CASE REPORTS

Evolutionary crossroads: morphological
heterogeneity reflects divergent intra-clonal
evolution in a case of high-grade B-cell lymphoma

High-grade B-cell lymphoma (HGBL) is a new, provi-
sional entity in the most recent World Health
Organization classification' and includes cases displaying
features intermediate between diffuse large B-cell lym-
phoma (DLBCL) and Burkitt lymphoma (BL): the diagno-
sis is challenging, and the molecular bases of this mor-
phological spectrum are not fully understood.

While morphologic intra-tumor heterogeneity has long
been observed, advances in molecular biology have
unveiled genetic heterogeneity only in recent years, iden-
tifying two different patterns of tumor evolution: a “lin-
ear” model, in which tumor subclones maintain all genet-
ic lesions present in the initial clone with additional sub-
clonal mutations, and a “divergent” model, in which
tumor clones share some genetic alterations — inherited
from a common ancestor cell — but also display “private”
mutations, which are acquired during early evolutionary
divergence.’

In several studies of solid cancers the relationship
between morphological and genetic heterogeneity in
regions spatially separated from the same primary tumor
have been investigated, revealing a divergent evolution-
ary pattern.*’

However, in the field of aggressive B-cell lymphomas,
previous works have generally compared temporally dis-
tinct samples to infer clonal evolution during high-grade
transformation or disease progression,”” whereas few
studies have adopted spatial sequencing to define tumor
evolution.®’

We applied spatial sequencing to a case of HGBL that
displayed striking morphological heterogeneity within
the same biopsy and unveiled the divergent evolution of
DLBCL and BL areas from a common precursor cell.

A 74-year-old man presented with lower limb edema
and swollen bilateral inguinal lymph nodes. A computed
tomography scan revealed extensive lymphadenopathy
above and below the diaphragm, with the largest lymph
node measuring 7 cm at the greatest dimension. The
blood screen results were unremarkable. A bone marrow
biopsy was negative for lymphoma involvement. An
inguinal lymph node biopsy revealed a straightforward
histological heterogeneity: samples Al to A4 presented
DLBCL-like appearances, while sample A5 displayed
morphological features reminiscent of classical BL, with a
‘starry sky’ pattern (Figure 1A). Both areas were strongly
positive for CD20 and BCL2 (250% of neoplastic cells),
with partial c-MYC expression (<40%) and negative
staining for CD5 and Tdt; the Ki-67 proliferation index
varied from 80%, in the DLBCL-like area, to 98-100%, in
the BL-like area. The Epstein-Barr encoding region
(EBER) in situ hybridization was negative.

Cell-of-origin (COO) subtyping according to the Hans
algorithm showed different results (Online Supplementary
Table S1): the DLBCL-like region exhibited a ‘non-germi-
nal centre’ (non-GC) immunoprofile (CD10/BCL67/
IRF4"), while BL-like cells showed a ‘germinal centre-like’
(GCB) phenotype (CD10°/BCL6"/IRF4 partially positive)."
At the gene expression level, both areas presented similar
microenvironmental profiles (Online Supplementary Figure
§1)," but differed in their COO signatures: in line with
the Hans algorithm results, the DLBCL-like and BL-like
areas were associated with an activated B-cell (ABC) and
a GCB subtype, respectively (Figure 1B and Omnline
Supplementary Table S2).!

An immunoglobulin (/GH) gene clonality assessment
of sample A1 (DLBCL-like area) and sample A5 (BL-like
area) showed monoclonal peaks of nearly identical size
(Figure 1C). The Sanger sequencing results of the
rearranged regions documented the same productive,
hypermutated IGHV4-34/IGHD5-24/IGHJé sequence
(Figure 1D-E and Ownline Supplementary Table S3). An
analysis of the IGHV4-34 mutational pattern revealed
evidence of antigen-driven selection (Ounline
Supplementary Figure S2A-B) and suggested the retained
autoreactive potential of the neoplastic B-cell receptor
(Online Supplementary Figure S2C).

Fluorescence in situ hybridization (FISH) revealed a
CDKNZ2A homozygous deletion and BCL2 gain in both
samples (Online Supplementary Table S4), whereas MYC,
BCL6, and TP53 did not display abnormalities. Thus, a
diagnosis of HGBL not otherwise specified (HGBL, NOS)
with features intermediate between DLBCL and BL was
made.' The patient underwent six rituximab plus
cyclophosphamide, doxorubicin, vincristine, and pred-
nisone (R-CHOP) cycles with complete response. He
relapsed with disseminated disease 36 months after treat-
ment; a second lymph node biopsy was not performed,
due to the rapid worsening of his general condition. He
received palliative care and died soon afterward.

To reconstruct the evolutionary relationship between
DLBCL-like and BL-like areas, we performed targeted
DNA next generation sequencing on spatially separated
samples, and identified 20 nonsynonymous single-
nucleotide mutations and two indels in sample Al
(DLBCL-like area), and 16 nonsynonymous single-
nucleotide mutations in sample A5 (BL-like area). Of all
the alterations detected, five (15%) were shared muta-
tions (involving the genes CD79B, MYDS88, BTG2, KLF2,
and HIST1H1B), whereas the remainder were unique to
either the Al or A5 samples (Online Supplementary Tables
55-6).

To dissect the genetic heterogeneity of sample Al and
sample A5, we inferred the tumoral subclonal structure by
analyzing the variant allele frequencies (VAF) of somatic
mutations (Figure 2A-C). Single analysis of sample A5
(Figure 2B) suggested a simple clonal architecture consist-
ing of a high-VAF major clone (average VAF 44.7%) and a
single subclone (average VAF 9.2%); similarly, the sample
A1 density plot (Figure 2C) showed two poorly separated
high-VAF clones (average VAF 46.5% and 30.6%) and a
low-frequency subclone (average VAF 8.7 %).

The multidimensional analysis allowed a more precise
definition of the subclonal structure, identifying six dif-
ferent clusters (Figure 2A) among the clones that
occurred at similar frequencies in the single-sample
analysis. The A1 and A5 high-VAF clones were dissected
into two shared clusters (C1 and C2), plus the private
clusters C3 (in sample A5) and C4 (in sample A1). Shared
clusters C1 and C2 harbored a KLF2 deleterious mutation
and the gain-of-function mutations CD79B Y196H and
MYD88 1265P, respectively: all of which are ABC
DLBCL-specific lesions that trigger nuclear factor kappa B
(NF-kB) activity."""?

The DLBCL-like high-VAF cluster C4 displayed private
mutations in epigenetic modifiers (ARID1A, HIST1H1E)
and a frameshift deletion of B2/, whose disruption may
result in defective HLA-I expression, facilitating evasion
from T-cell mediated immunosurveillance.” The low-VAF
private cluster C6 represented the back-bone of Al-sub-
clone, and comprised an additional HIST1H1/E mutation
(Online Supplementary Figure S3).

The major clone of the BL-like area was composed of a
private cluster (C3), which overlapped with shared clus-

haematologica 2020; 105:e432



CASE REPORTS

ters C1 and C2. Interestingly, cluster C3 displayed
hotspot mutations in CCDN3 I1290R and RHOA L69R,
two genes that are recurrently involved in BL."*" In addi-
tion, the BL-like private cluster C3 presented a private
CARD11 missense substitution, which may also boost
the NF-kB pathway."
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We also observed evidence of divergent progression at
the individual gene level: both areas shared the mutations
BTG2 Q43Ter and HIST1H1B A151S, but both areas also
independently developed additional private events involv-
ing these two genes (Online Supplementary Figure S4).

To further investigate the evolutionary trajectories that
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Figure 1. Morphological features, cell-of-origin (COO) subtypes and clonality analysis of diffuse large B-cell ymphoma-like and Burkitt lymphoma-like areas. (A)
Sample A1l shows diffuse large B-cell ymphoma-like (DLBCL-like) histology (diffuse growth of large-sized polymorphous cells with prominent nucleoli); sample A5
displays Burkitt lymphoma (BL:like) features (‘starry sky’ pattern, medium-sized tumor cells with finely clumped chromatin, multiple nucleoli and basophilic cyto-
plasm, admixed with numerous tingible body macrophages) (Giemsa stain; original magnification 20x and 200x). (B) DLBCL-like area exhibits a ‘non-germinal cen-
ter’ (non-GC) profile according to Hans algorithm and an activated B-cell (ABC) signature by gene expression profiling (left panel); conversely, BL:like area presents
a ‘germinal center-like’ phenotype and a germinal centre-like (GCB) signature (right panel). Both samples display the same immunoglobulin (IGH) gene rearrange-
ment (C) and identical hypermutated IGHV4-34 sequences (D). No detectable amplifications were observed using the leader primers; therefore, the sequences were
obtained with FR1 consensus primers: nucleotide changes are shown from codon 15 in FR1-IMGT to the end of CDR3-IMGT. Hyphens (-) indicate nucleotide identity
with the germline, dots (.) represent gaps. (E) IMGT/V-QUEST summary displaying V-D-J alignment, nucleotide identity to germline (%), and CDR3 sequence.

haematologica 2020; 105:e433




CASE REPORTS

A
o @ Cluster 1 (shared)
@ Cluster 2 (shared)
= Cluster 3 (private)
= 75 @ Cluster 4 (private)
S
E Cluster 5 (shared)
> KLF, 2. o Cluster 6 (private)
© 501 @
= _ CARD11 ® 2
£ CCND3 o
© @ RHOA @ ° ®
2 MYD88  “cp79B
<
25
o
ARID1A B2M
0 omn  CeWO O
0 25 50 75 100
A1 sample VAF (%)
c
100
5
5
< 50
2
)
=
o
a
25
0
0 25 50 75 100

100

75

50

A5 sample VAF (%)

25

0 25 50 75 100
Density (a.u.)

100 @ Cluster 1 (shared)
@ Cluster 2 (shared)
Cluster 3 (private)
@ Cluster 4 (private)
Cluster 5 (shared)

~
(]

Cluster 6 (private)

P=8.97e-0.3

18%

N
[6)]

Cluster percentage of mutations
a
o

32%

12%

Figure 2. Inferring subclonal architecture in sample A1l and sample A5. (A) SciClone two-dimensional analysis of sample A1/A5 revealed six distinct variant
clusters, which were not evident in the one-dimensional single-sample kernel density distributions of sample A5 (B) and sample A1 (C). Driver genes that are
recurrently mutated in diffuse large B-cell lymphoma and Burkitt lymphoma are highlighted. (D) Stacked bar chart depicting the proportions of non-silent and
silent mutations across the clonal clusters (C1-C6). P-values were calculated with the two-sided Fisher's exact test.

shaped DLBCL-like and BL-like areas, we examined the
distribution of non-silent (dN) and silent (dS) mutations
among distinct clusters. Analysis of the dN/dS ratio,
which is a measure of positive or negative selection that
is widely used in evolutionary genetics, revealed an
excess of non-silent alterations at both global and single-
gene levels, identifying six significative genes (Online
Supplementary Figure S5). Some of these genes are well-
known activation-induced deaminase (AID) targets;
therefore, we could not exclude the possibility that the
high dN/dS values observed at these loci may reflect
aberrant somatic hypermutation, rather than positive
selection. However, even when considering only the
non-AlD targets, these genes primarily belonged to pri-
vate clusters, which were also characterized by a signifi-
cant skewing in non-silent mutations (Figure 2D), sug-
gesting a positive selective pressure that promoted the
expansion of private clones.

This mutational landscape resembles the divergent
evolutionary model observed in follicular lymphoma
transformation and DLBCL relapse,®” suggesting that
DLBCL-like and BL-like components may derive from the
branching evolution of a clonal common precursor and
that shared alterations may have occurred early during
tumor evolution (Figure 3). CD79B and MYDSS are typi-
cal ABC-DLBCL lesions, but are extremely uncommon in
GCB-DLBCL, and are virtually absent in BL: their co-
occutrence in both DLBCL and BL-like regions may indi-
cate that the common precursor cell initially gave rise to
an ABC DLBCL histotype, with chronic activation of the
B-cell receptor and NF-kB signaling."

On the one hand, a daughter cell may have acquired
additional independent mutations in CCDN3 and
RHOA—two genes more frequently altered in BL than in
ABC DLBCL" that may have induced the development of
a ‘Burkitt-like’ morphology and the switch from an ABC
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Figure 3. Hypothetical development of diffuse large B-cell ymphoma-like and Burkitt lymphoma-like areas. The mutation clusters C1, C2, and C5 are present
in both areas and likely occurred in a common precursor lesion, derived from an IGHV4-34 B-cell. The diffuse large B-cell ymphoma-like (DLBCL-like) and Burkitt
lymphoma-like (BL-like) clones may have derived through the independent acquisition of distinct mutations (private clusters C3, C4, and C6). CCDN3 and RHOA
mutations may have influenced the BL:like morphology (Giemsa stain; original magnification 600x). Shared and private clusters are depicted as color-coded cir-
cles; the schematic representation of cluster prevalence in DLBCL-like and BL-like areas is approximated from the median variant allele frequency (VAF) values
of each cluster detected in sample A1 and sample A5. Genes recurrently altered in both DLBCL and BL are highlighted.

to a GCB signature in the BL-like area; the biallelic loss of
CDKN2A in most of the A5 nuclei may also have con-
tributed to the BL-like mitotic rate by deregulating the
cell cycle, together with the CCND3 mutation. On the
other hand, the DLBCL-like component may have under-
gone other private genetic events in genes involved in
epigenetic remodelling and immune escape.

To the best of our knowledge, we document, herein for
the first time, the divergent molecular evolution from a
common precursor cell in DLBCL-like and BL-like areas
belonging to the same HGBL, NOS sample. Our findings
suggest that HGBL, NOS clonal evolution may proceed in
a divergent, rather than a linear manner, as already pos-

tulated for transformed FL and relapsed DLBCL,*” likely
driven by a non-neutral positive-selective pressure.
Moreover, intra-tumor molecular heterogeneity may
have broad clinical implications, potentially contributing
to drug resistance through Darwinian selection: unravel-
ling tumor heterogeneity and evolution may provide new
tools for the diagnosis and therapy of HGBL.
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