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Abstract

The myeloid differentiation primary response gene 88 (MYD88) L265P mutation is a
disease-specific mutation of primary central nervous system lymphoma (PCNSL)
among the central nervous system tumors. Accordingly, this mutation is considered
a reliable diagnostic molecular marker of PCNSL. As the intra-operative diagnosis of
PCNSL is sometimes difficult to achieve using histological examinations alone, intra-
operative detection of the MYD88 L265P mutation could be effective for the accurate
diagnosis of PCNSL. Herein, we aimed to develop a novel rapid genotyping system
(GeneSoC) using real-time polymerase chain reaction (PCR) based on microfluidic ther-
mal cycling technology. This real-time PCR system shortened the analysis time, which
enabled the detection of the MYD88 L265P mutation within 15min. Rapid detec-
tion of the MYD88 L265P mutation was performed intra-operatively using GeneSoC
in 24 consecutive cases with suspected malignant brain tumors, including 10 cases
with suspected PCNSL before surgery. The MYD88 L265P mutation was detected in
eight cases in which tumors were pathologically diagnosed as PCNSL after the opera-
tion, while wild-type MYD88 was detected in 16 cases. Although two of the 16 cases
with wild-type MYD88 were pathologically diagnosed as PCNSL after the operation,
MYD88 L265P could be detected in all eight PCNSL cases harboring MYD88 L265P.
The MYD88 L265P mutation could also be detected using cell-free DNA derived from
the cerebrospinal fluid of two PCNSL cases. Detection of the MYD88 L265P muta-

tion using GeneSoC might not only improve the accuracy of intra-operative diagnosis

Abbreviations: cfDNA, cell-free DNA; CNS, central nervous system; CSF, cerebrospinal fluid; ddPCR, droplet digital polymerase chain reaction; DLBCL, diffuse large B cell lymphoma;
FFPE, formalin-fixed; HD-MTX, high-dose methotrexate; MYD88, myeloid differentiation primary response gene 88; PCNSL, primary central nervous system lymphoma; PCR,
polymerase chain reaction paraffin-embedded; Ct, threshold cycle; R-IHC, rapid-immunohistochemistry; iFC, intraoperative flow cytometry.
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of PCNSL but also help the future pre-operative diagnosis through liquid biopsy of

cerebrospinal fluid.
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1 | INTRODUCTION

Primary central nervous system lymphoma (PCNSL) is a form of
malignant lymphoma that arises from the central nervous system
(CNS), such as the brain parenchyma, spine, or eyes (ocular lym-
phoma). Most PCNSLs exhibit histological features of diffuse large
B cell lymphoma (DLBCL). PCNSL accounts for 3%-4% of malignant
CNS tumors; however, its incidence has been increasing in the past
decade, especially in elderly people. The standard treatment strat-
egy for PCNSL is the immediate introduction of chemotherapy, in-
cluding high-dose methotrexate (HD-MTX) and radiation therapy.
A pivotal subject of tumor removal surgery for PCNSL involves the
collection of the tumor tissue for pathological diagnosis. In contrast,
the maximal extent of tumor resection is quite important for the
favorable prognosis of diffuse infiltrative glioma. Intra-operatively
distinguishing between these tumors based on pathological findings
is frequently difficult. Accordingly, intra-operative decision-making
for the extent of tumor removal is also difficult. Overall, it is import-
ant to detect various characteristic molecular features that might be
important for tumor diagnosis pre-operatively and intra-operatively.

Based on comprehensive genome analysis, gene mutations re-
lated to the NFkB pathways are enriched in PCNSL. Notably, the
myeloid differentiation primary response gene (MYD88) mutation is de-
tected in approximately 70% of PCNSL cases, which is higher than
that of systemic DLBCL cases.!™ The MYD88 mutation is a recurrent
hotspot (L265P) mutation. Furthermore, the MYD88 L265P mutation

811 and is reported

is rarely detected in other types of brain tumors
to be a potential reliable diagnostic molecular marker of PCNSL.12714
The MYD88 L265P mutation has been successfully detected using
gDNA derived from tissue samples and cell-free DNA (cfDNA) de-
rived from cerebrospinal fluid (CSF) or plasma.'?™* Droplet digital
polymerase chain reaction (ddPCR) and Sanger sequencing are the
primary technologies used to detect the MYD88 L265P mutation in
previous studies. As these methods require more than a few hours
to detect the MYD88 L265P mutation, a novel analysis method that
can rapidly detect a small amount of the MYD88 L265P mutation for
accurate pre- and intra-operative diagnosis of PCNSL is warranted.
In this study, we aimed to develop a novel rapid and highly sensitive
detection system for the MYD88 L265P mutation using microfluidic
thermal cycling technology, which ultimately enabled the detection
of the MYD88 L265P mutation within 15min. This system could not
only support rapid and accurate intra-operative diagnosis of PCNSL

but also help future pre-operative diagnosis by liquid biopsy of CSF.

2 | MATERIALS AND METHODS

2.1 | Patient characteristics

Twenty-four consecutive cases with suspected malignant brain
tumors, including 10 cases with suspected PCNSL before surgery,
were employed for the intra-operative detection of the MYD88
L265P mutation using GeneSoC at Nagoya University Hospital in
2021 and 2022. Frozen tumor tissue samples obtained from pa-
tients with PCNSL and treated at Nagoya University Hospital be-
tween 2013 and 2020 were used for ddPCR analyses. The study was
approved by the Institutional Review Board of Nagoya University

(2022-0043). Informed consent was obtained from all patients.

2.2 | gDNA extraction and formalin-fixed, paraffin-
embedded tissue samples

For intra-operative analysis, a small piece of tumor tissue taken for
intra-operative pathological diagnosis (5-25mg) was added to a tube
containing 50 L distilled water and minced with a needle. The tube
was incubated at 95°C for 5 min to elute gDNA. After brief cen-
trifugation, the supernatant was collected for GeneSoC analysis.
To conduct conventional molecular analysis, gDNA was extracted
from another piece of the tumor using the QlAamp DNA Extraction
Kit (Qiagen) or unstained formalin-fixed, paraffin-embedded (FFPE)
using the QlAamp DNA FFPE Kit (Qiagen, Hilden). The concentra-
tion of gDNA was determined using Qubit (Thermo Fisher Scientific).

2.3 | cfDNA extraction from cerebrospinal
fluid samples

To extract cfDNA from CSF, 10 mL of CSF was collected from ven-
tricles during biopsy surgery before the collection of tumor tissue
in Cell-Free DNA BCT CE (Streck, La Vista, USA). Cells were re-
moved via the centrifugation of CSF at 1600x g for 10 min at room
temperature. The upper layer of the supernatant was removed and
transferred to a new conical tube. Following centrifugation of the
CSF at 3200x g for 10 min, cfDNA was extracted using the QlAamp
Circulating Nucleic Acid Kit (Qiagen). cfDNA was eluted in 20uL
elution buffer, and its concentration was determined using Qubit

(Thermo Fisher Scientific).
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2.4 | Detection of the MYD88 L265P mutation
using GeneSoC

Two microliters of the extracted gDNA was mixed with 1 pL of 18puM
primers and 5 uM probes targeting MYD88 L265P and wild-type (Bio-
Rad), 0.8 pL of 0.4 nM Cy5, 1.6 pL of 10 nM dNTP, 2 pL of 10xreac-
tion buffer, 0.5 pL of polymerase, and 12.1 pL of distilled water. For
the analysis of cfDNA from CSF, 2 pL of cfDNA from CSF (5 ng/pL)
was used. Details of the probes and primers are provided in Table S1.
Twenty microliters of the mixed sample was transferred to a cartridge
and inserted into the GeneSoC detection unit. PCR was performed
using GeneSoC with the following thermal cycling conditions: 50 cy-
cles of denaturation at 94°C for 5 s and annealing and extension at
59°C for 10 s. The process was completed within 15min. The fluores-
cent threshold was set to 30 to obtain 100% specificity, and the thresh-
old cycle (Ct) value was determined to be a cycle number exceeding
30 for fluorescent intensity. Therefore, when the FAM fluorescence
exceeded 30 within 50 cycles, indicating a Ct value of MYD88 L265P
below 50, a positive mutation was detected. The detail of optimization

to set the fluorescent threshold is described in Appendix S1.

2.5 | Dropletdigital PCR

Extracted gDNA (10-20ng) was mixed with 10 pL of 2xddPCR
Supermix for probes (Bio-Rad) and 1 uL of 18uM primers and 5 uM
probes targeting MYD88 L265P and wild-type (Bio-Rad). Details of
the probes and primers are provided in Table S1. Each mixture was
combined with 60pL droplet generation oil (Bio-Rad), and the droplets
were generated using the QX200 Droplet Generator (Bio-Rad). PCR
was performed on a C1000 Thermal Cycler (Bio-Rad) with the follow-
ing thermal cycling conditions: 40 cycles of denaturation at 94°C for
30s, annealing and extension at 53°C for MYD88 L265P with a ramp
rate of 2°C/s for 60s. The fluorescence intensity of each droplet was
calculated using the QX200 Droplet Reader (Bio-Rad) and analyzed
using the QuantaSoft droplet reader software (Bio-Rad).

2.6 | Construction of the MYD88 L265P and wild-
type plasmid

A plasmid containing each MYD88 L265P and wild-type sequence
was constructed. The MYD88 fragment containing each MYD88
L265P mutation point (c.794 T > C) and wild-type were amplified by
PCR using gDNA derived from a patient harboring the MYD88 L265P
mutation. The primer sequences are listed in Table S1. The fragments
were inserted into multiple cloning sites of pcDNA3.1 (Takara bio).

2.7 | Statistical analysis

The receiver operating characteristic curve and the area under the
curve (AUC) were generated using GraphPad PRISM version 9.3.1.

| Fluorescence detector ‘

V

—

Hot zone Cold zone

FIGURE 1 Scheme of the microfluidic thermal cycling
technology. The reaction mixture moves repeatedly between two
temperature zones in a short microchannel.

The p-value was determined from the normal distribution (two-tail),
assuming an AUC of 0.5. A p-value <0.05 was considered to indicate
statistical significance.

3 | RESULTS

3.1 | Sensitivity and specificity of rapid genotyping
of MYD88 L265P using GeneSoC

GeneSoC (Kyorin) is a genotyping system based on real-time PCR
using microfluidic thermal cycling technology. In this technology,
the applied reaction mixture moves repeatedly between two tem-
perature zones in a short microchannel for thermal cycling using
microblowers during the progress of a two-step PCR (Figure 1). The
mutation detection principle relies on the TagMan probe technol-
ogy.*> Reactions with conventional real-time PCR devices using a
Pertier heater require approximately 1 h for completion; however,
GeneSoC shortens the thermal cycling time and completes 50 cycles
of real-time PCR within 15min.

To minimize analysis time, we omitted measuring the concentra-
tion of the extracted gDNA via the boiling method. If the amount
of gDNA was too high, even for wild-type gDNA (100% wild-type
gDNA), the FAM fluorescence might exceed the determined thresh-
old of 30. In contrast, if the amount of applied gDNA was too low,
the FAM fluorescence of gDNA, including 5% mutated gDNA and
95% wild-type gDNA, might not exceed 30. To solve these prob-
lems, we analyzed the higher concentration of DNA plasmids, in-
cluding 100% wild-type DNA. Even in the 4 pg/pL and 40pg/uL
plasmid (each estimated copy number; 1.2 x 10° copies and 1.2x 107
copies), more than 30 of FAM fluorescence could not be detected
(Figure 2A). Based on this result, when the Ct of wild-type gDNA
is more than 24.7, the application of a markedly high concentra-
tion of gDNA might not result in a false positive. To determine the
lowest amount of applied gDNA for the detection of 5% mutated
gDNA, various amounts of the DNA plasmid samples, including 5%
mutated DNA and 95% wild-type DNA, were assessed. At least the
4%1072 pg/pL (estimated copy number; 1.2x10* copies) DNA was
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required for the detection of 5% mutated DNA. The Ct of the wild-
type DNA in the analysis with the 4%107? pg/puL (estimated copy
number; 1.2x10* copies) DNA, including 5% mutated DNA and
95% wild-type DNA, was 36.1 (Figure 2B). Thus, when the Ct of the
wild-type gDNA was <36.1, at least 5% of the mutated gDNA could
be accurately detected. Based on these findings, genotyping was
deemed to be accurately evaluated when the Ct of wild-type MYD88
(HEX) was between 24.7 and 36.1. To determine the approximate
weight of samples for the GeneSoC analysis, the serial weight of
frozen tumor samples was analyzed. We found that a minimum of
5 mg of sample was required to obtain the Ct (WT) value within the
approximate range (Figure S1d). The variant allele frequency (VAF)
of the MYD88 L265P mutation was detected by ddPCR using gDNA
derived from 18 FFPE samples from patients with PCNSL who un-
derwent a biopsy. The median VAF of the MYD88 L265P mutation of
the biopsy sample was 40.1% (Figure Sle). This result indicates that
the GeneSoC analysis had enough sensitivity to detect the MYD88
L265P mutation in biopsy samples.

gDNA derived from a frozen tumor sample of PCNSL exhibiting
the MYD88 L265P mutation via the boil method and glioblastoma
as control was analyzed using GeneSoC. The results of GeneSoC

s
Wild-type MYD88

analyses were consistent with those of ddPCR (Figure 2C). Thus,
GeneSoC could rapidly detect the MYD88 L265P mutation with suf-
ficient detection using gDNA derived via the boil method.

3.2 | Intra-operative detection of the MYD88
L265P mutation using GeneSoC

Under predetermined conditions, genotyping of the MYD88 gene
in 24 consecutive cases of malignant brain tumors was performed
intra-operatively. The pathological diagnoses of the 24 cases were
DLBCL (n = 10), glioblastoma, IDH-wildtype (n = 9), astrocytoma,
IDH-mutant (n = 3), oligodendroglioma, IDH-mutant and 1p/19q
codeleted (n = 1), and metastatic tumor (n = 1). Based on post-
operative ddPCR analyses using the same tumor tissue, the MYD88
L265P mutation was found in eight PCNSL cases, while wild-type
MYD88 was found in 16 cases, including two PCNSL cases. The
tumor samples collected during surgery were analyzed using
GeneSoC in an operation room. All analyses were completed within
15min. Among the 10 PCNSL cases, the MYD88 L265P mutation
could be detected in all PCNSL cases exhibiting the MYD88 L265P
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mutation (n = 8), while wild-type MYD88 could be detected in two
PCNSL cases exhibiting wild-type MYD88. Wild-type MYD88 could
be detected in all non-PCNSL cases (n = 14). The characteristics of
the 10 PCNSL cases and the 14 non-PCNSL cases are summarized in
Table 1 and Table S2. Genotyping of the MYD88 gene analyzed using
GeneSoC revealed consistent results with post-operative ddPCR for
all cases. Genotyping using GeneSoC and ddPCR for the representa-
tive case (case #2) is shown in Figure 3, and that of the other nine
cases is presented in Figure S2. In case #2, sample #1 was collected
from the endoscopic entry point, while #2 was collected from an
enhanced tumor lesion (Figure 3A). Although the FAM signal was
not significantly elevated in sample #1, such elevation was observed
in sample #2 (Figure 3B), aligning with the result of post-operative
ddPCR (Figure 3C). Consistently, the post-operative pathological di-
agnosis of sample #2 was DLBCL (Figure 3D).

3.3 | Pre-operative detection of the MYD88 L265P
mutation using cfDNA derived from the cerebrospinal
fluid using GeneSoC

The MYD88 L265P mutation can be detected in cfDNA derived from
plasma or CSF.12** The median VAF of the MYD88 L265P mutation
in cfDNA derived from CSF is 17.9% (4.47%-51.7%).1? We proceeded
to verify whether GeneSoC could detect the MYD88 L265P mutation
in cfDNA derived from the CSF. The cfDNA extracted from the CSF
of two patients with suspected PCNSL (Case #6 and #10; Figure 4A)
was analyzed using GeneSoC. In both cases, the MYD88 L265P muta-
tion could be detected using cfDNA derived from the CSF, consistent
with ddPCR results (Figure 4B,C). The MYD88 L265P mutation was
also detected using gDNA extracted from the biopsy sample.

4 | DISCUSSION

The MYD88 L265P mutation is a potent disease-specific mutation
of PCNSL among CNS tumors. Accordingly, this mutation has been
reported as a potential diagnostic molecular marker for PCNSL in
gDNA derived from CNS tumors. A highly accurate intra-operative
diagnosis can be obtained by combining this diagnostic marker
with pathological findings. However, conventional methods, such
as Sanger sequencing, require a markedly long time to detect the
MYD88 L265P mutation intra-operatively. In this study, we devel-
oped a rapid detection system for the MYD88 L265P mutation using
real-time PCR based on microfluidic thermal cycling technology.
Accurate genotyping of MYD88 could be obtained intra-operatively
in 24 cases, including 10 PCNSL cases, using this system. Of note,
the volume of tumor samples obtained by biopsy is usually small.
Therefore, PCNSL sometimes could not be distinguished from
other malignant tumors, including glioblastoma, based on the intra-
operative pathological examinations using hematoxylin-eosin stain-
ing alone. The accuracy of intra-operative pathological diagnosis of
PCNSL is 50-86.9%.1¢% Additionally, prior use of steroids makes
intra-operative pathological diagnosis more difficult to achieve.
Repeated correction of tumor samples in biopsy could induce hem-
orrhagic complications, which might worsen neurological func-
tions and delay the introduction of chemotherapy after surgery.18
Therefore, several additional diagnostic approaches have been
proposed to improve the accuracy of the intra-operative diagnosis
of PCNSL. Rapid-immunohistochemistry (R-IHC) for staining CD20
and Ki-67 and intra-operative flow cytometry (iFC) to analyze the
aneuploidy of tumor cells are reported to be useful for the intra-
operative diagnosis of PCNSL.YY? The sensitivity of detecting the
MYD88 L265P mutation for diagnosis of PCNSL has a limit and

TABLE 1 Summary of patients with suspected PCNSL who underwent intra-operative analysis by GeneSoC.

GeneSoC ddPCR
Age at Biopsy Intra-operative Final

Case Sex diagnosis method Ct(WT) Ct(L265P) MYDS8S8 status MYD88 status pathological diagnosis diagnosis

#1 F 55 Endoscopic 30.2 31.8 L265P L265P na DLBCL

#2 M 46 Endoscopic 34.4 39.2 L265P L265P Malignant tumor (ML DLBCL
suspected)

#3 M 77 Needle 34.6 na WT WT Malignant tumor (ML DLBCL
or metastatic tumor
suspected)

#4 M 40 Endoscopic 32.3 39.1 L265P L265P na DLBCL

#5 F 70 Needle 34.7 47.0 L265P L265P na DLBCL

#6 F 80 Endoscopic 32.3 36.6 L265P L265P Malignant tumor DLBCL

#7 M 70 Endoscopic 33.7 39.2 L265P L265P Malignant tumor (ML DLBCL
suspected)

#8 F 80 Endoscopic 31.1 na WT WT Malignant tumor (ML DLBCL
suspected)

#9 F 72 Endoscopic 35.9 39.8 L265P L265P Malignant tumor (ML DLBCL
suspected)

#10 F 45 Endoscopic 34.3 35.5 L265P L265P na DLBCL

Abbreviations: DLBCL, diffuse large B cell lymphoma; ML, malignant lymphoma; na, not available.
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converges to the MYD88 L265P mutation rate (64.0%-81.0%). As
a result, the sensitivity of detection of the MYD88 L265P mutation
for intra-operative diagnosis of PCNSL is inferior to R-IHC and iFC.
However, the detection of the MYD88 L265P mutation is superior
to these methods in terms of specificity (100%). Recently, based
on data obtained from comprehensive studies, many CNS tumors,
such as diffuse gliomas, which are one of the most frequent CNS
tumors, are divided into several subgroups based on their genetic
alterations, including IDH gene mutation.?’ Therefore, genotyping
of the MYD88 gene might align with the recent trend of diagnostics
adopted in other brain tumors, such as glioma. Furthermore, detec-
tion of the MYD88 L265P mutation using GeneSoC could be com-
pleted rapidly with a simpler technique that can be completed in the
operating room. Intra-operative detection of the MYD88 L265P mu-
tation using GeneSoC contributes to improved accuracy of the intra-
operative diagnosis of PCNSL, which minimizes surgical invasion and
is beneficial. Notably, GeneSoC detected the MYD88 L265P muta-
tion in samples with as low as a 5% proportion of the MYD88 L265P
fragment, which serves as a limitation. GeneSoC can result in false-
negative determination in samples with very low VAF. However, the
VAF of gDNA derived from the biopsy sample was rarely less than
5%. Further, Hattori et al. reported a median VAF of 48.5% (10.5%-
87%) in their PCNSL case series.** Our analyses of 24 cases using
GeneSoC revealed no false negatives. However, it should be noted
that when the MYD88 L265P mutation is not detected by GeneSoC
intra-operatively, PCNSL is not ruled out. Instead, ineligible col-
lected samples for PCNSL with the wild-type MYD88 and other
tumors and inflammatory diseases should be considered, requiring
intra-operative pathological examination to be referenced and sam-
ples collected again if necessary.

Primary central nervous system lymphoma sometimes de-
velops from deep and eloquent areas where biopsy procedures
might worsen neurological functions. Additionally, PCNSL tends
to develop in elderly people who are less tolerant of surgical in-
vasion. The definitive diagnosis of PCNSL without surgery could
be beneficial for a subset of PCNSL cases. Liquid biopsy has been
employed to detect the MYD88 L265P mutation in cfDNA derived
from CSF or plasma. As the VAF of the MYD88 L265P mutation in
cfDNA derived from plasma is very low, with a median of 0.34%
(0.1%-0.69%), a highly sensitive assay, such as ddPCR, is con-
sidered to be necessary to detect the MYD88 L265P mutation.
Therefore, the MYD88 L265P mutation was detected using the
cfDNA of plasma at a frequency of just 20.0%-54.1% of PCNSL
cases harboring the MYD88 L265P mutation.?®'*?! Accordingly, it
was still considered insufficient as a marker for liquid biopsy due
to its low sensitivity. In contrast, the VAF of the MYD88 L265P
mutation in cfDNA derived from CSF was not as low, which would
warrant the use of ddPCR. Further, the detection sensitivity of
GeneSoC was considered sufficient. Although ddPCR is more
sensitive and requires the same amount of gDNA as GeneSoC,
even at 0.5% VAF, the reduced processing, ease of manipulation,
and faster analysis (approximately 15 min for GeneSoC vs. 3h for
ddPCR) make GeneSoC superior for use in the clinical setting. The
MYD88 L265P mutations are recognized in several lymphoprolif-
erative diseases, and using these mutations for the diagnosis of
PCNSL by liquid biopsy of the CSF is controversial. However, the
usefulness of MYD88 L265P mutation detection in cfDNA derived
from CSF by ddPCR for a less-invasive diagnosis of PCNSL has
been reported.lz'13 We showed that GeneSoC might be useful for
detecting the MYD88 L265P in cfDNA derived from CSF. In the
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FIGURE 4 Clinical cases (Case #6
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future, a liquid biopsy of CSF may be combined with other clinical
information to diagnose PCNSL.

In conclusion, genotyping by real-time PCR based on micro-
fluidic thermal cycling technology enabled rapid detection of the
MYD88 L265P mutation, which helped improve intra-operative
diagnosis of PCNSL and could be applied for future pre-operative
diagnosis.
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