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Abstract

Primary central nervous system lymphomas (PCNSL) are aggres-
sive non-Hodgkin lymphomas affecting the central nervous system
(CNS). Although immunophenotyping studies suggested an uniform
activated B-cell (ABC) origin, more recently a spectrum of ABC
and germinal center B-cell (GC) cases has been proposed, with the
molecular subtypes of PCNSL still being a matter of debate. With
the emergence of novel therapies demonstrating different efficacy
between the ABC and GC patient groups, precise assignment of mo-
lecular subtype is becoming indispensable. To determine the molec-
ular subtype of 77 PCNSL and 17 secondary CNS lymphoma
patients, we used the NanoString Lymphoma Subtyping Test (LST),
a gene expression-based assay representing a more accurate
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technique of subtyping compared with standard immunohistochemi-
cal (IHC) algorithms. Mutational landscapes of 14 target genes were
determined using ultra-deep next-generation sequencing. Using the
LST-assay, a significantly lower proportion (80% vs 95%) of
PCNSL cases displayed ABC phenotype compared with the IHC-
based characterization. The most frequently mutated genes included
MYDSS8, PIM1, and KMT2D. In summary, we successfully applied
the LST-assay for molecular classification of PCNSL, reporting
higher proportion of cases with GC phenotype compared with IHC
analyses, leading to a more precise patient stratification potentially
applicable in the diagnostic algorithm of PCNSL.
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INTRODUCTION

Primary central nervous system lymphoma (PCNSL) is
a rare malignancy with a particularly aggressive clinical
course and poor outcome. Histologically, it is predominantly
manifested as diffuse large B-cell lymphoma (DLBCL),
which is confined to the central nervous system (CNS)
structures (1-3).

It has been almost 2 decades since the seminal paper by
Alizadeh et al changed our perspective by subclassifying
DLBCLs into molecular subgroups including germinal center
B-cell (GC) type or activated B-cell (ABC) type, with a small
number of “unclassified” (UC) cases (4). This subclassifica-
tion has profound prognostic and potential therapeutic impli-
cations, with patients in the ABC-type DLBCL group showing
significantly inferior outcome (4, 5). The GC/ABC classifica-
tion of DLBCLSs is based on gene expression patterns of fresh
or fresh-frozen tissues and became the “gold-standard”
method for molecular subtype assignment in DLBCL. This
discovery was followed by the development of various
formalin-fixed paraffin-embedded (FFPE) tissue-based immu-
nohistochemistry (IHC) predictors, including the well-known
Hans algorithm, easily applicable in routine diagnostic prac-
tice (6-8). However, these IHC-based algorithms showed a
poor concordance with each other and the readouts of the
gold-standard Affymetrix method (8—10).

The fundamental difference in biology between GC-
and ABC-type DLBCL is reflected in different driver onco-
genic pathways and mutation targets, which also translates in
different efficacy of the novel targeted therapies between the 2
subgroups (11-13). Considering the emerging novel therapies
with differential efficacy in the biological subtypes of
DLBCL, precise assignment of patients into these subgroups
may well become of major clinical importance in the near fu-
ture. The NanoString Lymphoma Subtyping Test (LST) assay
(NanoString Technologies, Inc., Seattle, WA) was developed
to establish an FFPE compatible, gene expression based test
for the molecular subtyping of B-cell lymphomas. The LST-
assay is based on the expression of 15 target genes and 5
housekeeping genes, and nowadays represents a more accurate
technique compared with standard IHC algorithms and dem-
onstrates the best concordance with the gold-standard Affyme-
trix approach (14).

The molecular subtype of PCNSL has been studied by
different methodological approaches with conflicting conclu-
sions. On the basis of several IHC studies, an ABC-like immu-
nophenotype is typical (15-17), but immunoglobulin heavy
chain gene mutational signatures also provide evidence for
germinal center exposure, indicating that PCNSL develops
from a B-cell that has been exposed to a germinal center influ-
ence outside the CNS (18-20). In addition, results of immuno-
phenotyping studies suggest that tumor cells originate from a
late germinal center to an early postgerminal center stage (15,
21), while gene expression profiling studies indicate that
PCNSLs are distributed among the spectrum of systemic
DLBCL with roughly equal proportion of ABC and GC
cases (22, 23).

Recent studies profiling the genomic background of
PCNSL have identified multiple recurrently mutated genes,
including genes harboring putative driver aberrations and

others serving as aberrant somatic hypermutation targets
(24-30). The most frequently mutated genes include mem-
bers of the B-cell receptor signaling (i.e. MYD88, CD79B,
CARDI1I), as well as cell cycle/apoptosis regulator (i.e.
TP53, CCND3, BTG2, PIMI1, CDKN2A, ATM), chromatin
(i.e. KMT2D), and transcriptional (i.e. C-MYC, PRDM]I,
TBLIXRI) regulator pathways, with considerable overlap
with the mutational targets identified in systemic DLBCL.
However, in contrast to nodal DLBCLs, the mutation pro-
files of PCNSLs of ABC and GC origin do not show consid-
erable differences (29-32).

Since management of PCNSL still represents a signifi-
cant clinical challenge, both the precise determination of the
molecular subtypes and the identification of key genetic alter-
ations are becoming increasingly important for developing
novel therapies and applying a personalized therapeutic ap-
proach in the treatment of these patients. In this study, we ap-
plied, for the first time, the NanoString LST-assay to
determine molecular subgroups of a large cohort of PCNSL
patients and performed complementary targeted mutation pro-
filing on a subset of these cases.

MATERIALS AND METHODS

FFPE brain biopsy specimens of 81 patients with
PCNSL and 18 patients with secondary central nervous system
lymphoma (SCNSL) were analyzed in this study. Tissue sam-
ples were obtained from 3 centers: (1) First Department of Pa-
thology and Experimental Cancer Research, Semmelweis
University, Budapest, Hungary; (2) Department of Pathology,
University of Pécs, Pécs, Hungary; and (3) Division of Neuro-
pathology, The National Hospital for Neurology and Neuro-
surgery, University College London Hospitals, United
Kingdom, through the UK Brain Archive Information Net-
work (BRAIN UK). Permissions to use the archived tissue
have been obtained from the Local Ethical Committee
(TUKEB-1552012) and from BRAIN UK (Ref.: 16/018), and
the study was conducted in accordance with the Declaration of
Helsinki. Clinical data of the patients and information on the
molecular subtype as determined by IHC during the routine di-
agnostic workup are summarized in Supplementary Data Ta-
ble S1. Survival data were available in 65 PCNSL and 17
SCNSL cases, with treatment data available in 46 PCNSL and
12 SCNSL cases, respectively (Supplementary Data
Table S1).

Molecular Subtyping Using the NanoString
LST-Assay

RNA isolation from 77 PCNSL and 17 SCNSL samples
was performed using the RecoverAll kit (Life Technologies/
Ambion, Inc., Foster City, CA) according to the manufac-
turer’s instructions. Molecular subtype was determined using
the Research Use Only version of the LST-assay on the
nCounter Analysis System (NanoString Technologies, Inc.).
The LST-assay measures 15 signature genes and 5 housekeep-
ing genes in RNA samples isolated from FFPE DLBCL tumor
tissue, as described previously (14). For each RNA sample, a
Linear Predictor Score (LPS) is calculated using a weighted
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sum of the gene expression. The LPS is compared against
thresholds that define LPS value ranges for the assignment of
ABC or GC subtype, or Unclassified within an equivocal zone.

Ultra-Deep Next-Generation Sequencing of 14
Target Genes

Genomic DNA was extracted from 64 PCNSL and 12
SCNSL samples using the FFPE Tissue Kit (Qiagen, N.V.,
Venlo, Netherlands) following the manufacturer’s instruc-
tions. DNA samples isolated from 5 nonmalignant tissue
specimens were used as negative controls. Mutation profiles
of 14 genes including CARDI1, CCND3, CD79B, CSMD?2,
CSMD3, IRF4, KMT2D, C-MYC, MYDS8S, PAXS, PIMI,
PRDM1, PTPRD, and TP53 were determined by targeted
ultra-deep next-generation sequencing using the TruSeq Cus-
tom Amplicon dual-strand approach (Illumina, Inc., San
Diego, CA). This protocol is specifically designed for FFPE
samples and uses 2 mirrored sets of locus-specific oligos gen-
erating matching complementary, strand-specific amplicon
libraries. Completely independent preparation of the 2
sample-specific libraries (A and B) and sequencing with
unique barcodes allow for a subsequent bioinformatics correc-
tion of errors/bias conferred by FFPE fixation. After quality
control and equimolar pooling, libraries were sequenced on a
HiSeq 4000 Instrument using 150 bp paired-end chemistry.

Bioinformatics Workflow

During data preprocessing, sequencing reads were
mapped to the Homo sapiens GRCh37 genome build using
BWA v0.7.13 aligner from the BaseSpace Sequence Hub
(Illumina, Inc.). BAM files were sorted and indexed by SAM-
tools v1.7 module (http://samtools.sourceforge.net) and
GATK v4.0 tool Base Quality Score Recalibration (Broad In-
stitute, Cambridge, MA) was run on each individual library to
detect and correct systematic sequencing errors. SNP and
INDEL calling was performed with LoFreq v2.1 variant-caller
that considers all dataset features, also including base-call
qualities, mapping problems or base/INDEL misalignments,
which are commonly ignored by other methods or only used
for filtering (33). Assignment of each detected variant with a p
value allowed for a rigorous control of false positive findings.
Raw variants, detected by LoFreq v2.1, were functionally an-
notated using SnpEff v4.3i as well as ANNOVAR v2017Jul17
tools, with the latter one also including up-to-date information
from COSMIC, avSNP and CLINVAR databases (34, 35). Af-
ter the final annotation step, somatic variants detected in
sample-specific, matching individual libraries (A and B) were
combined based on genomic position and allele type using an
in-house R script (version 3.4.3 [November 30, 2017]), and
variants exclusively identified in both libraries A and B were
considered as true aberrations. A subset of somatic variants
with variant allele frequency of >20% was validated by bidi-
rectional Sanger sequencing.

Statistical Analysis
Kaplan-Meier survival curves and log-rank tests were
performed to compare survival times between groups using
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GraphPad PRISM v. 5.0 software (GraphPad Software, San
Diego, CA). Pearson Chi-square test or Fisher exact test were
used to analyze categorical data. p values 0.05 or below were
considered statistically significant.

RESULTS

Molecular Subtypes

Using the Hans algorithm, 95% of the PCNSL cases (73/
77) showed ABC (non-GC) phenotype, with 5% of the patients
(4/77) presenting with GC phenotype. In contrast, the LST-
assay identified only 80.5% (62/77) of the cases as ABC sub-
type, with 13% (10/77) GC and 6.5% (5/77) UC subtypes, re-
spectively. As for the SCNSL cases, 47% (8/17) showed ABC
and 53% (9/17) showed GC phenotype with the Hans algo-
rithm. The ratio was identical using the LST-assay, with 47%
(8/17) ABC and 53% (9/17) GC subtypes.

The subclassification obtained with the LST-assay
showed discordant readouts in 16% (15/94) of all analyzed
cases (13/77 of PCNSL and 2/17 of SCNSL cases) as com-
pared with the THC results; 12.5% (12/94) of the cases classi-
fied as ABC by the Hans algorithm showed a different readout
when analyzed using the LST-assay, with 7 cases assigned to
the GC group and 5 unclassified cases; whereas only one (1%)
IHC-GC case was classified as ABC using the LST-assay
(Fig. 1). In the SCNSL group, only a single GC and a single
ABC case did not match when comparing the readouts of the
Hans algorithm and the LST-assay. Taken together, using the
LST-assay, a significantly lower proportion of cases (80.5% vs
95%, p=0.0219) displayed an ABC phenotype in PCNSL.

The survival of the patients with PCNSL and SCNSL
did not show a significant difference (p =0.1970; Fig. 2A). In-
terestingly, the molecular subtypes did not have an impact on
the survival of patients, with overall survival showing no dif-
ferences between the GC and ABC subtype neither in the en-
tire cohort (p =0.3981) nor in the PCNSL cases (p =0.8727;
Fig. 2B, C).

Mutation Profiles

A total of 239 mutations were detected across the 76
brain lymphomas with variant allele frequencies ranging be-
tween 1.8% and 96.2% with a mean value of 41.4% (Supple-
mentary Data Table S2). The vast majority (81%, 194/239) of
the mutations presented with a variant allele frequencies
>20% (Supplementary Data Fig. S1).

We detected a total of 210 somatic mutations in the 64
PCNSL cases across the 14 genes analyzed, with an average
of 3.3 mutations per case ranging between 0 and 10 (Supple-
mentary Data Table S2). The distribution of the mutations was
as follows: Missense mutations: 75.2% (158/210), mutations
affecting 5 or 3 prime UTR regions: 11.4% (24/210), muta-
tions at splice sites: 7.6% (16/210), in frame deletions: 3.3%
(7/210), frameshift mutations: 1.9% (4/210), and nonsense
mutations: 0.5% (1/210). Individual cases harbored mutations
in 2.6 genes on average, ranging between 0 and 5.

The most frequently mutated genes in the PCNSL co-
hort included MYDS88 (66%), PIM1 (41%), KMT2D (31%),
and PRDM 1 (30%). The mutation frequencies in the remaining
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FIGURE 1. The NanoString LST readouts are illustrated in form of a gene expression heat map with the 15 target genes
contributing to the model. Abbreviations: ABC, activated B-cell; GC, germinal center; IHC, immunohistochemistry; LST, Lymphoma
Subtyping Test; PCNSL, primary central nervous system lymphoma; SCNSL, secondary central nervous system lymphoma.

genes were as follows: C-MYC (19%), IRF4 (19%), CD79B
(17%), TP53 (11%), CCND3 (9%), CARDI1 (8%), PAXS
(3%), CSMD2 (3%), and CSMD3 (3%). No mutation was
found in PTPRD gene (Figs. 3 and 4A).

In the 12 SCNSL cases, a total of 29 somatic mutations
were detected, with an average of 2.4 mutations per case rang-
ing between 0 and 5 (Supplementary Data Table S2). The dis-
tribution of the mutations was as follows: Missense mutations:
72.4% (21/29), mutations affecting 5 or 3 prime UTR regions:
20.7% (6/29), frameshift mutations: 3.5% (1/29) and mutations
at splice sites: 3.5% (1/29). Individual cases harbored muta-
tions in 1.8 genes on average, ranging between 0 and 4.

PRDM1 (50%), followed by MYD88 (42%) and PIM1
(25%) were the most frequently mutated target genes in the
SCNSL cohort. The mutations frequencies in the remaining
genes proved to be lower: KMT2D (17%), CD79B (8%), IRF4
(8%), CCND3 (8%), C-MYC (8%), TP53 (8%), and PAXS
(8%). No mutation was identified in CARDII, CSMD2,
CSMD3, and PTPRD genes (Figs. 3 and 4A).

Correlation of Mutation Profiles and Molecular
Subtypes

Considering all brain lymphomas, we observed an en-
richment of MYD88 (67% vs 46%), PIM1 (39% vs 23%), IRF4
(20% vs 8%), and MYC (19% vs 8%) mutations in cases with
ABC subtype, with CD79B, CARDI11, CSMD2, and CSMD3
mutations being present exclusively in ABC cases (19%, 9%,
4%, and 4% vs 0% for the 4 genes, respectively). On the other
hand, mutations of TP53 (15% vs 6%) and PAX5 (15% vs 2%)
appeared more frequent in GC cases. PRDM1, KMT2D, and
CCND?3 genes showed similar mutational frequencies by com-
paring the GC and ABC cases (Figs. 3 and 4B).

In PCNSL, enrichment of PIM1 mutations was observed
(41% vs 20%) in cases with ABC subtype, with IRF4, CD79B,
MYC,CARDI11,CSMD?2, and CSMD3 mutations being present
exclusively in ABC cases (22%, 20%, 20%, 10%, 4%, and 4%
vs 0% for the 6 genes, respectively). In PCNSL cases with GC

subtype, mutations of TP53 (20% vs 6%), PAX5 (20% vs 2%)
and CCND3 (20% vs 8%) appeared more frequent compared
with the ABC cases. MYDS88, PRDMI, and KMT2D genes
showed similar mutational frequencies across the 2 subtypes
(Figs. 3 and 4C).

Despite the apparent enrichment of mutations, none of
these differences reached statistical significance when com-
pared between the GC and ABC groups (data not shown).

DISCUSSION

Clinical management of PCNSL patients is still chal-
lenging (36), with considerably worse outcomes compared
with nodal DLBCLs, highlighting an unmet need for novel
biomarkers and therapies. Precise assignment of individual
cases into the biologically distinct ABC or GC molecular sub-
type categories originally described by Alizadeh et al (4),
complemented with mutation analysis of actionable target
genes may pave the road toward a more effective patient strati-
fication method and personalized application of targeted ther-
apies (11, 12).

Historically, the THC-based studies suggested an ABC
cell of origin in the vast majority of PCNSL cases (15-17);
however IHC reportedly shows poor concordance with the
COO readouts of the gold-standard gene expression patterns
method (8, 9). In contrast, a gene expression profiling study
suggested a rather continuous distribution of PCNSLs among
the ABC-, GC-, and non-ABC/non-GC subgroups (23). Re-
cently, the NanoString LST-assay emerged as the most reli-
able and highly reproducible approach to determine the
molecular subtype from FFPE tissues, as successfully demon-
strated on a large cohort of nodal DLBCLs (14). Although not
yet adopted for routine application, the LST-assay is being
used in clinical trials for patient stratification and clinical deci-
sion making in DLBCL (37, 38).

In this study, we successfully applied for the first time
the NanoString LST-assay for molecular subtyping using
FFPE derived RNA samples from a large cohort of patients
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FIGURE 2. Effect of the primary or secondary nature (A) and
molecular subtypes (B, €) on the survival of patients with
primary and secondary central nervous system lymphomas.
No survival difference was observed between PCNSL and
SCNSL or cases with ABC or GC categories. Unclassified cases
are not presented on the graphs B and C. Abbreviations: ABC,
activated B-cell; GC, germinal center; n, number; PCNSL,
primary central nervous system lymphoma; SCNSL, secondary
central nervous system lymphoma.

with brain lymphoma, including 77 PCNSL and 17 SCNSL
cases. Interestingly, this molecular subtyping revealed a
higher proportion of cases with a GC subtype compared with
the parallel IHC analysis (13% vs 5%), representing a consid-
erably higher proportion than previously appreciated in the lit-
erature (15-21). We believe that these results may better
reflect the genuine biology of the cases, as the NanoString
LST-assay seems to represent the most reliable approach to
determine molecular subgroups, compared with the original
gold standard gene expression patterns method (14). Unex-
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pectedly, in our study the molecular subtypes did not have a
clinically significant impact on the survival of patients. This
may potentially be caused by the heterogeneous nature of the
treatment regimens applied for our patient cohort.

The genomic profile of PCNSL has only been dissected
recently, using various next-generation sequencing technolo-
gies. These studies of smaller patient cohorts revealed a simi-
lar mutational burden and profile to that of the nodal
DLBCLs, with predominant mutations of the BCR/NFxB
pathway (24-30). Here, we performed a complementary tar-
geted genomic profiling of 14 genes in 64 PCNSL and 12
SCNSL patients, focusing on actionable mutation targets and
genes with potential prognostic impact. In both primary and
secondary brain lymphoma cohorts, the most frequently mu-
tated genes included MYDSS, PIMI, KMT2D, and PRDM1,
followed by IRF4, MYC, and CD79B. Mutation frequencies of
the individual genes observed in this study are in line with pre-
viously published data; however, those studies have reported a
wide range of mutational frequencies across these genes ana-
lyzed (24-30, 39—41). This can most likely be explained by
the heterogeneity in the type and depth of the sequencing
approaches (whole genome/exome sequencing vs targeted
resequencing of selected genes), type of the analyzed material
(fresh frozen vs FFPE) and the difference between the bioin-
formatics pipelines and variant calling methods. Here, in addi-
tion to a strict variant calling algorithm, we utilized the so
called dual-strand approach, which in actuality represents 2 in-
dependent sequencing experiments, allowing for proper error
correction, a critical step when dealing with next-generation
sequencing data obtained from FFPE material.

The most frequently mutated gene in our study, MYD8S8
(66%), was found to be frequently mutated in other PCNSL
studies as well (24-30, 39, 41); however, only a modest
MYDS8S mutation frequency of 10%-20% was reported in
nodal DLBCLs with MYDS&8 mutations restricted to the non-
GCB subtype (42). Interestingly, in our PCNSL cohort,
MYDSS also emerged in the GC subtype with similar distribu-
tion across the GC and ABC subtypes. This may be of poten-
tial therapeutic relevance, as the Bruton’s tyrosine kinase
inhibitor ibrutinib demonstrated clinical efficacy in 37% of
nodal ABC-DLBCLs, especially in cases with concurrent
MYDS8 and CD79B mutations (43). In our cohort, 10 patients
were identified with simultaneous MYD88 and CD79B muta-
tions. Nevertheless, Grommes et al, in a phase I trial reported
clinical responses in 10 of 13 patients with relapsed PCNSL
with MYD&8 mutations representing the most important geno-
mic determinants of ibrutinib response (44). Interestingly, all
patients achieving a complete remission carried only MYD88
mutations while cases with concurrent MYDS8S and CD79B
mutations achieved only partial remission only. As expected,
CARD11 mutations were associated with ibrutinib resistance.
In our cohort, CARD I mutations were detected in 10% of the
PCNSL patients. On the basis of these preliminary data and
mutation frequencies observed in our study, ibrutinib may be a
promising therapeutic modality for almost half (46%, 35/76)
of the patients (cases with MYDS88 and without CARDI1I or
CD79B mutations), irrespective of the subtype of the cases.

Of note, mutations in genes involved in CNS develop-
ment were exclusively detected in PCNSL patients. Three per-
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FIGURE 3. lllustrated are the mutation patterns of the 14 genes identified in 76 primary and secondary central nervous system
lymphomas by next-generation sequencing, and molecular subtypes of 71 and 73 cases as defined by the NanoString LST-assay
and the Hans algorithm using immunohistochemistry, respectively. Abbreviations: ABC, activated B-cell; ASHM, aberrant somatic
hypermutation; BCR, B-cell receptor; GC, germinal center; IHC, immunohistochemistry; na, not available; PCNSL, primary
central nervous system lymphoma; SCNSL, secondary central nervous system lymphoma; UC, unclassified.
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FIGURE 4. Comparison of mutation profiles between primary and secondary central nervous system lymphomas (A), all brain
lymphomas of activated B-cell type (ABC) versus germinal center B-cell type (GC) (B), and primary brain lymphomas of ABC
versus GC type (C). Abbreviations: ABC, activated B-cell; GC, germinal center; PCNSL, primary central nervous system
lymphoma; SCNSL, secondary central nervous system lymphoma.

cent of the cases harbored mutations in CSMD2 and CSMD3
genes, but no mutation was found in the PTPRD gene.
Although less frequent in our cohort than previously described
(25), these mutations may contribute to the emergence of lym-
phoma primarily in the CNS.

Comparing the mutation frequencies between the GC
and ABC subtypes defined by the LST-assay, the mutation
patterns observed in PCNSL (as well as SCNSL) do not follow
the ones documented in nodal DLBCLs (31, 45-47). While
mutations of CD79B, CARDI11, CSMD?2, and CSMD3 were
exclusively detected in ABC cases, differences in mutation
frequencies of, for example, MYDS8S, PIM1, and KMT2D be-
tween the GC and ABC did not reach statistical significance.
This may support the hypothesis that PCNSL represents a dis-

tinct clinical entity irrespective of the cell of origin classifica-
tion as proposed by Fukumura et al (29).

Considering our increasing knowledge on the genomic
complexity of PCNSL and emergence of novel therapies
with differential activity in the GC and ABC patient groups,
precise assignment of molecular subtypes using routinely
available FFPE tissues and complementary mutation analy-
sis of the actionable mutation targets will most likely sup-
port and drive personalized therapeutic decisions during the
management of PCNSL patients. Certainly, the costs associ-
ated with these molecular assays would represent a signifi-
cant financial burden in the clinical setting at the moment;
therefore, may still be some time away from clinical imple-
mentation, with large scale prospective clinical trials re-
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quired to confirm the utility of these approaches in the rou-
tine diagnostic workflows.
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