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Abstract

The current standard of diagnosing central nervous system (CNS) lymphoma is ste-
reotactic biopsy, however the procedure has a risk of surgical complication. Liquid
biopsy of the CSF is a less invasive, non-surgical method that can be used for diag-
nosing CNS lymphoma. In this study, we established a clinically applicable protocol
for determining mutations in MYD88 in the CSF of patients with CNS lymphoma.
CSF was collected prior to the start of chemotherapy from 42 patients with CNS
lymphoma and matched tumor specimens. Mutations in MYD88 in 33 tumor samples
were identified using pyrosequencing. Using 10 ng each of cellular DNA and cell-free
DNA (cfDNA) extracted from the CSF, the MYD88 L265P mutation was detected
using digital PCR. The conditions to judge mutation were rigorously determined. The
median Target/Total value of cases with MYD88 mutations in the tumors was 5.1%
in cellular DNA and 22.0% in cfDNA. The criteria to judge mutation were then de-
termined, with a Target/Total value of 0.25% as the cutoff. When MYD88 mutations
were determined based on these criteria, the sensitivity and specificity were 92.2%
and 100%, respectively, with cellular DNA; and the sensitivity and specificity were
100% with cfDNA. Therefore, the DNA vyield, mutated allele fraction, and accuracy
were significantly higher in cfDNA compared with that in cellular DNA. Taken to-
gether, this study highlights the importance of detecting the MYD88 L265P mutation
in cfDNA of the CSF for diagnosing CNS lymphoma using digital PCR, a highly accu-

rate and clinically applicable method.
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1 | INTRODUCTION

CNSL is defined as a rare non-Hodgkin lymphoma that occurs in the
brain, spinal cord, and eye, and accounts for approximately 3%-4% of
primary malignant brain tumors.® The majority of CNSL is DLBCLS;
however, approximately 10% belongs to very rare pathological enti-
ties.*> CNSL typically develops in the elderly and is one of the most
common primary malignant brain tumors, along with glioblastoma
and metastatic brain tumors, among patients aged >60 y.>2¢ It is dif-
ficult to reliably distinguish CNSLs from other tumors preoperatively
using imaging alone. Therefore, confirmation of histopathological di-
agnosis by stereotactic biopsy or craniotomy is the gold standard.>*
However, stereotactic brain biopsy is a relatively high-risk surgical
procedure, with reported complications of approximately 10% and
mortality of 1.0%.”8 To avoid this risk, liquid biopsy using cerebro-
spinal fluid (CSF) has attracted attention as a minimally invasive
method to diagnose CNSL.”Y However, the obstacle to success-
ful liquid biopsy, such as of CSF, is the low DNA yield and quality.
Therefore, it is necessary to select a diagnostic method with high
sensitivity. Digital PCR is a highly sensitive test that can easily detect
a single-point mutation and is suitable to use for mutation detection
of samples obtained using liquid biopsy that have a lower tumor con-
tent.'® Digital PCR directly measures the number of DNA molecules
rather than the amplified signal. Therefore, it is highly accurate and
less prone to artefacts than other methods such as real-time PCR,
making it the method of choice to detect a small fraction of a target
DNA in liquid biopsy samples.

The myeloid differentiation primary response gene 88 (MYD88)
L265P mutation is an excellent target for this purpose because
the mutation is very common and highly specific to PCNSL.319-23
However, CSF liquid biopsy has several pitfalls and limitations, and
the experimental conditions and criteria for judgment of mutation
need to be established for clinical application.?* Here, we report the
successful detection of the MYD88 L265P mutation in CSF by digital
PCR in the largest number of CNSL samples. We also discuss the
experimental conditions that are essential for establishing clinically
applicable tests.

2 | MATERIALS AND METHODS
2.1 | Sample collection

Samples from 50 patients histopathologically diagnosed with CNS
lymphoma were collected at Kyorin University Hospital and National
Cancer Center Hospital between November 2009 and December
2019. Eight patients were excluded due to the absence of matched
surgical tumor specimens or CSF pair or were diagnosed with
non-B-cell lymphoma (Figure 1). The study was approved by the
Institutional Review Board (IRB) of Kyorin University (No. 61) and
National Cancer Center (No. 2013-042). Informed consent was ob-
tained from all patients. The CSF was collected by lumbar puncture

before chemotherapy was initiated. No patients showed marked
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FIGURE 1 Sample selection. A flowchart of the sample
selection is shown. Cerebrospinal fluid (CSF) is collected from 44
cases with CNSL; however, 8 cases are excluded because 7 cases
have no tumor specimens and 1 case is non-B-cell lymphoma
(hepatosplenic T cell ymphoma). The CSF is separated into
pellets and supernatants by centrifugation, and DNA is extracted
from each fraction. A sufficient amount of DNA for performing
digital PCR is extracted from cellular DNA (n = 21) and cfDNA

(n = 31) samples. A sufficient amount of DNA could be collected
for all cellular DNA samples and they met the criteria, whereas
the 4 cfDNA samples failed to meet the criteria because of the
insufficient number of amplified signals

increase in the intracranial pressure due to brain tumors. The CSF

was frozen within 4 h and stored at -80°C until use.

2.2 | Extraction of DNA

For DNA extraction, the entire amount of CSF was thawed and cen-
trifuged at 1000 g at 4°C for 10 min. DNA extraction was performed
using pellets and supernatant. DNA was extracted from the pellet
using a DNeasy Blood and Tissue Kit (Qiagen), eluted in 100 pL of AE
buffer, and stored at -20°C. DNA was extracted from the superna-
tant using the QlAamp Circulating Nucleic Acid Kit (Qiagen), eluted
in 60 pL of AVE buffer, and stored at -20°C. For extraction of tumor
DNA, a fresh-frozen surgical tumor specimen or a FFPE tumor sam-
ple was used. DNeasy Blood & Tissue Kit (Qiagen) was used for ex-
tracting DNA from frozen tumor specimens, and the GeneRead DNA
FFPE Kit (Qiagen) was used for FFPE samples. The extracted DNA
was eluted with 100 pL of AVE buffer and stored at ~20°C until use.
All DNA was quantified using a Qubit2.0 Fluorometer (High sensitiv-
ity; Thermo Fisher Scientific).
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2.3 | Assessment of DNA fragment length

For the assessment of DNA fragments extracted from each fraction,
Bioanalyzer High Sensitivity DNA Analysis Kit (Agilent) and 2100
Bioanalyzer Instrument (Agilent) were used. The measurement was
performed in accordance with the manufacturer’s protocol using

1 ng of DNA per sample.

2.4 | Digital PCR

Thedigital PCR primer/probe mix of MYD88 L265P was obtained from
Bio-Rad (Refseq NC_000003.11, NG_023225.1, NT_022517.18, and
NG_016954.1). For the detection and quantification of nucleic acids,
the QuantStudio 3D PCR system (Thermo Fisher Scientific) was
used. We mixed 7.5 pL of 2x Quant Studio 3D digital PCR Master
Mix (Thermo Fisher Scientific), 0.75 pL of 20x target and wild probe
(MYD88) (Bio-Rad), and 10 ng of DNA to prepare a total volume
of 15 pL. A 14.5 pL aliquot of the mixture was transferred to the
Sample Loading Blade, and applied to the QuantStudio 3D Digital
PCR 20K Chip using the Chip Loader. Amplification was performed
using the Dual Flat Block Gene Amp PCR System 9700 (Thermo
Fisher Scientific). In the analysis, the specific signal of the MYD88
L265P mutation was detected as a FAM signal, and the wild-type
signal was detected as a VIC signal. In this system, the fraction of
the MYD88 L265P mutation dye signal over the total dye signal from
the target gene (termed “Target/Total” within the QuantStudio™ 3D
AnalysisSuite™ Software, Thermo Fisher Scientific) in the sample

was calculated using the following formula:

(FAM) + (FAM + VIC)

Target/Total =
arget/Tota (FAM) + (FAM + VIC) + (VIC)

x 100([%]

The thresholds used were those automatically determined by
the system and were readjusted manually only when the thresholds

clearly crossed the cluster.

2.5 | Pyrosequencing

Pyrosequencing was performed to identify mutations at L265 in
MYD88 at a high sensitivity using AmpliTag Gold 360 (Applied
Biosystems) and PyroMark Q24 Advanced (Qiagen) as described
previously (Figure 51).2 The primers used for PCR and pyrosequenc-
ing are listed in Table S1.

2.6 | Statistical analysis

Statistical analysis was performed using JMP software version 10.0
(Statistic Discovery™, SAS). All tests were two-sided, and a P-value
< .05 was considered statistically significant. Analysis of variance

between 2 or more groups was performed using the Wilcoxon test.

Logistic regression analysis was used to statistically examine the re-
lationship between Target/Total value and MYD88 status.

3 | RESULTS
3.1 | Patient characteristics

The median age of the patients was 69 y (range: 39-90 y), and 27
were men and 15 were women. There were 39 primary CNSL cases
(PCNSLs) and 3 secondary CNSL cases (SCNSLs). There were 37
newly diagnosed cases and 5 recurrent cases. In the Memorial Sloan
Kettering Cancer Center Scoring for PCNSL using recursive parti-
tioning analysis classification (MSKCC RPA class),®® 5 cases were
Class 1, 14 Class 2, and 21 Class 3. All tumors were histologically
diagnosed as DLBCL. The CSF was collected by lumbar puncture in
all patients before initiating chemotherapy. The median CSF collec-
tion volume was 3.0 mL. The CSF was collected before surgery in 24
patients and postoperatively in 18 patients. There was no significant
difference in the DNA yield or Target/Total value between the 2 CSF
collection methods (data not shown). The CSF cytology was deter-
mined as Class | 5 cases, Class Il 27 cases, Class Il 5 cases, Class [V 3
cases, and only 1 case had a definitive diagnosis by Class V. Based on
the pyrosequencing analysis of the brain tumor tissues, the MYD88
L265P mutation was detected in 33 cases (78.6%) (Tables 1 and S2).

3.2 | Characteristics of DNA extracted from
each fraction

The DNA fragments obtained from the pellet fraction (“cellular
DNA") invariably showed a single peak at approximately 10 000 bp,
suggesting the genomic origin of the DNA. However, the DNA frag-
ments from the supernatant fraction showed an additional peak at
approximately 250 bp, representing cell-free DNA (cfDNA) (data not
shown). The median amounts of DNA extracted from the pellet and
supernatant were 19.1 and 29.0 ng, respectively. The amount of DNA
extracted from the supernatant fraction was significantly higher
than that extracted from the pellet fraction. (P = .02; Figure 2A).
When the clinical factors related to DNA yield were examined, the
samples with increased cell counts showed a significantly higher
DNA yield than those with decreased cell counts (Table S3). In con-
trast, the median Target/Total values in cases with the MYD88 mu-
tation were 5.1% for cellular DNA and 17.9% for cfDNA, suggesting
a significantly higher tumor-derived DNA content in cfDNA than
that in cellular DNA (P = .04; Figure 2B). As a clinical factor related
to the Target/Total value—the fraction of mutated DNA and total
DNA recovered—large tumor diameter was significantly associated
with higher Target/Total value in cellular DNA compared with that
in cfDNA (P = .006). In cfDNA, large tumor diameter (P = .04) and
increase in protein in the CSF (P = .03) were significantly associated
with a higher Target/Total value compared with those in cellular
DNA (Table 2).



YAMAGISHI ET AL.

TABLE 1 Patient characteristics

Total number
Agelyl]
Median
Gender [case]
Male
Female
Primary/secondary [case]
PCNSL
SCNSL
Recurrence [case]
First diagnosis
Recurrence
Hans classification [case]
GCB type
Non-GCB type
Undetected
Counts [case]
Single
Multiple
Location [case]
Around the ventricle
Within substance
Diameter (shortest radius of the largest tumor) [mm]
Median
CSF collection method [case]
Lumber puncture
Onmeyer reservoir
Other
Blood test at first consultation
LDH (median) [IU/L]

s-IL2r (median) [IU/mL]

CSF general examination
Cell counts [/mm?®]
Monocyte counts [/mm?®]

Protein [mg/dL]

Cytomorphological classification of CSF
Class |
Class Il
Class Il
Class IV
Class V
Not submitted
Surgery [case]

Before

42

69 [39-90]

27
15

39

37

14
21

22
14

35

30 [0-60]

42

221[131-
396]

430 [134-
1170]

8[1-82]
8[1-82]

75.1[31.9-
413.7]

[l B S B O |

24

(Continues)
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TABLE 1 (Continued)
Total number 42
After 18
Administration of PSL [case]
Yes 16
No 23
Unknown 3
MKSS RPA class [case]
Class 1 5
Class 2 14
Class 3 21
Unknown 2
MYD88 [case]
Mutation 33 (78.6%)
Wild-type 9 (21.4%)

(%) Total DNA yield (B) Target/Total value

(sample of MYD88 mutation)
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FIGURE 2 Comparison of DNA yield and Target/Total value.

A, DNA yield from cellular DNA and cfDNA. The median yield is
19.1 ng for cellular DNA and 29.0 ng for cfDNA. The amount of
DNA is significantly higher in the cfDNA compared with that in
cellular DNA (P = .02). Eight samples for which CSF-DNA showed
no yield are indicated at the bottom of the figure. B, The Target/
Total value from cellular DNA and cfDNA of cases harboring
MYD88 mutation included in the study in accordance with the
criteria as described in the text. The median Target/Total value was
5.1% for cellular DNA and 17.9% for cfDNA. The Target/Total value
is significantly higher in cfDNA compared with that in cellular DNA
(P = .04). Asterisks (*) indicate P < .05

3.3 | Determination of cutoff in digital PCR

First, we performed digital PCR with CNSL tumor DNA in which
the MYD88 L265P mutation was detected using pyrosequencing,
and confirmed that the MYD88 L265P mutation was detected in

all cases. Subsequently, the tumor DNA with confirmed mutation
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Target/Total value of cellular DNA  Target/Total value of cfDNA

TABLE 2 Factors related to the Target/
Total value

Hans classification

n Median [IQR] P-value n

Median [IQR] P-value

GCB subtype 7 1.04[0.33-26.3] .28 9 17.0[2.95-56.7] .80
Non-GCB 7 8.89 [1.57-20.2] 10 26.5[4.10-54.6]
subtype
Location
Around the 13 8.70[0.73-28.5] .26 16 17.9 [5.77-63.3] 43
ventricle
Within 4 1.31[0.51-7.06] 8 16.7 [2.87-38.9]
substance
Diameter (T1Gd, shortest radius of the largest tumor)
<30 mm 7 0.92[0.33-3.98] .006 10 5.95[1.40-31.9] .04
230 mm 10 18.8 [6.79-33.0] 14 25.7 [8.55-69.0]
Cell count in CSF
<5/mm?® 2 13.9 [1.57-26.3] .63 5 13.70 .88
[3.28-71.8]
>6/mm® 14 6.90[0.36-20.2] 18 23.4[4.98-45.9]
Protein in CSF
<40 mg/dL 1 1.57 74 3 2.46[1.10-3.17] .03
240 mg/dL 15 8.70[0.53-26.3] 20 25.7 [8.52-61.6]
Cytomorphological classification of CSF
Class | 1 0.33 .29 3 63.9 [0.91-77.4] .72
Class Il 12 6.90[0.63-24.8] 16 23.4 6.33-40.7]
Class Il 17.3[1.57-30.7] 4.10 [2.46-86.7]
Class IV 0 = 0 =
Class V = 8.50
Surgery
Before 9 3.98[0.70-13.1] .50 13 24.8[5.21-48.8] .79
After 8 14.5[0.63-29.6] 11 8.56 [3.17-66.2]
Admission of PSL
Yes 7 8.70[0.77-29.7] .90 9 5.58 [1.98-49.9] .26
No 8 7.00[0.27-20.7] 12 27.4 [8.65-61.6]
RPA class
Class 1 1 1.04[0.91-63.9] .88 2 24.8[1.50-63.9] .27
Class 2 6 2.78[6.33-40.7] 6 6.32[2.46-26.5]
Class 3 10 13.0[2.46-86.7] 10 28.2[7.04-71.8]

Abbreviations: cfDNA, cell-free DNA; CNS, central nervous system; CSF, cerebrospinal fluid; GCB,
germinal center B-cell-like; IQR, interquartile range, PSL, prednisolone, RPA, recursive partitioning

analysis.
Bold values indicates P < .05.
@ Arm £2 two-way analysis of variance, arm >3 median test.

in MYD88 was used as a positive control and mixed with wild-type
DNA (DNA extracted from non-PCNSL patient's blood) to prepare
serial dilutions of 50%, 10%, 1%, 0.5%, 0.3%, 0.2%, and 0.1%. Digital
PCR was then performed for each sample (Figure 3). A strong lin-
ear correlation between the dilution concentration and the Target/
Total ratio was obtained (R? = .999), confirming that the digital
PCR assay could quantitatively detect the MYD88 L265P mutation.

We then performed digital PCR for a series of negative controls
(MYD88 wild-type) using 20 non-lymphoma (glioma or metastatic
brain tumor) blood DNA samples. The median amplified signal for
all experiments was 2847, and the range was 2015-4870 (Table S4).
The range of the Target/Total values for the negative control sam-
ples was 0.00%-0.21% (average 0.05%, standard deviation 0.04,
Figure 4), and up to 5 FAM signals were detected. To establish this
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test as a diagnostic alternative to biopsy, it is important to avoid false
positives. Therefore, we set the cutoff Target/Total value above the
highest level of the negative controls. In addition, when the ampli-
fied signals are too few, the noise signals may exceed the cutoff
Target/Total value and hamper proper judgment. Therefore, we set
a minimal total amplified signal to determine the results.

Based on the above considerations, we set the following criteria
to determine the MYD88 L265P mutation:

1. The Target/Total value of 20.25%.
2. Minimum of 2000 total
(FAM + (FAM + VIC) + VIC).

amplified signals

3.4 | Sensitivity of detecting MYD88 L265P
mutation using digital PCR and CSF-DNA

Of the 42 samples with a matched tumor-CSF pair, the amount of
DNA sufficient for digital PCR was obtained in 22 samples (52.4%)
of cellular DNA and 31 samples (73.8%) of cfDNA from CSF. The
results of digital PCR from all 22 samples of cellular DNA met the
above criteria, whereas 4 samples of cfDNA failed to meet the crite-
ria; therefore MYD88 mutation status was successfully determined
in 28 cfDNA samples (66.7%) (Figure 1). Taken together, the MYD88
status could be determined in 31 samples (73.8%) using DNA from
either of the fractions. Samples that failed to meet the above crite-
ria were found only in cfDNA. In these cases, despite a sufficient
amount of extracted DNA, the number of amplified signals failed to
meet the criteria, and were identified as undetermined.

The MYD88 mutation status in CSF-DNA was evaluated by dig-
ital PCR. Using the above criteria, MYD88 mutations were detected
in 22 and 28 samples of cellular DNA and cfDNA, respectively
(Table S2). In the cellular DNA, the median Target/Total value was
5.1% (interquartile range (IQR): 0.95%-20.9%) in the cases harboring

100 =
.-n'. i
o
= 10 T
S ‘
(1]
>
=
> 72 5
5 8
= L
&
e R*=0.9998
0.1
0.1 1.0 10.0 100.0

Dilution concentration (%)

FIGURE 3 Serial dilution study. Tumor DNA from the CNSL
case with MYD88 L265P mutation (D2246) and wild-type blood
DNA (BD145) are mixed to prepare serial dilutions. A strong linear
correlation is confirmed between the dilution concentration and
Target/Total value (R? = .9998). See Figure S2 for the results of
digital PCR in the serial dilution study
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MYD88 L265P mutation and 0.08% (IQR: 0.04%-0.13%) in those
with wild-type status (Figure 4). The sensitivity, specificity, and ac-
curacy were 92.2%, 100%, and 94.1%, respectively. In the cfDNA,
the median Target/Total value was 17.9% (IQR: 4.47%-51.7%) in
the MYD88 L265P-mutated case and 0.09% (IQR: 0.04%-0.15%) in
those with wild-type status (Figure 4). Therefore, all samples were
accurately judged, with 100% sensitivity and specificity.

3.5 | Casereport

Finally, we followed the above protocol to prospectively detect
MYD88 mutations in the CSF-DNA from 1 patient. A 63-y-old
woman visited the neurology department with a chief complaint of
right hemiplegia that had worsened for several months. MRI showed
a contrast-enhancing lesion on the ventral side of the left pontomed-
ullary region (Figure 5A, left panel). Primary malignant brain tumor
or neurodegenerative disease was suspected; however, the standard
laboratory or cytology tests of CSF showed no significant findings.
Biopsy was not performed considering the tumor location and the
patient's age. We therefore performed digital PCR to determine the
MYD88 status using cfDNA extracted from the CSF. The results
showed a cluster of clear mutation signals (amplified signal 3545;
Target/Total value, 5.1%; Figure 5B). Based on the results of imag-
ing, laboratory tests, and digital PCR, PCNSL was suspected and
we administered rituximab-methotrexate-procarbazine-vincristine
(R-MPV) induction therapy. After 3 cycles of chemotherapy, the
contrast-enhancing lesions completely disappeared (Figure 5A, right

panel) and clinical symptoms were alleviated.

4 | DISCUSSION

In this study, we demonstrated that CSF liquid biopsy using digital
PCR to detect MYD88 mutation is clinically applicable for the diag-
nosis of CNSL. We rigorously determined the digital PCR conditions
to detect MYD88 mutation in the CSF, and successfully applied it to
support the diagnosis and treatment of a PCNSL patient.

The most important point of this study is that the concordance of
MYD88 mutations in paired tissue-CSF samples was 100%, which had
not been previously achieved. As liquid biopsy for CNSL aims to pro-
vide non-invasive diagnostics and therapeutic interventions based
on the results, it is of utmost importance to be accurate. To achieve
this, we focused on optimizing the condition to detect MYD88 mu-
tations in the CSF of patients with CNSL. The cutoff was rigorously
determined to avoid a false-positive judgment. This point has not
been sufficiently pursued in the previous studies.?® Therefore, we
proved in this study that a highly accurate liquid biopsy to detect
MYD88 mutations in the CSF can be established through rigorous
optimization of the experimental conditions, therefore making the
test readily applicable to clinical practice.

Previous reports with liquid biopsy using CSF-DNA in CNS

lymphomas have shown high sensitivity for detecting mutations,
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FIGURE 4 Target/Total value for each fraction. The distribution
of Target/Total values in each fraction of samples that met the
criteria for MYD88 mutation assessment by the digital PCR in this
study is shown (cellular DNA 22 samples, cfDNA 28 samples).

The cutoff is set at 0.25% to avoid false positives. Samples with a
Target/Total value below 0.001 are indicated at the bottom of this
figure

however few studies have discussed the cutoff for accurately deter-
mining mutations. Hattori et al based on a dilution study, suggested
that the lower limit of detection of digital PCR was approximately
0.1%.1° Hiemcke-Jiwa et al’ reported that, based on the validation
using 98 non-DNA samples as a negative control (ultrapure water),
the fraction abundance range was 0.3%-3.5% and that a maximum
of 5 mutation signals was detected. In our experiments, the range of
the Target/Total value in the negative control was up to 0.21%. The
most important requirement for the liquid biopsy of CNS lymphoma
is to avoid false detection of mutations, which would lead to erro-
neous diagnosis and inappropriate intervention of a non-lymphoma
case such as lymphoma with the MYD88 mutation. Conversely, a
negative result, either by insufficient quantity/quality of DNA, mu-
tation fraction below the cutoff, or absence of the MYD88 mutation
in the tumor, would justify surgical biopsy and ensure correct diag-
nosis. Based on the above principle, we set a conservative cutoff
Target/Total value of 20.25%.

In the negative control, up to 5 mutation signals
((FAM) + (FAM + VIC)) were detected, consistent with the pattern
described by Hiemcke-Jiwa et al’ The digital PCR data may show
some background noise, which could significantly affect the Target/
Total ratio, especially when the total amount of amplified signal
((FAM) + (FAM + VIC) + (VIC)) is low, when the amount of DNA is
small, or the DNA used in the experiment is highly fragmented. To
reliably prevent false judgment due to the noise signal, we consid-
ered the total number of amplified signals in our criteria. Allowing a
maximum of 5 false-positive signals, the total number of amplified
signals that produced a Target/Total value below the 0.25% cutoff
was 22000. A 10 ng tumor-derived genomic DNA harboring MYD88-
wild-type status showed an amplified signal in the range 2015-4870,
indicating that a minimum 10 ng of DNA is required to meet this
criterion. Therefore, we set the requirements for determining muta-
tion positivity to 22000 for the amplified signal and 20.25% for the

(a) MRI Imaging
Initial visit

After R-MPV #3

FIGURE 5 Magnetic resonance imaging and digital PCR

result of a case. A, Contrast-enhanced lesion is found in the left
pontomedullary region at the initial visit (left panel). The lesion
completely disappeared after 3 cycles of R-MPV therapy (right
panel). B, Digital PCR of cfDNA in the patient's CSF revealed
clusters of FAM signals. The amplified signal is 3545 and the
Target/Total value is 5.1% (FAM 182, VIC 3363, FAM + VIC 0). The
case is confirmed to have the MYD88 L265P mutation

Target/Total value. When the MYD88 status was examined using the
CSF-DNA of CNS lymphoma sample using the above criteria, anal-
yses of both cellular DNA and cfDNA showed extremely high accu-
racy and, most importantly, detected no false positives.

We then performed CSF liquid biopsy in a patient with a brain
stem tumor for which biopsy was difficult, and determined the
presence of the MYD88 mutation. Based on the results of clinical
examination, MRI, and digital PCR, the patient was diagnosed with
PCNSL. R-MPV induction therapy was subsequently administered
to the patient, and the tumor was radiologically eradicated after 3
cycles of chemotherapy. Based on the treatment response and the
radiological and clinical findings, we concluded that the tumor was
a PCNSL. Therefore, considering the risk of surgical biopsy, partic-
ularly in elderly patients, CSF liquid biopsy may serve as a safe and
accurate alternative to diagnose CNSL. Theoretically, up to 60% of
the CNSL patients could be diagnosed by CSF liquid biopsy to avoid
surgical intervention. The CSF liquid biopsy may therefore change
the clinical practice, and allow a less invasive diagnosis of CNS lym-
phoma in patients with suspected brain tumors at difficult-to-biopsy
sites, and in frail and aged patients. We are currently developing a
method to detect mutations in CD79B, frequently mutated in CNS
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lymphoma cases, as reported by Nakamura et al'??” The detection of
CD79B mutations by CSF liquid biopsy will increase the possibility of
diagnosing CNSL in patients with wild-type MYD88. Approximately
90% of the CNS lymphoma cases harbor mutations in MYD88 and/
or CD79B.1920 By examining mutations in these 2 genes, the vast
majority of the patients with CNSL may be diagnosed using liquid
biopsy alone. A prospective study to validate the efficacy of CSF
liquid biopsy is currently underway.

Several key factors may influence the efficacy of CSF liquid bi-
opsy. In this study, 73.8% of the cases in whom CSF was collected
met the criteria and were diagnosed correctly. The remaining cases
failed due to insufficient amounts of unfragmented DNA, either be-
cause the amount of CSF was less or it was suboptimal, which was
a limitation of this retrospective study. To improve the feasibility
of CSF liquid biopsy, we recommend sample management in accor-
dance with the consensus protocol of the CSF collection.?#%? cfDNA
has a very short half-life. Watanabe et al reported that the amount of
cfDNA was reduced to approximately one-third after leaving samples
at 4°C for 2 h compared with rapid processing.13 Some of the samples
used in this study had been stored at —-80°C for several years before
the cfDNA was extracted. There was no statistically significant cor-
relation between the storage period of CSF and the DNA yield or the
Target/Total value in this study (Figure S3). However, there is a pos-
sibility that long-term storage may affect DNA yield and test results.
The importance of the proper sample management in accordance
with the CSF consensus protocol, such as swift cryopreservation and
extraction of cfDNA from CSF, cannot be overemphasized.

In this study, both cellular DNA and cfDNA were used; however,
as reported previously,”*>1¢30 ¢fDNA had a significantly higher
DNA extraction and tumor-derived DNA content. Previous studies
also indicated that cfDNA is a better material for liquid biopsy as the
pellet fraction contains normal monocytes and may show a lower
Target/Total value compared with that in cfDNA.2%° This study
supports these results.

Statistical examination of clinical factors related to the Target/
Total value showed a significant correlation with the large tumor di-
ameter of both cfDNA and cellular DNA. A case with a large tumor
diameter may release a large amount of tumor cells or tumor DNA in
the CSF, resulting in a higher Target/Total value. The smallest tumor
for which MYD88 mutation could be detected using CSF liquid bi-
opsy was one with a diameter of 17 mm with a Target/Total value of
0.34 in this study. However, we cannot conclude the lower limit of
tumor diameter for which MYD88 mutations can be detected using
CSF liquid biopsy due to an insufficient sample size. As the number
of SCNSL samples for which the Target/Total value could be deter-
mined was only one, it was not clear whether there was a difference
between SCNSL and PCNSL regarding the Target/Total value or the
frequency of MYD88 mutations. Therefore, further studies should
address this point. For cfDNA, the results showed that the Target/
Total value was significantly higher in cases with increased protein
concentration in the CSF; a high concentration of proteins in the CSF
suggests the presence of inflammation. Tumor-induced inflamma-

tion may damage cells and release DNA, and inflammatory cytokines
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may disrupt the BCSFB.3! Watanabe et al showed leptomeningeal
dissemination (LMD) as a factor related to the yield of cfDNA, and
suggested that detection of tumor-specific mutations may be facili-
tated when the BCSFB is disrupted.*®

This study had several limitations. First, we used blood DNA
from a non-CNSL patient as the MYD88 wild-type control. To match
the experimental condition, it would be ideal to use cfDNA from
the CSF samples of non-CNSL for the negative control. However,
cfDNA from the CSF of non-CNSL cases such as glioma and met-
astatic brain tumors showed insufficient yield (210 ng) to perform
digital PCR. It has been reported that the mutation detection rate of
liquid biopsy using CSF-DNA depends on tumor histology and malig-
nancy.24 Therefore, the cfDNA in CSF may generally be high in CNSL
patients. Second, our study was strictly limited to samples with suffi-
cient DNA yield as defined in the experimental condition. As a result,
some samples were excluded. This was due to the suboptimal quality
and quantity of CSF for those samples. The chances of successful
tests will be improved in future studies by collecting at least 4-5 mL
of CSF and properly handling of CSF, ie, (1) promptly cryopreserving
the CSF sample, and (2) extracting DNA as soon as possible.

In conclusion, we present a clinically applicable condition to de-
termine MYD88 mutations in the CSF of patients with CNSL. The
MYD88 mutation is specifically found in the CNSL and not in other
types of brain tumors. Therefore, CSF liquid biopsy may serve as a
non-surgical diagnostic tool for CNSL. We believe that CSF liquid
biopsy has the potential to change the clinical practice of CNSL.
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