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Abstract

Assessment of minimal residual disease in acute lymphoblastic leukemia by immune
repertoire NGS requires spiking CDR3 sequences at known quantities into the
patient’s sample. Recently, the EuroClonality-NGS group released one of the most
comprehensive protocols for this purpose. ARResT/Interrogate is a closed-source
software for processing these NGS libraries, developed by this same group. Vid-
jil, an open-source alternative, currently cannot handle libraries prepared using this
protocol. Here, we present a Vidjil add-on to solve this issue. EuroClonality-NGS pre-
pared samples analyzed with Vidjil and ARResT/Interrogate were highly concordant

(r=0.998) and presented low error (root-mean-square error, RMSE = 0.112).
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Minimal residual disease (MRD), the assessment of the remaining load
of leukemia cells in the patient, is one of the most important progno-
sis and decision-making factors in acute lymphoblastic leukemia (ALL)
[1]. Real-time PCR (gPCR) of immunoglobulin (IG) and T-cell receptor
(TR) gene rearrangements, with a special focus on their CDR3 region,
is the current gold standard for MRD assessment [2]. Recently, next-
generation sequencing (NGS) of this same region has been used for the
same purpose with many advantages over gPCR. Some of these include
the possibility of better tracking clonal evolution and assessment of the

patient’s immune repertoire as a whole, making it possible to follow all
of its potential leukemia clonotypes [3].

NGS results, however, are given in reads, while MRD is a cell fre-
quency measure given by the number of cells of a leukemia clonotype
divided by the number of cells present in the sample. One of the
challenges for NGS-based MRD assays, therefore, is converting the
read count for a given leukemia clonotype into number of cells, so the
clonotype’s cell frequency can be determined. This is solved by spiking
the sample DNA with plasmids or cell line’s DNA containing a known
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FIGURE 1 EuroClonality versus ARResT/Interrogate: IG/TR marker quantification and cIT-QC identification. Analysis of bone marrow NGS

files from the original cIT-QC publication [6]. Samples S1-532 correspond to diagnostic B/T-ALL, while S33-548 to aplastic posttreatment. (A and
B) Linear regression of the log4q cell frequency for IG/TR clonotypes calculated by ARResT/Interrogate and Vidjil. Pearson’s correlation coefficient
represented by r, and root-mean-square error by RMSE. Vidjil analysis without (A) and with manual clonotype clustering (B). (C, D, and E)
ARResT/Interrogate and Vidjil comparison per sample of total cIT-QC read count (C), total IG/TR rearrangement read count (D), and total cIT-QC
read frequency (total cIT-QC reads/total V(D)J reads) (E). Green and black arrows indicate samples where a cIT-QC sequence was missing in both

software tools and only in Vidjil, respectively.

CDR3 region at predetermined copy numbers. These control clono-
types are then used to establish a cell/read ratio for the sample, which
in turn is used to find the number of cells for leukemia clonotypes.
In recent years, protocols for this purpose have been established by
several groups, with one of the most comprehensive and prominent
examples being released by the EuroClonality-NGS group [4-8].
Analysis of immune repertoire NGS assays requires specialized
software capable of grouping the resulting reads into clonotypes.
Furthermore, compatibility with these spike-in-based normalization
methods needs to be specifically built into the software in order to
obtain a final result expressed in cell frequency. The EuroClonality-
NGS method is integrated into ARResT/Interrogate, a closed-source

platform developed by this same group [9]. An open-source alternative

for ARResT/Interrogate is Vidjil, which also provides a web environ-
ment for immune repertoire NGS analysis [10, 11]. Being open-source,
it allows one to either use the official Vidjil server or perform a local
installation and customization. Vidjil, however, is not currently com-
patible with the EuroClonality-NGS normalization protocol. This work,
therefore, aimed to create an add-on to implement this method into the
Vidjil platform.

Implementation was performed by adding two files to the Vidijil
file structure, both available as Supplemental Data. The first, cIT-
QC.json, contains the definition and DNA sequences for all spike-in
controls used in the EuroClonality-NGS protocol (n = 46), named cen-
tral in-tube quality/quantification control (cIT-QC). A few sequences

used for cIT-QC identification were slightly adjusted to account for
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TABLE 1 Rearrangement and clIT-QC read counts for 32 samples.

Samples analyzed by both software tools, n
IGH-DH
IGH-VJ-FR1
IGK-VJ-Kde
TRB-DJ
TRB-VJ
TRD
TRG
intron-Kde
Rearrangement reads per sample, mean (range)
IGH-DH
IGH-VJ-FR1
IGK-VJ-Kde
TRB-DJ
TRB-VJ
TRD
TRG
intron-Kde
cIT-QC reads per sample, mean (range)
IGH-DH
IGH-VJ-FR1
IGK-VJ-Kde
TRB-DJ
TRB-VJ
TRD
TRG

intron-Kde

ARResT/interrogate
32

w U A DA W DM W

75,827.2(525-217,101)
90,435.7 (66,049-110,460)
29,849.5(525-53,563)
73,352.3(71,234-76716)
86,919.5 (66,696-105,852)
100,131.8(51,795-217,101)
71,295.5(48,781-111,744)
93,302.8 (60,888-170,711)
57,739 (47,130-64,060)
28,130 (305-100,754)
63,094 (1,174-100,754)
9,995.5 (305-38,150)
54,711.7 (24,794-74,322)
14,106 (607-47,478)
16,420.8 (725-35,146)
30,209.8 (681-66,035)
17,299.6 (766-50,672)
38,965.7 (18,684-54,020)

Vidijil

78,568.2 (500-217,133)
89,015 (66,058-108,511)
31,505.5 (500-50,018)
72,475.3(69,706-76,884)
85,167 (65,977-102,104)
119,950.5 (59,496-217,133)
72,782.7 (49,276-114,753)
94,822 (71,487-17,0351)
57,471 (49,008-62,465)
24,858.4 (190-86,970)
54,281.3 (984-86,970)
8,653.5(190-33,136)
49,553(23,566-66,503)
11,433.3(582-37,441)
14,401.3 (682-30,053)
27,728.8 (646-60,598)
15,128 (702-43,496)
34,666.7 (17,109-47,102)

particularities of Vidjil's clonotype labeling method. The second file,
cIT-QC_normalization.py, is a Python script responsible for the nor-
malization process, which outputs the frequency of each clonotype
in clonotype cells/total cells instead of clonotype reads/total V(D)J reads.
The cIT-QC.json file must be placed in the docker directory, while clIT-
QC_normalization.py belongs in tools. Making this analysis available
in the web application requires a new process configuration with the
fuse command -pre ‘cIT-QC_normalization.py’, created by an admin-
istrator account. Finally, the cell frequency result may be displayed in
the result interface of Vidjil by selecting normalization from input data
from the settings menu. This method will also be made available in the
Vidjil official server in the future.

The process performed by the normalization script consists of
four steps: (1) determine the primer set used for library prepara-
tion (IGH-VJ, IGH-DJ, IGK-VJ-Kde, intron-Kde, TRB-VJ, TRB-DJ, TRG,
TRD) based on the maximum read count of each of these IG/TR mark-
ers, from here on called the prevalent marker for the sample; (2)

retrieve all cIT-QC clonotypes in the sample related to the preva-

lent IG/TR marker; (3) calculate the total number of reads and cells
for these cIT-QC clonotypes; and (4) calculate the cell/read ratio
for the sample and normalize the number of reads of all clono-
types into cell frequency. As per the EuroClonality-NGS protocol, the
script uses 15,000 as the initial number of input cells for each sam-
ple and 40 as the number of copies of each cIT-QC sequence. To
analyze libraries prepared with different specifications, these values
must be changed in cIT-QC_normalization.py. Further details regard-
ing cIT-QC_normalization.py, such as challenges in the identification
of the prevalent marker in IGK-VJ-Kde samples, may be found as
Supplemental Data.

In order to validate this add-on, 32 NGS files from diagnosis (4 sam-
ples, 18 libraries) and aplastic posttreatment (4 samples, 14 libraries)
B/T-ALL bone marrow, which were analyzed using ARResT/Interrogate
in the cIT-QC original publication, were reanalyzed using Vidjil [6].
The cell frequency for the reported clonotypes of interest (n = 62)
was compared (Figure 1A). These values, in logqq scale, were highly

concordant between both software tools (r = 0.997) and presented
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low error (root-mean-square error, RMSE = 0.115). The Vidjil web
application allows the user to manually cluster clonotypes, which were
not automatically clustered due to small sequencing errors. Applying
this technique to clonotypes differing in only one nucleotide had a
low, but positive impact on the concordance (r = 0.998) and error
(RMSE = 0.112) of the method (Figure 1B). It is important to note
that this error was highly impacted by one clonotype where Vidjil and
ARResT/Interrogate disagreed in their results by almost five times.
This clonotype, however, belongs to a file (S17) containing only 500
rearrangement reads, which is considerably lower than the minimum
expected to permit this type of analysis. As a frame of reference,
the second lowest rearrangement read count (file S9) was 23205 in
ARResT/Interrogate and 26537 in Vidjil. Without accounting for this
outlier, the RMSE drops to 0.064 and 0.080, with and without manual
clusterization, respectively (Figure S1). In addition, the Pearson’s
correlation also goes up to 0.999 in both cases.

Also of note, in sample S46, there are two clonotypes of inter-
est with the same CDRS3 region in ARResT/Interrogate. Since Vidjil
uses a 50-bp window centered around the CDR3 to cluster reads into
clonotypes, it considered these two clonotypes as a single one and
the same. Therefore, for this comparison, only one of the clonotypes
reported by ARResT/Interrogate was taken into account, with its cell
frequency being the sum of the frequencies observed for its two sep-
arate instances. This explains why the cIT-QC publication reports 63
clonotypes of interest, while this work only reports 62.

The number of different cIT-QC control molecules Vidjil iden-
tified for each sample was also analyzed. While the cIT-QC sys-
tem consists of 46 different control molecules in total, only a few
of them (3-11) are expected to be found in each sample, since
according to the EuroClonality-NGS protocol each marker undergoes
PCR for library preparation in different tubes with its own set of
primers. In this context, Vidjil was able to identify all expected cIT-
QC sequences in 25/32 samples (78.1%), while ARResT/Interrogate
did so in 29/32 samples (90.6%). In the seven cases where Vidjil
failed to identify all cIT-QC, no more than one sequence was missing.
Importantly, while the total cIT-QC reads identified by both software
tools was always very similar, Vidjil always identify slightly less cIT-
QC sequences, which explains its tendency to generate marginally
higher quantification values in comparison to ARResT/Interrogate
(Figure 1C).

Total IG/TR read counts per sample were mostly very similar
between both programs, with the exception of sample S13 where Vidjil
was able to identify more than double the amount of reads in compar-
ison to ARResT/Interrogate (Figure 1D). The cIT-QC read frequencies
(total cIT-QC reads/total V(D)J reads) reported by the two programs
showed some discrepancy (Figure 1E) in a few samples, but differ-
ences seem to be more associated with high cIT-QC frequencies rather
than with missing sequences. While samples S13 and S17 did present a
considerable discrepancy even at low cIT-QC frequencies, these were
mostly due to their aforementioned anomalous behaviors. A summary
for the main parameters yielded by each software tool can be found in
Table 1.

In summary, this work produced an add-on to Vidjil that makes it
capable of properly processing immune repertoire NGS libraries pre-
pared using the EuroClonality-NGS protocol. The 63 clonotypes ana-
lyzed yielded highly concordant results (r = 0.998 and RMSE = 0.115)
when compared to ARResT/Interrogate in the cIT-QC original publica-
tion. Integration into a local Vidjil installation requires only the addition
of two files to the software file structure, as well as the addition of
a new process configuration on the web application. In addition, the
add-on will also be available in the official Vidjil server in a future

release.
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