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TO THE EDITOR:

Genomic subtypes may predict the risk of central nervous
system recurrence in diffuse large B-cell lymphoma
Thomas A. Ollila,1,2 Habibe Kurt,2,3 Jozal Waroich,2,4 John Vatkevich,1 Ashlee Sturtevant,3 Nimesh R. Patel,2,3 Patrycja M. Dubielecka,1,2
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Central nervous system (CNS) recurrence is a devastating out-
come after initial therapy for diffuse large B-cell (DLBCL) or high-
grade B-cell lymphoma (HGBL), yet predicting the risk of CNS
recurrence and selecting patients for aggressive CNS-directed
prophylaxis remains difficult. In the rituximab era, 2% to 4%
of patients with DLBCL/HGBL experience a CNS recurrence.1-4

The CNS International Prognostic Index (CNS-IPI) can identify a

higher-risk group (with incidence 10% to 12%), but half of events
occur among patients with low/intermediate scores.1 Increased
risk observed with the dual-expresser (MYC/BCL2) immuno-
phenotype, double-hit HGBL with MYC and BCL2 and/or BCL6
rearrangements, as well as involvement of the bone marrow,
testis, or breast, highlights the need to elucidate biology as-
sociated with the CNS invasion potential in DLBCL/HGBL.5-7
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Recently, genomic analyses have expanded our understanding
of the molecular heterogeneity of DLBCL, beyond the cell-of-
origin (COO) classification based on gene expression profiling.8-11

Multiplatform analyses encompassing point mutations, structural
variants, and copy-number alterations can classify tumors into
biologically different clusters.9-12 So far, no subgroup defined
by genetic profiling has been associated with secondary CNS
invasion.4,9,13 We hypothesized that specific genetic signatures may
be associated with CNS recurrence. Identifying them could improve
prediction and inform patient selection for CNS-directed therapy.

From our institutional registry, we identified 26 patients with
DLBCL/HGBL who experienced either isolated CNS (n 5 13) or

systemic (non-CNS) recurrence (n 5 13) after rituximab-based
immunochemotherapy (Table 1 and Figure 1A). These 2 groups
did not significantly differ in clinical characteristics, including
extranodal involvement, COO designation,14 dual-expresser sta-
tus, or time fromdiagnosis (Figure 1C-D) or end of first-line therapy
(P5 .49). However, the CNS group contained 4 double-hit (MYC/
BCL2) lymphomas.15 Two patients with CNS recurrence had high
CNS-IPI (both double-hit lymphomas), but 85% had low/in-
termediate scores. None had CNS invasion detected at diagnosis.

We performed next-generation sequencing (NGS) using a
clinically validated 592-gene assay (custom Agilent SureSelect
XT assay; Illumina NextSeq platform; Caris Life Sciences, Irving,

Table 1. Clinicopathologic characteristics of patients with CNS or systemic (non-CNS) recurrence

All (n 5 26) CNS recurrence (n 5 13) Systemic recurrence (n 5 13) P

Age, median (range), y 60 (32-84) 61 (43-71) 57 (32-84) .74

Sex, n (%) .69
M 16 (62) 9 (69) 7 (54)
F 10 (38) 4 (31) 6 (46)

HIV1, n (%) 2 (8) 1 (8) 1 (8) .99

Stage 3 or 4, n (%) 21 (81) 10 (77) 11 (85) .99

LDH, median (IQR), U/L 306 (172-537) 375 (170-668) 284 (198-315) .49

Extranodal involvement, n (%) 19 (73) 10 (77) 9 (69) .99
Testis 4 3 1
Bone marrow 5 2 3
Kidney 2 1 1
Bone 3 1 2
Gastrointestinal 3 1 2
Uterus 1 1 0
Skin (leg-type DLBCL) 0 1 0

Dual expresser, n (%)* 10 (43) 6 (60) 4 (31) .22

Double-hit lymphoma, n (%) 4 (15) 4 (31) 0 (0) .10

Complex karyotype, n (%) 5 (19) 3 (23) 3 (23) .99

COO by Hans algorithm .70
GCB, n (%) 14 (54) 6 (46) 8 (62)
non-GCB, n (%) 12 (46) 7 (54) 5 (38)

CNS-IPI .19
Low, n (%) 4 (15) 3 (23) 1 (8)
Intermediate, n (%) 20 (77) 8 (62) 12 (92)
High, n (%) 2 (8) 2 (15) 0 (0)

First-line regimen, n (%) .99
R-CHOP 16 (62) 8 (62) 8 (62)
DA-EPOCH-R 9 (35) 5 (38) 4 (31)
Other 1 (4) 0 (0) 1 (8)

CNS prophylaxis, n (%) 10 (38) 7 (54) 3 (23) .23
Intrathecal 9 (35) 6 (46) 3 (23)
Systemic methotrexate 3 (12) 3 (23) 0 (0) .22

*Excluding 3 cases with missing data.

DA-EPOCH-R, dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin, rituximab; F, female; GCB, germinal center B cell; IQR, interquartile range; LDH, lactate
dehydrogenase; M, male; R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone.
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Figure 1. Clinicopathologic characteristics, mutations, and prevalence by lymphoma subtypes. (A) Clinicopathologic characteristics and mutations in patients with CNS or
systemic (non-CNS) recurrence of DLBCL. Tumors were grouped into genomic subtypes according to the LymphGen classifier and hc. Boxes list definitions of the hc subgroups,
and respective clusters are highlighted in the heatmap; only genesmutated in.10%patients are included. (B) Prevalence ofmutated genes in groups with CNSor systemic (non-
CNS) recurrence. Only genes mutated in .10% patients are included; no single gene was associated with CNS recurrence after adjustment for multiple testing. (C) Time from
diagnosis to progression, stratified by type of recurrence. Median time to recurrence was 10 months (95% confidence interval, 8-11) and did not significantly differ between
groups (log-rank P 5 .70). (D) Overall survival after recurrence. Median survival was shorter for patients with CNS recurrence (6 vs 17 months), but the difference was not
statistically significant (log-rank P 5 .21). (E) Comparison of prevalence of specific LymphGen-determined DLBCL subtypes between patients with CNS or systemic-only (Sys)
recurrence and unselected (Uns) DLBCL cases from 2 aggregated cohorts (N5 462)9,12,17; theMCD subtype was significantly more prevalent among patients with CNS recurrence
(38% vs 8%, P 5 .003), whereas no CNS-relapsed tumor classified as ST2 or BN2 subtype. (F) Comparison of DLBCL subtypes defined by the hc between patients with CNS or
systemic-only (Sys) recurrence and unselected DLBCL cases (Uns); the hc-MCD subtype was significantly more prevalent in tumors with CNS recurrence (46% vs 17%, P 5 .017),
whereas other subtypes did not differ between groups.
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TX; supplemental Table 1, available on the Blood Web site) on
formalin-fixed, paraffin-embedded specimens (77% from the
initial diagnosis). All pathogenic or unclassified variants were
included for analysis, while synonymousmutations were excluded
according to published guidelines (supplemental Table 2).16 We
input the data into the novel LymphGen classifier, which cate-
gorizedDLBCL into subgroups defined asMCD (characterized by
MYD88L265P, CD79B mutations, and immune evasion), ST2 (fea-
turing SGK2 and TET2 mutations), EZB (characterized by epi-
genetic dysregulation), and BN2 (with NOTCH2 activation and
frequent BCL6 rearrangements; supplemental Figure 1).12 Since
the A53 (aneuploid/TP53-mutated) subtype could not be pre-
dicted without copy-number alteration data, we designated
LymphGen-unclassifiable tumors with TP53mutations as TP53mut.
In addition, we constructed a simplified hierarchical classifier (hc)
based on commonly mutated genes that are included in widely
available, clinically validated NGS panels (augmented by BCL6
rearrangement from routine fluorescence in situ hybridization).
This classifier distinguished 3 subtypes frequent in relapsed
DLBCL (Figure 1A): (1) hc-MCD (tumors with MYD88L265P or .3
mutations inCD79B, PIM1, ETV6,BTG1, PRDM1, or TBL1XR1), (2)
hc-P53 (all other tumors with TP53mutations), and (3) hc-GCB (all
remaining tumors with .1 mutation in BCL2, CREBBP, EZH2,
KMT2D, TNFRSF14, GNA13, MEF2B, or PTEN). We compared
prevalence of these subtypes within our groups with CNS or
systemic (non-CNS) relapse vs 2 aggregated reference cohorts of
unselected DLBCL from Dana-Farber Cancer Institute (N 5 135)
and British Columbia Cancer Agency (N 5 327).9,12,17

Among our 26 cases of relapsed DLBCL/HBCL, PIM1 was the
most frequently mutated gene (38%), followed by MYD88 and
KMT2D (31%). No single gene was significantly associated with
CNS-specific recurrence (Figure 1B). When compared with the
reference cohorts, DLBCL with CNS recurrence had a signifi-
cantly higher prevalence of the LymphGen MCD subtype (38%
vs 8%, P 5 .003 on Fisher’s exact test; Figure 1E). The EZB
subtype was also common (31%) but fully overlapped with the
double-hit phenotype. No subset other than MCD significantly
differed from the reference cohorts, although notably, none of
the tumors with CNS recurrence were classified as ST2.

The simplified hierarchical classifier designated 84% of Lymph-
Gen MCD tumors as hc-MCD, and this subtype was identified
in 46% of CNS recurrences (vs 17% in the reference cohorts;
P 5 .017; Figure 1F). Furthermore, 55% of cases with low-to-
intermediate CNS-IPI who subsequently experienced a CNS
recurrence were classified as hc-MCD. In contrast, hc-MCD was
not significantly overrepresented among tumors with systemic
(non-CNS) recurrence (23%; P 5 .09). The hc-P53 and hc-GCB
subtypes encompassed the double-hit cases in the CNS group,
but their overall prevalence did not significantly differ from un-
selected DLBCL (P 5 .74). Overall, 85% of DLBCL/HGBL tumors
with CNS recurrence could be assigned a specific hc subtype (vs
62% in reference datasets; P 5 .10).

We further validated our findings in 2 external datasets from a study
by Reddy et al10 and GOYA, the largest phase 3 trial in DLBCL to
date (supplemental Figures 2 and 3).18 Similar to our data, no single
gene in these studies was significantly associated with CNS re-
currence (vs other relapses). However, in the Reddy et al study, both
the hc-MCD (29% vs 15%, P5 .023) and LymphGen MCD (15% vs
4%; P 5 .009) subtypes were uniquely more prevalent in CNS

recurrence. In GOYA, as in our data, 53% of patients experiencing
CNS recurrence had low/intermediate CNS-IPI, and the dual-
expresser status was not prognostic (P 5 .32), although com-
bined CNS-IPI and COO improved the prediction of CNS
recurrence.4 NGS, performed on 12 tumors with CNS relapse,
found that CDKN2A deletion was the only alteration significantly
associated with CNS recurrence (67%). When we applied the hc
classifier to GOYA cases, 42% of cases with CNS relapse classified
as hc-MCD; no cases had TP53 mutations or double-hit HGBL.

Our analysis of DLBCL/HGBL tumors with CNS recurrence
compliments prior observations showing high prevalence of the
MCD subtype in primary CNS lymphoma and in testicular, breast,
or cutaneous leg-type DLBCL—extranodal sites historically asso-
ciated with CNS invasion.7,12 The MCD subtype constituted nearly
half of our cases with CNS recurrence, while other cases included
mainly TP53-mutated or double-hit HGBL. CDKN2A deletion, a
potentially targetable alteration,19,20 was significantly associated
with CNS recurrence in both GOYA (P5 .002) and Reddy datasets
(P , .001), but was unfortunately not determined in our study. It
might further improve CNS risk prediction.

To our knowledge, this analysis is the first to raise the hypothesis that
ameaningful genetic predictionofCNS recurrence couldbe inferred
from a commercially available NGS assay applicable in routine
clinical practice. This prediction could neither be derived from any
single-gene mutation, nor is it at present practical to obtain from
comprehensivemultiplatform analyses like the one used to build the
LymphGen classifier. We found that most tumors with CNS re-
currence are well definedmolecularly and fall into 2 categories. The
most frequent hc-MCD subtype (corresponding to DFCI cluster 5,9

the MCD LymphGen subtype,12 or cluster B by the LYSA classifier21)
is easy to identify and molecularly resembles primary CNS lym-
phoma.13 Its association with some extranodal locations suggests
thatmolecular underpinning rather than anatomic locationmaydrive
the risk of CNS invasion.7,22 The second subgroup encompasses
high-grade tumors characterized by double-hit biology or TP53
mutations, which frequently exhibit HGBL signature on gene ex-
pression profiling.17,23 Further application of themolecular definition
of DLBCL at risk for CNS recurrence will need validation in a pro-
spective clinical trial. Identifying high-risk subsets using commer-
cially available NGS panels at diagnosis may offer an opportunity
to more precisely select patients for aggressive CNS-directed
prophylaxis using high-dose methotrexate or intensive intrathecal
therapy.
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Long-term follow-up of lenalidomide and rituximab as
initial treatment of follicular lymphoma
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Chemoimmunotherapy represents the standard frontline treat-
ment for patients with low-grade advanced-stage follicular
lymphoma (FL) and high tumor burden.1,2

More recently, the combination of lenalidomide, an oral im-
munomodulatory agent,3 and rituximab (R2) has been in-
vestigated in 3 phase 2 studies (NCT01307605, NCT00695786,
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