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Key Points

•MYD88 L265P muta-
tion and CDKN2A loss
are early mutational
events in PCNSL.

• PD-L1 expression was
not unregulated in our
cohort of PCNSL.

The genetic alterations that define primary central nervous system lymphoma (PCNSL) are

incompletely elucidated, and the genomic evolution from diagnosis to relapse is poorly

understood. We performed whole-exome sequencing (WES) on 36 PCNSL patients and

targetedMYD88 sequencing on a validation cohort of 27 PCNSL patients. We also performed

WES and phylogenetic analysis of 3 matched newly diagnosed and relapsed tumor speci-

mens and 1 synchronous intracranial and extracranial relapse. Immunohistochemistry

(IHC) for programmed death-1 ligand (PD-L1) was performed on 43 patient specimens.

Combined WES and targeted sequencing identified MYD88 mutation in 67% (42 of 63) of

patients, CDKN2A biallelic loss in 44% (16 of 36), and CD79b mutation in 61% (22 of 36).

Copy-number analysis demonstrated frequent regions of copy loss (ie, CDKN2A), with few

areas of amplification. CD79b mutations were associated with improved progression-free

and overall survival. We did not identify amplification at the PD-1/PD-L1 loci. IHC for PD-L1

revealed membranous expression in 30% (13 of 43) of specimens. Phylogenetic analysis of

paired primary and relapsed specimens identified MYD88 mutation and CDKN2A loss as

early clonal events. PCNSL is characterized by frequent mutations within the B-cell receptor

and NF-kB pathways. The lack of PD-L1 amplifications, along with membranous PD-L1

expression in 30% of our cohort, suggests that PD-1/PD-L1 inhibitors may be useful in a

subset of PCNSL. WES of PCNSL provides insight into the genomic landscape and evolution

of this rare lymphoma subtype and potentially informs more rational treatment decisions.

Introduction

Primary central nervous system lymphoma (PCNSL) is a rare subtype of non-Hodgkin lymphoma,
accounting for ;4% of all newly diagnosed central nervous system (CNS) tumors.1 Although treatment
varies, systemic high-dose methotrexate–based chemotherapy remains a foundation of PCNSL therapy.
Diffuse-large B-cell lymphoma (DLBCL) constitutes the vast majority of PCNSLs.2-4

PCNSL is characterized by frequent MYD88 L265P activating mutations, biallelic CDKN2A loss, and
mutations in CD79B, PIM1, and CARD11.5-8 MYD88 and CD79B are involved in the NF-kB signaling
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pathway that promotes cell division. MYD88 interacts with toll-like
receptors and, in its most commonly mutated form (L265P), leads
to increased NF-kB signaling.5,9-11 A higher prevalence of MYD88
L265P mutation in PCNSL and primary testicular lymphoma has
been reported compared with DLBCL in all other sites (59.8%,
77.1%, and 16.5%, respectively).7,12-14 These prior studies provide
compelling evidence that the presence ofMYD88 L265P mutation is
a genetic aberration that most commonly occurs in DLBCL within
immune-privileged sites (ie, testis and CNS).7 9p24.1 (PD-L1/PD-L2)
amplification was also identified in 1 study and may be a mechanism
for PCNSL immune evasion.5 However, other studies did not
identify changes in PD-L1/PD-L2 copy-number amplification.11

The objective of this study was to perform whole-exome sequencing
(WES) of PCNSL samples to identify somatic mutations and copy-
number alterations (CNAs) that define this entity and correlate
these genetic events with clinical outcomes. It remains unclear
whether MYD88 and other previously identified mutations occur as
early clonal events in the phylogenetic evolution of PCNSL. To this
end, another objective was to obtain paired specimens from
patients at disease relapse and employ WES to understand the
genomic evolution of PCNSL.

Methods

WES was performed on tissue from a discovery cohort of 36
patients who were treated at Massachusetts General Hospital for
routine care and for whom tissue was available for genetic testing.
Patients had known underlying immunodeficiency. WES and
phylogenetic reconstruction were performed on paired samples
from 4 patients with relapsed PCNSL (including 1 patient’s
postmortem specimen). Targeted sequencing of the MYD88 gene
was performed on 27 additional PCNSL patients in a validation
cohort. WES and targeted sequencing were performed on tumor
samples before treatment with chemotherapy except as indicated
for the 4 cases of relapsed disease. Characteristics of both cohorts
are listed in Table 1.

The study was approved by our institutional review board, in
accordance with the Declaration of Helsinki. All patients who
underwent WES provided written informed consent for use of their
tumor tissue, blood, and clinical information. Both a hematopathol-
ogist and a neuropathologist confirmed the histologic diagnoses
and selected representative formalin-fixed paraffin-embedded
(FFPE) samples for WES comprised of at least 40% cancer cells.

Sequence data generation and preprocessing

WES was performed using the sequencing platforms at the Broad
Institute as previously described.15 A binary sequence alignment file
was generated for each sample using the sequencing data
processing pipeline known as Picard (http://broadinstitute.github.
io/picard/). Picard consists of four steps and has been previously
described.16

Cancer genome analysis pipeline. Analysis, along with
quality control, of the WES data was performed using the Broad
Institute analysis platform Firehose.17 Somatic single-nucleotide
variants (SSNVs), small insertions and deletions (indels), and
somatic CNAs were identified as previously described.16 In brief,
SSNVs and indels were detected on each tumor-normal pair using
the algorithms MuTect and Strelka, respectively.18,19 Potential FFPE
artifacts were filtered using a panel of normals filter composed of
374 FFPE samples. Somatic CNAs were estimated by generating a

coverage profile for each tumor sample using ReCapSeg, calculating
allelic copy ratio of each target segment using AllelicCapseg, and
running ABSOLUTE to correct for purity and ploidy of the sample.
We then mapped allelic copy ratios to allelic copy numbers via linear
transformation.20,21

CCF of SSNVs and indels and phylogenetic analysis.
Cancer cell fraction (CCF) distributions of each SSNV and indel were
estimated using ABSOLUTE as previously described.16 Mutation
CCFs were clustered across each individual using a Bayesian
clustering method, and final clusters were found by sampling from a
Dirichlet process using 500 iterations of a Markov chain Monte Carlo
sampler as previously described.22,23 Phylogenetic trees were then
drawn for each individual using CCF estimates of the final clusters.

Targeted sequencing of MYD88 and DNA purification.
As described, our validation cohort was composed of 27 PCNSL
patients who underwent targeted sequencing ofMYD88. DNA was
purified from FFPE samples. We obtained 1-mm diameter punches
from the regions identified by the study pathologists and used
the QIAamp DNA FFPE Tissue Kit (Qiagen) according to the
manufacturer’s protocol. DNA samples were amplified using
standard conditions with primers MYD88_ex5_F1 (59-GTTAACC-
CTGGGGTTGAAGACT-39) and MYD88_ex5_R1 (59-GTGTCTG-
TGAAGTTGGCATCTC-39), generating a 374-bp amplicon. The
amplified product was used as a template in a seminested poly-
merase chain reaction with MYD88_ex5_F1 and MYD88_ex5_R2
(59-GAAGTACATGGACAGGCAGACA-39), for a final amplicon
291 bp in length. Each sample was amplified and sequenced twice
using the Beckman Coulter Genomics Sanger sequencing platform.

Statistical considerations. We compared the presence of specific
comutations (MYD88, IRF4,CARD11,CDKN2A loss,CD79b, PIM1)
using McNemar’s test, which evaluates the amount of discor-
dance. A significant P value indicates that for the 2 genes in
comparison, the proportions in which 1 is mutated and the other is not
mutated are different. Comparison is statistically significant when the
false-discovery rate has been controlled at 5%.

OS was defined as the number of months between the date of
diagnosis and the date of death resulting from any cause. Follow-up
of patients who did not die was censored at the date of last contact.
PFS was defined as the number of months between the date of
diagnosis and the date of first occurrence of either radiographic
disease progression or death resulting from any cause. Follow-up of
patients who neither progressed nor died was censored at the date
of last contact. Follow-up of patients who did not achieve a CR was
censored at the date of last follow-up. Deaths without prior CR were
censored events. Note that a competing-risks approach was not
used because only 1 patient had a response characterized as
progressive disease, and there were no deaths before CR.
Demographic variables including age, sex, number of CNS tumors,
and tumor location were collected for all patients. Fisher’s exact
P values were reported for sex and all demographic analyses;
however, a Wilcoxon rank-sum test was used for age. Distribu-
tions of OS and PFS were summarized using the Kaplan-Meier
method. Median times are accompanied by 95% CIs estimated
using log(-log(endpoint)) methodology. Tests of significance were
based on the log-rank test.

IHC. Immunohistochemistry (IHC) staining for programmed
death-1 ligand (PD-L1) was performed on 43 available patient
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specimens that included both the discovery (n5 22) and validation
(n 5 21) cohorts. Two patients (PN-059 and PN-079) had both
primary and relapsed specimens analyzed. One case underwent
IHC of testicular recurrence (PN-078). IHC was performed on FFPE
tumor tissue. Specimens were sectioned at 5 mm, mounted onto
positively charged glass microscope slides, and baked at 65°C for
60 minutes. Immunostaining was performed on the Leica BOND RX
autostainer using the Leica Bond Polymer Refine Detection Kit
(Leica Biosystems, Buffalo Grove, IL). Peroxidase block was
performed for 5 minutes at room temperature (RT), and antigen
retrieval was performed using Epitope Retrieval Solution 2 BOND
for 20 minutes at 100°C. Incubation with rabbit monoclonal
anti–PD-L1 antibody E1L3N (Cell Signaling Technology, Danvers,
MA) was performed at a 1:200 dilution for 15 minutes at RT.
Detection was performed through sequential incubations with Post
Primary Rabbit Anti-Mouse IgG for 8 minutes at RT, Polymer Anti-
Rabbit Poly-HRP-IgG for 8 minutes at RT, and DAB chromogen
for 10 minutes at RT, followed by hematoxylin counterstaining for
5 minutes at RT. Stained sections were evaluated and scored by

Table 1. Cohort characteristics

Category

Discovery cohort

(n 5 36)

Pooled discovery

and validation

cohorts (n 5 64)

Mean (6SD) age at first
imaging diagnosis, y

62.07 (610.01) 61.27 (610.75)

Sex

Male 21 (58) 35 (55)

Female 15 (42) 29 (45)

Diagnosis

Symptoms*

Altered mental status
or confusion

14 (39) 25 (40)

Imbalance, dizziness,
or vertigo

9 (25) 21 (33)

Weakness 9 (25) 13 (21)

Language difficulties,
dysarthria, or aphasia

10 (28) 19 (30)

Other 26 (72) 51 (81)

Tumor focality

Single 18 (50) 34 (53)

Multiple 18 (50) 29 (45)

NR 0 (0) 1 (2)

Tumor location

Infratentorial 3 (8) 6 (9)

Supratentorial 29 (81) 48 (75)

Both 4 (11) 8 (13)

Midbrain 0 (0) 1 (2)

NR 0 (0) 1 (2)

Ocular involvement

Positive or suspicious 4 (11) 7 (10.9)

Negative 31 (86) 49 (76.6)

NR 1 (3) 8 (12.5)

CSF involvement†

Positive or suspicious 8 (22) 14 (22)

Negative 18 (50) 27 (42)

NR 10 (28) 23 (36)

Systemic imaging

Positive or suspicious 1 (3) 2 (3)

Negative 35 (97) 55 (86)

NR 0 (0) 7 (11)

Bone marrow biopsy

Positive or suspicious 2 (6) 2 (3.1)

Negative 10 (28) 15 (23.4)

NR 24 (67) 47 (73.4)

Testicular ultrasound

Positive or suspicious 0 (0) 0 (0)

Negative 9 (25) 17 (27)

NR 27 (75) 47 (73)

Table 1. (continued)

Category

Discovery cohort

(n 5 36)

Pooled discovery

and validation

cohorts (n 5 64)

Therapy

Initial induction regimen

Methotrexate, temozolomide,
and rituximab

23 (64) 41 (64)

Methotrexate 6 rituximab 13 (36) 23 (36)

Autologous stem-cell
transplantation

Received 8 (22) 19 (30)

Did not receive 28 (78) 45 (70)

Response

Response to initial therapy

CR 30 (83.3) 57 (89)

PR 3 (8.3) 4 (6)

PD 3 (8.3) 3 (5)

Relapse

$1 14 (39) 25 (39)

First in brain 10 (71‡) 15 (60‡)

First ocular or systemic 4 (29‡) 10 (40‡)

Multiple 5 (14) 8 (12.5)

Follow-up and survival, mo

Median follow-up 56.2

Median PFS 111 (95% CI, 35 to ‘)

Median OS NR

Median TTCR 4 (95% CI, 3-6)

Data are n (%) unless otherwise indicated.
CI, confidence interval; CR, complete response; CSF, cerebrospinal fluid; NR, not

reported/performed; OS, overall survival; PD, progressive or refractory disease; PFS,
progression-free survival; PR, partial response; SD, standard deviation; TTCR, time to
complete response.
*Symptoms not reported for 1 validation patient.
†If evaluated within 1 month of diagnosis.
‡Percentage of patients with specific location of first relapse of all patients who relapsed

at least once.
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the study neuropathologist. We then scored membranous PD-L1
staining on tumor cells as 11, 21, or 31 expression. Tumor cells
with .10% 31 staining for membranous PD-L1 were considered
positive. Prior studies have used between 1% and 5% positivity of
all cells in the tumor environment (tumor and nontumor cells), and
our staining threshold range was similar to those in prior studies,
with an emphasis on characterizing tumor cells with unequivocal
membranous expression.5,24-26

Results

WES of PCNSL

We performed WES on a discovery cohort of 36 patients with
PCNSL (Figure 1). All samples except 1 (PN-079; obtained at
relapse) were obtained from newly diagnosed PCNSL patients.
WES was also performed on 4 matched samples obtained at
disease relapse. Median follow-up time for our discovery cohort as
determined by the inverted Kaplan-Meier method was 56.7 months.
Median OS was not reached, and median PFS was 112 months
(95% CI, 35 months to ‘) for this cohort.

Mean nonsynonymous mutation rate was 2.69/Mb (range, 0.14-
6.62/Mb), similar to prior reported mutation rates in PCNSL.5,6,9,11

MYD88 L265P mutation was identified in 26 (72%) of 36 patients.
To further assess the frequency of MYD88 mutation, we performed
targetedMYD88 sequencing on a validation cohort of 27 additional
PCNSL patients. The combined discovery and validation cohort
analysis demonstrated MYD88 L265P mutation in 42 (67%) of 63
patients. CARD11 promotes I-kB expression and upregulates the
NF-kB pathway. We identified CARD11 missense mutations in 7
(19%) of 36 patients. PIM1 has previously been reported as
frequently mutated in PCNSL, and we observed mutations in 27
(75%) of 36 patients.5,11 The PIM1 mutations we identified were
most commonly missense (n 5 21) but also included in-frame
insertion/deletion (n 5 4), frameshift (n 5 1), or splice site variant
(n5 1).CD79b mutation was present in 22 (61%) of 36 of samples.
The CD79b mutations were variable, but the most frequent mutation
site was Y196, consistent with prior reports.10,27 We also identified
frequent mutations in TOX, ETV6, TBL1XR1, and BTG2 (Figure 1).

Using a combined analysis of the discovery and validation cohorts,
we did not reach median OS or PFS and did not identify
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Figure 1. Somatic mutations in PCNSL. Somatic mutations and copy-number aberrations in PCNSL. The plot includes primary (-P) and relapse samples (-R).

The significance of mutations in each gene is shown to the right by a false discovery rate (FDR) q value.
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significant survival differences in MYD88-mutant vs wild-type
(WT) tumors. Within the discovery cohort, we did not observe a
significant effect on OS or PFS for CARD11-, PIM1-, or IRF4-
mutant tumors. CD79b mutation was associated with improved
PFS, with median PFS of 35 months in CD79b WT tumors (95%
CI, 13 months to ‘) vs 112 months in CD79b-mutant tumors
(95% CI, 89 months to ‘; P 5 .02). Similarly, CD79b mutation
was also associated with improved OS, with median OS of 105
months in WT tumors (95% CI, 41 months to ‘) vs OS not
reached in mutant tumors (P 5 .03).

9p24.1 (PD-L1/PD-L2) CNAs and IHC

We assessed recurrent CNAs using the Genomic Identification of
Significant Targets in Cancer algorithm n all 36 PCNSL cases in
the discovery cohort (Figure 2).28 Overall, deletions were the
predominant pattern of CNA, with gains being much less frequent
(Figure 2). We identified biallelic loss of CDKN2A (9p21.3) in 16
(44%) of 36 patients (Figures 1 and 2). Contrary to other reports,
we did not identify copy gain at PD-1 or PD-L1/PD-L2 loci
(Figure 2).5 To investigate this further, we performed IHC staining
for PD-L1 on 43 PCNSL patient specimens from both the discovery
(n 5 22) and validation (n 5 21) cohorts. We observed tumor cell
PD-L1 expression in 13 (30%) of 43 samples and tumor-associated
macrophage PD-L1 expression in 16 (37%) of 43 samples. IHC of 1
patient’s matched primary and relapsed tumor specimens did
not show PD-L1 expression in either sample. In another patient, no

PD-L1 expression was detected by IHC in either the CNS tumor or
a simultaneous skin lesion at the time of disease relapse.

Phylogenetic analysis of PCNSL

We performed the first WES on matched tumor samples from 4
PCNSL patients, comparing their tumor specimens from the initial
pretreatment diagnosis with the specimens at the time of relapse
in 3 cases (including one postmortem specimen) and comparing
simultaneous CNS and peripheral (skin) relapse specimens in 1 case.
Our primary objective was to infer the evolutionary relationship
between initial and relapsed specimens both temporally and spatially.
In 1 patient, we compared the primary tumor with matched relapsed
CNS disease (temporally separated by 413 days) and identified
MYD88 L265P mutation and CDKN2A loss as early clonal events
with a cancer cell fraction of 1.0 (Figure 3A). Interestingly, in a patient
originally diagnosed with PCNSL, with subsequent systemic relapse
followed by 2 CNS relapses,MYD88mutation was not identified, but
CDKN2A loss was an early clonal event when comparing the primary
tumor with the matched brain relapse specimen obtained at autopsy
(temporally separated by 3211 days; Figure 3B). In a separate
patient, when comparing disease relapse in the testis with the original
CNS sample (temporally separated by 707 days), MYD88 L265P
was an early clonal event, as was TBL1XR1 (Figure 3C). CDKN2A
loss was identified only in the testicular recurrence. Lastly, in matched
samples from a simultaneous brain and skin relapse (temporally
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separated by 3 days; relapsed 3400 days after primary diagnosis;
Figure 3D), we identified MYD88 mutation and CDKN2A loss as
early clonal events in both specimens.

Discussion

Prior studies ofWES in PCNSL have shed light on the defining genetic
alterations that distinguish PCNSL from systemic DLBCL.5-11,14,29-33

However, given the rarity of PCNSL, study sample sizes tend to be

small. Distinguishing features of our study are the relatively large
sample size (36 patient cases in the discovery cohort, 27 in the
validation cohort), the inclusion of 4 cases with paired, pretreatment
tumor specimens with posttreatment relapse specimens to infer the
clonal evolution of PCNSL, the association of genetic alterations
with clinical outcomes including the observation that CD79b
mutation may confer an improved prognosis, and the detailed study
of PD-1/PD-L1 amplification and expression.
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Figure 3. Phylogenetic trees. Phylogenetic trees from 4 different patients with relapsed PCNSL. (A-C) Comparison of the primary tumor with the relapsed

specimen: primary and brain relapse (A), primary and systemic relapse (B), and primary and testicular relapse (C). (D) Comparison between simultaneous occurrence
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With respect to the phylogenetic analyses, 1 patient (Figure 3A)
represents the most common clinical scenario in PCNSL: an
initial response to treatment followed by relapse confined to the
brain. Phylogenetic analysis in this patient demonstratedMYD88
L265P mutation and CDKN2A loss as early clonal events in
tumor evolution. In total, 3 of 4 patients with paired specimens
had truncal MYD88 mutations and CDKN2A deletions, suggest-
ing that both of these events could be drivers of disease. Our
single relapsed patient without MYD88 mutation (Figure 3B) was
atypical for PCNSL, given the relapse outside the CNS 6 months
after initial diagnosis. Because the tumor genetic profile was
atypical for PCNSL (no MYD88, CD79b, or PIM1 alterations) and
the patient relapsed systemically shortly after initial diagnosis, it is
possible that this patient had systemic germinal center B-cell
DLBCL that was not identified on initial extent of disease
evaluation. Given the heterogeneity in these clinical scenarios,
additional larger studies with matched pretreatment and autopsy
tumor samples will be needed to determine whether our results
are generalizable.

The efficacy of immune checkpoint blockade in the treatment of
PCNSL remains a subject of investigation. There are conflicting
findings with regard to copy-number analysis at 9p24.1 (PD-L1)
and expression of PD-L1 in PCNSL.5,11 In 1 study, copy gain of
PD-L1/PD-L2 was observed in 28 (67%) of 42 samples,
whereas we did not identify copy gain of PD-L1/PD-L2 in our
cohort.5 We also evaluated membranous PD-L1 expression on
tumor cells. Although membranous PD-L1 expression on tumor
cells can predict positive response to checkpoint inhibitors in
some solid tumors,34-37 the significance of cytoplasmic PD-L1
expression is unknown, and the definition of positive expression
in prior reports has been variable.24,25 For example, a prior study
reported expression of PD-1/PD-L1 within the tumor microenvi-
ronment (including tumor and immune cells) in 90% of PCNSL
cases (18 of 20), where positive expression was defined as
strong PD-L1 or PD-1 expression at the membrane in at least
5% of cells of any cell type.24 However, in that study, when
evaluating only tumor cells, 2 of 20 cases scored positively
for PD-L1 membranous expression, more consistent with our
findings.24 In another study, a cutoff for positive PD-L1 was
defined as membranous or cytoplasmic expression in $1% of
cells, which resulted in 37.5% (12 of 32) of PCNSL cases
expressing PD-L1 within tumor cells.25 The dynamics of PD-1/PD-L1
between tumor and immune cells are complex, and it is unclear
whether this information provides a reliable means of associating
expression with the clinical efficacy of PD-1/PD-L1 blockade in
PCNSL.26,38

We observed that MYD88 L265P and CD79b mutations cooccurred
in 50% (18 of 36) of PCNSL cases. Interestingly, MYD88 muta-
tions were not associated with a change in PFS or OS in our cohort,
whereas CD79b mutations were associated with improved PFS and
OS. In another study by Takano et al,39 MYD88 mutations occurred
more frequently in elderly patients (age .65 years) and were
associated with worse prognosis, which we did not observe in our
study; however, this needs to be investigated in larger cohorts.39 The
B-cell antigen receptor (BCR) signaling pathway is dependent on
CD79b activity.27 There is downstream convergence betweenMYD88
activity (NF-kB pathway) and the BCR pathway via MYD88 interaction
with IRAK and CD79b with CARD11.27 CD79b normally functions

to promote the assembly of the BCR signaling complex.27 This results
in I-kB kinase activation and promotion of NF-kB signaling.10,27

CD79bmutation at Y196 in PCNSL has been previously reported.5,10

The frequency of MYD88 L265P and CD79b mutation cooccurrence
is frequent and reported to be as high as 100%.5,10,40 Bruton tyrosine
kinase (BTK) inhibits NF-kB signaling downstream of the BCR
pathway. In systemic activated B-cell DLBCL (genetically similar
to PCNSL), inhibition of BTK by the oral BTK inhibitor ibrutinib
resulted in a 37% response rate.41 A clinical trial of ibrutinib
monotherapy in PCNSL revealed an 83% partial response rate.42

Importantly, prior studies suggest that BTK inhibitor resistance
may be mediated through CARD11 mutation.43

Finally, our results indicate that PCNSL is characterized by frequent
regions of copy loss. The biallelic deletion of CDKN2A observed in
44% of our cases raises the possibility of investigating the efficacy
of CDK4/6 inhibitors in PCNSL patients.

In conclusion, PCNSL is a rare subtype of non-Hodgkin lymphoma
that is characterized by frequent MYD88 activating mutations as
well as CDKN2A biallelic loss. In this study, we show that MYD88
mutation and CDKN2A loss are early clonal events in PCNSL
evolution. CARD11 mutations, which may predict resistance to
BTK inhibitors, were present in a subset of PCNSL patients. PD-L1
was not amplified in any cases, although expression was detected in
30% of patients; it remains unclear whether the lack of PD-L1
amplification is predictive of a poor response to immune checkpoint
blockade, supporting the need for clinical trials.
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