CASE REPORTS

Branched clonal evolution: nodal follicular lymphoma
and primary diffuse large B-cell lymphoma of the
central nervous system

Cancers of the same histotype may show profound dif-
ferences in clinical behavior because they can arise from
cells having acquired multiple mutations, which presum-
ably occur over many years." In contrast, it is well known
that cancers with different morphologies and pheno-
types, and those that originate in different organs, may
be clonally related.”* Here we present a case exhibiting
different lymphoma entities occurring in the same
patient, exemplifying major intratumoral heterogeneity
at the morphological, immunophenotypic, and genetic
levels.

A 52-year old Caucasian woman presented with
seizures in March 2007. A contrast-enhanced magnetic
resonance image (MRI) scan of her brain demonstrated
an irregular space-occupying lesion in the left occipital
cortex. Due to the presence of a clinically symptomatic
lesion, the patient started steroid treatment before the
diagnostic biopsy could be performed, and the lesion was
no longer visible in a subsequent MRI scan.

She returned in May 2008 with nausea, vomiting,
instability and holocranial headache. Peripheral lym-
phadenopathies were not identified in a physical exami-
nation. An MRI scan of the brain revealed a 1 cm lesion
in the white matter of the right parietal region, in addi-
tion to millimetric lesions in the supratentorial white
matter (Figure 1A). A computed tomography scan and
positron emission tomography/computed tomography
did not reveal any lesions other than those in the brain.

Laboratory tests showed a normal hemogram without
leukocytosis. All biochemical tests gave results within the
normal range, except for a slightly elevated lactate dehy-
drogenase level (568 IU/L; normal 266-500 IU/L).
Serological studies for hepatitis B virus, hepatitis C virus,
Epstein-Barr virus, and human immunodeficiency virus
all yielded negative results.

A cerebral biopsy was performed and showed exten-
sive infiltration of the cerebral parenchyma by a lympho-
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proliferative process, with a diffuse and perivascular pat-
tern and areas of necrosis, consisting of large atypical
cells with a centroblastic or plasmablastic appearance
(Figure 1B). Immunohistochemistry and in situ hybridiza-
tion studies were performed using standard routine pro-
cedures. They revealed a germinal center B-cell pheno-
type that was positive for CD20, CD79a, BCL6, CD10,
and negative for MUM1, BCL2, and p53, with a very high
proliferative index (Ki67) (close to 100%). The in situ
hybridization study for Epstein-Barr virus (EBER) gave a
negative result. Fluorescence in situ hybridization studies
for the t(8; 14) (IGH/BCL2) translocation and other MYC
rearrangements also yielded negative results. Given these
observations, a primary central nervous system lym-
phoma (PCNSL)’ was diagnosed.

Flow cytometry analysis of the cerebrospinal fluid
identified 6 cells/uL, 2% of which were large CD22" B-
lymphocytes with heterogeneous expression of CD20,
consistent with infiltration by PCNSL. A bone marrow
biopsy was negative for tumor infiltration.

The patient completed five cycles of chemotherapy
with rituximab, methotrexate, vincristine, plus procar-
bazine, combined with intrathecal liposomal cytarabine
(cycles 1 and 3). Subsequently, whole-brain radiotherapy
was given, with a total dose of 36 Gy. She finally received
systemic cytarabine. An MRI scan of the brain was per-
formed 3 months after the end of the treatment and
positron emission tomography/computed tomography
was carried out after 6 months. Both studies revealed a
complete remission with cicatricial changes (Figure 1A).
Follow-up MRI scans were performed every 6 months for
1 year and annually thereafter, without detecting relapse
of the disease.

Remarkably, the patient’s clinical records indicated a
previous medical history of nodal lymphoma, diagnosed
in 1998 in another institution in an incidental inguinal
lymph node. After obtaining approval from the institu-
tional review board and written informed consent from
the patient, a representative formalin-fixed, paraffin-
embedded tissue block was obtained and the pathology,
including histopathology and immunohistochemistry,
was reviewed (Figure 1C). The lymph node biopsy

Figure 1. Radiological and pathological characteristics of the patient’s tumors. (A) Magnetic resonance imaging scan of the brain at diagnosis (2008) and after
therapy. (B) Brain biopsy showing extensive infiltration of the parenchyma by primary central nervous system lymphoma. (C) Lymph node biopsy (1998), showing
distinctive features of follicular lymphoma. Insets show cytological details.
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showed complete effacement of the architecture by a
lymphoproliferative process with a follicular growth pat-
tern, composed of small lymphocytes with a centrocytic
appearance, and focal marginal-zone differentiation.
Tumor cells showed the immunohistochemical character-
istics of follicle lymphoma (FL),” being positive for B-cell
markers, CD10, BCL2, and BCL6, and negative for CD5,
CD23, IgD, Cyclin D1, and MNDA.® The proliferative
index (Ki67) was very low (2-5%). The case was classi-
fied at that time as localized stage I disease, and was
treated with six cycles of cyclophosphamide, doxoru-
bicin, vincristine, and prednisone (CHOP) plus radiother-
apy, which produced complete remission. The patient
never manifested splenomegaly, peripheral blood, and/or
bone marrow infiltration, either at diagnosis or during
her follow up.

Even though the clinical presentation, chronology of
the lesions, and histopathological features indicated that
a clonal relationship between the two tumors in the pres-
ent case was extremely unlikely, we performed a routine
IGH clonality analysis (Biomed-2 protocol)’ using the
IGH Vu-FR2-Ju and Vu-FR3-Ju primer sets. IGHV family
usage was determined using single primers for the differ-
ent VH families, as previously described.” The results
demonstrated monoclonal peaks of almost identical size
(265-266 bp) in both lesions. Both lymphomas also
exhibited an identical Vi3 rearrangement (Figure 2A).

Conventional Sanger sequencing of the rearranged Vu-
FR2-Ju regions and comparison with the reference
germline genes (NCBI IGBLAST database) demonstrated

somatically hypermutated sequences that had originated
from IGHV 3-53 germline genes in both lymphomas. The
chronologically first tumor, FL, was 91.9% homologous
with the germline and the second tumor, PCNSL, exhib-
ited 82.2% homology. The two lesions shared 13 muta-
tions, thereby demonstrating the existence of a common
lymphoid precursor. In addition, we found four private
mutations in the FL and 16 private mutations in the
PCNSL. Figure 2B illustrates the comparisons of all these
variants.

Taking into account these results and from a conceptu-
al point of view, the brain tumor does not represent a
true primary brain lymphoma, but a neoplasia clonally
related to the previous FL. It is also noteworthy that this
tumor was of germinal center type according to the Hans
algorithm, whereas most true PCNSL are of activated
B-cell type.’

Once the clonal relationship between the tumors had
been demonstrated by IGH analyses, the mutational pro-
files of the two tumors were further analyzed using next-
generation sequencing with a targeted custom panel of
110 genes recurrently mutated in B-cell lymphomas
(Online Supplementary Table S1).”' Libraries were pre-
pared using the HaloPlex Target Enrichment protocol
(Agilent, Santa Clara, CA, USA) from 30-50 ng of input
DNA extracted from formalin-fixed, paraffin-embedded
samples, and sequenced using Ion Torrent S5 (Thermo
Fisher Scientific, NY, USA) technology. Variant calling
was performed with software tools available in the
instrument (Torrent Suite v4.0.2). Polymorphic variants
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Figure 2. IGH clonality analysis of the patient’s tumors. (A) Monoclonal VH-FR2-JH rearrangements and VH3 usage. (B) Sanger sequencing of the rearranged
regions showing hypermutated IGHV 3-53 sequences and ongoing mutations in both lymphomas: FL (91.9 % homology with the germline) and PCNSL (82.2%
homology). Asterisks indicate identity with germline. FL: follicular lymphoma; PCNSL: primary central nervous system lymphoma.
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were filtered using germline DNA extracted from normal
bone marrow aspirate smears. Figure 3 and Omnline
Supplementary Table S2 summarize the variants: the first
tumor had mutations affecting six genes and the second
tumor exhibited mutations affecting seven genes. Only
one mutated gene was common to both tumors (CSAMD3
c.4295C>A, P1432H). The brain lymphoma showed sev-
eral mutations that are rather typical of PCNSL, including
MYDS88 and CARD11, and rare in FL.

This peculiar landscape, in which most of the muta-
tions are private in each tumor, supports the hypothesis
of a distant common precursor that underwent branched
evolution, giving rise to two almost independent neo-
plasms. Nevertheless, they may be clonally related, since
IGH gene rearrangement is a very early phenomenon in
normal lymphoid maturation. Since the occurrence of
BCL2 translocation is also considered an early event in
most FL, we performed new cytogenetic analyses using
fluorescence i situ hybridization for the translocation

t(14;18)(IGH/BCL2) in both samples, with negative
results. Supplementary fluorescence in situ hybridization
analyses for BCL6 and MYC rearrangements also yielded
negative results. BCL2 mutations were not identified in
any sample. The next-generation sequencing panel cov-
ered the BCL2 promoter, exon 1 and 2 regions, including
intronic sequences (Online Supplementary Table S1), and it
could, therefore, detect any variant (via the somatic
hypermutation machinery or variants affecting the anti-
body binding domain)."

The only shared variant affected CSMD3, which is a
gene that is physiologically expressed mainly in the
brain. This gene has been suggested to be a tumor sup-
pressor in several tumor types, including oligoden-
drogliomas. Interestingly, among hematolymphoid dis-
eases, mutations detected in CSAID3 have been
described in PCNSL, suggesting that alterations in genes
having a role in central nervous system development,
which would have been acquired by a common precur-

A
Sample Gene Amino Acid Change Variant Effect
FL S0CS1 p.Gly122Arg missense
FL SO0cs1 p.Phe79Leu missense
FL SOCS1 p.Ala3Gly missense
FL KLHL6E p.Y270X stopgain
FL HISTIH1E p.Alal64Val missense
FL PIM1 p.Glu30Lys missense
FL CSMID3 p-Pro1432His missense
FL ATRX p.Glu1395Ter nonsense
PCNSL AFF3 p.Ser702Leu missense
PCNSL MYD88 p.Ser251Asn missense
PCNSL CCND3 p.Thr283lle missense
PCNSL CARD11 p.Met360Thr missense
PCNSL PCLO p.lle306Leu missense
PCNSL CSMD3 p-Pro1432His missense
PCNSL ATRX p.Lys307GIn missense
B
IGHV 3-53
91,9 % homology

IGHV 3-53

IGHV 3-53

Bone
marrow

4 private mutations

13 shared mutations

S0Cs1
HISTIHIE
PIM1
ATRX
KLHL6

16 private mutations

Lymph node

CARD11
MyYD88
ATRX

CCND3
PCLO
AFF3

IGHV3-53
82,2 % homology

Figure 3. Mutational analysis of the
tumors. (A) Summary of variants detect-
ed by next-generation sequencing in the
two tumors. (B) Mutational relationship
and branched pattern. FL: follicular lym-
phoma; PCNSL: primary central nervous
system lymphoma.
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sor, may facilitate late lymphoma central nervous system
tropism in PCNSL."

The present case illustrates discordant lymphomas as
an example of spatial heterogeneity and branched evolu-
tion,' through the occurrence of two histologically dis-
tinct lymphoma types in different anatomical locations.
Spatial heterogeneity is a phenomenon that can be driven
by genomic instability, epigenetic events, interaction
with the tumor microenvironment and stroma, and sto-
chastic variations in cellular development and antitumor
therapies. These mechanisms may lead to branched sub-
clonal evolution from a common progenitor clone, result-
ing in spatial variation between different tumor sites and
differences in histotypes and phenotypes.” In contrast,
tumor transformation is an example of temporal hetero-
geneity: progression of a low-grade to a high-grade lym-
phoma during the course of the disease," representing a
model of linear clonal evolution. Transformation is a phe-
nomenon usually associated with treatment resistance,
clinical disease progression, and increased disease-specif-
ic mortality.>"
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