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1 | INTRODUCTION

Survival for patients diagnosed with follicular lymphoma (FL), the
most common indolent B cell lymphoma, is now prolonged.? How-
ever, the continuous pattern of relapses,® early progression® and
histological transformation (HT)* remain current challenges which
compromise patients' quantity and quality of life.

FL is characterized by the genetic hallmark t(14;18) (q32;q21),
involving the BCL2 oncogene and the immunoglobulin heavy chain
(IGH) locus. Deregulation of BCL2 is an early but not sufficient event
driving FL lymphomagenesis.® Additional genetic abnormalities, such
as somatic mutations in the chromatin-modifying genes KMT2D,
CREBBP, and EZH2 are subsequently acquired, with a prominent role
in the development, progression, relapse, and HT of FL4! Con-
cerning copy number alterations (CNA), losses in 1p36, 6q, 10q, 13q,
17p, and gains in 1q, 2p, 7, 8, 12q, 18q, and trisomy X have been
previously associated with prognosis.'?2"** In an effort to identify
higher-risk patients, prognostic indexes have been developed,
including clinical or molecular data.*® Pastore and colleagues devel-
oped a prognostic score, the m7-FLIPI,'® integrating the mutational
status of seven genes (EZH2, ARID1A, MEF2B, EP300, FOXO1,
CREBBP, and CARD11), along with the Follicular Lymphoma Interna-
tional Prognostic index (FLIPI), and Eastern Cooperative Oncology
Group (ECOG) performance status. Nonetheless, the m7-FLIPI did
not integrate CNA information, which has recently been used to
risk-stratify patients independently of clinical parameters.”” The
POD24-PI was devised to predict early relapse by incorporating the
mutational status of three genes.'® Additionally, the gene expression
profile of 23 genes (23-GEP score) has also been shown to predict the
outcomes of FL patients.’? However, to date, frontline treatment
strategies are not tailored to the result of any of these scores.

Despite the existence of genomic data on FL, the underrepresen-
tation of specific prognostic groups of patients in unselected cohorts
hampers the identification of clinically relevant genetic alterations.
Here we investigate the genomic abnormalities, using targeted next

BCL2 (40%). Although we found that mutations in PIM1, FOXO1 and TMEM30A were
associated with an adverse clinical behavior, definitive conclusions cannot be drawn,
due to the small sample size. We identified common precursor cells harboring early
oncogenic alterations of the KMT2D, CREBBP, TNFRSF14 and EP300 genes and
16p13.3-p13.2 CN-LOH. Finally, we established the functional consequences of
mutations by means of protein modeling (CD79B, PLCG2, PIM1, MCL1 and IRF8).
These data expand the knowledge on the genomics behind the heterogeneous FL
population and, upon replication in larger cohorts, could contribute to risk stratifi-

cation and the development of targeted therapies.

copy number alteration, follicular lymphoma, genomics, next-generation sequencing, prognosis,

generation sequencing (NGS) and CNA, of a total of 56 FL patients
categorized into five groups according to their clinical behavior.

2 | PATIENTS AND METHODS
2.1 | Patients

We selected 56 grade 1-3A FL patients diagnosed at a single insti-
tution (1997-2015) who met prespecified criteria concerning their
need of treatment and timing of relapse (Supplementary Tables S1
and S2). The never treated (NT) group was composed of seven pa-
tients who did not require treatment (absence of GELF criteria®®)
with a minimum follow-up of 5 years (range, 5.4—14.2 years). Nine-
teen patients were treated with immunochemotherapy (ICT), ach-
ieved a complete response, and did not relapse (NR) for at least
10 years of follow-up (range, 11.5—-17.8 years). The late relapse (LR)
group was made up of 14 patients treated with ICT, who achieved a
complete or partial response, and progressed or relapsed beyond two
years after frontline treatment (range, 2.1-7 years). Eleven patients
were treated with ICT, achieved a complete or partial response, and
progressed or relapsed within two years of frontline treatment
initiation (early relapse -ER- or POD24%), and five patients were
primary refractory (PR) to frontline (immuno)chemotherapy. All pa-
tients had an available lymphoid tissue biopsy from the time of
diagnosis (D). Additionally, six patients from the LR and six from the
ER group had an available biopsy from the first relapse (R).

The study was designed in line with the Declaration of Helsinki
and informed consent was obtained according to the Institutional
Review Board of Hospital Clinic de Barcelona.?*

The diagnosis of grade 1-3A FL had been established at the time
of consultation and underwent histological review upon inclusion in
the study according to the 2017 World Health Organization classi-
fication.?? The BCL2 rearrangement was assessed by polymerase
chain reaction (PCR), or fluorescence in situ hybridization (FISH)
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(Supplementary Figure S1). FISH studies of BCL6 and MYC in relapse
samples were performed.

2.2 | Molecular analysis

DNA and RNA from 54 formalin-fixed, paraffin-embedded (FFPE) and
two fresh frozen (FF) diagnostic (D) samples, and from 11 FFPE and one
FF relapsed (R) samples were extracted using the AllPrep DNA/RNA
FFPE Kit (Qiagen, Germany) or the QIAmp DNA/RNA Mini Kit (Qia-
gen). CNA were analyzed in 56 diagnostic and 12 relapse samples using
the Oncoscan CNV FFPE assay (ThermoFisher Scientific). GISTIC was
used to identify the targets of focal somatic CNA. The mutational
status of 121 genes recurrently altered in B cell lymphoma (Supple-
mentary Table S3) was examined in 55 of 56 diagnostic and 10 of 12
relapse samples (NGS data for diagnostic sample FLO27, and relapse
samples FLO27 and FLO34 were not available) using a custom targeted
NGS panel and sequenced in a MiSeq instrument (lllumina). The bio-
informatic analysis was performed using an updated version of our in-

2324 (Supplementary Methods).

house pipeline

U1 ribonucleoprotein (U1 small nuclear RNA) mutations were
investigated using a custom rhAMP SNP assay (Integrated DNA
Technology)?® (Supplementary Table S4). CDKN2A DNA methylation
status was analyzed using a bisulfite pyrosequencing (BPS) assay
(Supplementary Table S5, Supplementary methods). Protein modeling
of selected gene variants was performed using the Mechismo?®
(Supplementary methods).

The molecular prognostic indexes m7-FLIPI*® and POD24-PI8
were calculated according to the original publications. Gene expres-
sion profiling (GEP) data was retrieved from patients included in the
Huet et al study? as validation cohort, to calculate their 23-GEP score.

2.3 | Statistical analysis

Quantitative variables were compared among groups by means of
ANOVA or Kruskal-Wallis tests. Fisher's exact test was used to
compare categorical variables. Statistical significance was defined as
a p value < 0.05 (Supplementary methods).

3 | RESULTS
3.1 | Baseline features

Baseline and follow-up data of the patients can be found in Table 1
and Supplementary Table S2. Thirty-one patients were female and 25
were male, and median age was 57 years (range, 26—79). Seventy-
five percent of patients (42/56) had advanced-stage disease, and
25% had a high-risk FLIPI score. We detected BCL2 rearrangements
in 87% (41/47) of the cases. Among the 48 patients who received
treatment during follow-up, 82% were treated with R-CHOP, and the
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complete response rate was 83%. With a median follow-up of
12.9 years, 10-year OS was estimated at 79% (95% Cl, 69-91).

3.2 | Copy number profile

We analyzed CNA in 56 D and 11 R samples and obtained results in
53 D and 11 R. Alterations were detected in 97% (62/64) of the
samples, with a median of 5 alterations (range, 0—26) for diagnostic
samples, and of 5 (range, 2—14) for relapse. Considering only D
samples, we identified a total of 324 alterations (154 gains, 134
losses, 18 high copy gains, and 18 homozygous deletions) (Figure 1
and Supplementary Table S6) and 89 copy-neutral losses of hetero-
zygosity (CN-LOH).

The most common recurrent alterations (>3 cases) were gains:
1q, 2p16, 12q13-q15, 13q31-q32, 17922-q24, 18p11-q21, and tri-
somies 2, 7, 8, 12, 18 and X; losses: 1p36, 6p21, 6q14, 6923, 9p21,
10923, 13914 and 22q13; and CN-LOH: 1p36, 6p25-p21, 12913 and
16p13. Using GISTIC, we identified six driver losses (g-value <0.05):
1p36.32 (harboring TNFRSF14), 6p21.32 (HLA), 6q14.1 (TMEM30A),
6023.3 (TNFAIP3), 9p21.3 (CDKN2A/B), and 10923.33 (PTEN) (Sup-
plementary Table S7). We identified chromothripsis in four patients
at diagnosis (4/53, 6%) involving chromosomes 2, 6 and 12, and ac-

quired at relapse in another patient.

3.3 | NGS and integrative analysis

A 121-gene custom targeted sequencing panel was used to analyze
65 FL samples (55 D and 10 R) at a median coverage of 220x (range
12.8x—1417x, Supplementary Table S8), and 98% of the targeted
regions at a median coverage of at least 100 reads. We aimed for a
minimum coverage of 50x per patient, which led to the exclusion of
one sample (FLO52). The median number of single-nucleotide vari-
ants (SNV) or indels per case was 13 (range 1-32) for diagnostic
samples (n = 54), and 17 (range 9-22) for relapse samples (n = 10)
(Supplementary Table S9). We integrated the CNA, SNV, and indels,
and identified that the genes/regions altered in >20% at diagnosis
were KMT2D (79%), CREBBP (67%), TNFRSF14 (46%), BCL2 (40%),
1p36.33 CN-LOH (27%), ARID1A (25%), TNFAIP3 (23%), EP300 (21%),
1q gain (21%), trisomy 7 (21%), and 16p13.3-16p13.2 CN-LOH (21%)
(Figure 2).

We identified mutations in epigenetic modifier loci (MEF2B,
EZH2, CREBBP and BCL7A),21%?7:28 genes related to signaling and B
cell differentiation (STAT6 and POU2AF1),%**° and the BCR/NF-kB
pathway (CARD11 and RRAGC)®! (Supplementary Figure S2). More-
over, we detected recurrently altered genes harboring SNV enriched
in target motifs of aberrant somatic hypermutation (BCL2, HIST1H1E,
TNFRSF14, BCL7A and OSBPL10) (Supplementary Table S10). We also
explored the U1 snRNA somatic mutations in 51 D and 11 R samples,
and identified an acquired mutation only in the R sample of patient
FLO34 (Supplementary Table S2).
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TABLE 1 Salient clinical and genetic features of all the patients of the series, and according to the clinical group.

Female sex, n (%)

Median age (range)

ECOG PS > 2, n (%)

Ann-Arbor stage IlI-1V, n (%)

High-risk FLIPI score, n (%)

Histological grade 1-2, n (%)

BCL2 rearrangement?, n (%) [n = 47, 84%]
CARD11 mutations, n (%) [n = 54, 96%]

PIM1 mutations, n (%) [n = 54, 96%]
High-risk m7-FLIPI score, n (%) [n = 51, 91%]
High-risk POD24-PI score, n (%) [n = 51, 91%]
High-risk 23-GEP score, n (%) [n = 34, 61%]
Frontline treatment with R-CHOP, n (%)

CR rate, n (%)

PFS at 5 years, % (95% ClI)

OS at 10 years, % (95% Cl)

All
(n = 56)

31 (55)
57 (26-79)
4(7)
41 (75)
13 (25)
43 (78)
41 (87)
8 (15)
6 (11)
6 (12)
12 (24)
12 (35)
45 (82)
40 (83)
47 (34-64)
79 (69-91)

Never treated Non-relapsed Late relapse Early relapse

(NT,n=7) (NR, n = 19) (LR, n = 14) (ER, n = 11)
2 (29) 12 (63) 11 (79) 4 (36)

67 (61-79) 54 (26-74) 61 (26-78) 52 (29-68)
1(14) 0 1(7) 0

6 (86) 10 (53) 14 (100) 8 (73)

0 2 (11) 7 (50) 2 (20)

7 (100) 13 (68) 10 (71) 10 (91)

4 (67) 14 (87) 12 (85) 8 (89)
3(43) 2 (11) 1(8) 1(9)

0 1(5) 0 5 (46)

0 0 2 (15) 2 (20)

0 2 (11) 7 (54) 2 (20)

- 2 (13) 5 (50) 4 (50)

- 19 (100) 14 (100) 11 (100)

- 19 (100) 12 (86) 9 (82)

- 100 (100-100) 31 (14-70) O

71° (45-100) 100 74 (51-100) 82 (62-100)

Primary refractory
(PR, n = 5)

2 (40)
48 (37-73)
2 (40)
3 (60)
2 (40)
3 (60)
3 (100)
1 (25)
0

2 (67)
1(33)
1 (100)
1 (20)°
0

(0]

0

Abbreviations: 23-GEP, 23-gene expression profiling; Cl, confidence interval; CR, complete response; ECOG PS, Eastern Cooperative Oncology Group
Performance Status; FLIPI, Follicular Lymphoma International Prognostic Index; OS, overall survival; PFS, progression-free survival; POD24-PI,
Progression of Disease within 24 months of frontline therapy initiation - Prognostic Index; R-CHOP, rituximab, cyclophosphamide, doxorubicin,

vincristine, and prednisone; vy, years.

2|GH::BCL2 rearrangement by PCR and/or rearranged BCL2 gene by dual-color, break-apart FISH probe or IGH::BCL2 dual color dual fusion FISH probe.

b3 patients from this group died, none of them of lymphoma-related causes (1 unknown cause, 1 lung cancer, 1 hip prosthetic infection).
“Frontline treatments: CHOP (2), R-CHOP (1), R-bendamustine (1), fludarabine, cyclophosphamide, rituximab (1).
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FIGURE 1 Copy number alterations (CNA) of FL samples at diagnosis. Microarray results of the 53 FL patients with data at diagnosis.
Panel A depicts the copy number gains (blue), losses (red), and panel B depicts the copy-neutral losses of heterozygosity (CN-LOH) (orange).
Each probe is aligned from chromosome 1 to X and from p-arm to g-arm (chromosome Y was excluded). Altered genomic genes/regions

relevant for FL pathogenesis are indicated. Driver CNA detected by GISTIC are marked with an asterisk.

We examined the temporal order of genomic alterations in
diagnostic samples of FL. We found that the majority of early mu-
tations corresponded to genes related to the epigenome/transcrip-
tion/translation and proliferation/apoptosis, such as KMT2D, EP300,

CREBBP, HIST1H1E, BCL7A and TNFRSF14 (Supplementary Ta-
ble S11). In addition, 16p13.3-p13.2 CN-LOH was identified as an
early event. In contrast, late aberrations involved genes related to
the two abovementioned pathways (BCL2 and PIM1), together with
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FIGURE 2 Recurrent genomic alterations according to the FL clinical groups. The Oncoprint encompasses the 52 diagnostic samples from
the five different clinical groups, analyzed using next generation sequencing and copy number analysis. Altered genes and genomic regions are
ordered by decreasing frequency. From top to bottom: single nucleotide variants (SNV), small insertions/deletions (indels) and copy number
alterations (CNA) involving specific genes and indicating the pathway (color-coded); bisulfite pyrosequencing (BPS) status of CDKN2A, CNA
and copy neutral loss of heterozygosity (CN-LOH) and baseline features: BCL2 rearrangement (BCL2 rearr.), histological grade, Follicular

Lymphoma International Prognostic Index (FLIPI) score, and treatment.

genes related to signaling (SOCS1) and the BCR/NF-kB and PI3K/AKT
pathways (CARD11 and CD79B). Moreover, chromosomal gains in 1q,
2p16.1 (REL) and 18p11.32-g21.33, trisomy 7 and trisomy X were
also acquired late in the FL evolution.

We then explored co-occurrence/mutual exclusivity of genetic
alterations within the 52 diagnostic samples with available NGS and
CNA (Supplementary Figure S3). Aberrations in FAS and PTEN co-
occurred significantly (Q < 0.05), and a significant co-occurrence
between PIM1, CD79B, and BTG2 (Q < 0.1) was found, especially in
cases that relapsed early (Supplementary Figures S4-S5).

We next investigated the aberrations affecting the genomic re-
gion 6qg and identified co-occurrence between PRDM1 and SGK1
(Q < 0.05), between SGK1 and TNFAIP3, TNFAIP3 and TMEM30A, and
TMEMS30A and PRDM1 (Q < 0.2) (Supplementary Figure Sé). All the
genes located in the 6q region (which were deleted) were also altered
by SNV, with the exception of TMEM30A. Interestingly, we identified
biallelic inactivation of TNFAIP3 (three cases), and SGK1 (one case).

We calculated the molecular prognostic indexes for the global
series, and the number of patients with a high-risk score was 6 (12%)
for m7-FLIPI, 12 (24%) for POD24-PI, and 12 (35%) for 23-GEP.
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3.4 | CDKN2A methylation status

DNA methylation of CpG islands in CDKN2A gene is associated with
transcriptional silencing and represents an alternative mechanism to
genomic deletion. We used BPS assays and investigated the DNA
methylation status of CDKN2A promoter in FL cases without 9p21/
CDKN2A deletions at diagnosis (n = 42) or relapse (n = 5). We
identified CDKN2A DNA methylation in 42% of diagnostic samples
(13/31). Combining the genomic deletions and the DNA methylation
status, we observed that CDKN2A was altered in 53% (20/38) of
cases (Supplementary Figure S7). None of the four assessable relapse
samples harbored CDKN2A methylation.

3.5 | Genetic alterations according to the need of
treatment and timing of relapse

To elucidate the role of genomic aberrations in FL heterogeneity,
we analyzed the prevalence and distribution of altered genes ac-
cording to their clinical behavior. Although no significant differences
were found in the number of SNV/indels or CNA among the five
groups, we observed that CARD11 was more frequently altered in
patients who never required treatment compared to those from the
other four groups (43 vs. 9%, p = 0.043). All the genomic variants
identified in CARD11 were located in the coiled-coil protein domain,
essential for the interaction of this cytoplasmic scaffolding protein
relevant for NF-kB activation®? with the paracaspase domain of
MALT1.%3

Although we are aware of the limitations of performing survival
comparisons among selected groups of patients, we found that PIM1
mutations were more frequent in early relapse and primary re-
fractory cases (n = 5, 33%) than in never-treated, non-relapsed or
late relapse cases (n = 1, 3%, p = 0.006). When only treated patients
were considered, there was a trend toward a shorter progression-
free survival (PFS) for PIM1- [hazard ratio, HR = 2.5 (95% CI 0.9
—6.6), p = 0.07, Supplementary Figure S8A] and FOXO1-mutated
cases [HR = 5.5 (95% ClI 1.6-19.4), p = 0.008, Supplementary
Figure S8B]. Univariable Cox regression showed a negative impact on
OS for FOXO1 mutations [HR = 4.9 (95% CI 1.1-22.8), p = 0.042,
Supplementary Figure S8C], as well as a trend toward a poorer OS for
the 8 cases with TMEM30A deletion [HR = 2.9 (95% Cl 0.9-9.5),
p = 0.076, Supplementary Figure S8D]. Our dataset was not powered
to perform multivariable analyses, due to the low number of cases
and the heterogeneity of baseline features.

Regarding the molecular prognostic scores (Table 1), the pro-
portion of patients with a high-risk m7-FLIPI score increased from
0% in NT/NR patients to 15%, 20%, and 67% in LR, ER, and PR pa-
tients, respectively (p = 0.016). Patients who eventually relapsed (LR/
ER/PR, n = 10, 53%) were more likely to have a high-risk 23-GEP
score at diagnosis than those who did not (NT/NR, n = 2, 13%,
p = 0.03). In our series, the POD24-PI was not significantly different

among clinical groups.

3.6 | Clonal evolution

To investigate the clonal evolution of FL, we studied the presence of
genetic alterations in the 12 patients with paired samples between D
and R. No significant differences were found in the number of SNV/
indels or CNA, or in the frequency of specific genes/regions between
D and R. We detected a median of 14 shared aberrations (range 5-
18). In R samples, a median of 70% of aberrations were shared with D
[considering only paired samples analyzed by NGS and CNA (n = 9)].
All sample pairs were characterized by the presence of an ancestral
common precursor cell (CPC), pointing toward a clonal relationship
between the initial and the relapse FL clones (Figure 3A). Besides the
shared alterations, we detected additional ones that were unique
either to the D or the R sample (Figure 3B), indicating a divergent
evolution.

We explored the presence of early alterations in the CPC and
found KMT2D (7/9), 16p13.3-p13.2 CN-LOH (5/7), CREBBP (5/7),
TNFRSF14 (4/9), and EP300 (3/9) abnormalities. Moreover, analyzing
the samples according to the timing of relapse, the late relapse (LR)
samples were characterized by IRF8 mutations in the CPC (Supple-
mentary Figure S9), which were not detected in the CPC of early
relapse (ER) samples (Supplementary Figure $10). We also found that
the ER group had a percentage of shared aberrations, on average,
13.61 points higher than the LR group (IC 95%: 0.14-27.07,
p = 0.048) (Supplementary Figure S11). Importantly, although we
only identified TP53 mutations in three ER cases, two of them were
acquired upon relapse.

We assessed the presence of MYC and BCLé translocations by
FISH in relapse samples from 10 patients. BCL6 rearrangements were
identified in two samples (FLO29 and FLO47). In patient FLO29, the
BCL6 translocation was already present at diagnosis (FISH for the
diagnostic sample of patient FLO47 was not available). A MYC rear-
rangement was acquired upon relapse in one patient (FLO51) from
the ER group.

3.7 | Protein modeling of selected mutations

We modeled proteins encoded by 5 genes relevant to B cell biology,
the functional consequences of which have been less explored to
date. Three variants in CD79B (p.lle54Arg, 4 cases; p.As118Thr, 1; p.
Ala206fs, 1), a protein responsible for mediating immune signals,
were detected (Figure 4A). The frameshift variant is predicted to
ablate phosphorylation by src kinases (e.g., LYN, FYN and BLK)®*
leading to abnormal signaling. The two missense variants likely
disrupt the extracellular domain responsible for binding CD79A.
Three variants in PLCG2, a gene encoding a phospholipase
enzyme that is crucial for antigen-stimulated BCR signaling through
BTK activation, lie either in the EF-hand region (p.Leu163Phe and p.
Pro236Leu) or the C2 domain (p.Thr1152Pro) (Figure 4B), which are
close in space, and both domains are involved in the activation of the

enzyme.®®
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PIM1 is a proto-oncogene encoding a serine/threonine kinase
that has been implicated in many cancers.%® It is itself (auto-)phos-
phorylated at several sites, which is important for its own activity.
Two of the three identified variants (p.Thri14lle, 4 cases; p.
Ser188Asn, 1 case) are immediately adjacent to these sites and thus
most likely alter activation. Ser188 and GIn218, are also in regions
containing activating mutations in several other kinases (Figure 4C
and Supplementary Figure S12A). Similarly, Thr114, lying just N-
terminal to the kinase, has some functional resemblance to acti-
vating mutations in other kinases (e.g., ZAP70, MAPKAK2/5) where
the mutation of such phosphosites leads to constitutive activation.

Two variants in MCL1, a member of the Bcl-2 family of proteins
involved in the regulation of apoptosis (p.Glu110Gly, 3 cases; p.
Leu160lle, 1), are highly conserved and lie in the PEST region near
phosphorylation sites that enhance MCL1 stability®” (Figure 4D and
Supplementary Figure S12B). Both positions likely disrupt the sta-
bility and diminish MCL1 function.

Finally, we found four frameshift and two missense variants in
IRF8 (Figure 4E). The frameshifts were clustered in the C-terminal
region of the protein responsible for binding to the SPRY domain

Number of unique alterations

of TRIM21.%8 This C-terminal 8 residues resemble the SPRY motif
and are predicted by Pepsite®? to bind to the SPRY domain of the
IRF8 interactor TRIM21, meaning their loss would abolish this
interaction. Frameshifts in this region have been reported previ-
ously,*® and here they were specific to the LR group. The frameshift
variants at this specific region argue for an importance of the specific
loss of the IRF4-TRIM21 interaction (Figure 4E). In contrast,
missense variants are located in the SMAD domain and likely affect
the SMAD domain structure.

4 | DISCUSSION

Although patients diagnosed with FL usually have prolonged survival,
their clinical behavior is highly heterogeneous and the ability to
stratify FL patients according to their risk at diagnosis is important
for predicting their outcome and selecting the most appropriate
therapy. In this exploratory study, we assessed the genomic alter-
ations of FL patients according to their need of treatment and

duration of response to frontline therapy.
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FIGURE 4 Selected protein altering variants on known/predicted structures. (A), Domain schema (top) of human CD79B protein showing
the location of variants identified in the present study. The schema also shows the location of phosphosites and disulphides below the domains.
The structure below shows the dimeric structure of the CD79B Immunoglobulin-like domains with the location of the mutated residues as
spheres and their interacting residues as sticks. The insets on the right show the regions around the two variants inside this domain. (B),
Domain schema (top) of the human PLCG2 protein showing the location of variants identified. The complete structure of PLCG2 (modeled
based on the PLCG1 structure PDB:6pbc) and its variants. The inset structures zoom in on the location of specific mutated amino acids
(labeled with numbers) and their interacting residues (labeled without numbers). The right bottom figure is a Psi/Phi (Ramachandran) plot
showing how the Thr1152 backbone conformation (red circle) compares to those of other prolines in the structure (yellow squares). (C),
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1 we found that the FL genetic

In line with previous studies,*
landscape is characterized by a specific profile of CNA and alterations
in genes involved in epigenetic modification, proliferation/apoptosis,
and BCR signaling. We identified six focal driver losses and their
putative targeted genes affecting 1p36.32 (TNFRSF14), 6p21.32
(HLA), 6q14.1 (TMEM30A), 6923.3 (TNFAIP3), 9p21.3 (CDKN2A/B),
and 10g23.33 (PTEN). These CNA are relevant to the pathogenesis of
FL, since losses of TNFRSF14, TNFAIP3 and CDKN2A/B have been
associated with inferior clinical outcomes and the risk of trans-
formation.'®*? On the other hand, evasion of the cytotoxic immune
response via HLA loss, together with losses of PTEN or TNFAIP3
enhancing PI3K or NF-kB signaling are important for tumor cell
survival.’?

We also observed that the mutational spectrum changes
throughout tumor evolution: certain recurrent alterations in epige-
netic modifiers like KMT2D, EP300, CREBBP, HIST1H1E, BCL7A, and
apoptosis genes (e.g., TNFRSF14) are early events in disease evolu-
tion, in contrast to those in the BCR/NF-kB and PISK/AKT (CARD11
and CD79B) and signaling pathways (SOCS1), which emerge later.
Furthermore, by studying the cases with paired samples, we identi-
fied the presence of an ancestral CPC and genomic alterations spe-
cific to diagnosis or relapse, suggesting a divergent evolution in all
patients. We observed that the cases relapsing early harbored a
higher number of shared aberrations than those with a late relapse,
corroborating previous findings® describing that early relapses are
caused by clones already detected at diagnosis, with only slight clonal
dynamic changes.

It must be emphasized that between-group comparisons with a
small sample size and testing multiple hypotheses can lead to the
identification of false positive findings. That notwithstanding, we
found some genetic alterations associated with a specific clinical
behavior. CARD11 mutations were more frequent in patients who
never required treatment. This association with a favorable course
somewhat contrasts with the adverse prognostic impact attributed to
this alteration in the m7-FLIPI study.'® Explanations for this
discrepancy might be multiple: (i) all patients included in the m7-
FLIPI study had high tumor burden disease and hence the duration

of watchful waiting was not evaluated, (ii) biopsies in the m7-FLIPI
study were obtained within 1 year of treatment initiation, ques-
tioning which mutations were present at the time of diagnosis, and
(iii) the prognostic impact of some mutations included in the m7-
FLIPI score (ARID1A and CARD11) could not be reproduced in sub-
sequent studies.*®

Cases with a short duration of response were enriched in PIM1
mutations. The biological and clinical impact of PIM1 alterations has
been explored in DLBCL and, more recently, in FL. Crouch et al**
identified three molecular clusters in FL: FL_aSHM, FL_STATé, and
FL_Com. Interestingly, the FL_aSHM cluster was enriched in aberrant
SHM targets including DTX1, SGK1, HIST1H1E, BCL7A, SOCS1, PIM1,
BTG1, and BCL2, and was associated with a lower overall survival. We
detected that PIM1 alterations co-occurred with those in CD79B and
BTG2, and were more prevalent in patients experiencing an early
relapse, indicating a possible role in their aggressive clinical behavior.

According to the recent genetic classifiers for DLBCL,*>*¢ the
MCD/C5 subtype is characterized by the co-occurrence of
MYD88-2¢5P and CD79B mutations and is also enriched in PIM1 and
BTG2 alterations. We may speculate that the association of CD79B,
PIM1, and BTG2 mutations in our study could be analogous to the
MCD/C5 DLBCL subtypes associated with the ABC gene expression
subgroup and account for the poor clinical disease course. Despite
the co-occurrence of these genomic alterations, we did not find a
lower frequency of BCL2 rearrangement or a lower CD10 expression
by immunohistochemistry, which has been postulated as a late
germinal center B cell phenotype.*”*® The co-occurrence of these
genetic alterations may be the result of the chronological hierarchy
of oncogenic events in the clonal evolution of FL, or result from
sequential rounds of somatic hypermutation, as it has been demon-
strated for some aggressive lymphomas.**4? FOXO1 mutations and
TMEMB3O0A deletions were associated with decreased survival: FOXO1
is part of the m7-FLIPI score and associated with a poor prognosis,'®
while deletions of 6q14.1, involving TMEM30A, have been associated
with inferior prognosis and increased risk of HT.X® Our findings are in

50,51

line with observations in other types of lymphomas and, though

preliminary, pave the way for further exploration in larger cohorts.

Domain schema (middle) of the human PIM1 protein showing the location of variants identified. The schema also shows the location of

phosphosites below the domains. The structure to the right (PDB code:3dcv) is that of the catalytic domain and shows the location of Ser97 and
GIn127 in addition to the two known phosphosites (pSer89 and pSer261) that lie in this domain. The location of an inhibitor (ATP analog) is also
shown in yellow. Positions of known kinase activating mutations are shown as spheres; those lying in the same sequence region as the two PIM1
variants are shown in yellow; the other colors denote other sequence regions; green variants are in the second major region containing in excess
of 5 known activating mutations (from UniProt). (D), Domain schema (top) of the human MCL1 protein showing the location of variants
identified. The schema also shows the location of phosphosites below the domains. (E), Domain schema (top) of the human IRF8 protein showing
the location of variants identified. The bottom left structure is the N-terminal helix-turn-helix (HtH) domain bound to DNA (modeled on mouse
IRF1 PDB:1if1 selected to view the bound DNA). The central structure shows the structure of the SMAD domain (modeled using human IRF4
PDB:5bvi) and the location of Val287, which sits in a beta-strand region (which is less favored by Met) making mostly hydrophobic contacts, and
Glu353, which sits in a pocket close to two positive amino acids (Lys/Arg) making a substitution to Lys unfavorable. The structure on the right
shows how the C-terminal 8 amino acids (either containing or near to the six observed frameshifts, fs) are similar to two other peptides known
to bind SPRY domains (blue = Asn/GIn; red = Asp/Glu, green = hydrophobic) according to the ELM database. The structure below is the TRIM21
SPRY domain (PDB:2iwg) including the prediction from PepSite3? where the spheres show the predicted location of each amino acid.

(F) Schematic representation of the integration of genetic alterations according to biological pathways. Figure (F) created with BioRender.com.
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The alterations in TP53 or CDKN2A/B, and BCL6 or MYC trans-
locations have been associated with a more aggressive clinical course
in FL°2 and CDKN2A methylation has been described as a mechanism
of gene inactivation in various B cell lymphomas, including FL.>3
Despite this, we did not identify a particular distribution of these
aberrations within the five different clinical groups, which could be
due to the limited number of patients and the low prevalence of
these alterations in FL diagnostic samples. Herein, we detected that
CDKN2A methylation changes (42%) were more prevalent than de-
letions (13%), and observed a trend toward a higher frequency of
CDKNZ2A/B deletions in relapsed/refractory cases. Otherwise, we
identified the g.3A < C U1 mutation acquired in one FL sample at
relapse, and absent in all diagnostic samples, suggesting a possible
role in the progression of the disease, albeit further studies are
needed to confirm the role of non-coding mutations in FL evolution.
It should also be recalled that temporal spatial heterogeneity is a
well-recognized phenomenon in FL and therefore the genetic findings
originated from a single biopsy site can drastically differ from those
from a different area or clinical timepoint. The study of circulating
tumor DNA might be an interesting development aiming to capture a
pooled representation of the genetic landscape of a tumor.>*

Selected genes with a relevant role in immune biology (IRFS,
PLCG2, CD79B, PIM1 and MCL1), were more thoroughly investigated
in order to understand the molecular consequences of the mutations
identified in our FL cohort (Figure 4F). CD79B mutations have been
previously reported in FL.”3%%5 The p.Ala206fs found here likely
disrupts normal signaling function by preventing phosphorylation by
src family kinases. This is in line with previous data in ABC DLBCL,
which shows increased BCR activity.’®>” We found a cluster of IRF8
C-terminal frameshift variants present in the CPC of cases with a late
relapse. The similarity of this region to the SPRY motif suggests that
this likely disrupts the interaction with the ubiquitin ligase TRIM21.%?
The bulk of evidence indicates that ubiquitination is activating for
IRF8 function,®® suggesting that the loss of this C-terminus would
lead to a decrease of IRF8 activity, which is also in line with the
molecular consequence predicted for the C-terminal frameshift mu-
tations in DLBCL (cBioPortal, accessed 06/07/2022), and corrobo-
rates the association of IRF8 mutations with a longer time to
transformation identified in FL.**

According to our modeling analysis the molecular consequence
of PLGC2 variants is a gain of function similar to the previously
described in CLL.>? Lastly, all PIM1 variants detected in our study
predicted constitutive activation, as described for other kinases,®®
and enhancing of NF-kB signaling. PIM1 has been described as a
coactivator of MYC promoting tumorigenesis.®? Although we could
not detect a higher incidence of MYC alterations in patients with an
adverse clinical behavior, PIM1 somatic mutations were associated
with a shorter duration of response and may represent an alternative
mechanism of lymphomagenesis.

In conclusion, we confirmed the previously reported CNA and

mutations, identified six focal losses as drivers, and established the

temporal order of recurrent alterations in FL. Although the number
of patients included in our study is small, we did not identify specific
genetic lesions accounting for the diversity of clinical behaviors,
pointing to the fact that the heterogeneous clinical course of the
disease might be driven by a plethora of genetic lesions, clonal dy-
namics and microenvironmental interactions.
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