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LYMPHOID NEOPLASIA

Genome-wide analysis of pediatric-type follicular lymphoma reveals low
genetic complexity and recurrent alterations of TNFRSF14 gene
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Key Points

• PTFL is a monoclonal B-cell
neoplasia with low genomic
complexity and recurrent
TNFRSF14 mutations/
deletions.

• The genetic profiles of
conventional t(14;18)2 and
t(14;18)1 FL are similar but
distinct from PTFL.

Pediatric-type follicular lymphoma (PTFL) is a variant of follicular lymphoma (FL) with

distinctive clinicopathological features. Patients are predominantly young males pre-

senting with localized lymphadenopathy; the tumor shows high-grade cytology and

lacks both BCL2 expression and t(14;18) translocation. The genetic alterations involved

in the pathogenesis of PTFL are unknown. Therefore, 42 PTFL (40 males and 2 females;

mean age, 16 years; range, 5-31) were genetically characterized. For comparison, 11 cases

of conventional t(14:18)2FL in adultswere investigated.Morphologically, PTFL cases had

follicular growth pattern without diffuse areas and characteristic immunophenotype. All

cases showed monoclonal immunoglobulin (IG) rearrangement. PTFL displays low

genomic complexity when compared with t(14;18)2 FL (mean, 0.77 vs 9 copy number

alterations per case; P < .001). Both groups presented 1p36 alterations including

TNFRSF14, but copy-number neutral loss of heterozygosity (CNN-LOH) of this locus

was more frequently observed in PTFL (40% vs 9%; P5 .075). TNFRSF14was the most

frequently affected gene in PTFL (21mutations and 2 deletions), identified in 54% of cases, followed byKMT2Dmutations in 16%.

Other histone-modifying genes were rarely affected. In contrast, t(14;18)2 FL displayed amutational profile similar to t(14;18)1 FL.

In 8 PTFL cases (19%), no genetic alterationswere identified beyond IGmonoclonal rearrangement. The genetic landscape of PTFL

suggests thatTNFRSF14mutationsaccompaniedbyCNN-LOHof the1p36 locus inover 70%ofmutatedcases, as additional selection

mechanism,mightplayakey role in thepathogenesis of this disease. Thegenetic profiles of PTFLand t(14;18)2FL in adults indicate

that these are two different disorders. (Blood. 2016;128(8):1101-1111)

Introduction

Follicular lymphoma (FL) is among the most common non-Hodgkin
lymphomas in adults (22%).1 However, it is very rare in the pediatric
population, representing only 1% to 2% of B-cell NHL in children and
young adults.2 Pediatric FL was recognized many years ago as an
indolent disease affecting predominantly young males with a median
age of 15 years, and presenting with isolated lymphadenopathy in the
head and neck regions.3,4 Further studies demonstrated that the cells
within the follicles showedmostly high-grade cytology (grade 3), IGH

monoclonality, and lacked the characteristic t(14;18)(q32;q21) chro-
mosomal alteration detectable in.80% of adult FL.5-7 BCL2 protein
expression is usually absent, but ;20% of the cases show weak
positivity.5,7 Although this lymphoma is typically seen in children and
adolescents, cases with similar morphology and phenotype have also
been described in adults; therefore, the name pediatric-type FL (PTFL)
has been proposed to highlight the lack of an age cutoff in the definition
of the disease.6 In early studies, PTFL was treated with chemotherapy
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with excellent response.7 However, recent studies recommend a
“watch-and-wait” strategy for cases in which a complete lymph node
(LN) resection is achieved in stage I patients.8

The genetic alterations involved in the pathogenesis of nodal PTFL
are currently largely unknown. Due to the indolent disease course, it has
been questioned whether nodal PTFL represents a true lymphoma or
rather an atypical “monoclonal” lymphoid hyperplasia. A recent study of
FL patients under 18 years of age described TNFRSF14 gene mutations
in a subset of cases.9 However, some of these cases were associated with
a diffuse large B-cell component and advanced stage, not really
representing theusual indolent nodalPTFL. Interestingly, theTNFRSF14
gene is localized on chromosome 1p36 and alterations of this locus and
mutations of the gene are very common in adult FL (18%-46%).10,11

In past years, the genetic landscape of conventional FL, beyond the
well-known BCL2 translocation,12 has been characterized comprehen-
sively using next-generation sequencing (NGS).13-18 This and similar
high-throughput approaches revealed that germinal center (GC)-derived

lymphomas are characterized by frequent mutations of histone-
modifying genes. In adult-type FL, histone methyltransferase KMT2D
(formerly MLL2) and EZH2, and the histone acetylases CREBBP,
EP300, and MEF2B, are the most commonly mutated genes. More
recently, recurrentmammalian target of rapamycin complex 1–activating
RRAGC mutations in FL have been described.19 This suggests that
progression from t(14;18)1 premalignant precursor cells to FL is likely
the result of epigenetic alterations.14,15 PTFL is also a lymphoma derived
from GC cells, but without the characteristic t(14;18) translocation.
However, mutational analyses of histone-modifying genes, important
for the pathogenesis of FL, have not been performed so far in PTFL.
Another important issue is the differential diagnosis between PTFL
and conventional t(14;18)2 FL in adults. It has been suggested that
t(14;18)2 FL in adults often presents with low clinical stage and
excellent prognosis, and therefore might represent a form of PTFL.6,20

However, a recent study reported similar clinical features inFLwith and
without t(14;18) translocation.21 The aim of this studywas to perform a

Table 1. Clinical features of 42 PTFL patients

Case no. Sex Age, y Anatomic site Stage Treatment Follow-up, mo

PTFL1 M 16 Midline cervical LN NA NA NA

PTFL2 M 19 Submental LN I Excision 38 NED

PTFL3 M 12 Left cervical LN I Excision 31 NED

PTFL4 M 13 Left cervical LN NA NA NA

PTFL5 M 18 Left cervical LN NA NA NA

PTFL6 M 17 Submandibular LN NA NA NA

PTFL7 M 14 Cervical LN NA NA NA

PTFL8 M 27 Right cervical LN NA NA NA

PTFL9 M 19 Cervical LN NA NA NA

PTFL10 M 17 Left cervical LN NA NA NA

PTFL11 M 23 Cervical LN NA NA NA

PTFL12 M 5 Right femoral LN NA NA NA

PTFL13* M 12 Posterior auricular LN II CHOP 36 NED

PTFL14 M 12 Left submandibular LN NA NA NA

PTFL15* M 14 Cervical LN I R, C, doxo 8 NED

PTFL16* M 15 Axillary LN NA R-CHOP 96 NED

PTFL17* M 17 Left cervical LN I CHOP 30 NED

PTFL18* M 20 Right thigh LN I R-CHOP, Rx 78 NED

PTFL19* M 20 Right jugular LN I Excision 2 NED

PTFL20* M 21 Occipital LN I R-CHOP 18 NED

PTFL21 M 14 Left intraparotid LN I Excision 19 NED

PTFL22 M 15 Cervical LN I Excision 51 NED

PTFL23 M 5 Right cervical LN I NA 36 NED

PTFL24 M 6 Upper extremity mass I Excision 44 NED

PTFL25 M 21 Right inguinal LN NA NA NA

PTFL26 F 17 Left cervical LN II Rx 48 NED

PTFL27 M 17 Right prehyoidal LN I Excision 48 NED

PTFL28 M 10 Right cervical LN I Excision 24 NED

PTFL29 M 15 Right maxillary sinus LN I Excision 24 NED

PTFL30 M 23 Inguinal LN I R, Rx 7 NED

PTFL31 M 17 Left cervical LN I R, Rx 51 NED

PTFL32 M 17 Cervical LN NA NA NA

PTFL33 M 15 Parotid gland LN I R-CHOP 48 NED

PTFL34 M 11 Post auricular LN NA NA NA

PTFL35 M 8 Left LN axillary NA NA NA

PTFL36 M 14 Submandibular LN I NA NA

PTFL37 M 16 Left parotid LN I Excision 36 NED

PTFL38* M 17 Submandibular LN I Excision 71 NED

PTFL39 F 20 Parotid gland LN I NA NA

PTFL40 M 22 Cervical LN NA NA NA

PTFL41 M 20 Parotid gland LN I Excision 12 NED

PTFL42 M 31 Cervical LN I NA NA

C, cyclophosphamide; CHOP, cyclophosphamide, adriamycin, vincristine, prednisone; doxo, doxorubicin; F, female; M, male; NA, not available; NED, not evidence of

disease; R, rituximab; Rx, local radiation.

*These cases were previously reported by Liu et al.5
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comprehensive genetic analysis of a large series of nodal PTFL to better
understand the pathogenesis of this disorder. Comparison with genetic
alterations of conventional t(14;18)2 FL should allow us to identify
similarities and differences between these 2 related disorders.

Material and methods

Lymphoma samples and clinical data

Forty-two cases of nodal PTFL with material available for genetic studies were
collected from several institutions, includingUniversity of Tübingen (Tübingen,
Germany), National Cancer Institute, National Institutes of Health (NIH;
Bethesda, MD), Hospital Clinic (Barcelona, Spain), and University College of
London (London, United Kingdom). Eight additional cases were obtained from
the workshop organized by the European Association for Haematopathology.20

The cases were reviewed by 4 of the authors (T.M., E.C., E.S.J., and L.Q.-M.)
following the criteria of the 2008 World Health Organization Classifica-
tion (WHO).22 All cases have.70% tumor cells. In addition, 10 LNs with
florid reactive hyperplasia (RH) in children and young adults without
demonstrable monoclonal IGH or IGK gene rearrangements and 11
conventional t(14;18)2 FL23 were included as controls. The morphology,
growth pattern, cytology, and immunohistochemical stainings for CD20, CD3,
immunoglobulin D, Ki-67, BCL6, BCL2, MUM1, and CD10 protein

expression were evaluated in formalin-fixed paraffin-embedded (FFPE)
tissue sections performed as part of the diagnostic workup. The study was
performed in accordance with the Declaration of Helsinki, and was
approved by the local ethics review committee and the institutional
review board panels of the contributing institutions.

DNA extraction and clonality analysis

DNA from FFPE tissue was extracted after dewaxing and protein K digestion
applying standard phenol/chloroform purification procedures or either with the
Qiagen FFPE DNA Tissue kit (Qiagen, Valencia, CA) or the Maxwell FFPE
Tissue LEV DNA Purification kit (Promega, Madison, WI) according to the
manufacturer’s protocol.

Polymerase chain reaction (PCR) amplifications for detecting monoclonal
IGH chain gene rearrangements were performed according to the BIOMED-2
protocol24 using a D4 fluorescent dye modified JH consensus primer (Sigma-
Aldrich, St. Louis, MO) and 2 different concentrations (30 or 60 ng) of genomic
DNA. PCR products were analyzed on the GenomeLabGeXPGenetic Analysis
System (Beckman Coulter, Pasadena, CA).

Cases with a polyclonal pattern in IGH clonality analysis were further
analyzed for monoclonal rearrangements in the IGK gene using the BIOMED-2
protocol.24 In 2 multiplex PCRs, the family-specific Vk primers were
used in combination with either Jk or Kde primers, which in addition
amplify JΚ-CΚ intron-Kde rearrangements. Presence of IGH and/or IGK
monoclonal rearrangements was part of the inclusion criteria.

Figure 1. Histologic features of nodal PTFL. (A) The

nodal architecture is effaced by ill-defined, coalescent

follicles. A starry sky pattern is evident. The mantle

zone is attenuated. Note a rim of residual normal nodal

tissue with residual GCs (hematoxylin-and-eosin [H&E]

stain; original magnification, 325). (B) Cytologic fea-

tures of the tumor cells within the abnormal follicles.

The infiltrate is composed of medium-sized cells with

blastic chromatin and inconspicuous nucleoli (H&E

stain; original magnification, 3400). (C) Giemsa stain

highlights the presence of medium-sized blastoid cells

with few scattered centroblasts (original magnification,

3400). (D) CD20 shows the abnormal follicles, but

CD201 cells do not extend to the interfollicular region.

(E) The follicles are strongly CD101. (F) The follicular

cells are BCL22. (G) MIB1 stain demonstrates the high

proliferation within the follicles without polarization

(D-G, immunoperoxidase; original magnification, 325).
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Cytogenetics and fluorescence in situ hybridization

Interphase fluorescence in situ hybridization (FISH) analysis for the
detection of BCL2 translocation was performed using a LSI BCL2 Dual
Color Break Apart Rearrangement Probe (Vysis; Abbott Molecular,
Wiesbaden, Germany). Screening for IRF4 rearrangements was performed
by a self-labeled probe as described previously.25 In some cases, FISH for
the t(14;18)/IGH/BCL2 and t(8;14)/IGH/MYC translocations was performed
as part of the diagnostic workup. FISH analysis on metaphases using the
D7S486/CEP 7 FISH Probe kit (Vysis) was performed in case PTFL24
(supplemental Figure 1, available on the Blood Web site).

Copy-number analysis

DNAs extracted from FFPE from 40 PTFL, 6 reactive LNs (RH), and 11
conventional t(14;18)2 FLs were hybridized on the molecular inversion
probe assay using Oncoscan FFPE according to standard protocols
(Affymetrix, Santa Clara, CA). Gains and losses and copy-number neutral
loss of heterozygosity (CNN-LOH) regions were evaluated and visually

inspected using Nexus Biodiscovery version 7.5 software (Biodiscovery,
Hawthorne, CA). Human reference genome was GRCh37/hg19. The copy
number alterations (CNAs) with minimum size of 100 kb and CNN-LOH
larger than 5 Mb were considered informative. Physiological deletions of
the immunoglobulin loci were excluded from the analysis. T-cell receptor
locus deletions were also excluded, most probably representing physio-
logical deletions of accompanying reactive T cells.

NGS analysis

NGS analysis was done on the Ion Torrent PGM from Thermo Fisher
Scientific (Schwerte, Germany). Thirty-seven PTFL cases, 11 conventional
t(14;18)2 FL, and 9 RH with good DNA quality (.200 bp) were subjected
to NGS analysis. In the 5 remaining PTFL cases not analyzable by NGS due
to low-quality DNA, TNFRSF14 exons 1-8 were analyzed by Sanger
sequencing. NGS libraries were amplified using 2 primer pools of an Ion
AmpliSeq custom panel covering 12 genes that have been shown to be
frequently mutated in FL. The panel covered 98.24% of all exons of

A
n = 40

40 %
30 %

50 %

20 %

60 %

10 %

70 %

0 %

80 %

10 %
20 %
30 %
40 %
50 %
60 %
70 %
80 %
90 %

90 %

100 %

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21
22

X
Y

100 %

B
n = 40

30 %
35 %

25 %

40 %

20 %

45 %

15 %

50 %

10 %

55 %
60 %
65 %
70 %
75 %
80 %
85 %
90 %
95 %

5 %

100 %

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

17
18

19
20

21
22

X
Y

0 %

LOSS GAIN CNN-LOH

Figure 2. Copy-number and CNN-LOH alterations

in PTFL. Frequency of (A) copy number (CN) and

(B) CNN-LOH alterations of 40 PTFL analyzed by

Oncoscan Copy number molecular inversion probe

assay. Each probe is aligned from chromosome 1 to

Y and p to q. The vertical axis indicates frequency of

the genomic aberration among the analyzed cases.

Gains are depicted in blue, losses are depicted in

red, and regions of CNN-LOH are represented in

yellow. (C) Different patterns of 1p CNN-LOH and

loss in 4 cases of PTFL. In the first panel for each

case, CN calls are represented. In the second panel,

allelic events are displayed along the x-axis. Germ-

line homozygosity is given in calls at the 0 and 1

levels, respectively, whereas germ-line heterozygos-

ity is given in calls around 0.5. CNN-LOH in the tumor

leads to loss of calls around 0.5 and to the presence

of allelic imbalance calls derived from a sum of

heterozygous normal cell and homozygous tumor

cell calls for a given locus, resulting in values

between 0 and 0.5 or 0.5 and 1 depending on the

percentage of cells carrying the alteration.
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TNFRSF14,KMT2D (MLL2), FOXO1, EP300,MEF2B,HIST1H1B-E, and
GNA13 as well as hotspot regions of EZH2 (exon 16) and CREBBP (exons
24-38 and 30) (for more information, see supplemental Table 1). The
custom panel was designed using the Ion AmpliSeq Designer from Thermo
Fisher Scientific (version 3.4). For description of library preparation,
sequencing, and raw data analyses, see supplemental Methods.

Targeted resequencing and Sanger sequencing

For validation of the NGS results, variants with low allelic frequencies (,15%)
were reanalyzed as single amplicons using a targeted resequencing approach
on the Ion Torrent PGM. Amplicons were prepared using the Ion Amplicon
Library Preparation Fusion Method protocol from Thermo Fisher Scientific. For
description of primer design, see supplementalMethods and supplemental Table 2.

Variants with high allelic frequencies ($15%) were validated with Sanger
sequencing. M13-tailed primers were designed with Primer3 software (version
4.0.0; primer3.ut.ee/) obtained from Sigma-Aldrich (Steinheim, Germany) (see
supplemental Table 3). PCRs were performed using 100 ng of DNA in a final
volume of 25 mL with 200 mM dNTPs (Thermo Fisher Scientific), 0.2 mM per

primer, 0.5 mMMgCl2 (Thermo Fisher Scientific), and 0.02 U/mL Phusion Hot
Start High Fidelity Polymerase (Thermo Fisher Scientific). Purification of PCR
products and analysis of sequencing reactions was performed as previously
described.23

Statistical analysis

Comparison between clinical and biological parameterswas performed using the
Fisher exact or Mann-Whitney tests using IBM SPSS v.22.0. All statistical tests
were 2-sided and statistical significance was concluded for values of P, .05.

Results

Clinical and morphological findings in PTFL

The clinical information is summarized in Table 1. A total of 42
patients were included in the study of which 40 were males and 2
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Figure 2. (Continued).
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females with a median age of 16 years (range, 5-31 years). LNs of
the head and neck were most frequently involved (35 of 42 cases).
All patients except for 2 had stage I disease. Ten patients were
treated. Twelve patients have been followed with a watch-and-wait
approach after the excision of the enlarged LN. The 23 patients with
follow-up are alive with no evidence of disease with a median
follow-up of 36 months (range, 2-96 months).

The morphology and immunophenotype in all cases were
characteristic of PTFL (Figure 1). The LN architecture was partially
or totally effaced by expansile, serpiginous, and sometimes confluent
follicles with a starry sky pattern but without polarization (Figure 1A).
The atypical follicles were composed of medium-sized to large blastoid
cells but in somecases centroblasts predominated, characteristic of grade
3B cytology (Figure 1B-C). All cases had a follicular growth pattern
without diffuse areas. Immunohistochemically, all cases were CD20
and/or CD79a1 (Figure 1D). The GC markers BCL6 and CD10 were
strongly expressed in the majority of cases (Figure 1E). BCL2 was
negative in 30 cases (Figure 1F) and weakly, heterogeneously
positive in 12 cases without BCL2 translocation. IRF4/MUM1 was
negative in 27 of 32 cases investigated. In 5 cases, a focal positivity
was observed. Ki-67 demonstrated a high proliferation rate with
some cases showing a rim of polarization in the periphery of the
neoplastic follicles (Figure 1G).

IGH/IGK clonality, FISH, and cytogenetic analysis in PTFL

All 42 cases were monoclonal. In 39 cases, a monoclonal IGH gene
rearrangement was demonstrated. Three cases were polyclonal using
FR1-3 IGH primers but monoclonal when k chain gene (IGK) primers
were used. The 10RHused as controls rendered polyclonal resultswith
all IG primer sets used.

Conventional cytogenetics was available in 3 cases; 2 of them
(PTFL25, PTFL36) presented a normal karyotype 46,XY in all cells
studied whereas case PTFL24 displayed a 47,XY,add(7)(q36),18[15]/
46,XY[5] altered karyotype (supplemental Figure 1A).

FISH analysis demonstrated absence of BCL2 rearrangement in all
39 cases analyzed using BCL2 break apart probe (32 cases) and/or
t(14;18) dual-color dual fusion probes (9 cases). IGH breaks were
analyzed in 10 cases including the 3 cases in which BCL2 was not
analyzed. The 10 cases gave negative results. Twenty-three cases
analyzed for BCL6 rearrangements were negative for the trans-
location. Finally, 10 cases analyzed for IRF4 translocations, including
3 cases with focal expression of IRF4/MUM1, were negative.

Copy-number and CNN-LOH alterations in PTFL and RH

Copy-number analysis detected 31 alterations, 18 gains, and 13 losses
in 16 of 40 cases analyzed (mean, 0.77 alterations per case; range, 0-6
alterations) (supplemental Table 4; Figure 2). No amplifications or
homozygous deletions were observed. Recurrent regions of alterations
were gains of 7q21-q36 (2 cases), 15q (2 cases), and whole chr16
(3 cases) and losses of 1p36 (3 cases). Two of the 3 cases with 1p36
deletion included the TNFRSF14 gene region. Sixty-five regions of
CNN-LOH were detected. Recurrent regions of CNN-LOH were
located at 1p36 (16 cases), 1q25.2-q25.3 (4 cases), and6p22.1-p21.31
(4 cases). In total, 18 of 40 cases analyzed (45%) carried deletions
(2 cases) orCNN-LOH(16 cases) of 1p36.32 including theTNFRSF14
gene. Of note, 10 cases (24%) carried 1p36 alterations (9 cases with
CNN-LOH and 1 case deletion) as the only genetic abnormality. From
the 6 RH successfully analyzed by copy-number array, 5 displayed no
copy-number alterations or CNN-LOH regions whereas 1 case (RH3)
displayed a region of CNN-LOH in 3q.

Identification of recurrent mutations by targeted NGS

Thirty-seven PTFL cases were analyzed by NGS. The mean average
read depth of the NGS sequence analysis was 3290 (range, 294-6989;
for the mean coverage of TNFRSF14 exons, see Figure 4B) with over
96% of bases in the target region covered by at least 20 reads. Thirty-
eight mutations were identified in 27 of 37 cases analyzed (73%).
Alterations weremost frequently found in TNFRSF14with 20mutated
cases (54%) and allele frequencies ranging from 7% to 59%, followed
by 7 KMT2D mutations in 6 cases (PTFL37 carrying 2 mutations,
16%), andGNA13mutated in 4 cases (11%).Othermutated geneswere
EP300 (2 of 37, 5%), FOXO1 (2 of 37, 5%), CREBBP (1 of 37, 3%),
HIST1H1B (1 of 37, 3%), and HIST1H1C (1 of 37, 3%) (Figure 3;
supplemental Table 5). Four of the 5 cases that could not be analyzed by
NGS were Sanger sequenced for all 8 TNFRSF14 exons. One case
displayed a nonsense mutation in exon 5 of the TNFRSF14 gene, the
remaining 3 cases were wild type. Taken together, TNFRSF14 was
mutated in 21 of 41 cases analyzed (51%), including 13 missense
mutations (2 affecting the start codon leading to a deletion of the
first 97 amino acids), 4 nonsense mutations, 2 splice site mutations,
and 2 frameshift mutations. Mutations were most frequently found
in the first 3 exons (16 mutations) coding for the signal peptide and
part of the extracellular domain containing the tumor necrosis
factor (TNF) receptor (TNFR) cystein repeats (TNFR-Cys) 1 and 2
(Figure 4).

Seven KMT2D mutations found in 6 cases displayed high allelic
frequencies of 50% or more (range 24%-51%, 4 homozygous
mutations). However, no alterations of chr12 were observed in these
cases. Analysis by SIFT and Polyphen2 predicted a damaging effect
for all of these mutations (supplemental Table 6). Mutations were
scattered randomly across the whole gene without an apparent hotspot
region. Nine cases (24%) displayed.1 mutation and 10 cases (27%)
showednogenetic alteration in anyof the 12genes investigated.All 31
mutations further analyzed were validated either by Sanger
sequencing or targeted resequencing (supplemental Table 5). In
contrast, no mutations were found in any of the 9 LNs with RH used
as controls.

Correlation between copy-number and TNFRSF14 mutation

analyses in PTFL

Fifteen of 21 TNFRSF14 mutated cases had concomitant 1p36 CNN-
LOH (14 cases) or deletion (1 cases). Of note, in 3 cases, 2 (PTFL7 and
PTFL39) with a region of CNN-LOH including 1p36 and 1 (PTFL2)
with 1p36 deletion including TNFRSF14, we could not demonstrate
mutations in the TNFRSF14 gene (Figure 3; supplemental Figure 2),
suggesting either the presence of an additional target in the 1p36 region
or an alternative mechanism of TNFRSF14 silencing. In total, 22 cases
(54%) showed either TNFRSF14 mutations with and without 1p36
CNN-LOH or deletion.

PTFL and conventional t(14;18)2 FL are genetically different

The clinicopathological information of the 11 t(14;18)2 FL cases is
summarized in supplemental Table 7. There were 8women and 3men,
with a median age of 65 years (range, 48-83 years). These cases
revealed the typical morphology of conventional FL grade 1-3A. In
contrast to PTFL, women were more frequently affected and the tumor
cellsweremore oftenCD102. Comparative analysis of genetic features
demonstrated significantly higher levels of genetic complexity in the
11 t(14;18)2 FLs as compared with PTFL (mean, 9 vs 0.77 CNA;
P , .001) (Figure 5). Both groups presented 1p36 alterations
includingTNFRSF14 but CNN-LOH alterations of this locus were
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more frequently observed in PTFL (40%vs 9%;P5 .075),whereas FL
without t(14;18)displayedmore frequently lossesof the locus (27%vs5%;
P 5 .061). In terms of mutated genes, t(14;18)2 displayed a mutational
profile similar to adult t(14;18)1 FL (Table 2; supplemental Table 8). FL
without t(14;18) translocation more frequently carried mutations of
CREBBP (45% vs 3%; P5 .001), EZH2 (18% vs 0%; P5 .049), and
KMT2D (36 vs 16%; P5 .206) when compared with PTFL.

Discussion

In this study, we performed a genome-wide analysis of nodal PTFL in
pediatric and young adult patients. We found that nodal PTFL is a
monoclonal B-cell disorder with extremely low genomic complexity
and TNFRSF14 alterations as the major genetic feature present in 54%
of the cases. Mutations of histone-modifying genes important for the
pathogenesis of adult FLwere rarely found in the pediatric counterpart.
In contrast, conventional t(14;18)2 FL displayed a significantly higher
level of genetic complexity, and a mutational profile similar to BCL21

FL with frequent mutations in CREBBP and EZH2 genes. In 8 PTFL
cases (19%), no genetic alterations were identified, beyond IG
monoclonal rearrangement. Further studies are needed to elucidate
the genetic alterations involved in the pathogenesis of these lymphomas.
The low genomic complexity found in PTFL correlates well with the
indolent clinical course of the disease.5 Furthermore, the reactive LNs
used as control samples showed no genetic alterations, indicating that
PTFL is in fact a neoplasiawith lowmalignant potential rather than just a

benign clonal expansion in the course of an immune reaction/
dysregulation.

FL with t(14;18) translocation is extremely rare in children and
young adults. Most FLs in the pediatric age group are BCL2
translocation negative and can be divided into 2 different
diseases with overlapping morphological features. One involves
predominantly the Waldeyer ring; may be purely follicular,
follicular/diffuse, or diffuse; has tumor cells expressing IRF4/
MUM1 and often BCL2; and is associated with IRF4 transloca-
tions in the absence of BCL2 alterations.5,25 The marked male
predominance characteristic of nodal PTFL is not observed.5,26

The term “large B-cell lymphoma with IRF4 rearrangement” has
been proposed for this entity.20,27 In contrast, the nodal counter-
part is mostly follicular; does not express IRF4/MUM1 and rarely
BCL2; and the genetic alterations are largely unknown. In the
present study, we analyzed a large cohort with characteristic
clinical and morphological features and demonstrated that the
most frequent genetic alterations in nodal PTFL are mutations/
deletions in the TNFRSF14 gene.

TNFRSF14 mutations scattered across the whole gene but were
more frequently found in the first 3 exons similar to the distribution
seen in other studies.9,11,28 TNFRSF14 is a member of the TNFR
superfamily, also known as herpes virus entry mediator, with
important roles in the immune system, such as T-cell costimula-
tion, regulation of dendritic cell homeostasis, autoimmune-mediated
inflammatory responses, as well as host defense against pathogens.29

TNFRSF14 interactswith 2 ligandsof theTNF family, lymphotoxin-a
(LT-a) and LIGHT (also known as tumor necrosis factor superfamily
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member 14, TNFSF14), and the immunoglobulin domain-containing
receptors B- and T-lymphocyte attenuator (BTLA) and CD160. These
ligands bind to the extracellular domain of TNFRSF14 including the
TNFR-Cys repeats 1-3.30-32 Interestingly, we found that these
extracellular regions are frequently mutated, suggesting that these
mutations may interfere with the ligand-binding activity. Muta-
tions affecting the signal peptide all change the protein structure
significantly, leading to an early translation stop or to a truncated
protein missing a large part of the N-terminal amino acids, whereas
mutations affecting the TNFR-Cys domains represent only single
amino acid changes. This distribution of nonsense vs missense

mutations indicates that the cysteine-rich domains TNFR-Cys 1
and TNFR-Cys 2 must be affected in order to promote tumor growth
or to confer a tumor survival advantage.

The exact mode of action of TNFRSF14 signaling is unclear
because it can deliver both costimulatory (via LIGHT and LT-a) and
inhibitory signals (viaBTLAandCD160) toTcells,29,33 and theprotein
is not expressed in normal GC B cells.34 In a study of TNFRSF14
mutations in de novo adult FL,10 the authors suggested that these
mutations occur early in FL pathogenesis and might contribute to FL
progression. Another study34 suggested that the disruption of the
BTLA-TNFRSF14 pathway is involved in GC B-cell activation and
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that there might be some pressure in FL to inactivate TNFRSF14 to
prevent interactions with BTLA-expressing T follicular helper cells.
There are also conflicting data about TNFRSF14 mutations and its
possible influence in FL prognosis with studies showing either worse
prognosis or better overall survival in patients with TNFRSF14
mutations.10,11 Although the number of patients with follow-up in this
study was relatively small, there were no clinical differences between
cases with and without mutation, suggesting that the presence of the
mutation in PTFL does not confer a bad prognosis. Nevertheless, the
fact that TNFRSF14 mutations are found in the majority of PTFL
indicates that they might be important for the pathogenesis of the
disease; however, how these mutations contribute to PTFL pathogen-
esis remains to be elucidated.

Interestingly, TNFRSF14 mutations were associated with
1p36 CNN-LOH or deletions in over 70% of cases (15 of 21),
pointing to a selection of the mutated allele and indicating a
tumor suppressor role of TNFSRF14. In 2 cases, however, no
TNFRSF14mutation could be demonstrated despite the presence
of CNN-LOH in the region where the gene is localized. This
raises the possibility of another target gene in this region or
another mechanism inhibiting TNFRSF14 protein function or
gene expression. The 1p36 altered region contains 2 genes,
CHD5 and UBE4B, which have been identified as candidate

tumor suppressor genes in neuroblastoma,35,36 but no association
so far has been shown with lymphoid neoplasias. Although PTFL
and conventional t(14;18)2 FL showed frequent alterations of
TNFRSF14, CNN-LOH alterations of this locus were character-
istically found in PTFL whereas t(14;18)2 FL revealed more
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Table 2. Distribution of mutations in FL

Gene PTFL, % t(14;18)2 FL, % t(14;18)1 FL,* % P

TNFRSF14 51 36 18-46† ns

KMT2D 16 36 67-82 ns

CREBBP 3 45 33-64 .001

FOXO1 5 27 — ns

GNA13 11 0 — ns

EZH2 0 18 7-20 .049

EP300 5 0 9 ns

HIST1H1B 3 0 4 ns

HIST1H1C 3 0 5 ns

HIST1H1D 0 9 3 ns

.1 mutation 24 55 70 ns

P value between PTFL and t(14;18)2 FL.

ns, not significant.

*According to Okosun et al16 and Pasqualucci et al.17

†Based on Launay et al10 and Cheung et al.11
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frequently losses of the locus similarly to BCL21 FL. Further-
more, PTFL showed a lower genetic complexity when compared
with conventional t(14;18)2 FL, suggesting different mecha-
nisms of lymphomagenesis.

Mutations in other histone-modifying genes frequently affected in
adult FL were rarely encountered in nodal PTFL. In contrast,
CREBBP mutations were identified in 45% of conventional t(14;
18)2 FL (P5 .001), highlighting the different genetic landscape of
these 2 disorders. The most frequently mutated histone-modifying
gene in PTFL was KMT2D identified in 6 of 37 cases (16%). No
hotspots were identified and mutations showed high allelic
frequencies of$50% in 4 cases indicating homozygous mutations.
The relatively high allelic frequency ofKMT2Dmutations was also
observed in a recent study in adult FL.37 It has recently been shown
that KMT2D sustains a gene expression program that represses
B-cell lymphoma development.37,38 KMT2D catalyzes the methyl-
ation of lysine 4 on histone H3, a modification associated with
transcriptionally active chromatin.39 Mutations of KMT2D in
diffuse large B-cell lymphoma and FL impair the catalytic function
of the enzyme and, as a result, drive GC expansion due to enhanced
proliferation and impair B-cell terminal differentiation.38 In-
terestingly, KMT2D-deficient mice show an abnormal persis-
tence of GCs, a defect in class switch recombination and reduced
antibody production similar to Kabuki syndrome, linked to
KMT2D mutations. Of special interest is the fact that one of the
targets of KMT2D isTNFRSF14, and it has been recently suggested
that mutations in KMT2D perturb TNFRSF14 expression and/or
function.37 Four cases in our study had KMT2Dmutations alone or
in combination with gene mutations other than TNFRSF14. One
can speculate that KMT2D disruptions may represent another way
for the cells to overcome TNFRSF14 gene function. Of note, EZH2
mutations frequently found in adult FL16,40 and in conventional t
(14;18)2 FL in this study were not identified in our PTFL cohort.
Our findings support previous studies suggesting that conventional
FL with and without BCL2 rearrangement in adults are closely
related but differ clinically and genetically from PTFL.21,41

In conclusion, this study demonstrates that nodal PTFL is a
monoclonal B-cell neoplasia with low genetic complexity and a
limited number of gene mutations that correlates well with the
indolent nature of the disease. In contrast to adult FL with and
without t(14;18) translocation,mutations in histone-modifying genes
are rare, whereas there seems to be high selection pressure on
mutations in the TNFRSF14 gene, whose exact role in the
pathogenesis of the disease remains to be elucidated.
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