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 :Abstractالملخص 
  ة يالمعالجة عاليق  لتطبياً  نخاع العظم. ورغم اللجوء حال  يف MMPC ةثيالخب  يةالبلازم  ايبتراكم الخلا MM وي قتصف الورم الني

خلال    الجرعة،   يالعلاج عاليق  النكس بعد تطب   ، وإدخال مثبطات البروتوزوم والعوامل المعدلة للمناعة فإن حدوث HDTالجرعة
والذي   ،qASO-PCR ـالمعروف ب يالكم يد أصبح التفاعل التسلسلقهذا و  .عقى أمر متو يبق، اً يوسط  ينمدة لا تتجاوز العام

 قي لمتبارصد المرض  في    ت المعتمدة باار ق، من المIgHلة  قيالث  ين المناعيسلاسل الغلوبل  ب منيع معاد الترت قتهدف المو يس
غير    ةيقالطر   جعليض على حدة، مما  يلكل مر   PCR   ـة لليم بادئات فرديفإنه لا بد من اللجوء لتصم  ك ورغم ذل  .MRDالأدنى  

وأكثر من هذا    ة.يالمناع  رة ومعرفة واسعة بعلوم الوراثةي تطلب خبرة كبيأن هذا الأمر    كة، ذلرياية المعيريمخابر السر ملائمة لل
 ها. ييز صعب تم( يمثلاً  CDR3ة قضمن منط)ة ية عرضة للإصابة بطفرات إضافيفإن النسائل الورماك، وذ

 والمرتكزة على   NGS massive-parallel ultra-deep sequencing  ـة التسلسل المعروفة بقنيهذا البحث سنتطرق لت  يف
استخدام    . ومن خلالMMPCsفة  يومورثات السلاسل الخف  ب يالتحري الفعال لأي من الأضداد معادة الترت  يحمجموعات بادئة تت 

السو يقالطر  الخف  يالكمقييم  المستوى الأول، والت  في   IgH  ـلل  يالكم  مقييللت  يةة مزدوجة  المستوى  ي  ة فيفلسلاسل كبا ولامبدا 
 اللامضخمة.  IgHعلى ظاهرة إغفال أو تجاوز المرضى ذوي تسلسلات  فإننا نتمكن من التغلب ي،الثان

، بل يري سر ي  ئي جز   أي مخبر  يفيق  ابلة للتطبق  ةيقجعل الطر ياري موحد لكل مرض  يمع  PCRهذا وإن استخدام بروتوكول  
تسلسل الدنا بسبب الطفرات المستمرة،    تطرأ على  يرات التيبغض النظر عن التغ  يليسلسل نسلكل ت  يمح بالتحري الكميسو 

 . qASO-PCR ـارنة بالقة ميعالية ة ومعولقية موثو يقنح هذه الطر يم مما 
  واحدة من ة  يورم   ةين من تحري خلمك  ي ث  يفة بحيوالسلاسل الخف  IgH  ـلكل من ال  يم الكمقييللت  يةالحساس  يعال  يقإن هذا التطب

 نسائل   يلوما وفيحالات من الم  5  ي ف  يةد لوحظت هذه الحساسقد. و يوح  PCRتفاعل    يمة فية سليبائ  يةخل  33.000أصل  
 ب لسلاسل كبا ولمبدا يلوما معادة الترتيم  يلحالت  ةيخطوط خلو   يوف  VH5   ـل  VH1ب من  ية للمفوما بوركت معادة الترت يخلو 
-B   ـالأخرى كال  B  ياأورام خلا  ي ف  MRDة متعددة الاستعمالات تسمح بمسح  تقنية كيقالطر وستعتمد هذه  ي.  فة على التواليالخف

CLL ـال يقلة لتطبق ها صعوبة وعر يف يةمثل فرط الطفرات الجسدي يوالت qASO-PCR . 
Multiple myeloma (MM) is characterized by the accumulation of malignant plasma cells 

(MMPC) in the bone marrow. Despite the implementation of high-dose therapy (HDT) and the 

introduction of proteasome inhibitors and immunomodulatory agents, relapse in MM still occurs 

at a median of 2 years post-HDT. Quantitative allele-specific oligonucleotide polymerase chain 

reaction (qASO-PCR) targeting the rearranged immunoglobulin heavy chain locus (IgH) is a 

well-established monitoring approach for minimal residual disease (MRD). However, for each 
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patient individual PCR primers and assays have to be designed and evaluated, rendering the 

method unsuitable for standard clinical laboratories since this requires detailed knowledge of 

immunogenetics and vast experience. Moreover, tumor clones are prone to undergo further 

mutations, for instance within the CDR3 region, by which the tumor clone – or a subclone – 

possibly evades detection. 

Here we present a targeted next-generation sequencing (NGS) massive-parallel ultra-deep 

sequencing approach based on consensus and family primer sets that enable the effective and 

unbiased detection of any rearranged IgH and light chain genes of MMPCs. By using a two-

tiered approach of IgH quantification in the first line and kappa and lambda light chain 

quantification in the second line, we are able to circumvent most drop outs of patients with non-

amplifiable IgH sequences. Using one standardized PCR protocol for every patient makes the 

method applicable to any clinical molecular laboratory. Moreover, it allows quantitative 

detection of any clonal sequence regardless of changes in the DNA sequence due to ongoing 

mutations, making this approach more robust and more reliable than qASO-PCR. 

The presented approach is highly sensitive for both, IgH and light chain quantification, detecting 

1 tumor cell among 330.000 normal B cells out of one PCR reaction (6pg target DNA among 

2µg polyclonal background DNA). The sensitivity has been demonstrated in 5 different Myeloma 

and Burkitt Lymphoma cell lines rearranged for VH1 through VH5 and 2 Myeloma cell lines 

rearranged for kappa and lambda light chain, respectively.  

As a versatile technique, this approach also allows for MRD screening in other B-cell neoplasia, 

such as B-CLL, a malignancy, in which ongoing somatic hypermutations can pose an obstacle to 

qASO-PCR. 

 :Key wordsالكلمات المفتاح 
 NGS  ،الورم النموي المتعدد ،B-NHL،ضبط هدأة المرض ،qASO-PCR  ،PCR  ي ن المناعيالغلوبل 

Next-generation sequencing, multiple myeloma, B-NHL, remission control, MRD screening, 

qASO-PCR, immunoglobulin PCR 
 

Introduction 

Multiple myeloma (MM) is an end point in the 

spectrum of plasma cell (PC) dyscrasias. 

Proliferating malignant plasma cells (MMPCs) 

damage target organs, such as bones, the bone 

marrow and kidneys (1). With approx. 15.000 

new cases per year in the US, MM is the second 

most common hematologic malignancy (2). In 

spite of the advancement of new targeted 

therapies, like proteasome inhibitors and 

immunomodulatory agents, MM remains 

incurable, with a median survival time of 3 to 4 

years (3). Relapse in MM still occurs at a median 

of 2 years post-HDT. 

Autologous stem cell transplantation has become 

an important therapeutic approach since graft-

versus-host disease is not a risk and elder patients 

can tolerate the procedure, while allogeneic bone 

marrow transplantation (BMT) is of limited use  

 

 

 

with respect to the median age of 64 years at 

diagnosis and significant transplant-related 

complications. A number of studies however, 

demonstrated that the blood stem cell harvest 

products from patients with MM are frequently 

contaminated with malignant cells (4) - (8), 

which alone makes a quantitative method for 

MRD monitoring mandatory. 

The amount of circulating plasma cells is related 

to a shorter over-all survival, while the load of 

monoclonal plasma cells in the stem cell harvest 

is associated with a shorter relapse-free survival 

(2), (9), (10). Moreover, the kinetics of the BM 

tumor load in course of HDT has been 

demonstrated as a predictive parameter (11), just 

like the post-transplantation BM tumor load (12).  

For years, multiparametric flow cytometry 

(MFC), a fast, simple and cost-effective method, 

was gold standard for remission control and 

MRD screening in MM (13). Anyhow, the 

limited sensitivity of 10-3 to 10-4 (2), (14), (15), 
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is suitable for relapse detection but does not 

allow detection of its onset, which would provide 

greater therapeutic success. As well, owed to this 

limited sensitivity, remission control for MM in 

particular would require bone marrow biopsy at 

the location of the former disease focus; it goes 

without saying that this procedure cannot be 

repeated in short intervals and stands against 

patients’ compliance. 

Quantification of clonotypic IgH VDJ 

rearrangements by qASO-PCR improved the 

sensitivity to 10-5, has become a well-established 

approach for MRD monitoring (10), (11), (15). 

However, patient-specific PCR assays have to be 

individually designed and evaluated, requiring 

special skills and rendering the method unfit for 

standard clinical molecular laboratories. 

Moreover, in qASO-PCR a considerable 

proportion of heavy-chain amplification fails, in 

part due to ongoing mutations of the tumor clone 

within the highly susceptible primer binding site 

(16). 

Martinez-Lopez et al. (17) compared the 

prognostic value of next-generation deep 

sequencing using the commercial 

LymphoSIGHTTM method (Sequenta, Inc., San 

Francisco, CA), vs. qASO-PCR and MFC in MM 

patients with complete response (CR) or very 

good partial response (VGPR) after front-line 

therapy, respectively. They demonstrated that 

patients who appeared MRD+ by MFC but 

MRD- by sequencing had a significantly longer 

time to tumor progression (TTP) compared to 

patients who were MRD+ by sequencing, hinting 

to possible artifacts that MFC may produce. 

More importantly, the deep sequencing approach 

identified a tumor marker in 91% of MM patients 

in contrast to only 70% with qASO-PCR, 

demonstrating significant superiority of the 

former methodology. 

Yao et al. (18) and Ha et al. (19) demonstrated 

superiority of NGS-based deep sequencing over 

qASO-PCR and fragment analysis, respectively 

using the LymphoTrack IgH and IgK assays 

(Invivoscribe Inc., San Diege, CA, USA). 

Our goal was to develop a non-proprietary assay 

that is suitable for routine application by 

eliminating the drawbacks of qASO-PCR while 

maintaining the high sensitivity and specificity 

of a PCR reaction. A targeted NGS deep 

sequencing approach based on consensus and 

family primer sets allows the effective and highly 

sensitive detection of rearranged IgH- and light 

chain genes of MMPC. A two-tiered approach of 

IgH quantification in the first line and 

multiplexed kappa (IgKL) and lambda light 

chain (IgLL) quantification in the second line 

circumvents most drop outs of patients with non-

amplifiable IgH sequences.  

The IgH gene locus on chromosome 14 

(14q32.3) includes 46-52 functional and 30 non-

functional variable (VH) gene segments, 

containing three conserved framework (FR) and 

two variable complementarity-determining 

regions (CDRs), 27 functional diversity (DH) 

gene segments, and 6 functional joining (JH) 

gene segments. During B-cell development these 

segments are rearranged generating a unique VH 

– DH – JH combination. 

Any rearranged IgH sequences in the patient’s 

sample are amplified using family-specific VH 

FR1 forward primer and consensus JH reverse 

primer. However, the rearranged VH segment is 

typically subject to somatic hypermutations, 

which can impede DNA amplification if they 

occur within the primer binding sites of the 

involved VH gene segment. In case of such an 

allele drop-out, the light chains are amplified 

alternatively. The PCR product is subjected to 

massive parallel sequencing on an NGS platform 

and clonotypic sequences are identified among 

all specific reads by means of bioinformatics. As 

a result, the number of clonotypic reads in 

proportion to all amplified immunoglobulin 

sequences is assessed. Using a reference DNA as 

internal control allows determining the copy 

number of the clonotypic DNA in the sample, 

thus assessing the number of residual tumor cells 

within one order of magnitude. 

The use of family-specific forward primer 

binding to the FR1 region eliminates the need for 

patient-specific primer, rendering the method 

convenient for diagnostic routine while making 

it less susceptible for PCR drop-outs as 

consequence of ongoing mutations within the 

CDR3 region. 

Materials and Methods 

Cell Lines and Patient DNA 

We used the commercially available myeloma 

cell lines OPM-2 (IgG Lambda; DSMZ-No. 

ACC-50)(20), U266 (IgE Lambda; ATCC No. 
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TIB-196)(21), and NCI (IgA Kappa; ATCC No. 

CRL-9068)(22) which have been kindly 

provided by the myeloma laboratory of the Otto 

Meyerhoff Center, Int. Med. V, University 

Hospital Heidelberg, Germany. The laboratory 

of Prof. Dr. M. Pfreundschuh, José Carreras 

Center, Int. Med. I, University Hospital 

Homburg/Saar, Germany, kindly provided the 

Burkitt lymphoma cell lines Raji (DSMZ-No. 

ACC-319)(23), BL29(24), and CA46 (DSMZ-

No. ACC-73)(25), (26), as well as the 

lymphoblastoid cell lines (LCLs) G57, and P69, 

which had been established from myeloma cells 

isolated from patient samples (Table 1).  

DNA that was isolated from washed cell pellets 

of healthy donors obtained from buffy coat 

served as polyclonal control. 

Table 1: Cell lines used in the study 

Type Name IgH IgL 

myeloma OMP2 n.a. IgLL 

 U266 VH1 IgLL 

 NCI n.a. IgKL 

Burkitt lymphoma Raji VH3 n.a. 

 BL29 VH4 n.a. 

 CA46 VH5 n.a. 

LCL G57 VH3 IgLL 

 P69 VH2 IgLL 

 

DNA Isolation 

DNA was isolated from washed cell pellets using 

the QIAamp DNA Mini Kit (Qiagen, Hilden, 

Germany). In brief, the cell pellets were thawed 

from -80°C at room temperature (RT); dry 

pellets were resuspended in 200µl PBS and 

processed according to the protocol of the 

manufacturer.  

DNA concentration and purity were determined 

by UV spectroscopy at 260nm and 280nm, 

respectively, using a BioSpectrometer Basic 

(Eppendorf, Hamburg, Germany). Concentration 

of all preparations was adjusted to 100 ng/µl 

using pure water. 

PCR Primer 

Multiplex amplification of IgH VH allele 

families is achieved using family-specific primer 

within the FR1 region and two JH consensus 

primer from the intronic region, as published 

elsewhere (Küpper, et al., 1996) (Table 1), 

yielding PCR products of approximately 350bp. 

This primer set proved to be superior to the 

initially tested unified consensus primer panel as 

suggested by the European BIOMED-2 

collaborative study (27) which suffered from 

inferior sensitivity and biased amplification 

efficiency of certain VH families (data not 

shown).  

For the IgLK and IgLL genes, consensus primer 

were designed from the FR1- and J-regions 

(Table 2 and Table 3), yielding PCR products of 

282 to 315bp for kappa and 269 to 380bp for 

lambda, respectively. All primer have been 

optimized for identical annealing temperatures, 

to facilitate multiplexing of IgLK and IgLL.  

All primer were ordered from Biolegio 

(Nijmegen, the Netherlands) and HPLC purified. 

 

Table 1: IgH FR1 and JH primer sequences 

Oligonucleotide Sequence 

VH1 CTCAGTGAAGGTTTCCTG

CAAGGC VH2 GTCCTGCGCTGGTGAAAC

CCACAC VH3 GGGTCCCTGAGACTCTCC

TGTGCAG VH4 CCTGTCCCTCACCTGCGC

TGTC VH5 AAAAAGCCCGGGGAGTCT

CTGAGGA VH6 CTGTGCCATCTCCGGGGA

CAGTG JH intron 3,6 ACTTACCTGAGGAGACGG

TGACC JH intron 1,2,4,5 GACTCACCTGAGGAGACG

GTGACC  

 

 

 

 

  



Arab Journal of Pharmaceutical Sciences 2023;7(2):152-163                                                               Kuepper & Hallak                                                                                                     
 

 156 

Table 2: IgLK and JK primer sequences 

Oligonucleotide Sequence 

VK1a GGAGACAGAGTCACCATCACTTG 

VK2a CTCCATCTCCTGCAGGTCTAG 

VK3a CTGCAGGGCCAGTCAGAG 

VK5a CTTTGTCTCCTGGAGTCGCTG 

JK4 GTTTGATCTCCACCTTGGTCCC 

JK5 TCGAGTCCCTTGGCCGAAGGTG 

 

Table 3: IgLL and JL primer sequences 

Oligonucleotide Sequence 

VL12a GGTCCTGGGCTCAGTCTG 

VL3c TGGTACCAGCAGAAGCCAGG 

VL4a CCAGCCTGTGCTGACTCA 

VL7a CAGACTGTGGTGACTCAGGAG 

JLHD CTAGGACGGTGAGCTTGGTCCC 

JL5 AGACTCATCTAGGACGGTCAG 

 

PCR Conditions 

Multiplex amplification of rearranged IgH-genes 

is carried out in a final volume of 50µl with 20 

pmol of each primer (Biolegio, Nijmegen, the 

Netherlands), 10 nmol of each 

deoxyribonucleoside triphosphate (Eurogentec, 

Liege, Belgium), 2mM MgCl2, and 1.25 U 

AmpliTaq Gold DNA polymerase (Applied 

Biosystems, Foster City, CA, USA) on a 

Biometra Professional Thermocycler (Biometra, 

Göttingen, Germany). The IgH-PCR cycling 

conditions are as follows: initial denaturation 5 

min at 95°C; 50 cycles of 94°C for 30s, 60°C for 

30s, and 72°C for 45s; final extension of 10 min. 

The IgLK / IgLL-multiplex PCR is carried out 

using the Qiagen Multiplex PCR Kit (Qiagen, 

Hilden, Germany) with 20pmol of each primer in 

a final reaction volume of 50µl; all primer for 

kappa plus all primer for the lambda light chain 

are being used in multiplex in one common 

assay. PCR cycling conditions are as follows: 

initial denaturation 15min at 95°C; 50 cycles of 

94°C for 30 seconds, 58°C for 90s, and 72°C for 

90s, final extension of 10 min. 

Agarose Gel Electrophoresis 

PCR products were separated on 2% agarose gel 

(AMRESCO, Solon, Ohio, USA) in 1x TAE 

buffer, and visualized under UV light by direct 

staining with SybrSafe (Invitrogen, Carlsbad, 

CA, USA) in a 1:20.000 dilution. A 100bp DNA 

ladder (Promega, Madison, WI, USA) was used 

as length standard. 

NGS Deep Sequencing 

Library Preparation and Sequencing 

PCR products are purified using standard 

procedures. Patient-specific indices are ligated to 

either ends of the purified PCR product (Error! R

eference source not found.5) employing the 

Illumina TruSeq library preparation protocol 

(Illumina Corp., San Diego, CA, USA) 

according to the instructions of the manufacturer, 

allowing parallel NGS analysis of multiple 

patients which leads to a significant reduction of 

the costs. 

The quality of each library is tested on an Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA) prior to Polony-PCR 

(Polymerase-generated-colony) and subsequent 

sequencing on an Illumina MiSeq (Illumina 

Corp., San Diego, CA, USA) next-generation 

sequencing system using the 2x250bp protocol. 

Data Analysis 

Read 1 and read 2 sequences are overlapped. For 

this, read 2 is reversely complemented and 

aligned against read 1. Only alignments in which 
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85% of the bases in the overlap are similar to 

each other are further processed. Bases that do 

not match between read 1 and read 2 are further 

inspected. If the quality score of one base 

exceeds 25 whereas the other quality score is 

below 20, then the base with higher q-value is 

accepted. Else, the corresponding base of the 

alignment is changed to “N”. Sequences 

exceeding 5 Ns are excluded from further 

analysis. 

Using the proprietary “BWA” tool with default 

parameters, the obtained sequences are mapped 

against the genomic sequences of all human VH, 

kappa, and lambda alleles, respectively, obtained 

from current databases (BLASTn, V-base 

directory). Reads with more than 100 bp mapped 

are retained. 

Mapped sequences are organized into clusters 

based on similarity; one cluster consists initially 

of the most frequent variant among a number of 

similar sequences. By tolerating a maximum of 

two to three bases difference, further sequences 

are grouped to these clusters. 

For evaluation of the method, the clonotypic 

sequence that had been determined upon initial 

diagnosis is identified among these clusters 

based on the best match, revealing the number of 

corresponding reads in the sample as proportion 

of the total number of mapped reads. For 

application in clinical routine, it is obsolete to 

determine the VDJ ‘fingerprint’ of the tumor 

clone, instead, the presence of a clonal sequence 

cluster matching the afore mentioned quality 

criteria is sufficient. 

Results 

Specificity and Sensitivity Testing 

Specificity of the PCR amplification has been 

verified by PCR amplification of a highly 

polyclonal DNA template derived from five 

healthy donors (Fig. 1), followed by NGS-

analysis and subsequent alignment to current 

databases (BLASTn, V-base directory): all seven 

IgH allele families are being amplified at the 

expected proportion (Table 4) as well as all 

relevant IGKL and IGLL alleles (data not 

shown). 

 

Fig. 1: IgH PCR using family-specific FR1 

and consensus JH-primer amplifies all VH 

allele families from polyclonal DNA; the VH7 

family is co-amplified using the VH6 primer 

 

Table 4: Rearranged VH alleles from all 

seven families can be amplified from 40ng 

of polyclonal DNA pooled from five 

donors. The different percentages reflect 

the proportion of the respective allele 

among all reads and go well together with 

the expected representation of the 

individual VH families in a polyclonal 

sample. 

VH family 
Allelic representation 

[%] of mapped sequences 

VH1 20,79 

VH2 1,88 

VH3 44,54 

VH4 23,01 

VH5 6,62 

VH6 0,64 

VH7 2,52 

 

Sensitivity of the PCR reaction has been 

demonstrated in 5 Myeloma and Burkitt 

Lymphoma cell lines rearranged for VH1 

through VH5 [U266 (ATCC No. TIB-196), 

BL29 (Rowe, et al., 1987), CA46 (DSMZ-No. 

ACC-73), and lymphoblastoid cell lines P69 and 

G57], and 2 Myeloma cell lines rearranged for 

kappa and lambda light chain, respectively 

[OPM-2 (IgG Lambda; DSMZ-No. ACC-50), 

NCI (IgA Kappa; ATCC No. CRL-9068)]. 

We reach a sensitivity of 6pg clonal DNA, i.e., 

the PCR protocol is able to detect a single tumor 

cell (Fig. 2). However, since the total amount of 

DNA in a PCR reaction is limited to approx. 2µg, 
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and considering a coverage of at least 300.000 at 

7 million reads, the NGS technology is able to 

detect 1 tumor cell among 330.000 normal B 

cells within one single PCR reaction (6pg target 

DNA among 2µg polyclonal background DNA), 

already exceeding the sensitivity of flow 

cytometry by two orders of magnitude. Analysis 

of triplicates would increase the sensitivity to 

approximately 10-6. 

 

Fig. 2: Sensitivity of the IgH-PCR reaches 

single cell level, as demonstrated by 

successful amplification of 6pg DNA of the 

myeloma cell line G57. 

 

Library Preparation and Cluster Analysis 

As a representative example, Fig. 3 shows the 

quality inspection of three TrueSeq libraries on 

the Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA, USA) after 

multiplex PCR amplification of 600, 60, and 6pg 

of clonal DNA from myeloma cell line G57 

spiked into 2µg of polyclonal genomic DNA.  

 

A typical example how clonal sequence variants 

map onto a reference IgH sequence in course of 

cluster analysis is shown in Error! Reference s

ource not found. By this procedure, all 

sequences are mapped to the most similar 

reference IgH sequence and aligned to one 

another according to the number of variations 

within the sequence, thus revealing any cluster of 

clonal sequence, which eliminates the necessity 

to determine the sequence of the primary tumor 

clone prior to therapy. 

 

Consistency of Amplification Efficiency 

For identification of clonotypic sequences based 

on their number of reads, amplification of the 

different allele families has to be unbiased. The 

comparability of the amplification efficiency for 

each individual VH-allele family has been tested 

by co-amplification of equal amounts of DNA 

from myeloma cell line U266 for the VH1 

family, LCL P69 for VH2, Burkitt Lymphoma 

cell lines Raji, BL29, and CA46 for IgH families 

VH3, VH4 and VH5, respectively. All 

investigated VH allele families exhibit a 

comparable amplification efficiency (Table 5) 

underlining that our approach allows indeed 

unbiased amplification of the different VH 

families. 

 

 

Fig. 3: Quality inspection of the libraries derived from three different PCR products 
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Fig. 4: Representative alignment of mapped sequences to the most frequent sequence variant of 

the cluster 

 

Table 5: Total and proportional number of mapped reads resulting from multiplex 

amplification of the IgH locus from equal amounts of clonal DNAs for VH families VH1 through 

VH5. 

VH-family mapped reads % 

VH1  295.256 
21,36% 

VH2  209.716 
15,17% 

VH3  276.801 
20,03% 

VH4  352.174 
25,48% 

VH5  248.255 
17,96% 

total 
1.382.202 

 

Linearity of Amplification 

Linear correlation between the amount of 

template used and the number of clonotypic 

reads was tested in order to allow for subsequent 

quantification of the initial template load, i.e., the 

residual tumor mass. We spiked 600pg, 6ng, 

60ng, and 600ng of clonal DNA derived from a 

myeloma cell line into 1µg of polyclonal DNA 

obtained from a healthy donor prior to 

amplification. Indeed, the obtained percentage of 

clonotypic reads correlates very well with the 

initial template amount, allowing for 

quantification of residual tumor cells by order of 

magnitude. Each assay yielded more than 30.000 

mapped reads, of which 4 were clonotypic for the 

600pg assay, 71 for 6ng, 664 for 60ng, and 2657 

for 600ng clonal DNA (Table 6). Thus, as the 

amount of clonal template increases by factor 

ten, the clonotypic reads as well go up by one 

order of magnitude. 
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Within the investigated range of template we 

achieved a correlation coefficient of r = 

0.9881141. Hence, our approach as presented 

here is suitable to reliably detect and quantify 

any clonal cell population of B-cell origin in the 

peripheral blood. Quantification of clonal DNA 

can be enhanced using a reference DNA of 

known sequence as internal control in each 

assay. 

Table 6: Clonotypic read numbers of serial 

dilutions of template show excellent 

correlation to the amount of template used 

(r = 0.9881141) 

template mapped 

reads 

clonotypic 

reads 
proportion 

 0,6ng 

 6ng 

 60ng 

 600ng 

32.014 

32.022 

31.268 

31.927 

 4 

 71 

 664 

 2.657 

0,0125% 

0,2217% 

2,1236% 

8,3221% 

 

Discussion 

In this study, we demonstrate that clonal 

populations of residual cells of B-cell origin, for 

instance circulating MMPCs in MM patients can 

successfully be detected and quantified by an 

unbiased amplification of the entire repertoire of 

rearranged IgH genes, followed by NGS-based 

massive-parallel ultra-deep sequencing and 

cluster analysis. Allele drop outs of patients with 

non-amplifiable IgH sequences are avoided by 

using a two-tiered approach of IgH 

quantification in the first line and multiplexed 

kappa and lambda light chain quantification in 

the second line.  

This approach eliminates the need to design 

tumor-clone specific primer and to establish the 

respective PCR protocol for each patient, 

rendering NGS-based MRD screening in MM 

eligible for any clinical molecular diagnostic 

laboratory, in contrast to qASO-PCR. Moreover, 

it also eliminates the cumbersome limiting 

dilution assay required by qASO-PCR, in which 

multiple replicates are tested at several different 

dilutions and the proportion of positive and 

negative results at each dilution level is used to 

calculate the likely frequency of clonal cells in 

the starting sample. 

Amplification of any rearranged IgH sequence 

provides another stark advantage over qASO-

PCR: cluster analysis, i.e., arrangement of 

mapped sequences by their similarity to one 

another and to reference sequences, does not 

require knowing the sequence of the initial tumor 

clone, eliminating the need for characterizing the 

clonotypic VDJ-rearrangement by Sanger 

sequencing prior to therapy. In contrast to qASO-

PCR our approach is also apt to detect any 

significant clonal population even if they 

underwent a second round of rearrangement, as 

well as secondarily occurring tumor clones. This 

aspect is also critic for MRD screening in B-

CLL, since ongoing somatic hypermutations 

may lead to false negative results when 

employing qASO-PCR. It goes without saying, 

that the versatile technique presented here allows 

MRD screening of any B-cell neoplasia. 

We could demonstrate that the primer sets that 

we designed allow unbiased amplification of all 

VH families. The good linearity of the unbiased 

amplification allows reliable quantification of 

the residual tumor mass within an order of 

magnitude. With a coverage of at least 300.000 

at 7 million reads our approach allows detection 

of one tumor cell among 330.000 normal B cells 

(10-5) out of a single PCR reaction (6pg target 

DNA spiked into 2µg polyclonal background 

DNA). While NGS platforms have the sensitivity 

to detect 1 tumor cell among a background of 1 

million polyclonal cells, the method is limited by 

the possible input amount of DNA in a PCR 

reaction. Anyhow, analysis of triplicates would 

further increase the sensitivity to approximately 

10-6.  

Martinez-Lopez et al. (17) also achieved a 

sensitivity of 10-6 in the same way while 

identifying clonal rearrangements as sequences 

that occurred at a high-frequency of at least 5% 

in the baseline BM aspirate. 

Yoa et al. (18), using the commercial 

LymphoTrack IgH and IgK assays (Invivoscribe 

Inc., San Diege, CA, USA), also showed a 

sensitivity of 10-5 at 1 million sequencing reads 

using the LymphoTrack-MiSeq platform by 

spiking 0.001% tumor DNA from plasma cells in 

1 μg polyclonal DNA. However, they had to 

define the MRD level as the mean MRD burden 

of triplicate measurements, indicating variations 

between individual quantifications, which would 

be a direct consequence of non-homogenous 

amplification efficiencies. 
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Another advantage of our approach versus the 

LymphoTrack system is that in case of allele-

dropout of the IgH PCR, our method allows 

detection of both rearranged kappa and lambda 

light chains in a single multiplex PCR reaction, 

while Invivoscribe Inc. only offers an IgK assay, 

escaping lambda rearranged tumor clones. 

Based on these data, we’d like to suggest the 

following workflow (Fig.5) for MRD screening 

in MM using targeted massive-parallel ultra-

deep-sequencing by NGS: peripheral EDTA 

anti-coagulated peripheral blood is collected 

from patients and subjected to DNA extraction 

using a standard method, followed by 

amplification of the entire repertoire of 

rearranged immunoglobulin heavy-chain genes 

in the sample, representing all circulating normal 

B-lymphocytes and plasma cells including 

putative tumor cells. Successful amplification is 

verified by agarose gel electrophoresis. 

After purifying the PCR product by a standard 

method, patient-specific indices are ligated to the 

PCR product using the Illumina TruSeq DNA 

library preparation protocol according to the 

instructions of the manufacturer (Illumina Corp., 

San Diego, CA, USA). The quality of each 

library has to be tested, for instance on an Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA). 

Data obtained by ultra-deep, massive-parallel 

sequencing, for instance on the Illumina MiSeq 

next-generation sequencing platform (Illumina 

Corp., San Diego, CA, USA) are mapped onto 

reference immunoglobulin sequences obtained 

from public databases and clustered in order to 

detect clonal sequences. The percentage of clonal 

sequences from the total number of mapped 

reads in proportion to the total amount of DNA 

used for PCR amplification allows determining 

the residual tumor cell mass within an order of 

magnitude. 

A polyclonal result, i.e., cluster analysis fails to 

reveal a prominent clonal sequence population, 

indicates no detectable MRD. However, this may 

only be achieved in patients after allogeneic 

BMT, since almost all patients following 

autologous stem cell transplantation remain 

persistently PCR-positive. Hence, such a result 

for patients after autologous BMT or patients 

who didn’t receive BMT at all, hints to a so-

called allele-dropout, i.e., an amplification-

refractory IgH allele of the tumor clone, which is 

a rare but known complication for MRD in B-cell 

malignancies. Therefore, in such a case, the 

whole assay is repeated starting from 

amplification of the kappa and lambda light-

chains, respectively. 

 

 

Fig. 5: Suggested workflow for MRD 

screening in MM by NGS deep sequencing 

 

In summary, this approach eliminates the three 

main drawbacks of qASO-PCR, since 

characterization of the genetic fingerprint of the 

tumor is not required, tumor clones undergoing 

further mutations and secondary tumors will not 

escape detection, and the procedure is eligible to 

any molecular diagnostic laboratory. Apart from 

this, NGS-based analysis of a standardized PCR 

reaction allows high throughput analysis at a 

short turnaround time. 

Finally, we should consider the costs of NGS as 

compared to qASO-PCR. The low costs of the 

limited-dilution assay underestimate the true 

costs, which have to include as well Sanger-

sequencing of the clonotypic VDJ 

rearrangement, reagents and labor of establishing 

the patient-specific PCR protocol which in 

particular includes the rather high salary for a 

dedicated highly qualified and experienced 

researcher. The NGS-based method in contrast 
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can be implemented by any qualified laboratory 

staff and pooling multiple patients on one 

sequencing chip significantly reduces the costs. 
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