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Subtypes of follicular
lymphoma are
identified by model-
based clustering of
genetic mutations in a
large (n = 548)
population-based
cohort.

These subtypes imply
distinct mechanistic
subsets of follicular
lymphoma with
implications for patient
risk and treatment
opportunities.

Follicular lymphoma (FL) is morphologically and clinically diverse, with mutations in
epigenetic regulators alongside t(14;18) identified as disease-initiating events. Identification
of additional mutational entities confirms this cancer’s heterogeneity, but whether
mutational data can be resolved into mechanistically distinct subsets remains an open
question. Targeted sequencing was applied to an unselected population-based FL cohort
(n = 548) with full clinical follow-up (n = 538), which included 96 diffuse large B-cell
lymphoma (DLBCL) transformations. We investigated whether molecular subclusters of FL
can be identified and whether mutational data provide predictive information relating to
transformation. DNA extracted from FL samples was sequenced with a 293-gene panel
representing genes frequently mutated in DLBCL and FL. Three clusters were resolved
using mutational data alone, independent of translocation status: FL,_aSHM, with high
burden of aberrant somatic hypermutation (aSHM) targets; FL_STAT6, with high STAT6 &
CREBBP mutation and low aSHM; and FL_Com, with the absence of features of other
subtypes and enriched KMT2D mutation. Analysis of mutation signatures demonstrated
differential enrichment of predicted mutation signatures between subgroups and a
dominant preference in the FL._aSHM subgroup for G(C>T)T and G(C>T)C transitions
consistent with previously defined aSHM-like patterns. Of transformed cases with paired
samples, 17 of 26 had evidence of branching evolution. Poorer overall survival (0S) in the
aSHM group (P = .04) was associated with older age; however, overall tumor genetics
provided limited information to predict individual patient risk. Our approach identifies 3
molecular subclusters of FL linked to differences in underlying mechanistic pathways.
These clusters, which may be further resolved by the inclusion of translocation status and
wider mutation profiles, have implications for understanding pathogenesis as well as
improving treatment strategies in the future.
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Introduction

The molecular pathogenesis of follicular lymphoma (FL) is closely
linked to that of diffuse large B-cell lymphoma (DLBCL) and the
physiological germinal center (GC) reaction." Key factors con-
necting these malignancies to GC biology include BCL2 and
BCL6 gene translocations, deregulating apoptotic and transcrip-
tional control, along with aberrant somatic hypermutation (aSHM).>®
The latter provides a mechanistic link between aberrant targeting
of enhanced mutagenesis that underpins antibody affinity matura-
tion and the increased rate of B-cell neoplasia associated with the
GC reaction. Targets of aSHM have been identified in observa-
tional and experimental contexts.®° Mutation profiling has detected
additional pathways deregulated in FL; recurrent mutations in
epigenetic regulators KMT2D (MLL2) and CREBBP have identi-
fied these as candidate early initiating FL pathogenic events.'®'?
EZH2 has emerged as a promising therapeutic target following
the identification of mutations targeting this histone methylase in FL
and studies establishing the importance of this epigenetic regulator
in GC biology."® Beyond epigenetic regulators, recurrent mutations
have been detected in genes on various pathways, including
cytokine/STAT activation and the B-cell receptor.'”"“"'® In DLBCL,
mutational heterogeneity resolves into recurrent patterns, which
have been independently identified by several groups.'”?? While
existing data suggest less mutational heterogeneity in FL than
DLBCL, FL is not a homogenous entity; whether recurrent patterns
of cooccurring mutations allow distinct subtypes of FL to be
resolved remains an open question.

In contrast to the aggressive but potentially curable DLBCL, FL is
by nature indolent and generally incurable. Seminal studies have
addressed the question of FL progression.'>'® Aggressive disease
may remain morphologically consistent with FL or undergo trans-
formation to a pattern that meets the diagnostic criteria for DLBCL.
Morphological transformation to DLBCL is linked to branching
clonal evolution and emergence of mutations and subclones that
are rare or undetectable at diagnosis, while progression without
transformation may be linked to the persistence of subclones that
are detectably present from diagnosis.'***

Predicting patients with FL at high risk of early disease progression
and/or transformation is clinically important. For DLBCL, recurrent
patterns of cooccurring mutations can be used to identify risk
groups and suggest novel treatment strategies.'®?" For FL, a
molecular risk predictor, the m7-FLIPI,24 which integrates
mutational with conventional risk factors, has been derived from
clinical trials; however, the extent to which patterns of mutation
may inform outcome in a wider patient population remains
uncertain.”®

Using targeted sequencing to classify DLBCL diagnostic samples
from our large “real-world” population-based cohort, we recently
reported mutational profiling findings that both confirmed and
extended those of others, identifying 5 robust DLBCL sub-
clusters.”® Here, we extend this approach to 548 patients with FL
with the aim of assessing whether comparable subclusters can be
defined in FL using the same panel, sequencing and assessing
surplus material archived at the time of diagnosis for somatic
mutations against a pan-hematological malignancy panel of 293
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genes. Our analysis, which identifies 3 subsets of FL based on
somatic mutational patterns, has implications for pathogenesis, risk
stratification, and future treatment strategies.

Materials and methods
Patients and procedures

Data are from the United Kingdom's population-based Haema-
tological Malignancy Research Network (HMRN) (https://www.
hmrn.org). Initiated in 2004, diagnoses within HMRN are made
and coded by clinical specialists at an integrated hema-
topathology laboratory, the Haematological Malignancy Diag-
nostic Service (https://www.hmds.info). HMRN's methods and
ethical approvals (REC 04/Q1205/69; REC 14/WS/0098) are
detailed elsewhere.’®?® The study was conducted in accor-
dance with the Declaration of Helsinki. In brief, covering 14
hospitals and tracking all patients with hematological malig-
nancies (~2500 per year) through clinical and national adminis-
trative systems (mortality and morbidity), HMRN's patient cohort
operates under a legal basis that permits full treatment and
outcome data to be collected from clinical records without
explicit consent (PIAG 1-05 9h/2007).%°

The source cohort for the present report comprised 852 sub-
jects newly diagnosed with FL (ICD-O3 = 9690/3) between 1
September 2004 and 31 August 2012. Of these, 548 (64.3%) had
suitable diagnostic material for genetic analysis; 538 (98.2%) had
their medical records fully abstracted (supplemental Figure 1).
All patients were followed up for progression and death until
31 December 2018.

DNA sequencing

DNA was extracted from surplus formalin-fixed paraffin-embedded
(FFPE) material archived at the time of diagnostic biopsy using
Qiagen QlAamp DNA FFPE tissue kits (Cat no. 51306). For each,
50-200 ng of genomic DNA was sheared using a LE220 focused
ultrasonicator (Covaris) to 100-200 bp fragments. Indexed libraries
were generated using a modified SureSelect XT protocol (Agilent
Technologies), pooled (16-plex), and captured with 120 nt bio-
tinylated RNA baits (Agilent Technologies) covering 293 genes
and associated extended genomic regions (supplemental Table 1)
using the SureDesign interface (Agilent Technologies) on default
parameters. Capture libraries were quantified, assessed for size
distribution and quality, and sequenced (lllumina HiSeq 2500)
using 75-base paired-end sequencing. The average read-depth
across all samples was 500x reads-per-base. For full details of
sequencing, variant calling, and annotation, see supplemental
methods section 2.1. Single nucleotide variants and copy number
variants are detailed in supplemental Tables 2 and 3.

Mutation signature analysis

All variant calls for each sample were analyzed with Signal (https://
signal.mutationalsignatures.com/)?° using default parameters. The
nucleotide exchange patterns in the ftriplet context, along with
contributing mutational signature estimates, were generated with
default parameters (Bootstraps: 100; Threshold: 5; P value = .05)
for either all mutations across defined sets of genes linked to
mutational clusters or for individual cases.
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Statistical analysis

To identify subclusters defined by genetic features, binary mutation
data were modeled as a finite mixture of Bernoulli distributions, with
the number of clusters selected using the Bayesian Information
Criterion (BIC), while the Akaike Information Criterion (AIC) was
applied to identify the finer structure.”® As the signal-to-noise ratio
using all available genetic features was low, varying thresholds were
applied, selecting only genetic features for the cluster analysis
occurring in specified proportions of the study cohort (supplemental
Methods section 2.4). The definitive analysis was chosen by finding
clear BIC/AIC signals for cluster identification. Thirty-one genetic
features were used in the cluster analysis; of these, all 22 targets of
somatic hypermutations were included, as well as 9 nonsomatic
hypermutation features that occurred in 60 or more patients. These
features are listed in supplemental Table 1 and cluster stability
analysis in supplemental Methods section 2.2. aSHM targets were
identified based on our prior studies in DLBCL?® and identified
based on prior literature (see supplemental section 2.5).

Survival analysis used the Kaplan-Meier estimator and proportional-
hazards regression, with all patients followed up for mortality until
31 December 2018. Analyses were conducted in Stata 16°° and R
4.0.3°" using flexmix®®> and survival®® libraries, with Benjamini-
Hochberg adjustment employed for multiple comparisons.

Results
Mutation distribution in FL

Demographic and clinical characteristics of the source cohort
(n = 852), the full study cohort (n = 548), and those for whom
detailed clinical and treatment data were available (source cohort
830 of 852; study cohort 538 of 548) are summarized in Table 1,
with the data flow outline in supplemental Figure 1.

From the 293-gene panel, 181 genetic features were detected in >1
patient. Individual biopsies were associated with a median of 6 (inter-
quartile range [IQR], 4-8) driver mutations, compared with a median of
7 (IQR, 5-11) in our cohort of patients with DLBCL (Figure 1A), P <
107?° The most prevalent events detected were in KMT2D,
CREBBP, BCL2, TNFRSF14, EZH2, STAT6, and BCL7A
(Figure 1B), with specific hotspot mutations identifiable. As expected,
the commonest mutational sites were EZH2 at residue 6486, followed
by STAT6 at residue 419, and CREBBP at 1680. Although present in
lower numbers, POU2F2 (OCT2) showed the most skewed mutational
hotspot; the vast majority of detected mutations occurred at residue
239 (Figure 2).

Using criteria previously applied to DLBCL, 22 genes were identified
as potential targets of aSHM,?° many of which belonged to the most
frequently mutated FL genes (Figure 1B,C). Of these, BCL2 was the
commonest target. Aberrant targeting of SHM to the BCL2 gene in
the context of t(14;18) is thought to reflect the recruitment of the
SHM machinery by the translocated /GH regulatory elements.”
Different mechanisms of aSHM targeting are implicated in genes
that are not linked by translocation to the /GH locus; these include
both recruitment of AID to transcribing polymerase in strongly
expressed genes and the impact of differential repair.** Setting
BCL2 aside for this reason, the most commonly mutated aSHM
targets were: BCL7A, HIST1IH1E, SOCS1, PIM1, HISTH1C1,
BTG1, and SGK1 (Figure 1C). Considered either with or without
BCL2 mutations (supplemental Figure 2AB, respectively), FL can

5718 CROUCH et al

Table 1. Baseline characteristics of patients newly diagnosed with
FL diagnosed from 1 September 2004 to 31 August 2012 and
followed-up for deaths until 31 December 2018

Sequenced, n (%)

Source Cohort, Yes
n (%) (study cohort) No
Total 852 (100.0) 548 (100.0) 304 (100.0)
Male 374 (43.9) 250 (45.6) 124 (40.8)
Female 478 (56.1) 298 (54.4) 180 (59.2)

Age at diagnosis, y

Median (interquartile range) 64.8 (55.6-73.2) 63.6 (54.3-72.3) 66.9 (57.8-74.5)

(
<60y 295 (34.6) 202 (36.9) 93 (30.6)
>60y 557 (65.4) 346 (63.1) 211 (69.4)
Transformation to DLBCL 149 (17.5) 6 (17.5) 53 (17.4)
Deaths (before 01/01/2019) 352 (41.3) 204 (37.2) 148 (48.7)
5-y survival, % 745 785 68.8
Medical records available 830 (100.0) 538 (100.0) 292 (100.0)
First-line management
Chemotherapy 355 (42.8) 223 (41.4) 132 (45.2)
Radiotherapy only 124 (14.9) 4 (17.5) 30 (10.3)
Watch and Wait (W&W) 333 (40.1) 212 (39.4) 121 (41.4)
Induction rituximab 6 (0.7) 5(0.9) 1 (0.3)
Supportive/palliative care only 12 (1.4) 4 (0.7) 8 (2.7)
FLIPI
Low 230 (27.7) 162 (30.1) 68 (23.3)
Intermediate 191 (23.0) 120 (22.3) 71 (24.3)
High 284 (34.2) 174 (32.3) 110 (37.7)
Not known 125 (15.1) 2 (15.2) 43 (14.7)
Stage
1A 106 (12.8) 71 (13.2) 35 (12.0)
B 11 (1.3) 5 (0.9) 6 (2.1)
1 105 (12.7) 66 (12.3) 39 (13.4)
I} 140 (16.9) 101 (18.8) 39 (13.4)
v 370 (44.6) 231 (42.9) 139 (47.6)
Not fully staged 98 (11.8) 64 (11.9) 34 (11.6)
B-symptoms
No 599 (72.2) 406 (75.5) 193 (66.1)
Yes 210 (25.3) 122 (22.7) 88 (30.1)
Not known 21 (2.5) 10 (1.9) 11 (3.8)
Performance status (ECOG)
0-1 748 (90.1) 493 (91.6) 255 (87.3)
2-4 75 (9.0) 41 (7.6) 34 (11.6)
Not known 7 (0.8) 4 (0.7) 3 (1.0

ECOG, European Cooperative Oncology Group; FLIPI, Follicular Lymphoma International
Prognostic Index.

Rituximab, cyclophosphamide, vincristine, prednisolone (R-CVP; n = 215); R-CHOP (n =
81); chlorambucil only (n = 42); FCR (n = 10);
other (n = 7).

broadly be divided into those with or without evidence of mutation at
1 or more potential aSHM target genes. Indeed, a significant tail of
cases showed evidence of mutation in multiple aSHM target genes,
with a maximum of 13 mutated genes per individual patient.
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Figure 1. Distribution of the number of mutations. (A) Comparison of the
distributions of the number of mutations per patient in FL vs DLBCL. Each bar

represents the proportion of patients with FL (red) or DLBCL patients (blue) with the
corresponding number of mutated genes. (B) The proportion of patients in the FL
study cohort carrying the corresponding genetic feature: the top 20 most common
nonaberrant somatic hypermutation genetic features. (C) The proportion of patients

in the FL study cohort carrying the corresponding aberrant somatic hypermutations.
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FL genetic subclusters

We found that clustering FL using all available mutation data pro-
vided very weak evidence of structure. However, this could be
attributable to a degree of noise in an entity showing relative
homogeneity of mutational profile in comparison, for example, to
DLBCL. Accordingly, we undertook a process of filtering for signal-
to-noise ratio (supplemental Methods 2.4), resolving a set of 31
primary genetic features (including BCL2) that were the most
informative for cluster analysis.

In line with our previous study,”® 2 information criteria with differing
stringency and sensitivity were used. The more stringent but less
sensitive BIC identified 2 clusters (Figure 3A); the smaller one
(FL_A; n = 75 of 548; 13.7%) was highly enriched for targets of
aSHM, especially DTX1, BCL7A, HIST1H1E, PIM1, SGK1, BTG1,
as well as BCL2, and the larger (FL_B; n =473 of 548; 86.3%) for
mutations of CREBBP and STAT6. The more sensitive AlC iden-
tified 3 clusters (Figure 3B). The smallest AIC cluster (n = 58 of
548; 10.6%; designated FL_aSHM) identified cases enriched for
aSHM targets including DTX1, SGK1, HIST1H1E, BCL7A,
SOCS1, PIM1, BTG1, as well as BCL2; the intermediate cluster
(n = 115 of 548; 21.0%; designated FL_STAT6) was especially
enriched for mutations of STAT6, CREBBP, and TNFRSF14; and
the largest cluster (n = 375 of 548; 68.4%; designated FL_Com)
was relatively enriched for mutations of KMT2D and low aSHM and
absence of STAT6 mutation.

Supplemental Figure 3 shows the distribution of gene mutations
that occurred in >10 patients (differentially mutated between clus-
ters or not). Several frequently mutated genes were not significantly
differentially associated with BIC or AIC clusters; notably, these
include EZH2 as well as IRF8 in the context of AIC clusters.

Comparing clusters obtained using the 2 criteria, 55 of 58 cases
belonging to AIC FL_aSHM also belonged to the smaller BIC FL_A
cluster (Table 2). Thus, both BIC and AIC converged on a subset
of FL with multiple aSHM target gene mutations. By contrast, FL_B,
the larger BIC cluster, was mostly split between the FL_STAT6 and
the FL_Com AIC clusters (115-355), with only 3 subjects assigned
to FL_aSHM AIC. Segregation of an additional AIC cluster was
reflected in the separation of a subgroup of cases principally
characterized by STAT6 mutation (FL_STATS6). Of note, in an
independent data set,®° clustering with AIC rediscovered the
separation of FL cases with high aSHM burden from those without
(supplemental Methods section 2.3). In this external dataset, cases
with STAT6 mutation were not present at sufficient frequency to
allow their separation. This may be due to the inclusion criteria and
skewing of STAT6 mutation in relation to clinical stage and asso-
ciated treatment choice.

Translocation of BCL2 and, to a lesser extent, BCL6, are key
pathogenetic events in FL. Our approach focused specifically on the
question of clustering based on gene mutation rather than structural
genomic features. Among cases with translocation data accrued
during routine diagnosis, we found no evidence of bias between the
mutation-defined subgroups for the absence/presence of a detec-
ted BCL2 translocation (BCL2 translocation positive/tested:
FL_aSHM 21/25; FL_STAT6 25/32; FL_Com 101/114). We note
that this does not exclude the potential for selective enrichment of
STAT6 mutation among BCL2 translocation-negative FL, as has
been previously reported, but argues that STAT6 mutation may
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occur as a feature of both BCL2 translocation-positive and -negative
FL cases.®®®°

Mutational profiles in FL subgroups

BIC clustering only on aSHM targets (excluding BCL2) confirmed
the segregation based on these features alone, supporting the
conclusion that a significant subset of FL is characterized by a
mutational pattern consistent with higher aSHM activity. Seeking
further evidence of differential mutational mechanisms between FL
subsets, we carried out a mutational signature analysis. Although
mutational signatures are conventionally analyzed at the whole
genome sequencing level, we reasoned that mutational mecha-
nisms acting at relevant oncogenes/tumor suppressors are of
particular interest, and our data, while biased in terms of genomic
coverage, allowed meaningful comparison between cases and sets
of genes in the panel. Therefore, all single base substitutions
across the tiled regions in the target panel were considered across
the set of FL cases and analyzed using the Signal platform,>®
providing a case-by-case representation of substitutions in their
triplet context.

A wide range of substitutions per case (8-167) was observed, and
the absolute substitution burden was skewed regardless of mutation
signature between the FL subgroups (Figure 4A). Aggregating all
the substitutions observed across groups of genes increased the
depth of data across tiled regions and demonstrated that the pattern
of substitution differed between the genes defined as targets of
aSHM relative to the substitution pattern across the remainder of the
genes used in our clustering analysis, or the extended group of all
lymphoma genes not defined as aSHM targets (supplemental
Figure 5). The pattern of substitutions at aSHM targets was similar to
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that previously described as aSHM targets genome-wide in the K1
signature by Ye and colleagues*® and also related to the RCH
signature*’ with a preference for G(C>T)T and G(C>T)C con-
forming to the RCY context (R = A/G, Y = C/T) that characterizes
the core of SHM hotspots (Figure 4B).

The aSHM K1 signature demonstrated a cosine similarity of 0.947
relative to the observed substitution pattern at aSHM target genes
in our FL cases, contrasting with a cosine similarity of 0.398 for the
substitution pattern at non-aSHM targets (Figure 4B). Among
predicted contributions of reference pan-cancer mutation signa-
tures provided by Signal, the aSHM targets differed from other
genes in the panel, with marked skewing to the RefSig30 mutation
signature (predicted contribution: 69% at aSHM; 17% at non-
aSHM clustering genes; 25% at all non-aSHM panel genes)
(supplemental Figure 5). While the number of mutations observed
in the targeted panel was limiting for many cases, an estimated
contribution of reference pan-cancer mutation signatures could be
predicted for a substantial subset of individual cases. We, there-
fore, used these predictions to assess whether the observed
skewing between FL clusters was maintained at the level of indi-
vidual cases. RefSig30 was the dominant mutational signature
assigned to cases in the FL_aSHM subgroup, while FL_Com cases
showed a mixed pattern predominantly reflecting RefSig_1 as well
as the admixture of RefSig30 in some cases (Figure 4C). By
contrast, FL_STAT6 was enriched for cases with a predicted
contribution of RefSig1 but not RefSig30. We acknowledge the
limitation inherent in assessing mutational signatures using tar-
geted sequencing panels relative to whole genome or exome
studies. However, we reason that individual cases are treated
equally in this analysis, allowing conclusions to be drawn from
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Figure 3. Heatmaps of mutated genes, by cluster. (A) For the 2 BIC-determined

clusters, FL_A and FL_B. (B) for the AIC-determined clusters, FL_aSHM, FL_STAT6, and

FL_Com. The panel on the righthand side shows the enrichment for mutations within each cluster with a logarithmic g-value scale. Only those mutations are shown that are

identified as significantly enriched for the given group, as determined by a Benjamini-

homozygous deletion or a mutation in this gene.

comparative analysis regarding the potential mutational processes
and detected mutation frequency at a relevant set of genomic
regions. This demonstrates that the subgroup of FL_aSHM cases
is distinguished from both FL_STAT6 and FL_Com by a higher
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Hochberg adjusted q < 0.05 from a 2 test of independence. “HD” indicates the

absolute burden of substitutions, with the overall substitutions
pattern at FL_aSHM target genes showing a dominant pattern with
near identity (cosine similarity 0.947) to the “AID fingerprint”
pattern of aSHM at kataegis regions described previously by Ye
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Table 2. Study cohort patient (n = 548) clusters distributed according
to AIC and BIC

AIC Clusters
FL_aSHM FL_STAT6é FL_Com Total
BIC Clusters FL_A 55 0 20 75
FL_B 3 115 355 473
Total 58 115 375 548

and colleagues.® This pattern is also closely related to the cAID
pattern identified by Chapuy and colleagues in DLBCL,"® and the
SHM-like mutational pattern at IG-VDJ regions described by
Hubschmann and colleagues.42 In contrast, FL_STAT6 cases have
a lower overall substitution burden across our lymphoma oncogene
panel, showing little evidence of aSHM-related mutation patterns in
these key oncogenic regions. Together these data support the
conclusion that the FL_aSHM subgroup identifies a distinct etio-
logical subgroup at the level of mutation signature.

STAT6 mutant FL

Recurrent STAT6 mutations have been previously characterized in
FL.">"* Here, the separation of FL clusters characterized by STAT6
mutation using the AIC and the difference in mutation pattern
observed in such cases provides strong evidence for this as a
distinct entity. Of the 100 patients with STAT6 mutation, 99 had a
single mutation, with 1 patient having 2. Fifty-six of 101 mutations fell
at the 419D hotspot, with 24 of 101 being D/G mutations, followed
by 13 of 101 D/N and 9 of 101 D/H (supplemental Figure 6). The
second most frequent (14 of 101) was at position 377 E/K, with 7 of
101 at 372 E/K. These patterns are consistent with those previously
described, demonstrating the enrichment for mutations affecting
residues associated with the STAT6 DNA-binding domain.'* This is
a feature of both FL and other B-cell lymphomas with STAT6
mutations and is associated with STAT6 activation.'**3 Hence, the
FL_STAT6 cluster defined by STAT6 mutation in our data is
consistent with a subgroup characterized by deregulated activation
of this pathway and low levels of aSHM.

It has been suggested that STAT6 and CREBBP mutations may
represent a cooperative mutational pairing in FL,'* a proposal that
our AIC clustering supports. Examining patterns of cooccurrence
of mutations in STAT6 and the other 5 commonest targets
(KMT2D, CREBBP, BCL2, TNRFS14, and EZH2_646) indepen-
dently of clustering confirmed that STAT6 mutation occurs more
frequently than expected with CREBBP mutation. This was evident
both for the STAT6/CREBBP pairing alone (adjusted P = .018),
the combination of STAT6/CREBBP with TNFRSF14 (adjusted
P = .0043), and to a lesser extent TNFRSF14 and EZH2_646
(adjusted P = .031). Furthermore, STAT6 and BCL2 comutation
(adjusted P = .022) and STAT6, BCL2, and KMT2D comutation
(adjusted P =.013) were significantly less common than expected
if mutations were independent. In the absence of STAT6 mutation,
the fourfold combination of EZH2 646, BCL2, KMT2D, and
TNFRSF14 mutation occurred more commonly (adjusted P=.031),
as did the fivefold combination including CREBBP (adjusted
P = .027). However, these combinations were less frequent and
enrichments less significant than the 2 commonest STAT6
patterns. The combinations of STAT6/CREBBP and STAT6/
CREBBPITNFRSF14 provide the strongest evidence for
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significant coenrichment among dominant mutational targets,
further supporting the validity of the STAT6-, CREBBP-, and
TNFRSF14-enriched FL_STAT6 clusters.

Demographics and clinical features of AIC
subclusters

No statistically significant differences in sex or FLIPI were evident
(Table 3). However, patients in FL_aSHM were, on average,
4.8 years older than those in the other 2 clusters (P =.007). Stage
distributions also differ: FL_aSHM has a comparative excess of
stage lll, FL_STAT®6 of stage | and Il, and FL_Com of stage IV. As
might be expected given this, the underpinning frequency of
documented bone marrow involvement at diagnosis in FL_Com
was also higher: 204 of 375 (54%) and 63 of 173 (36%),
respectively (P < .001). This was not attributable to differences in
bone marrow investigation, which were, by contrast, skewed in
favor of FL_aSHM (91.23%) compared with FL_Com (85.29%)
(supplemental Methods section 2.8).

Overall survival (OS) was lower for FL_aSHM relative to FL_Com
(Figure 5A) (P = .03), but this did not persist after adjustment for
age at diagnosis, and no differences were evident for BIC clusters
(Figure 5B). Although no survival differences were detected for
patients initially managed by “Watch and Wait” (Figure 5C,D), AIC
cluster differences were detected in those initially managed in
other ways (listed in Table 1) (P=.04), with weak evidence for BIC
clusters (P = .08) (Figure 5E,F). As before, neither of these dif-
ferences persisted following age adjustment.”’

BIC clusters were predictive of POD24 status** (odds ratio [OR],
2.78; 95% confidence interval [CI], 1.09-7.14) in patients initially
treated with R-CVP, an effect that persisted after age adjustment
(OR, 3.03; 95% CI, 1.15-7.69) (supplemental methods section
2.6). Adverse POD24 was associated with the FL_A subgroup
(n = 34), which includes 26 of 27 cases in the AIC FL_aSHM
subgroup as well as an additional 8 cases that AIC assigns to
FL_Com, indicating that the observed survival difference is not
robust to clustering method.

Univariate OS modeling identified 5 genes with significant adverse
hazard ratios (HRs): HIST1H2AC (HR, 3.10; 95% Cl, 1.64-5.86)
and BCL2 (HR, 1.45; 95% Cl, 1.10-1.93), as well as ARID1A (HR,
1.84; 95% Cl, 1.27-2.67), CDKN2A (HR, 2.26; 95% ClI, 1.31-
3.89), and TP53 (HR, 1.75; 95% Cl, 1.06-2.88). After FLIPI
adjustment, only the ARID1A effect persisted (HR, 1.73; 95% ClI,
1.15-2.60). Evaluation of m7-FLIPI showed no enhancement over
stratifying survival by FLIPI and ECOG Performance Status alone
(supplemental Methods section 2.7). Hence, separation of FL
according to mutational status despite being linked to apparent
underlying mechanistic differences provides limited prognostic
information in conventionally treated patients.

FL heterogeneity and transformation

Ninety-six of 548 FL cases transformed to DLBCL during follow-up
(Table 1). Over a quarter of these (26 of 96) had samples taken at
both timepoints, but no evidence of transformation imbalance was
found (FL_aSHM = 13.8%; FL_STAT6 = 17.4%; FL_Com =
18.1% transformed; P = .72), and cluster was not predictive of
time-to-transformation (P = .9). However, univariate modeling
of time-to-transformation to DLBCL identified 2 genes with ad-
verse HRs: TP53 (HR, 3.13; 95% CI, 1.71-5.76) and CDKN2A
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Figure 4. Distribution of substitutions and predicted mutation signatures. (A) Comparison of the distributions of the number of substitutions per patient in the

cohort divided according to AIC cluster as indicated in the figure. (B) Left: pattern of substitutions in triplet context: observed across the cohort for genes identified as aSHM

targets (upper panel), in the K1 signature described by Ye et a

1*° (middle panel), and in the RCH signature described by Alkodsi et al*' (lower panel). The substitution

type is indicated in the color-coded squares below the graph, with individual triplet contexts plotted by relative substitution frequency with matching color-coded bars. Right:

cosine similarity measures. (C) Predicted mutational Reference Signature (RefSig) contribution to the substitution pattern observed in each sample using the Signal analysis
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(HR, 2.50; 95% ClI, 1.16-5.41) (CDKN2A only had 7 transformations
to DLBCL in the mutated arm). BTK (HR, 2.07; 95% CI, 0.96-4.48;
P = .064) and GNA13 (HR, 1.76; 95% CI, 0.94-3.29; P = .080)
showed weak evidence of an association. One gene, /RF8 (HR, 0.50;
95% Cl, 0.23-1.07; P = .074), showed weak evidence of an asso-
ciation with a favorable risk. Time-to-transformation was not associ-
ated with the burden of aSHM, but there was weak evidence of
association with non-aSHM (P = .052).

Genetic abnormality frequencies were assessed for the 26 sub-
jects with paired FL and DLBCL samples (Figure 6; supplement
Figure 7): 17 of 26 had >2 unique to the DLBCL sample, with a
maximum of 8 additional genetic abnormalities detected. We
considered that there was evidence of branching evolution where
mutations unique to both FL and DLBCL were identified, along with
a set of shared mutations in both samples, and in only 9 of 26 was
this evidence lacking. Analysis of variant allele fraction (vAF)
(Figure 7; supplemental Figure 8) for shared and disparate muta-
tions between samples further supports the maintenance of high
vAFs for common clonal mutations alongside the emergence of
new mutations that were not identified at first diagnosis, consistent
with prior publications.’®'°234°4¢ Examining mutations across
individual FL and DLBCL pairs (Figure 7) demonstrated common
retention of core oncogenic FL events, including mutation of BCL2,
KMT2D, CREBBP, and STAT6 on transformation.

Discussion

Our analysis of 548 patients with FL from a United Kingdom
population-based cohort supports the existence of significant
nonrandom patterns of cooccurring mutations. These findings are
consistent with previous studies examining the most common tar-
gets of mutation in FL, underlining the importance of CREBBP,
KMT2D, and TNFRSF14. Similarly, hotspot mutation of EZH2-646
was the single most common mutated residue in FL, followed quite
closely by hotspot mutation in STAT6-419, highlighting the previ-
ously suggested importance of this site.’*

Our clustering approach demonstrated that FL could be resolved
into mutational subgroups with specific mechanistic differences.
FL_aSHM links to high levels of aSHM; FL_STAT6 identifies
STAT6 mutated cases as a distinct cluster, which was significantly
associated with CREBBP alone, and in combination with
TNFRSF14. FL_Com was enriched for KMT2D mutation but was
principally defined by the absence of the enriched mutations in
FL_STAT6 and low mutation frequencies of aSHM targets.
Because we focused on a preselected target panel that was
matched to our previous DLBCL study,”® we cannot exclude the
possibility that FL_Com may be further subdivided by mutation at
targets that are either missing from our panel or are in noncoding
regions. In particular, RRAGC, ATP6V1B2, VMA21, as well as
CTSS and EEF1A1 have emerged as important mutations in FL,
with frequency estimates varying from <10% to <20%,*”“® and in
the case of EEF1A1, for example, being enriched in the duodenal

subtype of FL which is underrepresented in our study.'®*® We note
that ATP6AP1, another gene linked to RRAGC, was included in the
extended regions of our panel but was only identified as mutated in a
single FL case. STAT6 mutation has been found to be enriched in
selected series of FL with diffuse growth pattern, CD23 expression,
and/or absence of t(14;18).2°° Our analysis identifies the FL_STAT6
cluster independent of such criteria but sharing associated molecular
features, providing further evidence for this as a distinct molecular
subtype of FL. In these prior studies of FL enrichment of STAT6 with
CREBBP and TNFRSF14 mutation has been a consistent finding
which is shared with our analysis. None of these prior studies appear
to have found coenrichment of mutations in RRAGC, ATP6V1B2,
VMA21, CTSS, or EEF1A1, arguing that the mutation status of this
group of genes though interesting is unlikely to impact FL_STAT6
membership. In terms of the FL_aSHM subgroup, we have shown that
this is identifiable in an additional external independent data set, which
includes mutational information on EEF1A1 and ATP6V1B2, neither
of which showed significant effects on clustering in this data. It is
unlikely that the relatively rare mutation of genes outside our targeted
panel would impact the dominant effect of the aSHM mutation
pattern, but these may have importance in the context of subdivision
within the FL_Com group.

That high aSHM load is the most robust feature subdividing a
significant subset of FL is notable, implying that either targeting or
resolution of the aSHM process is deregulated in these cases.®*
Analysis of mutational signatures provides independent evidence
of the mutagenic process, separate from the assumption of aSHM
targeting based on prior evidence. The mutational pattern observed
both at the specific subsets of presumptive aSHM targets across
our FL case series and within the individual FL_aSHM cases across
all substitutions detected is closely related to that identified for the
aSHM process in previous genome-wide studies.*? The observed
substitution preference for G(C>T)T and G(C>T)C conforms to
the RCY context (R=A/G, Y = C/T) that characterizes the core of
SHM hotspots. An interesting feature is that this mutation pattern
and mutation of target genes that contribute to the FL_aSHM
subgroup are more frequently observed in DLBCL.?**° However,
we were unable to show a strong association between FL_aSHM
and risk of transformation. While aSHM presents a common etio-
logical mechanism, it is likely that the consequent mutations in
individual cases are of significance in determining clinical behavior;
indeed, in the context of DLBCL, mutations in SOCS7 and SGK1
contribute to the identification of a specific subset, and separate
from the alternate aSHM target BTG1, while all of these genes
contribute to the identification of the FL_aSHM subgroup. It may be
of particular interest to note mutations in SGK7 that lead to the
expression of stable active truncated isoforms.”® Additionally,
several histone H1 encoding genes, including HISTTH1E, are
among the most frequent targets associated with FL_aSHM, sup-
porting a common mechanism of downstream epigenetic deregu-
lation. Recent work has illustrated the profound effect of histone
H1 mutation on chromatin structure and oncogenesis.’® Mutation
of HISTTH2AC may act in a related fashion since alterations

Figure 4 (continued) package is displayed as a hierarchically clustered heatmap, divided by BIC FL clustering (color-coded bars above the heatmap). The percentage

contribution of the predicted RefSig is indicated in the white (0) to red (100) color scale, as shown in the figure. Predicted contributing signatures are shown to the left. The

distribution of predicted contributing signatures is shown to the right as a scatterplot. Note mutation signatures were derived from patterns observed in the lymphoma driver

panel; cases with low mutation burden fall below the threshold for signature prediction.
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Table 3. Characteristics of patients in the study cohort (n =548) and those for whom medical records were available (n = 538) stratified by AIC

cluster

Cluster Assignment

FL_aSHM, n (%) FL_STAT 6, n (%) FL_Com, n (%) P value
Total (n = 548) 58 (100.0) 115 (100.0) 375 (100.0)
Male 27 (46.6) 55 (47.8) 168 (44.8)
Female 31 (53.4) 60 (52.2) 207 (55.2) .84
Age at diagnosis, y
Median (Interquartile range) 66.5 (60.3-76.4) 63.0 (54.3-71.6) 63.6 (53.1-70.9) .01
<60y 14 (24.1) 42 (36.5) 146 (38.9)
>60y 44 (75.9) 73 (63.5) 229 (61.1)
Transformation to DLBCL 8(13.8) 20 (17.4) 68 (18.1)
Deaths (before 01/01/2019) 30 (51.7) 45 (39.1) 129 (34.4)
5-y survival, % 60.0 76.5 80.5 10
Medical records available (n = 538) 57 (100.0) 114 (100.0) 367 (100.0)
First-line management
Chemotherapy 27 (47.4) 41 (36.0) 155 (42.2)
Radiotherapy only 9 (15.8) 32 (28.1) 53 (14.4)
Watch and Wait (W&W) 19 (33.3) 37 (32.4) 156 (42.5)
Induction rituximab 2 (3.5) 3(2.6) 0
Supportive/palliative care only 0 (0.0) 1 (0.9) 3 (0.1) .0015
FLIPI
Low 16 (27.6) 41 (35.7) 105 (28.0)
Intermediate 10 (17.2) 24 (20.9) 86 (22.9)
High 21 (36.2) 30 (26.1) 123 (32.8) .37
Not known 11 (19.0) 20 (17.4) 61 (16.3)
Stage
1A 8 (13.8) 22 (19.1) 41 (10.9)
1B 0 0 5 (1.3)
I 7 (12.1) 20 (17.4) 39 (10.4)
I} 18 (31.0) 20 (17.4) 63 (16.8)
v 19 (32.8) 39 (33.9) 173 (46.1) .01
Not fully staged 6 (10.3) 14 (12.2) 54 (14.4)
B-symptoms
No 45 (77.6) 91 (79.1) 270 (72.0)
Yes 9 (15.5) 23 (20.0) 90 (24.0) .28
Not known 4 (6.9) 1 (0.9) 15 (4.0)
Performance status (ECOG)
0-1 49 (84.5) 102 (88.7) 342 (91.2)
2-4 7 (12.1) 12 (10.4) 22 (5.9) 10
Not known 2 (3.4) 1(0.9) 11 (2.9)
Extranodal FL
Yes 0 (0) 1 (0.9) 9 (2.5)
BCL2 rearrangement
Measured 25 (100) 32 (100) 114 (100)
No 4 (16.0) 7 (21.9) 13 (11.4)
Yes 21 (84.0) 25 (78.1) 101 (88.6) .31
BCL8 rearrangement
Measured 13 (100) 16 (100) 42 (100)
No 10 (76.9) 13 (81.3) 23 (54.8)
Yes 3 (23.1) 3(18.7) 19 (45.2) .10

ECOG, European Cooperative Oncology Group; FLIPI, Follicular Lymphoma International Prognostic Index.
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Figure 5. OS of all patients with follow-up data, by cluster. (A) OS of patients by BIC cluster. (B) OS of patients by AIC cluster. (C) OS of patients initially put on “Watch-

and-Wait" therapy by BIC cluster. (D) OS of patients initially put on “Watch-and-Wait" therapy by AIC cluster. (E) OS of patients initially treated with chemotherapy by BIC

cluster. (F) OS of patients initially treated with chemotherapy by AIC cluster.

in histone H2A usage have also been implicated as common
oncogenic events in cancer.”' Further evaluation will be needed to
assess the potential association between aSHM and histone-
mediated epigenetic perturbation, but this may represent a
frequently shared characteristic of the FL_aSHM subset.
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The association between mutations targeting DNA-damage
responses (TP53 and CDKN2A) and risk of transformation makes
intuitive sense since these pathways are well characterized in
aggressive lymphoma and cancer progression more generally.
Furthermore, copy number alterations affecting 7”53 and CDKN2A
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Figure 6. Mutations in patients who transformed from FL to DLBCL. Distribution of mutations by individual patient stratified by mutated at FL diagnosis only, mutated at

DLBCL only, and mutated at both FL and DLBCL diagnosis.

loci have been linked to adverse outcomes in FL.°? The weak
associations of GNA 73 and BTK mutations with shorter time-to-
transformation, and /RF8 with longer time-to-transformation, are
suggestive of an association with potential pathways linked to GC

€ blood advances s NnoveEMBER 2022 . vOLUME 6, NUMBER 21

biology.°®®® Of these, loss of GNA13 has been identified as
strongly cooperative with BCL2 and BCL6 oncogene expression
in the transformation of human in vitro lymphoma models,’® and
has been implicated as a gene with an enhanced mutation in
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Figure 7. Variant Allele Frequency Trajectories. (A-D) Show variant allele frequency trajectories (for samples taken at diagnosis with FL and with DLBCL) for a selection of

individual patients (numbers 6, 7, 25, and 26, respectively, in [A-D]). Gene/sites are annotated. Patient 6 shows a complex set of gains with selection for HLA-B mutations;

patient 7 shows a complex set of gains; patient 25 shows substantial shared mutation burdens, with a couple of gains from zero and one loss and Includes EZH2 as a shared

mutation; patient 26 shows a core set of 5 mutations and major gain in CREBBP.

transformed FL."® However, even in our large cohort, the low rate
of progression limited statistical power, and cases lacking these
features also transformed. This could also explain the lack of
evidence supporting an association between mutational clusters
and transformation.

An important difference between our analyses of FL and DLBCL

is that while recurrent patterns of mutation, in keeping with dif-
ferences in disease biology, can be identified in both, these show

5728 CROUCH et al

limited prognostic significance in our FL data. In part, this reflects
a diversity of management strategies and the intrinsically indolent
nature of the FL disease process. However, overall our analyses
suggest that mutational stratification has limited prognostic value
in FL and that in terms of clinical response, these mutational
combinations generate phenocopies in reaction to conventional
treatment strategies. The underlying mechanistic difference may,
however, offer opportunities for the development of future treat-
ment strategies related to molecular subtypes.
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We acknowledged that the sequencing was based on tumor-only
FFPE samples. Even with very stringent filtering, some germline
mutations and sequencing artifacts cannot be excluded from such
mutational analyses. However, we note that these are not likely to
significantly impact the identification of driver mutation calls or the
identification of mutational signatures linked to specific patterns of
base substitution.

In conclusion, our population-based analysis of mutation pat-
terns in FL provides evidence in support of distinct mechanistic
entities, with aSHM burden and STAT6 mutation status
providing key determinants of this molecular heterogeneity. In
contrast to DLBCL, we did not find evidence that tumor genetics
is a major determinant of patient outcome in FL. Instead, we
speculate that tumor-extrinsic factors related to the microenvi-
ronment or host immune system may have a greater influence on
patient survival.
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