_ version 1.4 (EMBL, Heidel-
synthesized according to Lee et!4lcontains a 5 fluorogenic reporter P€rd, Germanyy? we aligned functional M sequence®3* We
group (eg, TET or JOE) and & 8uorogenic-quenching group (TAMRA). were unable to find probe sequences complementary to all V
During laser-induced excitation of the intact Tagman probe (PE/ABI), tgermline sequences and initiated a probe design for tl3sfamily

5’ fluorescent reporter dye is quenched by theg8encher dye through (approximately 50% of patient sequences; later, probes fdr, V
Forster-type energy transf&2° During specific amplification, the hybrid- V12, and \;4 were designed). Using the consensy8germline

ized Tagman (PE/ABI) probe is hydrolyzed by thesecondary structure- sequence, we plotted the deviations we found in a panel of 24

dependent exonuclease activity ®fqg polymerasé> 192 The reporter eloma tumor sequences (Figure 3). Using the Primer Express
group fluorescencé®Rn) caused by hydrolysis of the probe is proportiona‘ny g 9 ) 9 P

to the amount of PCR product and is normalized to a passive interrafiitware program (Perkin-Elmer; demo version 1.0 ppd), we
reference signal (ie, the rhodamine derivative ROX). Sample positivity #€signed Y, family-specific Fr2 and Fr3 probes suitable for
measured at the cycle number at which emitted fluorescence exceedsré®l-time PCR. Design criteria for probes were: temperature
10X SD of baseline emissions during cycles 3 through 15 (ie, the threshdieétween 66°C and 70°C (nearest-neighbor method); ldsge A,
cycle [Ct]). Ct is proportional to the initial number of target molec#es. T, or C; more C than G bases; no secondary structures with
One microgram patient DNA was used as a template. Each sample Wagperature higher than 50°C; and no probe dimer formation with
amplified in triplicate in the presence of 15 pmol of each specific ASO, ]éb less than—10 kcal/mol. The V;3—Fr2 and V;3-Fr3 probes

pmol Tagman (PE/ABI) probe, 200 umol/L dNTP, 60 nmol/L passive 0 o .
reference ROX, 1.25 U AmpliTagGold DNA polymerase (Perkin—Elmer), ﬂnatched 53% and 43% of myeloma tumor IgH sequences with a

mmol/L MgCl,, 50 mmol/L KCI, 10 mmol/L Tris-HCI (pH 8.3), and 10 V3 rearrangement, re_spectively. Eighty percent of all tumg8 V ]
mmol/L EDTAin a volume of 50 pL. Samples were heated for 10 minutes §€duences matched with at least 1 of these probes. The remaining
95°C and amplified for 50 cycles of 0.5 minutes at 95°C and 1.5 minutes2@% of myeloma tumor 43 sequences showed single mismatches
60°, followed by a final extension of 10 minutes at 72°C. The amount ofith either the \;3—Fr2 or the V;3—Fr3 probe.
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100 1000 10000 100000 # cells
Figure 1. Quantitating dilution series of tumor cells of patient H in dH 20 using

real-time ASO-PCR. Squares and triangles show the average Ct (xSD) of 3
quantitation experiments with the V33—Fr2 and Vy3-Tagman probe, respectively.
Quantitation of the absolute number of cells was performed using B-actin real-time
PCR (diamonds).

Validating the quantitation strategy in a multicenter setting

To test our consensus strategy for the quantitation of myelom£
tumor cells, we distributed bone marrow samples from patient H*
(70% tumor cells) and patient 6 (30% tumor cells) among 5
participating centers. We compared the immunoglobulin heavy-
chain sequence of the malignant clone obtained by the individual
centers (Figure 4). No sequence heterogeneity was observed
Within well-defined restrictions (see “Materials and methods”),
each center chose allele-specific oligonucleotides (Figure 4)
and developed its own ASO-PCR. On analysis using agarose
electrophoresis, each individual ASO-PCR detected at least 1
malignant cell in a background of 1000 NWBC. A blotting
procedure and then Fr3 consensus probe of the PCR samples T - i i )

e Figure 3. Deviations from the consensus V. 43 germline sequence were found in
enhanced the Ser?s't'f"ty of the assay by a factor of 10 (results g(gﬁnel of 24 myeloma tumor sequences obtained in the HOVON-24 study.
shown)? For validation of the consensus strategy, unknown
dilutions of DNA from patients H and 6 were distributed, and the o ) o
quantitation results of 5 participating centers (4 using a limitinguantification of patient samples in time
dilution assay and 1 using real-time PCR) were compared (Table 2. test further our consensus strategy for the quantitationyefloma
The average values found with the limiting dilution assay deviatedmor cells, we distributed subsequent bone marrow samples from
42% from the input value. Using a normalized real-time PCR, w&patients among 4 centers. Three centers used the limiting dilution
calculated values that on average deviated 74% from the inmtitategy, and 1 center used real-time PCR (Center A). Figure 5 shows the
value. There was no significant difference from the averagesults. The first data pointin Figure 5Awas gaaintified by PCR but
quantitation values found using limiting dilutions. Variationwas measured by differential count of the plasma cells. As shown,
coefficients with the limiting dilution assay ranged from 0.36 tehe limiting dilution assay gives results similar to those for
1.06 (average, 0.74) within single centers. We found an averaggl-time quantitative PCR. Small differences were explained by
0.82 center-to-center variation coefficient that was not signifASO-PCR ang-globin PCR to measure total DNA.
cantly different from the average variation coefficient found within
single centers (Table 2). Center-to-center variation was reduced

. o N . . S patient 6: DP49-d6-25 -Thda (CDR1, 2,3 )
significantly, dropping from 0.82 to 0.59 with the single limiting 51U-teaccttcantatetatgetotac

. . . 5'E-ctggattcaccttcaatatetatgcte
dilution assay, when each center used the average of 3 independent = ¢c treascatcrargencrecarusy
limiting dilution assays as a quantitation value. Variation coeffi- SiAmeacetteaatatetatgetetacar

. . . . . gcagectotggattcaccttea dtafctatget Stacattgggtecgecaggetecaggeaagggget
cients with real-time quantitation ranged from 0.29 t0 0.48 goustgggtage tgrtat Greatatoat fange Saciaata Lratgeagactooqtasagade cgat

tcaccatctccagagacgattecaagaa Faclct@tatctgcaaatgaa taacctg Sgacctgaagac

(average, 0.36) and were significantly lower than with the limiting scagczst ctattactgracy 2gags tegertcatagrectae cages Scrataccagosagace ottegzctacttggge
dilution assay. cttestagtootgceageg-3'A

atagtcctgecagegectat-3'6

gacectttgactacttggge-3'C
gcttcatagtectgecage-3'E
cgggaccetttgactactty-3'0

0.7 ; patient H: DP47- D2-15 ~Fhab (CDR1,2,3
e patient & 1 4 | Patient H Jef=28250 E—
P : w142 5'U-ttagcagcaatgecatgagtty
o8 ga>22 A i 5'E-tttagcagcaatgccatgagt
G > NWBC § A | Az 5'C-tttagcageaatgecatgagteg
A (a¥ g >22500 [ O . 14 1D 5'G-ggatteacctttagcagea
| _'.ﬁ‘ g | } rNwes | 2 5'A-ttagcageaatgccatgagt
0.3 " |
| q,-‘, % 0.8 % gcagcetctygatteace tttageage 2atgecatgag Ltgggteegecaggetccagggaaggggcs
Uf _,lf' i % | v i ggagtgggtctca gftattagtggtagtggtggta Shacalactacgeagactecgtgaaggge cggt
0.1 o | d' - » |4 traccatctccagagacaa tccaagaa 2atgYtgtatctgeaaatgacagectgagag 2cg9ggaca
] Yy £ o253 E cggecgratattactgtgegaaa gatattq JagRggtqyt bgctgctac aggatttgactectyy
L e 4H2O = . e a2 3
g 3 gagaggtggttgctgctaca-3'A
I T i 1 tattggagaggtggttacts-3'G
Cycle —= 30 40 50 Cycle —= 39 40 50 ctacaggatttgactcctgg-3'C

ggtggttgctgctacagga-3'E

Figure 2. Real-time PCR quantitation of tumor cells from patient 6 and patient H. gtrgergetacaggattegacte-3'0
Tumor cells were quantitated with IgH ASO—-PCR using consensus sense primers Figure 4. IgH sequences of the malignant clone in patients 6 and H and the
(Table 1) and tumor-specific antisense primers (for patient 6) or vice versa (for patient allele-specific oligonucleotides developed in 5 independent centers to quanti-

H). Both strategies resulted in false positivity in control NWBC populations for these  tate malignant cells. Deviations from germline sequences are given in superscript.

patients. CDR sequences are underlined.
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Table 2. Day-to-day and multicenter reproducibility of quantitating malignant myeloma cells using real-time IgH ASO-PCR or a limiting dilution ass ay
Input Calculated
tumor tumor Control Average
Quantitation No. Type of cells cells ASO-PCR PCR Total per Average
Patient Center method analyses variation (no.) (no.) variation variation variation patient total

Variation coefficient

6 E Limiting dilution 3 Day-to-day 9.6 10.1 0.24 0.56 0.61

6 C Limiting dilution 3 Day-to-day 9.6 13.7 0.32 0.92 0.97

6 A Real time PCR 4 Day-to-day 9.6 12.6 0.15 0.26 0.30

6 E,C,G U Limiting dilution Single Multicenter (4) 9.6 11 0.24 0.72 0.76

6 E,C, G, U Limiting dilution Triplo 5 Multicenter (4) 9.6 10.7 0.11 0.44 0.45

6 E Limiting dilution 3 Day-to-day 1600 2306 0.09 1.04 1.04 0.83

6 C Limiting dilution 3 Day-to-day 1600 695 0.65 0.84 1.06 1.02

6 A Real-time PCR 4 Day-to-day 1600 1890 0.32 0.14 0.35 0.33

6 E,C, G U Limiting dilution Single Multicenter (4) 1608 1287 0.50 0.89 1.02 0.89

6 E,C,G U Limiting dilution Triplo 5 Multicenter (4) 1608 1701 0.45 0.49 0.67 0.56

H E Limiting dilution 3 Day-to-day 56 54 0.64 0.49 0.81

H C Limiting dilution 3 Day-to-day 56 26 0.28 0.22 0.36

H A Real-time PCR 4 Day-to-day 56 33 0.46 0.14 0.48

H E,C,G U Limiting dilution Single Multicenter (4) 56 45 0.73 0.50 0.89

H E,C,G,U Limiting dilution Triplo 5 Multicenter (4) 56 45 0.55 0.37 0.66

H E Limiting dilution 3 Day-to-day 560 866 0.40 0.33 0.52 0.67 0.75
H C Limiting dilution 3 Day-to-day 560 956 0.56 0.04 0.56 0.46 0.74
H A Real-time PCR 4 Day-to-day 560 1702 0.27 0.10 0.29 0.39 0.36
H E,C, G U Limiting dilution Single Multicenter (4) 560 993 0.43 0.44 0.62 0.76 0.83
H E,C, G U Limiting dilution Triplo 5 Multicenter (4) 560 990 0.34 0.44 0.56 0.61 0.59

The factor-range expresses the quotient of actual maximal and minimal values found in the quantitation assays.
Triplo 5, mean of 5 PCR reactions; whole procedure is repeated 3 times (15 PCR).

Performance of the IgH consensus probes in tions in real-time PCR, variation coefficients within a single PCR
real-time quantitation ranged from 0.04 to 0.37 (average, 0.21) (Table 3). We assessed

. . . day-to-day variation of real-time quantitation using identiedibration
Accuracy. Using a 5-log range of tumor cell concentrations in Y y q 9

real-time PCR (Figure 6A), we measured the increase in floceree san_1p|_es as PCR templates on 5 consecutive days (Table 3).
(3 Rn) after 35 cycles and 50 cycles, reflecting the amount ofASO—PC\,/ﬁ”a“,0 n coefiicients ranged from.0.23 to 0.57 (average, 0.36).
product generated at 35 or 50 cycles of real-time PCR. We fouﬁ:?al't'me ASO-PCR perfor.me.d. with t_heHS’—FrS probe and t_h‘?_
regression equations (relating %eRn to tumor celiconcentrations) Y #3~Fr2 probe showed no significant differences in reproducibility
with correlation coefficients of 0.97 to 0.99 and 0.95 to 0.97 for 36/aPIe 3). Alignment of the M3-Fr3 probe with the tumor VDJ
and 50 cycles, respectively (Figure 6C). Using Ct as a parameg§duence of patient H showed a mismatch on theoSition 18 of
for the amount of PCR product, we consistently found regressi§i Probe. We concluded that this mismatch had no consequences
equations with correlation coefficients above 0.99 (Figure 6B). " reproducibility and sensitivity of the real-time PCR and that
contrast, the detection of blotted ASO—PCR product with label&#ngle mismatched probes may be used in real-time quantitation.
probes and densitometric imaging of PCR products resulted in
regression equations with correlation coefficients of 0.91 for
patient H and 0.93 for patient 6 (Figure 6D). We concluded th&iscussion
using calibration curve equations describing the logarithmic rela-
tionship between Ct and the starting quantity (ie, fraction of tumdrecently, HOVON initiated a multicenter study to evaluate whether
cells) produced quantitation data with the highest accuracy. myeloma patients treated with intensive chemotherapy benefit from
Sensitivity. Using dilution series bone marrow of patient H ancidditional peripheral stem cell transplantation. Treatment outcome
patient 6, we compared the performance of th@\WFr2 Tagman Wwas measured using the bone marrow plasma cell perceptagea
(PE/ABI) probe with the V;3-Fr3 Tagman probe in real-time IgH cell monoclonality ¢/\ ratio), and serum or urine M-protein
ASO-PCR. The dilution series from patient 6 had an amplificatiggPncentration as parameters. For patients with follicular non-
efficiency of 97%, irrespective of the probe used. The dilutiohodgkin lymphoma, a significantly reduced disease-free survival
series from patient H was amplified with an amplification effirate correlated with the presence of PCR-detectable lymphoma
ciency of 100% or 96% with the use of Fr2 or Fr3 probeg;ells after therap§=¢ The sustained PCR detection obar-abl
respectively (Figure 7). We concluded that real-time ASO-PCgene rearrangement in patients with chronic myeloid leukemia
(Figures 5 and 6) was able to detect 1 DNA target or 1 tumor cell gorrelated with a higher probability of relap¥élthough it has not
a background of 80 000 normal cells (sensitivity, xX2®5). To been proven that treatment response is correlated with a decrease in
achieve this sensitivity, a minimum of 38 amplification cycles wathe number of myeloma tumor cells, data generated by Corradini et
required. Conventional detection of blotted ASO-PCR produet® strongly suggest a correlation between PCR detection of
with labeled probes and densitometric imaging (Figure 6D) is abhayeloma tumor cells after therapy and treatment outcome. Longi-
to detect 10 DNA targets (sensitivity, 1.28.0-4). tudinal PCR quantitation of myeloma cells in HOVON-24 might
Reproducibility. With conventional ASO-PCR and densitometconfirm that increases in tumor cell number predict clinical relapse.
ric quantitation (Table 2), variation coefficients ranged from 0.68 tBor these reasons we decided to quantitate the fraction of malignant
0.88 (average, 0.77). Using a 5-log range of template concentcalls as an additional parameter to monitor treatment response.
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g 0,1 ) A Figure 6. ASO-PCR quantitation of malignant cells. Quantitation of malignant
il cells in samples from myeloma patients H and 6 using real-time IgH ASO-PCR (A-C)
:_.é 0,01 or conventional ASO-PCR and densitometric scanning (D). Calibration curves were
w constructed by plotting the initial number of tumor cells against the Ct (B), the amount
0,001 . . . ! | of emitted fluorescence (PCR product) at 35 and 50 cycles (C), or the density (D).
0 5 10 15 20 25 30
Time (months) 3-log range of templates (Willems ef’athis study). In this study,
we tested real-time IgH ASO—PCR and a limiting dilution assay as
Figure 5. Quantification of bone marrow sample over time in 3 patients entered alternatives for the quantitation of tumor cédlls

inthe trial. The first values in Aand B were the number of plasma cells counted in the . . .
initial bone marrow slides. In C, this sample was quantified by PCR. Centers C, E, and With real-time IgH ASO-PCR, the amount of PCR product IS

U applied the limiting dilution approach; center A quantified by real-time PCR. proportional to the amount of emitted fluorescer&®() because
of probe hydrolysis. In addition, the initial number of PCR target
. e molecules is proportional to the Ct in which a fixed amount of
In this report we compared the reprodUC|b|I!ty of several PCf\lf:ezmitted fluorescence (*0base fluorescence) is detecté& This
methods to quar?t!tate myeloma tumgr gells. With the CO”?”“?“‘?onrt shows that calibration curve equations relating the amount of
of a tumor-specific PCR, the amplification target of choice is fimor cells withd Rn or Ct allow an accurate guantitation of a
well-described marker restricted to and ubiquitously present in @-'Iog range of myeloma tumor cells X105 to 1x1C°). We
malignant cells. Because such markers are unavailable for mggt et the use of Ct as a parameter reflecting the amount of PCR
patients with multiple myeloma, the unique IgH rearrangement i, ,ct formed in real-time PCR because relating the starting
generally used as a marker for the malignant clone. IgH PCR,antity (tumor cells) with the threshold cycle resulted in calibra-
approaches to quantitate myeloma tumor cells either probe g, cyrve equations with the highest correlation coefficients

PCR products with a tumor-specific pr3B&or use tumor-specific o nsistently above 0.99). Reproducibility within a single real-time
IgH primers?6-28.30.31Because the quantitation of myeloma tumor

cells with consensus IgH primers and a tumor-specific probe is
. . . . X Fr2 probe Y= -1.43 Ln (x) + 36.13 % Fr2 probe ¥=-1.50 Ln (x) + 37.76
generally less sensitive than with the use of allele-specific oligo- B Fr3 proba Y= -1.53 Ln (x) + 37.78 B Fr3 probe Y= -1.51 Ln (x) + 37.76

G e T p— .

nucleotides*3and because we occasionally observed false positiv » & s 1 6.1
ity while using consensus IgH primers, we chose to use 2 IgH ASCs * 5} W\K‘*&\ |
and sequence confirmation with consensus IgH probes. EarlZ 2o+ 3 20 fE |
reports describe quantitation methods using calibration curvaé 10 i gl

equations that relate the amount of ASO—PCR product found ir= ] A F L E .

patient samples (with an unknown fraction of tumor cells) with the ' 190 10000 1 160 10050

amount of ASO-PCR product found in dilution series (with a SIng . quantity” (. 1Lmor” cels {90,000 celia)

known fraction of tumor cells). Measuring the amount of PCRigure 7. Comparing the performance of the V. ;3-Fr2 and V 3-Fr3 probe in
product was labor intensive and involved Southern blot analysjg2ime quantitation. Bone marrow from patients H and 6 were subjected to

. ith labeled b dd it tri A9280 real-time IgH ASO-PCR in 5-fold dilutions. Using these results, calibration curves
screening with labele probes, an ensitometric an ?l . were constructed by plotting the initial number of tumor cells against the threshold

We found that in this way accurate measurements were limited teyale (+SD). The V,3-Fr3 probe in patient H has 1 mismatch.
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Table 3. Quantitation reproducibility using real-time ASO-PCR or conventional ASO-PCR and densitometric scanning

Input Quantity
Quantitation Type of tumor Calculated Variation interval Variation
Patient method Probe variation cells quantity coefficient (95%) Average variations coefficient
H Real-time PCR Fr2 Intra PCR 1425 1422 0.2 1141-1703
Day-to-day 1425 1634 0.23 1252-2016
Intra PCR 1.4 0.8 0.14 0.7-0.9 Real-time PCR intra PCR 0.17
Day-to-day 14 1.7 0.41 1.0-24 Real-time PCR inter PCR 0.32
H Real-time PCR Fr3 Intra PCR 1425 2026 0.1 1830-2222
Day-to-day 1425 1493 0.36 958-2028
Intra PCR 14 1.2 0.37 0.8-1.6 Real-time PCR intra PCR 0.24
Day-to-day 14 1.6 0.47 0.8-2.4 Real-time PCR inter PCR 0.42
H Real-time PCR Fr2 and Fr3 Real-time PCR intra PCR 0.21
Real-time PCR inter PCR 0.37
6 Real-time PCR Fr2 Intra PCR 2250 2601 0.04 2491-2711
Day-to-day 2250 1677 0.57 715-2639
Intra PCR 22 21.3 0.36 13.7-28.9 Real-time PCR intra PCR 0.2
Day-to-day 22 18.4 0.37 11.6-25.2 Real-time PCR inter PCR 0.47
6 Real-time PCR Fr3 Intra PCR 2250 3543 0.17 2990-4136
Day-to-day 2250 3010 0.34 1994-4026
Intra PCR 22 18 0.24 13.7-22.2 Real-time PCR intra PCR 0.21
Day-to-day 22 18.7 0.28 13.5-23.9 Real-time PCR inter PCR 0.31
6 Real-time PCR Fr2 and Fr3 Real-time PCR intra PCR 0.21
Real-time PCR inter PCR 0.39
H Densitometric Fr2 Intra PCR 1425 5065 0.68 1609-8521
Intra PCR 14 6.5 0.72 1.8-11.2 Densitometric patient H 0.7
6 Densitometric Fr2 Intra PCR 2250 11004 0.88 1318-20690
Intra PCR 22 16.5 0.78 3.6-29.4 Densitometric patient 6 0.83
All Densitometric 0.77
Real-time PCR intra PCR 0.21
Real-time PCR inter PCR 0.38

The factor-range expresses the quotient of actual maximal and minimal values found in the quantitation assays.

PCR was high (average variation coefficient, 0.21). Even day-tquences for sensitivity, accuracy, or reproducibility of teal-time

day measurements resulted in good reproducibility (average vargrantitation. In preliminary experiments, we observed identical
tion coefficient, 0.38). In contrast, reproducibility within a singleresults for the quantitation of tumor¥ sequences using¥—Fr2
ASO-PCR that was quantitated using blotting, probing, anghd \{;4—Fr3 consensus probes (results not shown). Assuming that
densitometric analysis was much lower (average variation coeffii single mismatches are of no consequence for real-time quantita-
cient, 0.77). We conclude that real-time IgH ASO-PCR is a highljon, 2 probes would be sufficient to quantitate all tumgB\¢equences.
reproducible, accurate, and sensitive method to quantitate myelof# consensus real-time IgH ASO-PCR strategysameed here
tumor cells. We recommend the use of real-time PCR in multicepycumvented the need to develop a new expensive fluorogenic
te_r trials fqr a number of additional r_eas_ons._CIosed tube a”a_lYﬁiﬁ)be for each patient. In addition, it was a useful strategy for the
with real-time PCR reduces contamination risk and false-positiyg,antitation of tumor cells in other B-cell malignancies. For many
flndlngs. Stand_ardlzathn (a major concern in multl_center SI_Ud'eﬁétients with non-Hodgkin lymphoma (NHL), the best available
is warranted with real-time PCR because standardized equipment er to quantitate malignant cells is the IgH rearrangement. For

PCR buffers, strict PCR guidelines, and quantitation statistics g{e, . patients the consensus real-time IgH ASO—PCR strategy is
available. Recently, we concluded that real-time PCR master mixes

with all ingredients (without template) could be stored-880°C récommended, though ongoing somatic hypermutation ofrtig-

for long periods of time without notable loss of PCR efficieAgy. nzz:f;?gij&?fiﬁi‘)i?%ﬁth ;(t)ilgﬁ?sla\,r\,i’?hH;CTg}t 'r:ter:];ebrg :f[llt:h
Distributing ready-to-use master mixtures to individual centerswf Kemia. f i | np t might obstruct yltp i
enhance reaction reproducibility, facilitate standardization, a gHKkemia, frequen Vreplacement might obstruct real-time quanti-

reduce PCR contamination risk even more. tation of acute lymphoblastic leukemia cells with consensus
We tried to develop consensus instead of patient-speciflforogenic probe:4! Quantitation of these cells probably re-
fluorogenic probes to facilitate the standardized quantitation GHires the use of consensus IgH sense primers and patient-specific
myeloma tumor cells. Alignment studies of functiona) yermline  CDRS3 fluorogenic probe to avoid false-positive findings.
genes showed that a minimum of 2 consensus probes, panvly The equipment to perform real-time PCR was not available to
were required to develop a consensus strategy for quantitat@hParticipating HOVON centers. We therefore distributed patient
myeloma tumor cells. During this study we initiated a probe desigi@mples and compared the use of real-time PCR (1 center) and a
for tumor cell IgH rearrangements involving the,d family. limiting dilution assay (4 centers) for quantitation of myeloma
Alignment of 24 myeloma tumor cell IgH M3 rearrangements tumor cells in a multicenter setting. Limiting dilution assays used
obtained in the HOVON study with a 8—Fr2 and a \{3—Fr3 statistics to translate the highest dilution of patient samples with
probe suitable for real-time PCR showed that 80% of tumg8 V tumor cells that were ASO-PCR detectable into the number of
sequences were complementary to either probe. Alignment of tiwmnor cells in this sample® A prerequisite for the statistical
V3—Fr3 probe with the tumor IgH sequence of patient H showedusocedure with the limiting dilution assay is that a single copy of
mismatch on position'3of the probe. This mismatch had no consethe CDR3 region of the malignant clone be detected. By diluting
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the bone marrow of 2 patients with more than 10% plasma cellsdardization of the limiting dilution assay was successful. To reduce
NWBC, each center was able to demonstrate that this requiremeanter-to-center variation, we tested the use of 3 independent
was met (results not shown). Using the limiting dilution assay, wemiting dilution assays to quantitate each sample. The reproducibil-
calculated values that on average deviated 13% from the inpiyt of the triple limiting dilution assay (average variation coeffi-
value, and we found an average variation coefficient of 0.3dent, 0.59) approached that of the real-time quantitative PCR
(without correction using a reference PCR). Comparable resu(ts/erage variation coefficient, 0.36). In addition, we distributed
with a limiting dilution assay were obtained by Cremer €taho the bone marrow samples of 3 study patients. These in-time
calculated values that on average deviated 32% from the inmuantifications during follow-up confirmed reproducibility. We
value and had an average variation coefficient of 0.32. We testeahclude that both quantitation methods result in accurate quantita-
the real-time PCR and the limiting dilution assay in a multicentdéion values and that both methods can be used in a single
setting. The average values found with real-time quantitative PGRulticenter trial.

were not significantly different from the averages found with the We present a strategy to quantitate malignant cells in myeloma
normalized limiting dilution assay. Reproducibility of the real-timgoatients using IgH ASO-PCR. Using the consensus strategy, an
quantitation was higher (average variation coefficient, 0.36) tha@tcurate comparison of quantitation data generated in independent
with the limiting dilution quantitation (average variation coeffi-centers is possible. This strategy can be adapted for the quantitation
cient, 0.74). In addition, the average variation coefficient insidef tumor cells in other B-cell malignancies and may serve as a
each center (0.74) was not significantly different from the averagemplate for the construction of consensus protocols for multicen-

center-to-center variation coefficient of 0.82, indicating that stamer quantitation studies in general.
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