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ABSTRACT
Purpose: Primary central nervous system lymphomas (PCNSL) have recurrent
genomic alterations. The main objective of our study was to demonstrate that targeted
sequencing of circulating cell-free DNA (cfDNA) released by PCNSL at the time of
diagnosis could identify somatic mutations by next-generation sequencing (NGS).
Patients and Methods: PlasmacfDNA and matched tumor DNA (tDNA) from 25
PCNSL patients were sequenced using an Ion Torrent Personal Genome Machine
(Life Technologies®). First, patient-specific targeted sequencing of identified somatic
mutations in tDNA was performed. Then, a second sequencing targeting MYD88
c.T778C was performed and compared to plasma samples from 25 age-matched
control patients suffering from other types of cancer.
Results: According to the patient-specific targeted sequencing, eight patients
(32% [95% CI 15-54%]) had detectable somatic mutations in cfDNA. Considering
MYD88 sequencing, six patients had the specific c.T778C alteration detected in
plasma. Using a control group, the sensitivity was 24% [9-45%] and the specificity
was 100%. Tumor volume or deep brain structure involvement did not influence the
detection of somatic mutations in plasma.
Conclusion: This pilot study provided evidence that somatic mutations can be
detected by NGS in the cfDNA of a subset of patients suffering from PCNSL.
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INTRODUCTION

after neurosurgery and before blood collection. Details of
the PCNSL cohort are provided in Table 1.

Primary central nervous system lymphoma (PCNSL)
accounts for 1% of adult lymphoma and 5% of primary
central nervous system (CNS) tumors [1, 2]. PCNSL
differs from nodal diffuse large B cell lymphoma (DLBCL)
by displaying a more aggressive behavior and a worse
prognosis [3]. In the past decade, nucleic acid sequencing
through next-generation sequencing (NGS) has revealed
genomic alterations in PCNSL [4–9]. Among the nuclear
factor-kappa B (NF-κB) pathway genes, MYD88 and
CD79B alterations have been identified in 40% to 80% of
all cases [7, 10–12], and they may confer sensitivity to the
B cell receptor (BCR) signaling pathway inhibitor [13, 14].
Thus, molecular analysis is fast becoming a topic of major
interest for patient care. In this context, deep-sequencing
of tumor DNA could constitute a routine test at the time
of diagnosis in patients suffering from lymphomas [15],
particularly in PCNSL cases. Indeed, PCNSL samples are
obtained from surgical or stereotactic biopsies at the time of
diagnosis. A minimally invasive method that helps with the
molecular diagnosis of targetable alterations could represent
a valuable advance in PCNSL management. Tumor
genomic DNA may be obtained in the blood of patients
suffering from cancer. Circulating cell-free DNA (cfDNA)
composed of nucleic acid fragments circulating in human
fluids, such as plasma, could be derived from tumor cells
[16–18]. Plasma circulating cell-free tumor DNA (ctDNA)
contains fragments of the tumor genome with somatic
alterations [19] and has already been validated in patients
affected by nodal DLBCL [20].
The aim of the study was to assess NGS as a
minimally invasive approach to detect PCNSL somatic
mutations in ctDNA. For this purpose, we performed NGS
to compare the pattern of somatic mutations in plasma
ctDNA and in tumors and its diagnostic performance at
the time of the initial diagnosis in patients suffering from
PCNSL. Secondary objectives were to identify parameters
that could influence ctDNA release in plasma and to
evaluate high initial cfDNA concentration as a risk factor
for survival.

PCNSL tDNA sequencing
The mean tumor DNA (tDNA) concentration was
57 μg/mL [95% CI 57.5 – 157 μg/mL]. All samples
harbored an alteration that was identified using the
Lymphopanel: either function-altering variants or copy
number variation (CNV) (Figure 1). The mutational profile
was consistent with previously published data [4, 5, 7, 10],
and, as expected, MYD88 (80%), PIM1 (32%) and CD79B
(28%) were the most commonly mutated genes (Figure 2).

cfDNA sequencing: targeted panel results
In eight of twenty-five patients (32% [95% CI 15%
- 54%]), somatic mutations in ctDNA were detected by
sequencing with the targeted panel. The mutational pattern
and altered genes frequencies found in the plasma differed
from the matched PCNSL (Figure 2). Two patients (8%)
harbored the same mutational profile in their tumors and
cfDNA, with MYD88, and TNFAIP3 mutations and somatic
hyper mutation affecting PIM1 in one case (Figure 3).
Performing the targeted cfDNA panel increased the coverage
depth compared to tDNA sequencing (Supplementary Table
1): the mean number of reads for the altered genes in ctDNA
was 12550x [95% CI 9270x – 15837x] versus 185x [160x –
210x] in the tumors (p<0.001).

Diagnostic performance of circulating MYD88
c.T778C
MYD88 c.T778C was detected in blood samples
from six different patients (35% [95% CI 12.5% – 58.0%],
Table 2). The mutant allele frequency (MAF) of the
MYD88 c.T778C was significantly lower in the ctDNA
compared to the tumors: mean MAF 4.7% [0.5% – 9%]
versus 47% [35.5% – 57.6%] respectively, p<0.001.
All plasmas from the control group contained
cfDNA. No mutation was detected in the cfDNA from
the control group (0/25), according to our threshold levels
(Table 2). Among the six patients with MYD88 c.T778C in
plasma, NGS made it possible to distinguish PCNSL from
glioblastoma (GBM) in 4 cases (Figure 4, Table 2). Overall,
NGS performed on cfDNA had a high positive predictive
value (100%) and a high specificity (100%). The negative
predictive value was 56.8% [95% CI 42.2% – 71.5%] and
the sensibility was at 24% [95% CI 9% – 45%].

RESULTS
Clinical and histological features
NGS was performed for 25 patients. The mean patient
age was 67 (range, 49 to 87). Twenty patients (80%) had
stereotactic biopsies alone and 5 patients (20%) underwent
partial tumor resection. Sixteen patients received an initial
body PET/CT and the remaining nine patients had chest/
abdomen/pelvis CT scans. No extra-axial malignant lesion
was found. Bone marrow biopsies (n=20) or aspirates (n=5)
did not identify any pathological bone marrow involvement.
All PCNSL were EBV negative. All patients were given
corticosteroids at a dose between 1 and 1.5mg/kg, right
www.impactjournals.com/oncotarget

Secondary objectives
The detection of mutations in ctDNA was
independent from the clinical or tumor characteristics
(Table 1). Importantly, the surgical procedure (biopsy versus
resection) did not influence the detection of mutations in
ctDNA or the concentration of cfDNA (data not shown).
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Table 1: The clinical, tumor and biological characteristics of the PCNSL cohort at the time of blood collection, (n=25)
All PCNSL

Mutation(s) detected in cfDNA

n=25

Yes, n=8

No, n=17

p Valuea

  Female

10 (40%)

1 (13%)

9 (53%)

0.09b

  Male

15 (60%)

7 (87%)

8 (47%)

67 ±9.1

65 ±9.3

68 ±9.1

0.4c

  1

1 (4%)

1 (13%)

0

0.1d

  2

15 (60%)

6 (74%)

9 (53%)

  3

9 (36%)

1 (13%)

8 (47%)

  Stereotactic biopsy

20 (80%)

7 (88%)

13 (76%)

   Tumor resection

5 (20%)

1 (12%)

4 (24%)

   25-50%

7 (28%)

8 (100%)

4 (24%)

   >50%

18 (72%)

-

13 (76%)

Deep brain structure
involvemente

10 (40%)

2 (25%)

8 (47%)

0.4b

Volume (cm3), mean ±sd

15.8 ±15

16 ±7

15.8 ±17

0.9c

Plasmatic [cfDNA] (ng/ml),
mean ±sd

64 ±40

64 ±40

64 ±4.4

0.9c

Time between biopsy and
blood collection (day)

23 ±11

22 ±8

24 ±12

0.7c

Gender

Age (years), mean
±standard deviation
MSKCC score

Neurosurgical intervention
0.99b

Tumor
Percentage of tumor cells
0.5d

Comparisons between patients with and without detected mutations in cfDNA.
The Fisher exact test.
c
Student’s unpaired t-test.
d
Pearson’s chi-squared test.
e
Defined as a tumor located in the periventricular territory.
cfDNA: circulating cell free DNA; MSKCC: Memorial Sloan Kettering Cancer Centre.
a
b

2.6 [1.04-6.56], p=0.0378. The presence of the MYD88
c.778T>C mutation tend to be correlated with a shorter OS,
as previously reported [21], HR 2.55 [0.78-8.36], p=0.1.
Multivariate analysis showed that only the MSKCC score
>2 remained statistically significant for OS, HR 2.9 [1.117.63], p=0.028. In addition, ctDNA concentration ≥64 ng/
ml showed a non-significant trend to confer a survival
disadvantage: HR 1.9 [95% CI 0.68-5.23], p=0.21 (Table 3).

All PCNSL plasmas contained cfDNA with a mean
concentration of 64 ng/mL [95% CI 48 – 80 ng/mL].
No association was found between the tumor volume
and plasma cfDNA concentration: R-squared was 0.01,
p=0.68. Deep brain structures involvement (n=10) did
not seem to influence the plasma cfDNA concentration:
mean concentration of 72 ng/mL versus 60 ng/mL for the
remaining 15 tumors, p=0.51.
For the cohort of PCNSL patients, the median followup was 21.5 months (range, 2-60 months). The median
overall survival was 20.5 months. Univariate analyses
showed that the Memorial Sloan Kettering Cancer Center
(MSKCC) score >2 correlated negatively with OS, HR
www.impactjournals.com/oncotarget

DISCUSSION
In this study, we demonstrated that tumor-derived
somatic mutations could be identified in plasma of one
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third of PCNSL patients, thereby proving that, similar to
other localizations, the detection of ctDNA in PCNSL is
possible. The detection rate (8/25, 32%) was similar to
those of other studies that included patients suffering
from primary brain tumors: 9/33 (27%) in a cohort
of GBM patients [22], and 8/41 (19.5%) in a cohort of
medulloblastoma and glioma patients [23]. A key point
for discussion of this diagnostic test is its low sensitivity
(24%). The true positive rate is dependent on two major
parameters: the concentration of cfDNA and the method
used for detecting mutations. Regarding the first point,
cfDNA concentrations were low in the plasma from both
PCNSL patients (mean 64 ng/ml) and GBM patients
(mean 44 ng/ml). Nevertheless, those levels are higher
than previously published, with a mean of 14 ng/ml in the
plasma from 14 patients suffering from high grade gliomas
[24]. In this study, Boisselier et al. found that tumor with
contrast enhancement on MRI had a higher plasma cfDNA
concentration. As all of PCNSL and GBM in the cohort
experienced contrast enhancement, this parameter could

account for our higher cfDNA concentration. Moreover,
clinical or histological parameters that could influence
cfDNA release in plasma remain unclear in the specific
population of PCNSL patients. Based upon murine models
it has been emphasized that the presence of nucleic acid
in the blood could depend on macrophage activity in the
tumors [25, 26]. Hohaus et al. have shown that histological
signs of necrosis in Hodgkin’s lymphoma are associated
with increased plasma cfDNA: median 42.1 ng/ml versus
21.5 ng/ml, p=0.03 [27]. In our cohort, these parameters
could not be studied due to the small tumor size sampling
with subsequent underestimation of tumor necrosis. Tumor
burden (e.g., the overall tumor volume or advanced stage
of disease) has been shown to influence the detection
of tumor-derived alterations in blood cfDNA for nodal
DLBCL [27]. Here, we demonstrated that, in contrast
to nodal lymphoma, the release of cfDNA in plasma
seems to be independent of tumor volume (R-squared =
0.01) or cerebral location, as it has been already reported
in low-grade glioma [24]. Regarding the high false

Figure 1: Mutational profile of tumor genomic alterations per patient (n=25). The alterations are function-altering variants

(SNV, insertion or deletion) and copy number variants (copy gain, heterozygous or homozygous deletion) detected per patient on the
horizontal axis and per gene on the vertical axis for the entire PCNSL cohort. MYD88 and CDKN2A were the most commonly affected
genes with regard to SNV and heterozygous or homozygous deletions, respectively.
www.impactjournals.com/oncotarget

48160

Oncotarget

negative rate, it could be explained by the administration
of corticosteroids right after the surgical procedure and
before blood collection. Parameters that could influence
the plasma release and detection of cfDNA remain unclear
in this setting and should be investigated in further studies.
Baraniskin et al. have already shown the potential
value of microRNAs in cerebrospinal fluid (CSF)
concerning the diagnosis, treatment monitoring and
follow-up of PCNSL patients [28, 29]. De Mattos-Arruda
et al. have also shown that the sensitivity for detecting
ctDNA was higher in CSF than in plasma (58% versus 0%,
p=0.0006) in a cohort of patients suffering from malignant
tumor restricted to the CNS. However, it appeared that the
required CSF volume was at least 1-2 ml, which could
be difficult to collect by lumbar puncture. In the study
of De Mattos-Arruda et al., CSF was obtained using
cerebral shunts or at the time of the patient death as the
first step of autopsy. Because our study aimed at finding
a minimally invasive biomarker that could be collected
at the time of diagnosis and several times at follow-up,
we did not explore tumor-derived genomic alterations in
CSF. In future studies, it would be of interest to compare
the mutational pattern of ctDNA in plasma and in CSF in
a subgroup of patients who may have a lumbar puncture
with adequate CSF samples.

Given the method to detect somatic mutations in
plasma ctDNA, targeted sequencing by NGS has already
shown its utility in clinical practice and translational
research for several solid tumors or lymphoma [22,
30–32]. In this pilot study, our method was capable
of detecting MYD88 c.T778C in tDNA and matched
ctDNA with good concordance in a subset of patients.
The Lymphopanel developed by our laboratory for nodal
DLBCL remains informative in PCNSL cases. It could
also be improved by the addition of recurrent mutations
found in PCNSL, such as TBLXR1, ETV6, EBF1 or
IRF2BP2 [7] or by the addition of the VDJ rearrangement
[20]. A reduced PCNSL-dedicated panel that would
include MYD88, CD79B, PIM1, BTG2 and TBLXR1 could
be of major interest to improve the sensitivity of detection
of ctDNA in plasma.
Our results also underscore that mutational profiles
mostly differ between tDNA and ctDNA. This discordance
has already been emphasized in early-stage lung cancer
patients. Jamal-Hanjani et al. have shown that the low
level of MAF in tDNA could account for the mutational
heterogeneity between tumor and blood samples. In our
cohort, mutations in tDNA with MAF <10% were never
detect in cfDNA. Conversely, we found no association
between detection in ctDNA and tDNA for MAFs over

Figure 2: The incidence of somatic mutations in PCNSL identified by Lymphopanel sequencing, and in the matched
ctDNA according to the targeted panel sequencing. Mutation frequencies are expressed per gene in this stacked histogram. Black

bars represent altered genes for PCNSL, dark gray bars represent the absolute proportion in the ctDNA, and light gray bars represent the
relative proportion in the ctDNA.
www.impactjournals.com/oncotarget
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Figure 3: Two representative examples of the mutant allele frequencies (MAF) identified in tumor and matched plasma
ctDNA. The MAF corresponds to the proportion of mutated reads compared to all reads for one specific genomic location. The absence of
a histogram bar indicates that no mutation was identified.

Figure 4: Two representative case-control examples of the detection of MYD88 c.T778C in plasma samples by NGS.
www.impactjournals.com/oncotarget
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Table 2: Case – control study of MYD88 c.T778C detection by NGS
PCNSL
Patient
no

Tumor DNA
Age
(y)

MYD88 Percentage MAF
c.T778C of tumor
(%)
cell

Control
Circulating tumor DNA

Reads
number

MAF
(%)

Reads
number

Circulating tumor DNA

MYD88 Age Histology MAF Reads MYD88 Concentration
c.T778C (y)
(%) number c.T778C
(ng/ml)

#13

49

Pos

>50%

60.09

134/223

0.6

143/23708

Pos

31

GBM

<0.5 74/48876

Neg

41.2

#28

53

Pos

>50%

25.56

23/90

<0.5

18/8958

Neg

52

GBM

<0.5 48/42009

Neg

65.2

#22

53

Pos

>50%

43.92

159/362

<0.5

24/23898

Neg

55

GBM

<0.5 61/40962

Neg

54.4

#16

57

Pos

>50%

43.48

70/161

<0.5

49/42713

Neg

58

GBM

<0.5 56/47997

Neg

43.2

#44

60

Neg

>50%

-

-

<0.5

33/22877

Neg

59

CRC

<0.5 70/42143

Neg

128

#12

61

Pos

>50%

47.5

76/160

<0.5

62/20731

Neg

61

CRC

<0.5 94/53803

Neg

53.6

#19

61

Pos

25%

26.58

21/79

<0.5

16/17867

Neg

61

GBM

<0.5 91/57498

Neg

20.1

#48

62

Pos

>50%

7.58

21/277

<0.5

6/5848

Neg

62

CRC

<0.5 56/50644

Neg

69.2

#8

63

Pos

>50%

28.48

94/330

11.2

5146/46074

Pos

62

GBM

<0.5 45/38929

Neg

54.8

#1

63

Neg

>50%

-

-

<0.5

36/26209

Neg

63

CRC

<0.5 78/49144

Neg

53.2

#27

63

Pos

25%

15.6

17/109

<0.5

59/31514

Neg

63

CRC

<0.5 54/50353

Neg

52.4

#18

64

Pos

>50%

44.03

70/159

<0.5

23/25640

Neg

65

GBM

<0.5 78/59889

Neg

25.6

#26

65

Pos

>50%

54

189/350

28.7

14356/49954

Pos

65

GBM

<0.5 67/59691

Neg

40.8

#2

67

Neg

>50%

-

-

<0.5

9/14377

Neg

67

CRC

<0.5 63/29102

Neg

120

#25

68

Pos

25-50%

67.74

147/217

<0.5

39/32563

Neg

68

CRC

<0.5 65/56826

Neg

44.8

#42

68

Pos

>50%

24.1

60/249

<0.5

64/60828

Neg

69

CRC

<0.5 84/56066

Neg

55.6

#15

69

Neg

>50%

-

-

<0.5

74/42979

Neg

71

GBM

<0.5 57/28504

Neg

54

#5

71

Pos

25-50%

91.12

359/394

7.7

3401/44285

Pos

72

CRC

<0.5 48/34430

Neg

72

#46

71

Neg

25-50%

-

-

<0.5

42/38638

Neg

72

CRC

<0.5 53/57963

Neg

57.6

#24

74

Neg

>50%

-

-

<0.5

49/27303

Neg

75

GBM

<0.5 70/44478

Neg

35.52

#21

77

Pos

>50%

67.31

313/465

<0.5

48/27004

Neg

75

GBM

<0.5 81/50177

Neg

43.6

#11

78

Neg

-

-

<0.5

82/35998

Neg

79

CRC

<0.5 53/32229

Neg

117.6

#14

82

Pos

25-50%

67.27

37/55

0.5

91/18056

Pos

81

GBM

<0.5 46/52808

Neg

42.8

#40

82

Pos

25%

97.43

341/350

0.5

131/25528

Pos

82

CRC

<0.5 59/47827

Neg

39.2

#32

87

Neg

>50%

-

-

<0.5

26/37256

Neg

85

CRC

<0.5 60/49963

Neg

55.2

CRC: colorectal cancer; GBM: glioblastoma multiforme; MAF: mutant allele frequency; neg: negative; pos: positive; y: years.

10%. In this setting, tumor sampling by biopsy may
contain an overestimated proportion of mutations, which
are heterogeneous in the whole tumor. In addition to tumor
heterogeneity, this result may reflect cfDNA alterations
and subsequent distinct PCR efficacy between tumor and
cfDNA. Furthermore, the use of a selected set of primers
to analyze cfDNA, compared to the full set of primers
used to analyze tDNA may change the PCR conditions
and account for these results.
We wished to evaluate the diagnostic performance of
detecting the circulating MYD88 c.T778C in plasma. The
circulating MYD88 c.T778C mutation has been described
in patients suffering from Waldenström macroglobulinemia
www.impactjournals.com/oncotarget

(WM) or IgM monoclonal gammopathy of undetermined
significance (MGUS) [33, 34]. Xu et al. have already
shown that the circulating MYD88 c.T778C was not
identified in the peripheral blood by allele-specific PCR
in 40 healthy subjects. For this reason and due to ethical
considerations, sequencing of cfDNA from healthy
subjects was not performed in this study. Nevertheless,
MYD88 c.T778C was found neither in the plasma of GBM
patients nor in colorectal adenocarcinoma (CRC) patients.
These results are in agreement with those of Fukumura
et al. They have suggested that Myd88 p.L265P could
be present in peripheral blood mononuclear cells as a
preliminary event in mutated MYD88 PCNSL lymphoma
48163
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Table 3: Univariate and multivariate analyses of risk factors for overall survival
Univariate analysis

Multivariate analysis

HR [95% CI]

p Valuea

HR [95% CI]

p Value

MSKCC score >2

2.6 [1.04-6.56]

0.0378 *

2.9 [1.11-7.63]

0.028 *

[ctDNA] ≥64 ng/ml

1.9 [0.68-5.23]

0.21

-

-

MYD88 c.778T>C

2.55 [0.78-8.36]

0.1 †

2.99 [0.88-10.27]

0.08

ctDNA: circulating cell-free tumor DNA; CI: confidence interval; HR: hazard ratio; MSKCC: Memorial Sloan Kettering
Cancer Centre; OS: overall survival.
a
The log rank test.
*, 0.05; †, 0.1
genesis [4]. The extracerebral, especially medullary, origin
of pathological clones of PCNSL remains an unsolved
problem. In this study, the bone marrow was only
examined at the microscopic level. No patients displayed
a pathological involvement. It would be of interest to
compare the profiles of lymphocyte phenotypes, clonality
and determine the presence of recurrent mutations
(involving MYD88, CD79B and PIM1 genes) in the tumor,
plasma and bone marrow.
Finally, the concentration of ctDNA at the time of
the diagnosis appeared to correlate to clinical outcomes,
as previously reported in nodal DLBCL [35]. Our results
are exploratory and should be interpreted with caution
because of the small size of the study population. In
addition, although all patients received high doses of
methotrexate, the treatment regimens mostly differed in
the PCNSL cohort. Despite these limiting points, a high
concentration of ctDNA could suggest a poor prognosis.
One explanation would be its correlation to tumor
aggressiveness such as total volume, necrosis volume
and tumoral perfusion. The prognostic impact of ctDNA
concentration in PCNSL should be explored in a larger
cohort and should be correlated to MRI and histological
parameters of necrosis.
The plasma of patients suffering from PCNSL
contains detectable somatic genomic alterations released
from tumor cells. This study provides evidence that
the liquid biopsy concept, as a minimally invasive
diagnosis test, is achievable for a subset of these patients.
Furthermore, NGS may be used as a molecular diagnostic
method prior to delivering targeted therapies, particularly
BCR inhibitors in the case of MYD88 mutated tumors [13,
14]. The MAF of detected mutations is also a promising
quantitative biomarker for the response to treatment,
patient follow-up and early detection of relapse [36].

were selected for this study. Shortly after surgery, tumor
samples were processed for histological diagnosis, and a
fragment was stored at -80˚C until use. Cases with less
than 25% tumor content were excluded from the analysis.
Blood samples were obtained postoperatively and before
the administration of first-line treatment with methotrexate.
Patients with extra-axial lesions defined by histologically
proven cancer within two years of their study inclusion
were excluded. Patients with a previous history of
lymphoma and/or Waldenström macroglobulinemia (WM)
and/or IgM monoclonal gammopathy of undetermined
significance (MGUS), at any time, were also excluded.
According to local guidelines, the staging procedure
was performed for all patients between the histological
diagnosis and the first line treatment, within the month of
blood collection. The staging procedure included a body
F18-fluorodeoxyglucose positron emission tomography/
computed tomography (body PET/CT) and a bone marrow
biopsy, when feasible. An internal review board approved
the study (reference No. 1504B).

DNA extraction and sequencing
Tumor PCNSL DNA was extracted and sequenced
using a dedicated Lymphopanel (Supplementary Table 2)
as previously reported in a cohort of nodal DLBCL [38].
An Ion Torrent Personal Genome Machine (PGM, Life
Technologies®, Carlsbad, California, United States of
America) was used. Amplified libraries (Ion AmpliSeq®
Library Kit 2.0) were submitted to emulsion PCR using
the Ion OneTouch® 200 Template Kit (Life Technologies®)
with the Ion OneTouch® System (Life Technologies®)
according to the manufacturer’s instructions. The
templated Ion Sphere® particles were enriched with the
Ion OneTouch® Enrichment System and then loaded and
sequenced on an Ion 316™ v2 Chip (Life Technologies®).
A pool of oligonucleotide primers was selected among
the 872 pairs provided by Life Technologies®. Reads
were aligned to hg19 genome using the Torrent Mapping
Alignment Program (TMAP). TMAP is a tool combining
multiple mapping algorithms for Ion Torrent® data. It
uses three core algorithms: Burrows-Wheeler Alignment

MATERIALS AND METHODS
Patients, and tumor and plasma samples
HIV negative patients suffering from newly
diagnosed DLBCL PCNSL [37] between 2008 and 2014
www.impactjournals.com/oncotarget
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that does not include mutations of MYD88 [46] and
because of its high frequency among primary brain
tumors, leading to a recurrent differential diagnosis of
PCNSL. The second group was composed of patients
suffering from metastatic CRC, which are known to
have a high cfDNA concentration. All patients were free
of hematological disorder after an extensive evaluation
that comprised a body scan, blood count and no previous
history of hematological malignancy. Blood collection,
cfDNA extraction and sequencing experiment were the
same as for PCNSL cases. Written informed consent
was obtained. Thus, the sensitivity, specificity, and
negative and positive predictive value of detecting
MYD88 c.T778C in ctDNA at the time of diagnosis were
estimated.

(BWA) tool for short read [39], BWA for long read
[40] and a modified Sequence Search and Alignment
by Hashing Algorithm (SSAHA) version [41]. TMAP
follows a two-stage approach, with a set of algorithms
and associated settings for each stage. If there is no
mapping for a read by applying the algorithms in the
first stage, then the algorithms in the second stage are
applied. Furthermore, TMAP allows applying penalties
using flowgram information, making it particularly
efficient in regions enriched with homopolymers. Only
non-synonymous single nucleotide variations (SNV) with
a quality score >22 were retained as acquired somatic
mutations. The limit of detection (LOD) and the limit of
quantification (LOQ) were at 1% of MAF, as set by the
manufacturer. Copy number variation (CNV) analysis was
performed using the ONCOCNV package [42].
Blood samples were obtained postoperatively and
before the first-line treatment. Plasma was extracted from
EDTA-anticoagulated blood samples by centrifuging once
at 2000 g (10 min) at 4˚C and stored at -80°C until use.
cfDNA was extracted from 1 ml of EDTA plasma using
the QIAamp® Circulating Nucleic Acid Kit (Qiagen®,
Hilden, Germany) with the QIAvac 24 Plus vacuum
manifold, following the manufacturer’s instructions.
Extracted cfDNA from each plasma sample was eluted in
a volume of 40 μl. cfDNA concentrations were measured
using a fluorometric assay (Qubit® dsDNA HS Assay Kit,
Life Technologies®, Carlsbad, California, United States
of America). According to the tDNA mutation pattern
and to increase the detection rate, matched cfDNA was
subsequently sequenced using selected primers (called
the ‘targeted panel’) as previously described [43]. The
procedure to create libraries and to sequence amplicons
was the same as that used for tDNA, except for a 314™
v2 chip.

Secondary objectives
MSKCC score, tumor volume, type of neurosurgery,
percentage of tumor cells, deep brain involvement and
cfDNA concentration in plasma were compared between
patients with ctDNA detected in plasma and patients
without detected ctDNA. Tumor volume was estimated
using postcontrast T1-weighted MRI. Section thickness
was between 3 and 5 mm. The tumor area, defined as
contrast enhancement, was delineated on each slide
in the axial section. The volume was estimated using
image-processing software (OsiriX®, Pixmeo, Geneva,
Switzerland). Deep brain involvement was defined by
tumor involvement of subcortical structures on T1weighted MRI.
Finally, an exploratory survival analysis was
performed. We investigated three risk factors for overall
survival (OS): the MSKCC score, MYD88 c.778T>C
mutation in tDNA and a high concentration of ctDNA in
plasma at time of the diagnosis, defined by a concentration
equal or higher than the mean in the PCNSL cohort.
Survival was calculated in months from the date of biopsy
to the date of death for any reason.

Case-control study
To assess the diagnostic performance of NGS
with cfDNA, an age-matched case-control study was
performed. MYD88, which is known to be the most
recurrent gene in PCNSL [4, 21, 44] was selected for this
purpose. We surmised that the most common mutation
would be MYD88 c.778T>C. Targeted sequencing was
performed on serial dilutions of known mutant DNA
(from the OCI-Ly3 cell line, which is homozygous for
c.778T>C) in a wild-type sample. We tested 0%, 0.05%,
0.1%, 0.5% and 1% dilutions of the mutant allele, and
sequencing was performed as it was for plasma cfDNA
(twice in triplicate). For this specific alteration we were
able to determine the detection and quantification limits
in plasma down to 0.5% (Supplementary Table 3),
as calculated by Armbruster et al. [45]. Age-matched
control plasmas were selected among patients suffering
from histologically proven GBM or CRC. GBM was
chosen because of its well described mutational profile
www.impactjournals.com/oncotarget

Statistical methods
Statistical analyses were performed using R
software (R Foundation for Statistical Computing, Vienna,
Austria). Clinical and biological data were compared using
Student’s unpaired t-test for continuous variables, and the
Fisher exact test or Pearson’s chi-squared test was used for
categorical variables, as appropriate. Associations between
continuous variables were estimated with R-squared using
the linear regression model. The log-rank test investigated
OS differences among groups. Univariate analyses were
first performed for each variable. Then, variables that were
significantly correlated to OS (p-value equal or lower than
0,10) were selected for the multivariate analysis, performed
with the Cox regression model. In the multivariate analysis
the alpha risk threshold was set at 5%.
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