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Abstract: Monoclonal rearrangements of immunoglobulin (Ig) genes and T-cell receptor (TCR) genes
are used for minimal measurable disease in acute lymphoblastic leukemia (ALL). The golden standard
for screening of gene rearrangements in ALL has been PCR GeneScan and Sanger sequencing, which
are laborsome and time-consuming methods. More rapid next-generation sequencing methods,
such as LymphoTrack could possibly replace PCR GeneScan and Sanger sequencing for clonality
assessment. Our aim was to evaluate to what extent LymphoTrack can replace PCR GeneScan
and Sanger sequencing concerning sensitivity and quantifiability in clonality assessment in 78 ALL
samples. With LymphoTrack, clonality assessment was based on the %Total reads, where >10% was
used as cut off for clonal rearrangements. The patients displayed 0 to 4 clonal rearrangements per
assay. The detection rate (rearrangements detected with PCR GeneScan and/or Sanger sequencing,
also detected with LymphoTrack) was 85/85 (100%) for IGH, 64/67 (96%) for IGK, 91/93 (98%) for
TCRG and 34/35 (97%) for TCRB. Our findings demonstrate that LymphoTrack was equally sensitive
in detecting clonal rearrangements as PCR GeneScan and Sanger Sequencing. The LymphoTrack
assay is reliable and therefore applicable for clonal assessment in ALL patients in clinical laboratories.

Keywords: LymphoTrack; NGS; GeneScan; rearrangement; Ig genes; TCR genes; BIOMED2; MRD;
minimal measurable disease; acute lymphoblastic leukemia

1. Introduction

In acute lymphoblastic leukemia (ALL), unique monoclonal rearrangements of im-
munoglobulin genes (Ig) and/or T-cell receptor genes (TCR) are identified and used in
clinical diagnostics as clonotypic markers for minimal residual/measurable disease anal-
yses (MRD) [1-6]. Ig and TCR rearrangements are used as templates for design of allele
specific oligonucleotides (ASO) and are targets for MRD because of their high diversity [7,8].
Monitoring MRD with quantitative polymerase chain reaction (qPCR) is the current golden
standard and requires prior knowledge of patient-specific Ig and TCR rearrangements [9,10].
It is therefore of utmost importance that methods used for clonal assessment are sensitive
and generate accurate and reliable sequences.

During the last decade, the golden standard for screening of clonal rearrangements
in ALL has been PCR GeneScan and Sanger sequencing, which are labor-intensive meth-
ods [11,12]. Hence, methods that require less hands-on time and have higher throughput of
high-quality data are desired. Compared to the previous gold standard method of sanger
sequencing, which sequences a single DNA fragment at a time, molecular diagnostics has
moved towards next-generation sequencing (NGS) technology, the processing of millions
of fragments simultaneously by deeper sequencing depth. Recent advances in NGS tech-
nology [13], combined with detailed knowledge of current primer systems for Ig and TCR
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genes have allowed the development of LymphoTrack, a relatively rapid, reliable, and
affordable assay that may be applicable in routine practice for clonality assessment of Ig
and TCR genes. The high-level multiplexing capability of NGS allows design of families of
balanced primers that simultaneously amplify all possible combinations of the rearranged
Ig and/or TCR loci [14].

Whether LymphoTrack has the power to replace GeneScan for detection of clonal
rearrangements in ALL samples in a clinical setting is still not fully elucidated [15,16]. Thus,
the aim of this study was to compare the performance of LymphoTrack Dx Assay Panels
protocol (InVivoScribe Technologies, Inc. San Diego, CA, USA) compared to GeneScan
and Sanger sequencing, using PCR-based BIOMED?2 and IdentiClone Clonality Assays
(InVivoScribe) primers [17] to detect clonal Ig and TCR rearrangements in a single center
cohort consisting of 78 ALL patients.

2. Materials and Methods

A total of 78 bone marrow (BM) samples from patients diagnosed with ALL at the
Uppsala University Hospital were evaluated (56 B-ALL and 22 T-ALL). The age distribution
among the patients was between 1 and 69 years. Tumor blast count ranged from 30 to
98% after Ficoll separation. Control DNA from tonsils provided from the LymphoTrack
kit was used as control material in this study. This study was approved by the Regional
Ethical Review Board in Uppsala, Sweden (EPN 2014/233) and the study was performed
in accordance with the Declaration of Helsinki.

2.1. Sample Preparation

Ficoll-isopaque-gradient separation of mononuclear cells was performed according to
manufacturer instructions prior to freezing the cells in DMSO in liquid nitrogen. Isolation
of DNA was performed using the Qiamp® DNA Blood Mini Kit (Qiagen, Hilden, Germany)
and DNA concentration was measured using the NanoDrop 2000 system (Thermo Fisher
Scientific Inc., Waltham, MA, USA). All DNA samples were diluted to 70 ng/uL for optimal
downstream applications.

2.2. PCR Amplification and GeneScan Analysis

PCR reactions, for complete and/or incomplete Ig and TCR rearrangements, were
performed using BIOMED?2 primers and IdentiClone® Clonality Assays for ABI Fluores-
cence detection (InVivoScribe Technologies, San Diego, CA, USA) (Table 1). AmpliTaq
Gold™ DNA Polymerase (Thermo Fisher Scientific, Vilnius, Lithuania) and HotstarTaq®
Plus Master Mix (Qiagen, Hilden, Germany) were used as enzymes for the IdentiClone®
Clonality Assays and BIOMED? protocol respectively.

Table 1. Primer assays used for the different targets. Assays in parentheses were only used for
verification of separate TCRG rearrangements.

B-ALL Primer Assays IGH (V-D-J) IGK TCRG
BIOMED? primers Tube A, B Tube A Tube A, B
IVS IdentiClone - Tube B (G2.0)
LymphoTrack IGH FR1 IGK TRG
T-ALL Primer Assays TCRG TCRB
BIOMED?2 primers Tube A, B -
IVS IdentiClone (G2.0) Tube A, B, C
LymphoTrack TRG TRB

Fragment length of the fluorescently labeled PCR products was assessed using auto-
mated capillary gel electrophoresis on the 3500 Genetic Analyzer (Applied Biosystems™,
Foster City, CA, USA). Product sizes were calibrated with Gene Scan™ 500 ROX™ Size
Standard (Life Technologies, Warrington, UK). Furthermore, fragment analysis was per-
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formed using GeneMapper Software v5 (Applied Biosystems™, Foster City, CA, USA) [18].
Interpretation of clonal rearrangements based on intensity of generated peaks for IGH,
IGK, TCRG and TCRB was performed according to current guidelines [19]. Furthermore,
PCR-products including amplicons fulfilling the criteria for clonality were subjects for
Sanger sequencing.

Prior to Sanger sequencing, PCR products were purified with Exonuclease I (Thermo
Fisher Scientific, Carlsbad, CA, USA) and Shrimp Alkaline Phosphatase (GE Healthcare
UK Ltd., Amersham, UK). BIOMED2 primers and BigDye Terminator v1.1 Cycle sequenc-
ing Kit (Thermo Fisher Scientific, Vilnius, Lithuania) were used for the sequencing re-
action setup. The DNA fragments from the sequencing reaction were purified using
BigDye®Xterminator™ Purification kit (Life Technologies™, Framingham, MA, USA) and
furthermore, separated using capillary electrophoresis on a 3500 Genetic Analyzer (Applied
Biosystems™, Foster City, CA, USA). Detected sequences were analyzed using Sequencher
5.4 Software (Gene Codes, Ann Arbor, MI, USA). Obtained sequences were submitted to
IMGT/V-QUEST Junction analysis tool in order to determine the specific gene families
involved in the rearrangement and for analysis of the junctional region [20]. Annotations
of the respective genes are presented in Supplementary Tables S1-54.

2.3. Next Generation Sequencing

LymphoTrack® Dx Assay Panels used in this study were LymphoTrack® Dx IGH
FR1 Assay Panel—MiSeq® (B-ALL), LymphoTraCk® Dx IGK Assay Panel—MiSeq® (B-ALL),
LymphoTrack® Dx TRG Assay Panel-MiSeq® (B- and T-ALL) and LymphoTrack® Dx TRB
Assay Panel—MiSeq® (T-ALL) (Table 1). Each assay panel consists of 24 Illumina indexed
master mixes for multiplex PCR. Prior to NGS library preparation, DNA concentration was
measured using Qubit™ dsDNA BR Assay Kit (Invitrogen by Thermo Fisher Scientific,
Waltham, MA, USA, Life Technologies™, Eugene, OR, USA) on Qubit® 2.0 fluorometer
(Invitrogen by Thermo Fisher Scientific, Waltham, MA, USA). LymphoTrack® Assay Panels
require a minimum of 50 ng input DNA to each amplicon reaction. However, we aimed for
150 ng to facilitate downstream quantification steps, hence the concentration of each DNA
sample was adjusted to 30 ng/puL prior to PCR setup. Furthermore, 5 uL of the diluted DNA
was added to 45 uL LymphoTrack index master mix and 0.2 pL Eagle Tag DNA Polymerase
(Roche). Downstream of the PCR, amplicons were purified using AMPureXP purification
beads (Beckman coulter, Brea, CA, USA). Subsequently, each amplicon was quantified on
the 7500 Fast Real Time PCR System (Applied Biosystems by Life Technologies™, Eugene,
OR, USA, Thermo Scientific, Waltham, MA, USA) using KAPA Library Quantification
Kit for Illumina (Roche). All amplicons from each assay (IGH FR1, IGK, TRG and TRB
respectively) were pooled in equimolar amounts into one library per assay. Each assay
library pool was in turn quantified with qPCR and multiplexed into one final library of
4 nM. The final library pool was loaded onto the MiSeq Sequencing system (Illumina).
Different MiSeq sequencing kits were used depending on the library size and number of
samples: MiSeq Reagent Nano Kit v2, 500 cycles (Illumina) for <4 samples; MiSeq Reagent
Kit v2, 500 cycles (Illumina) for 5-8 samples.

The LymphoTrack Dx software-MiSeq Version 2.4.3 (InVivoScribe) was used to analyze
raw sequence data in FASTQ format. For each assay, the Merged Read Summary report
was applied for identification of the top merged sequences and the frequency of these, in
order to assess clonality. The frequency of identical sequences for each sample and assay
was calculated by dividing the number of identical sequence reads by the total number of
sequence reads in the sample (Figure 1).
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Total Read Count: 2192974

IndexQ30: 87.52

LymphoTrack Dx Report for assay TRG
Sample name: 19-1415-FR1-IGK-TRG_S3_L001_001_combined

Caution: Do not edit fields and save.

Top 10 Merged Read Summary

% total
reads

Merge

V-gene J-gene Cumulative % CDR3 Sequence

>20 000

total reads

10 000 -
20 000

1 Y 1586018 | Vg8 JgP1 72.32 72.32 not found

2 CGGCATTCCGTCAGGCAM 144 327210 |Vg9 Jag1/2 14.92 87.24 not found

3 TGGGTAAGACAAGCAACQH 145 22097 |Vg10 JgP1 1.01 88.25 not found

4 TGGGTAAGACAAGCAACH 152 12536 |vg10 Jg1/2 057 88.82 not found

5 AGAATCAGTAGAGG, 147 9111 Va3 Jg1/2 0.42 89.24 GCCACCTGGGACAGGC

6 142 7943 Vg8 Jg1i2 0.36 89.60 GCCACCTGGGATAAGT

7 136 4840 Vg4 Ja1/2 022 89.82 GCCACTTGGAGGCAT,

8 142 3650 Va5 Jg1/2 0.17 89.99 GCCACCTGGGACGGTC

9 147 2307 Vg4 Jg1/2 0.11 90.09 not found

10 TGGGTAAGACAAGCAACHY 142 2221 Vg10 Jgi/2 0.10 90.19 not found |

Figure 1. The frequency of identical sequences for each sample and assay is calculated by dividing
the number of identical sequence reads by the total number of sequence reads in the sample.

To streamline the interpretation of the LymphoTrack results, we established inter-
pretation criteria applicable for all LymphoTrack assays, based on the IVS’ interpretation
criteria in each of the assay IFUs combined with the patterns demonstrated among the
LymphoTrack results in this study (Figure 2). For clonality assessment, a 10% frequency
was determined as the cutoff for defining a leukemic clone, provided that the number of
merged reads was >20,000. For rearrangements resulting in 10,000-20,000 merged reads
and between 5 and 10% of the total reads, each case was reviewed individually. All of the
cutoffs were based on the LymphoTrack kit guidelines. The polyclonal pattern was assigned
when the interpretation criteria %Total reads and /or merge count were not fulfilled.

Read 1; >10% total reads = Clonal
Read 2, 3, 4; <10% total reads = Not clonal

Read 1; >10% total reads = Clonal
Read 2, 3, 4; <5% total reads = Not clonal

total reads

Figure 2. Interpretation criteria based on IVS IFUs for LymphoTrack and the results in this study. For
rearrangements resulting in <20,000-10,000 total reads and between 5 and 10% of the total reads, each
case was reviewed individually.

2.4. Comparison between GeneScan and Sanger Sequencing with LymphoTrack

Clonal rearrangements detected with PCR GeneScan and Sanger sequencing or PCR
GeneScan only were compared to the rearrangements detected with LymphoTrack. Com-
parison of sequences generated by Sanger sequencing and LymphoTrack was performed on
at least 10 samples for each target to confirm the sensitivity of LymphoTrack. When 100%
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sequence identity was achieved between the methods, the results from PCR GeneScan were
used to confirm the LymphoTrack results.

2.5. Comparison between RFU and %Total Reads

To compare the degree of correlation between the methods, the rearrangement that
generated the highest relative fluorescent unit (RFU) value in PCR GeneScan was compared
to the most frequent amplified sequence in LymphoTrack, which consequently generated
the highest %Total reads. To obtain an accurate comparison, samples with only one
rearrangement were excluded, hence only samples with two or more clonal rearrangements
were compared. In samples where PCR GeneScan demonstrated two rearrangements of
the same gene family, the highest peak in PCR GeneScan was expected to correspond to the
rearrangement with the highest %Total reads in LymphoTrack.

3. Results

A comparison between detected clonal rearrangements was performed where the
number of clonal rearrangements ranged from 0 to 4 among the assays. An expected
detection rate of at least 95% was established with the LymphoTrack assay. However,
analysis of data demonstrating as high as 100% correlation for certain rearrangements was
also achieved.

3.1. IGH

Of 85 rearrangements detected with PCR GeneScan, LymphoTrack detected 85 (100%).
However, nine (11%) of the 85 rearrangements did not pass the interpretation criteria for
LymphoTrack (Figure 3). Additional investigation of the nine peaks detected using PCR
GeneScan demonstrated low peaks or peaks in a polyclonal background. Generally, such
rearrangements are not used for downstream applications due to challenges in Sanger
sequencing [17]. Polyclonal patterns were observed with PCR GeneScan in six samples and
furthermore confirmed with LymphoTrack (Supplementary Table S1). One discrepancy
was detected in sample 10 where the LymphoTrack Software assessed the most frequent
rearrangement to VH3-30-JH5 whilst IMGT/V-QUEST assessed the same sequence to
VH3-30-JH4. A confirming PCR with the BIOMED?2 IGHB tube and Sanger sequencing
was performed, followed by analysis with IMGT/V-QUEST and manual interpretation
using hard copies of the JH-genes, which resolved the involvement of a JH4 gene in
the rearrangement. In this study, investigation of clonal compartments of IGH gene
rearrangements in immature lymphoblasts was of interest and therefore only the FR1 region
was investigated. Moreover, looking at the concordance ratio of detected IGH genes
between NGS and GeneScan, a satisfying level was reached, emphasizing the use of only
the FR1 tube.
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Figure 3. Number of detected rearrangements for each LymphoTrack assay and PCR GeneScan and

number of rearrangements detected with LymphoTrack but that did not pass the current interpreta-
tion criteria.

3.2. IGK

Of 67 rearrangements identified with PCR GeneScan, the LymphoTrack assay could
detect 64 of them (96%). However, five (7%) of the 67 rearrangements did not pass the
interpretation criteria for LymphoTrack (Figure 3). Additional investigation of the five peaks
in PCR GeneScan demonstrated low peaks or peaks in polyclonal background with one
exception, in sample 55; PCR GeneScan demonstrated a significantly high peak for an Intron-
Kde rearrangement, which accounted for only 6.2% of the total reads in LymphoTrack.
The rearrangement was later confirmed with Sanger sequencing. Polyclonal patterns were
observed with PCR GeneScan in 21 samples and were confirmed with LymphoTrack with
one exception. In sample 54, PCR GeneScan demonstrated a polyclonal pattern with the
KA tube, whilst LymphoTrack detected a Vk-Jk rearrangement, representing 24.5% of the
total reads (Supplementary Table S2).

3.3. TRG

Of 93 rearrangements detected with PCR GeneScan, LymphoTrack detected 91 (98%).
However, four (4%) of the 93 rearrangements detected with LymphoTrack did not pass the
interpretation criteria (Figure 3). For example, revision of sample 12 showed a small peak
with a polyclonal background in PCR GeneScan. Sample 25 showed a significantly high
peak for a Vy9 rearrangement, which accounted for only 2.4% of the total reads in Lympho-
Track. Subsequently, this Vy9 rearrangement was confirmed with Sanger sequencing. In
sample 49, PCR GeneScan demonstrated a low peak in a polyclonal background, which
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could not be confirmed with Sanger sequencing. In sample 56, the peak corresponding
to the Vy3 rearrangement is small, which correlates with the low number of detected %
total reads.

In two samples (43 and 67), LymphoTrack displayed polyclonal patterns, while PCR
GeneScan detected a minor Vy9 peak in a polyclonal background, which was also confirmed
with Sanger sequencing.

LymphoTrack detected seven Vy11 rearrangements (ORF) in five samples (3, 4, 20, 45 and
51) where PCR GeneScan demonstrated a polyclonal pattern with the BIOMED2 primers
(GA- and GB tube). To confirm the findings in LymphoTrack, a PCR reaction for each of
the five samples was performed using the IdentiClone® TCRG Gene Rearrangement Assay
2.0 for PCR GeneScan (IVS-1T-1F, Released 2019). In four of the five samples, PCR GeneScan
demonstrated a significantly high peak for Vy11, however sample 51 remained polyclonal.
Due to these findings, ASOs for gPCR were designed, targeting the junctional region of the
detected Vvy11 rearrangements [17]. Amplification curves, passing defined criteria, were
detected, hence verifying all seven Vy11 rearrangements.

With PCR GeneScan, polyclonal patterns were observed in 24 samples and furthermore
confirmed with LymphoTrack with four exceptions. In samples 4, 45 and 51, LymphoTrack
detected 1 or more Vyll rearrangements, as mentioned above. In the fourth sample
(sample 30), LymphoTrack detected a Vy2 rearrangement with 89.4% total reads. A more
thorough analysis of the Vy2 sequence retrieved from LymphoTrack, using IMGT/V-
QUEST, revealed a significant number of nucleotides that had been trimmed off the Jy-gene.
Heavy trimming of the Jy-gene may impede successful binding of the BIOMED?2 Jy-primers
to its designated primer site, hence the absence of amplification of the rearrangement in
PCR GeneScan. Furthermore, PCR was performed using the IdentiClone® TCRG Gene
Rearrangement Assay 2.0 for PCR GeneScan (IVS-1T-1F) confirming the Vy2 rearrangement.
(Supplementary Table S3).

3.4. TRB

Of 35 rearrangements detected with PCR GeneScan, LymphoTrack detected 34 (97%).
However, one (3%) of the 34 rearrangements detected with LymphoTrack did not pass the
interpretation criteria (Figure 3). Additional investigation of this peak found in sample
73 revealed a peak with a relatively low RFU as detected by PCR GeneScan, which may
explain the low amplification in LymphoTrack.

Furthermore, in sample 61, PCR GeneScan demonstrated a minor peak represent-
ing a V3-Jp1 rearrangement, which was not amplified with LymphoTrack. Hence, the
Sanger sequencing generated a sequence of poor quality, which could not be recognized
by IMGT/V-QUEST. In sample 63, a V314-J(31.1 rearrangement was detected with Lym-
phoTrack, which corresponded to a V3-Jf31 rearrangement displayed in PCR GeneScan.
However, the V314 gene could not be confirmed using Sanger sequencing, nevertheless
when using ASO for qPCR, the clone could be confirmed. Polyclonal patterns were ob-
served with PCR GeneScan in three samples and were confirmed with LymphoTrack. In
sample 58, LymphoTrack and PCR GeneScan detected three V(3-] rearrangements where
only two could be confirmed with Sanger Sequencing (Supplementary Table 54). In sample
58, the LymphoTrack Software assessed the third most frequent rearrangement to a V36-3,
whilst the IMGT/V-QUEST database stated “V[36-2 or V[36-3” for the sequence. Analysis
of the V[36-3 sequence retrieved from Sanger sequencing in the IMGT/V-QUEST database
also resulted in “V36-2 or V[36-3”.

3.5. Correlation between RFU and %Total Reads in Samples with Two or More Rearrangements

In 26 of 28 samples (93%) for IGH, 15 of 19 samples (79%) for IGK, 26 of 41 (63%)
samples for TRG, and 7 of 13 samples (54%) for TRB, the rearrangement that generated the
highest RFU value correlated with the rearrangement that generated the highest %Total
reads (Figure 4). These findings are further described in the supplementary results.
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Figure 4. Number of samples with two or more clones for each assay and number of samples
where the rearrangement with the highest RFU (detected with PCR GeneScan) correlated with the
rearrangement with the highest %Total reads (detected with LymphoTrack).

3.6. Ambiguous Rearrangements

A subset of the peaks that were generated with the IVS IGK and TRB tubes for PCR
GeneScan appeared to involve more than one clonal rearrangement. Prior to NGS, we
would have to clone to resolve these cases; one of the main advantages of NGS is that time
consuming cloning is no longer required. While PCR GeneScan detected one single peak
in sample 13 and 78, LymphoTrack detected several clonal rearrangements of the same
family. In sample 13, PCR GeneScan detected one Vk-Jk rearrangement while LymphoTrack
revealed two sequences of the same length, Vk1-33-]Jk4 and V«1-43-Jk2. In sample 78, PCR
GeneScan detected one D31-]31 rearrangement while LymphoTrack revealed two different
sequences (DP1-J31.1 and DP1-JB1.2) with only a 10 bp difference (Supplementary Table
54). There were also cases where PCR GeneScan detected several peaks while LymphoTrack
generated one single sequence. In sample 8, 14 and 52, two distinct Vk7 peaks were detected
with PCR GeneScan while only one V«7-3-Kde sequence was detected with LymphoTrack
(Supplementary Table S2).

4. Discussion

In this study, we evaluated if the BIOMED?2 and InVivoScribe protocols used for PCR
GeneScan and Sanger sequencing may be replaced with the streamlined NGS method
LymphoTrack for sequence-based screening of clonal rearrangements at initial diagnosis in
ALL. We found high detection rates at 96-100% for the LymphoTrack assays IGH FR1, IGK,
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TRG and TRB compared to the corresponding assays for PCR GeneScan regarding clonal
assessment. Thus, using LymphoTrack to detect clonal rearrangements, suitable for MRD
follow-up in ALL patients, seems reasonable.

4.1. Benefits of LymphoTrack for MRD Screening in ALL

Each LymphoTrack Assay contains one single tube, which makes the NGS workflow
much more streamlined and allows higher throughput. LymphoTrack is a robust method
that allows a wide concentration range of amplicons from 0.4 to 240 nM, which after pooling
and sequencing generates correct sequences. The turnaround time was substantially
reduced from approximately 2 weeks using PCR GeneScan and Sanger sequencing down
to 3-5 days using LymphoTrack. Additionally, the sequencing time and cost can be heavily
reduced by using the Illumina MiSeq v2 500 Nano kit for <4 samples, which takes only
24 h on the MiSeq compared to 39 h with the Illumina MiSeq v2 500 kit.

4.2. Considerations When Implementing LymphoTrack in MRD Screening in ALL

In this study, a total of seven cases (9%) were found to only have one rearrange-
ment detected with LymphoTrack. According to the ESHLO guidelines, the use of two
rearrangements are recommended as MRD targets [21]. Incomplete IGH and/or TCRD
rearrangements are common in ALL, however the currently available LymphoTrack as-
says do not allow for detection of incomplete IGH or TCRD rearrangements [22-25]. In
T-ALL, TCR gene rearrangements are stable, particularly TCRD gene rearrangements show
high stability [25]. Thus, using LymphoTrack as the sole method for clonality assessment
with available kits might seem inadequate and complementary analyses with GeneScan
and Sanger sequencing for incomplete IGH and TCRD rearrangements may be needed in
some cases.

4.3. The LymphoTrack Software

The LymphoTrack Software is a streamlined and user-friendly bioinformatics tool,
using FASTQ files for demultiplexing and sorting of generated sequences by frequency in
a comprehensive report in pdf format. For shorter reads generated by LymphoTrack, the
LymphoTrack software often failed to identify the J-gene involved in the rearrangement,
which was displayed as “none” in the Merged read summary report. Additionally, in a few
samples (10 (IGH) and 58 (TRB)) the LymphoTrack software stated a different gene family
than the IMGT database. To prevent overlooking any important information about the
sequences generated by the LymphoTrack software, analysis using the IMGT/V-QUEST
tool, or hard copies of the genes, is strongly recommended since the LymphoTrack Software
only states one gene family per column.

4.4. Polyclonal Patterns

The methods were consistent regarding polyclonal patterns, with only a few exceptions.
In sample 54 (IGK) and sample 30 (TRG) where PCR GeneScan detected polyclonal patterns,
LymphoTrack detected clonal rearrangements (Supplementary Table S2). The absence
of amplification of clonal rearrangement in the KA tube for one sample (54) could not
be explained although deviations in the primer systems could be one suggestion. In
one sample (30), the absence of amplification in the GA and/or GB tube was due to a
seemingly large, trimmed region in the Jy-gene, which altered the priming binding site for
the BIOMED? primers. Very occasionally, some rearrangements were resolved with Sanger
sequencing even though it was displayed as a minor peak in a polyclonal background while
LymphoTrack displayed a polyclonal pattern (e.g., in sample 43 and 67 (TRG)). However,
since the peaks were of very low significance from a clonality assessment aspect, the results
from LymphoTrack were considered more reliable.
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4.5. Minor Peaks with Background

Minor peaks in a polyclonal background in PCR GeneScan did not seem to affect
the amplification efficiency in LymphoTrack since these rearrangement patterns did not
pass the interpretation criteria for LymphoTrack. In addition, GeneScan did not seem to
affect the amplification efficiency in LymphoTrack. However, to evaluate the absence of
amplification in LymphoTrack, such as overseeing clonal rearrangements suitable for MRD,
extended Sanger sequencing would be required. Contrariwise, PCR GeneScan generated a
major peak while the %Total reads in LymphoTrack did not pass the interpretation criteria
in a few samples (36, 55 (IGK) and 25 (TRG)), which is inexplicable.

4.6. Correlation between RFU and %Total Reads in Samples with Two or More Rearrangements

In samples with two or more rearrangements detected by PCR GeneScan and NGS
LymphoTrack, the correlation between the assays to identify the dominant rearrangement
varied from 54% to 93%. The seemingly low correlations for the TRG and TRB assays are
nevertheless satisfactory since using the major peak in PCR GeneScan for Sanger sequencing
does not always generate a sequence of the junctional region suitable for optimal ASO
design. The ASO might not be specific enough, or may not pass defined criteria for MRD
markers. Overall, LymphoTrack was a more sensitive method than PCR GeneScan and
Sanger sequencing. Samples containing several rearrangements belonging to a single gene
family (e.g., sample 58 and 63 (TRB)) usually require additional time-consuming methods
such as Homo/Hetero duplex gel and/or cloning to receive the same resolution with
PCR GeneScan and Sanger sequencing [18]. With LymphoTrack Software, the sequences
generated from MiSeq are visualized in a comprehensible report after demultiplexing and
sorting on sequence frequency.

5. Conclusions

In conclusion, the NGS-based clonality assay LymphoTrack revealed a high sensitive
detection rate of clonal rearrangements in diagnostic samples of ALL as the conventional
PCR GeneScan method. There was a satisfactory level of concordance between the methods
regarding the detection of the most frequently amplified rearrangement. The LymphoTrack
software, where both experimental and bioinformatics analysis processes were streamlined,
was advantageous regarding turnaround time. Together, these results highlight the power
and benefits of LymphoTrack NGS assay and may serve as a powerful screening method for
clonal assessment in ALL patients in clinical laboratories. We suggest that the LymphoTrack
NGS assay can be applicable for clonal assessment in ALL patients in clinical laboratories.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/diagnostics12061389/s1, Text and 4 tables.

Author Contributions: K.P., M.M. and R.-M.A. performed the study concept and design. K.P., M.M,,
PH. and R.-M.A. developed the methodology and wrote, reviewed and revised the paper. K.P. and
M.M. provided acquisition, analysis and interpretation of data. L.C. provided technical and material
support. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Institutional Review Board of Uppsala (EPN 2014/233, 22
December 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available on reasonable request.


https://www.mdpi.com/article/10.3390/diagnostics12061389/s1
https://www.mdpi.com/article/10.3390/diagnostics12061389/s1

Diagnostics 2022, 12, 1389 11 of 12

Acknowledgments: The authors would like to acknowledge Clinical Genomics Uppsala, the Science
for Life Laboratory, Dept of Inmunology, Genetics and Pathology, Uppsala University, Sweden. The
material collection was supported by U-CAN, through Uppsala Biobank and the Department of
Clinical Pathology, Uppsala University Hospital.

Conflicts of Interest: All authors declare no competing financial interest.

References

1.

*®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Cave, H.; van der Werff ten Bosch, J.; Suciu, S.; Guidal, C.; Waterkeyn, C.; Otten, J.; Bakkus, M.; Thielemans, K.; Grandchamp, B.;
Vilmer, E.; et al. Clinical significance of minimal residual disease in childhood acute lymphoblastic leukemia. N. Engl. ]. Med.
1998, 339, 591-598. [CrossRef] [PubMed]

Coustan-Smith, E.; Behm, EG.; Sanchez, J.; Boyett, ].M.; Hancock, M.L.; Raimondi, S.C.; Rubnitz, ].E.; Rivera, G.K.; Sandlund, J.T.;
Pui, C.H.; et al. Immunological detection of minimal residual disease in children with acute lymphoblastic leukaemia. Lancet
1998, 351, 550-554. [CrossRef]

Van Dongen, J.].; Seriu, T.; Panzer-Grumayer, E.R.; Biondi, A.; Pongers-Willemse, M.].; Corral, L.; Stolz, F.; Schrappe, M.; Masera,
G.; Kamps, W.A ; et al. Prognostic value of minimal residual disease in acute lymphoblastic leukaemia in childhood. Lancet 1998,
352,1731-1738. [CrossRef]

Biondi, A.; Valsecchi, M.G.; Seriu, T.; D’Aniello, E.; Willemse, M.].; Fasching, K.; Pannunzio, A.; Gadner, H.; Schrappe, M.; Kamps,
W.A; et al. Molecular detection of minimal residual disease is a strong predictive factor of relapse in childhood B-lineage acute
lymphoblastic leukemia with medium risk features. A case control study of the International BFM study group. Leukemia 2000,
14,1939-1943. [CrossRef]

Zhou, J.; Goldwasser, M.A.; Li, A.; Dahlberg, S.E.; Neuberg, D.; Wang, H.; Dalton, V.; McBride, K.D.; Sallan, S.E.; Silverman,
L.B.; et al. Quantitative analysis of minimal residual disease predicts relapse in children with B-lineage acute lymphoblastic
leukemia in DFCI ALL Consortium Protocol 95-01. Blood 2007, 110, 1607-1611. [CrossRef]

Borowitz, M.].; Devidas, M.; Hunger, S.P.; Bowman, W.P,; Carroll, A J.; Carroll, W.L.; Linda, S.; Martin, PL.; Pullen, D.J.;
Viswanatha, D.; et al. Clinical significance of minimal residual disease in childhood acute lymphoblastic leukemia and its
relationship to other prognostic factors: A Children’s Oncology Group study. Blood 2008, 111, 5477-5485. [CrossRef] [PubMed]
Tonegawa, S. Somatic generation of antibody diversity. Nature 1983, 302, 575-581. [CrossRef]

Davis, M.M.; Bjorkman, PJ. T-cell antigen receptor genes and T-cell recognition. Nature 1988, 334, 395-402. [CrossRef]

Van der Velden, V.H.; Hochhaus, A.; Cazzaniga, G.; Szczepanski, T.; Gabert, J.; van Dongen, J.J. Detection of minimal residual
disease in hematologic malignancies by real-time quantitative PCR: Principles, approaches, and laboratory aspects. Leukemia
2003, 17, 1013-1034. [CrossRef] [PubMed]

Gazzola, A.; Mannu, C.; Rossi, M.; Laginestra, M.A.; Sapienza, M.R,; Fuligni, F.; Etebari, M.; Melle, F,; Sabattini, E.; Agostinelli,
C.; et al. The evolution of clonality testing in the diagnosis and monitoring of hematological malignancies. Ther. Adv. Hematol.
2014, 5, 35-47. [CrossRef]

Germano, G.; del Giudice, L.; Palatron, S.; Giarin, E.; Cazzaniga, G.; Biondi, A.; Basso, G. Clonality profile in relapsed precursor-B-
ALL children by GeneScan and sequencing analyses. Consequences on minimal residual disease monitoring. Leukemia 2003, 17,
1573-1582. [CrossRef] [PubMed]

Metzker, M.L. Emerging technologies in DNA sequencing. Genome Res. 2005, 15, 1767-1776. [CrossRef] [PubMed]

Hu, T; Chitnis, N.; Monos, D.; Dinh, A. Next-generation sequencing technologies: An overview. Hum. Immunol. 2021, 82, 801-811.
[CrossRef]

Lay, L.; Stroup, B.; Payton, J.E. Validation and interpretation of IGH and TCR clonality testing by Ion Torrent S5 NGS for diagnosis
and disease monitoring in B and T cell cancers. Pract. Lab. Med. 2020, 22, e00191. [CrossRef] [PubMed]

Ho, C.C; Tung, ] K.; Zehnder, ].L.; Zhang, B.M. Validation of a Next-Generation Sequencing-Based T-Cell Receptor Gamma Gene
Rearrangement Diagnostic Assay: Transitioning from Capillary Electrophoresis to Next-Generation Sequencing. J. Mol. Diagn.
2021, 23, 805-815. [CrossRef]

Arcila, M.E,; Yu, W.; Syed, M.; Kim, H.; Maciag, L.; Yao, J.; Ho, C.; Petrova, K.; Moung, C.; Salazar, P.; et al. Establishment of
Immunoglobulin Heavy (IGH) Chain Clonality Testing by Next-Generation Sequencing for Routine Characterization of B-Cell
and Plasma Cell Neoplasms. J. Mol. Diagn. 2019, 21, 330-342. [CrossRef] [PubMed]

Van Dongen, ].J.; Langerak, A.W.; Bruggemann, M.; Evans, P.A.; Hummel, M.; Lavender, EL.; Delabesse, E.; Davi, F,; Schuuring, E.;
Garcia-Sanz, R.; et al. Design and standardization of PCR primers and protocols for detection of clonal immunoglobulin and T-cell
receptor gene recombinations in suspect lymphoproliferations: Report of the BIOMED-2 Concerted Action BMH4-CT98-3936.
Leukemia 2003, 17, 2257-2317. [CrossRef]

Boone, E.; Heezen, K.C.; Groenen, P.; Langerak, A.W.; EuroClonality, C. PCR GeneScan and Heteroduplex Analysis of Rearranged
Immunoglobulin or T-Cell Receptor Genes for Clonality Diagnostics in Suspect Lymphoproliferations. Methods Mol. Biol. 2019,
1956, 77-103. [CrossRef]

Langerak, A.W.; Groenen, P].; Bruggemann, M.; Beldjord, K.; Bellan, C.; Bonello, L.; Boone, E.; Carter, G.I.; Catherwood, M.;
Davi, F; et al. EuroClonality /BIOMED-2 guidelines for interpretation and reporting of Ig/TCR clonality testing in suspected
lymphoproliferations. Leukemia 2012, 26, 2159-2171. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJM199808273390904
http://www.ncbi.nlm.nih.gov/pubmed/9718378
http://doi.org/10.1016/S0140-6736(97)10295-1
http://doi.org/10.1016/S0140-6736(98)04058-6
http://doi.org/10.1038/sj.leu.2401922
http://doi.org/10.1182/blood-2006-09-045369
http://doi.org/10.1182/blood-2008-01-132837
http://www.ncbi.nlm.nih.gov/pubmed/18388178
http://doi.org/10.1038/302575a0
http://doi.org/10.1038/334395a0
http://doi.org/10.1038/sj.leu.2402922
http://www.ncbi.nlm.nih.gov/pubmed/12764363
http://doi.org/10.1177/2040620713519729
http://doi.org/10.1038/sj.leu.2403008
http://www.ncbi.nlm.nih.gov/pubmed/12886245
http://doi.org/10.1101/gr.3770505
http://www.ncbi.nlm.nih.gov/pubmed/16339375
http://doi.org/10.1016/j.humimm.2021.02.012
http://doi.org/10.1016/j.plabm.2020.e00191
http://www.ncbi.nlm.nih.gov/pubmed/33304977
http://doi.org/10.1016/j.jmoldx.2021.03.008
http://doi.org/10.1016/j.jmoldx.2018.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30590126
http://doi.org/10.1038/sj.leu.2403202
http://doi.org/10.1007/978-1-4939-9151-8_4
http://doi.org/10.1038/leu.2012.246
http://www.ncbi.nlm.nih.gov/pubmed/22918122

Diagnostics 2022, 12, 1389 12 of 12

20.

21.

22.

23.

24.

25.

Giudicelli, V.; Brochet, X.; Lefranc, M.P. IMGT/V-QUEST: IMGT standardized analysis of the immunoglobulin (IG) and T cell
receptor (TR) nucleotide sequences. Cold Spring Harb. Protoc. 2011, 2011, 695-715. [CrossRef] [PubMed]

Van der Velden, V.H.; Cazzaniga, G.; Schrauder, A.; Hancock, J.; Bader, P.; Panzer-Grumayer, E.R.; Flohr, T.; Sutton, R.; Cave,
H.; Madsen, H.O,; et al. Analysis of minimal residual disease by Ig/TCR gene rearrangements: Guidelines for interpretation of
real-time quantitative PCR data. Leukemia 2007, 21, 604-611. [CrossRef] [PubMed]

Szczepanski, T.; van der Velden, V.H.; Hoogeveen, P.G.; de Bie, M.; Jacobs, D.C.; van Wering, E.R.; van Dongen, J.J. Vdelta2-Jalpha
rearrangements are frequent in precursor-B-acute lymphoblastic leukemia but rare in normal lymphoid cells. Blood 2004, 103,
3798-3804. [CrossRef]

Szczepanski, T.; Beishuizen, A.; Pongers-Willemse, M.].; Hahlen, K.; Van Wering, E.R.; Wijkhuijs, A.J.; Tibbe, G.J.; De Bruijn, M.A;
Van Dongen, J.J. Cross-lineage T cell receptor gene rearrangements occur in more than ninety percent of childhood precursor-B
acute lymphoblastic leukemias: Alternative PCR targets for detection of minimal residual disease. Leukemia 1999, 13, 196-205.
[CrossRef] [PubMed]

Szczepanski, T.; Langerak, A.W.; Wolvers-Tettero, I.L.; Ossenkoppele, G.J.; Verhoef, G.; Stul, M.; Petersen, E.J.; de Bruijn, M.A;
van’t Veer, M.B.; van Dongen, ]J.J. Inmunoglobulin and T cell receptor gene rearrangement patterns in acute lymphoblastic
leukemia are less mature in adults than in children: Implications for selection of PCR targets for detection of minimal residual
disease. Leukemia 1998, 12, 1081-1088. [CrossRef] [PubMed]

Van der Velden, V.H.; van Dongen, ].J. MRD detection in acute lymphoblastic leukemia patients using Ig/TCR gene rearrange-
ments as targets for real-time quantitative PCR. Methods Mol. Biol. 2009, 538, 115-150. [CrossRef]


http://doi.org/10.1101/pdb.prot5633
http://www.ncbi.nlm.nih.gov/pubmed/21632778
http://doi.org/10.1038/sj.leu.2404586
http://www.ncbi.nlm.nih.gov/pubmed/17287850
http://doi.org/10.1182/blood-2003-08-2952
http://doi.org/10.1038/sj.leu.2401277
http://www.ncbi.nlm.nih.gov/pubmed/10025893
http://doi.org/10.1038/sj.leu.2401071
http://www.ncbi.nlm.nih.gov/pubmed/9665194
http://doi.org/10.1007/978-1-59745-418-6_7

	Introduction 
	Materials and Methods 
	Sample Preparation 
	PCR Amplification and GeneScan Analysis 
	Next Generation Sequencing 
	Comparison between GeneScan and Sanger Sequencing with LymphoTrack 
	Comparison between RFU and %Total Reads 

	Results 
	IGH 
	IGK 
	TRG 
	TRB 
	Correlation between RFU and %Total Reads in Samples with Two or More Rearrangements 
	Ambiguous Rearrangements 

	Discussion 
	Benefits of LymphoTrack for MRD Screening in ALL 
	Considerations When Implementing LymphoTrack in MRD Screening in ALL 
	The LymphoTrack Software 
	Polyclonal Patterns 
	Minor Peaks with Background 
	Correlation between RFU and %Total Reads in Samples with Two or More Rearrangements 

	Conclusions 
	References

