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Genomic landscape of cutaneous follicular lymphomas reveals 2
subgroups with clinically predictive molecular features
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m Primary cutaneous follicle center lymphomas (PCFCLs) are indolent B-cell lymphomas
that predominantly remain skin restricted and manageable with skin-directed therapy.
* Skin-restricted PCFCL
is genetically distinct
from usual FL and
cutaneous FL with
concurrent or future
systemic involvement.

Conversely, secondary cutaneous involvement by usual systemic follicular lymphoma
(secondary cutaneous follicular lymphoma [SCFL]) has a worse prognosis and often
necessitates systemic therapy. Unfortunately, no histopathologic or genetic features reliably
differentiate PCFCL from SCFL at diagnosis. Imaging may miss low-burden internal disease in
some cases of SCFLs, leading to misclassification as PCFCL. Whereas usual systemic FL is well

characterized genetically, the genomic landscapes of PCFCL and SCFL are unknown. Herein,
* We propose 3 criteria

based on molecular
features to predict
cases of cutaneous FL
with concurrent or future
systemic involvement.

we analyzed clinicopathologic and immunophenotypic data from 30 cases of PCFCL and 10
of SCFL and performed whole-exome sequencing on 18 specimens of PCFCL and 6 of SCFL.
During a median follow-up of 7 years, 26 (87%) of the PCFCLs remained skin restricted. In the
remaining 4 cases, systemic disease developed within 3 years of diagnosis. Although the SCFLs
universally expressed BCL2 and had BCL2 rearrangements, 73% of the PCFCLs lacked BCL2
expression, and only 8% of skin-restricted PCFCLs had BCL2 rearrangements. SCFLs showed
low proliferation fractions, whereas 75% of PCFCLs had proliferation fractions >30%. Of the
SCFLs, 67% had characteristic loss-of-function CREBBP or KMT2D mutations vs none in skin-
restricted PCFCL. Both SCFL and skin-restricted PCFCL showed frequent TNFRSF14 loss-of-
function mutations and copy number loss at chromosome 1p36. These data together establish
PCFCL as a unique entity with biological features distinct from usual systemic FL and SCFL.
We propose 3 criteria based on BCL2 rearrangement, chromatin-modifying gene mutations
(CREBBP, KMT2D, EZH2, and EP300), and proliferation index to classify cutaneous FL
specimens based on the likelihood of concurrent or future systemic spread.

Introduction

Primary cutaneous follicle center lymphoma (PCFCL) is the most common type of primary cutaneous
B-cell lymphoma, representing ~60% of cases. PCFCLs are characterized by cutaneous proliferation of

Submitted 1 June 2020; accepted 20 November 2020; published online 1 February Original data are available by e-mail request to the corresponding author and by public
2021. DOI 10.1182/bloodadvances.2020002469. deposit, if necessary.

The full-text version of this article contains a data supplement.
*X.AZ. and J. Y. are joint first authors. © 2021 by The American Society of Hematology

9 FEBRUARY 2021 - VOLUME 5, NUMBER 3 649



clonal germinal center lymphocytes, “follicle center cells,” that most
frequently present as plaques and nodules on the scalp, forehead,
or trunk. By definition, they occur in the absence of nodal or other
extracutaneous involvement at the time of diagnosis. Most cases
remain localized to the skin and are remarkably indolent, with
a 5-year disease-specific survival of 95%, despite a high recurrence
rate in the skin."? Historically, it has been challenging to distinguish
these cases of PCFCL with indolent behavior from the more
aggressive cutaneous lymphomas. In fact, PCFCLs with diffuse
growth patterns were often classified as diffuse large B-cell
lymphoma, resulting in overtreatment of PCFCL with multiagent
chemotherapy, until the World Health Organization-European
Organization for Research and Treatment of Cancer classification
in 2005 recognized that PCFCL had a morphological spectrum that
included follicular, follicular and diffuse pattern, and diffuse pattern.
Clinically, it is critically important to distinguish PCFCL from
cutaneous involvement by systemic follicular lymphomas (ie, sec-
ondary cutaneous follicular lymphomas [SCFLs]) which are largely
incurable, relapse more frequently, generally have a worse progno-
sis, and are managed differently.’®#

Despite numerous studies, there are currently no reliable clinico-
pathologic or molecular criteria to distinguish PCFCL from SCFL. In
contrast to SCFL, cases of PCFCL usually lack BCL2 expression,
often have weak or negative CD10 expression, and may lack BCL2
gene rearrangements.®® Although these features have been helpful
in distinguishing PCFCL from SCFL, none is specific, as up to 30%
of cases of PCFCL have BCL2 gene rearrangements and/or
express BCL2 or CD10.3*71° As a result, imaging is relied on to
assess for the possibility of systemic involvement. Although imaging
successfully identifies concurrent systemic involvement in many
cases, its absolute sensitivity is not clear. Interestingly, ~10%
of PCFCLs later disseminate extracutaneously.' It is currently
unknown whether these cases are genetically more similar to skin-
restricted PCFCL or to SCFL. The latter would suggest that these
cases may actually represent SCFL in which systemic disease is
present but below the level of detection at initial diagnosis and is
thus misdiagnosed as PCFCL. To date, there are no available
histopathologic or genetic features to reliably identify cutaneous FL
without concurrent systemic involvement that later disseminates
beyond the skin.

The genetic landscape of usual systemic FL is well-characterized,'*%*

but the genetic landscape of PCFCLs remains unclear. Emerging
data suggest that other FL subtypes have distinct genetics. For
example, pediatric-type follicular lymphoma (PTFL), a rare variant
of localized nodal FL that occurs primarily in younger patients, is
characterized by TNFRSF14, IRF8, and activated MAPK pathway
mutations. ' 32%:26

Herein, we describe the genomic landscapes of PCFCLs and
SCFLs and define the genetic similarities and differences between
cutaneous FLs and other FL subtypes. Based on these molecular
differences, we propose 3 criteria to determine whether a cutane-
ous follicular lymphoma is likely to spread systemically.

Materials and methods

Sample preparation and sequencing analysis

All studies were approved by the Institutional Review Boards of
Northwestern University and Massachusetts General Hospital.
Deidentified formalin-fixed, paraffin-embedded (FFPE) archival
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specimens from 40 cutaneous FLs were collected from the Medical
University of Graz (n = 8), Northwestern University (NU; n = 2),
Massachusetts General Hospital (MGH; n = 25), and Brigham and
Women's Hospital (BWH; n = 5) and were reviewed by expert
dermatopathologists (J.G. and L.C.) and/or a hematopathologist
(A.L). Cases of PCFCL and SCFL were categorized based on
clinical history. PCFCL is first diagnosed in the skin and has no
systemic involvement at the time of diagnosis, and SCFL has either
concurrent systemic or preceding systemic disease. Genomic DNA
was prepared, sequenced, and analyzed as previously described.?”
Median coverage depth was >150 independent reads per
targeted base. Putative driver genes were identified as has been
described.?’

Copy number aberrations

Genomic DNA was processed for molecular inversion probe array
analysis with the OncoScan FFPE Assay kit (Thermo Fisher, Santa
Clara, CA), as described.?® Data analysis was performed with
Chromosome Analysis software (ChAS), version 3.2 (Thermo
Fisher), and Nexus Express Software for OncoScan, version 3.1
(BioDiscovery, Hawthorne, CA), with reference to assembly
GRCh37/hg19, by a published method.?® All cases were pro-
cessed with the TuScan segmentation algorithm (ChAS; Thermo
Fisher), except for case PS02, which was recentered and
processed by using SNP-FASST2 (OncoScan; Nexus Express).
Recurrent genomic alterations were calculated with the aggregate
analysis in Nexus Express.

Whole-exome sequencing

Genomic DNA from 18 cases of PCFCL and 6 of SCFL was prepared,
sequenced, and analyzed as previously described.?®2723%3" Whole-
exome capture was performed with the Agilent SureSelect Human Al
Exon v6 (Agilent Technologies) and xGen Exome Research Panel
(Integrated DNA Technologies) bait sets. In summary, genomic DNA
was sheared, end repaired, ligated with barcoded lllumina sequencing
adapters, amplified, size selected, and captured with the bait sets. The
resulting lllumina exome-sequencing libraries were then quantified by
quantitative polymerase chain reaction, pooled, and sequenced with
76-bp paired-end reads, using lllumina HiSeq 2000, 3000, or 4000
sequencers. Coverage depth was >150 independent reads per
targeted base. Sequences were aligned to the hg19/GRCh37 build of
the reference human genome sequence and annotated with ELAND
(llumina) or Oncotator (Broad Institute).

Identification of somatic variants and putative
driver genes

Significantly mutated genes were identified with our multitiered
pipeline, which identifies cancer-promoting mutations that occur
more often than expected by chance.?”*° In addition, we
examined our data set for damaging mutations (for putative
tumor suppressors) and for recurrent amino acid alterations (for
putative oncogenes). We first examined our PCFCL and SCFL
cohorts, a cohort of published B-cell lymphomas, and the
Catalogue of Somatic Mutations in Cancer (COSMIC).32 We
looked for mutations in our PCFCL and SCFL data sets that are
also found in COSMIC hotspots (>20 mutations within 5 amino
acids of the designated mutation position), recurrent mutations
in published B-cell lymphomas, and damaging mutations in
canonical tumor suppressors.
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Comparison of PCFCL and SCFL with other
FL subtypes

We compared the frequency of mutations in genes most commonly
mutated in defined types of FL (usual systemic FL, diffuse FL,
and PTFL) with that of the same genes in PCFCL or SCFL. We
normalized these values to a O to 1 similarity index scale, where 1
was exact correlation and O was no correlation.

Immunohistochemical staining and fluorescence
in situ hybridization

Immunohistochemical (IHC) staining and fluorescence in situ
hybridization for t(14;18) (dual color, break-apart probes) were
performed as previously described.?® IHC staining was performed
on FFPE tissue sections with the Ventana Benchmark Autostainer
(Ventana Medical Systems) using the Ventana 3,3’ diaminobenzi-
dine tetrahydrochloride kit, according to the manufacturer's
instructions. The intensity of BCL2 staining was scored with
a semiquantitative scale of staining intensity: intensity similar to or
stronger than that of T cells was considered strong, and staining
weaker than that of T cells was considered faint. The extent of
CD21 follicular dendritic meshwork staining was scored as
a percentage of the infiltrate associated with meshwork staining.
Meshwork staining associated with <30% of the infiltrate was
considered focal staining. Estimation of the proliferation index (PI)
score was based on the percentage of Ki67* B cells within
neoplastic infiltrate.

Statistical analysis

Associations between categorical variables were assessed by
using Fisher's exact test, and differences between groups for
continuous variables was assessed using a Wilcoxon rank-sum test.
Progression-free survival was calculated as the time from diagnosis
to the time of relapse or death and was censored at the point when
the patient was alive without progression, using the Kaplan-Meier
method, and compared by using the log-rank test. P values are
2-sided and considered significant if P < .05.

Results

Clinical features of cutaneous follicular lymphomas

We collected 40 archival skin biopsy specimens of cutaneous FL
(Table 1; supplemental Table 1; Figure 1A), including 30 cases of
PCFCL and 10 of SCFL. By definition, evaluation for systemic
involvement (including computed tomography imaging) was nega-
tive in all cases of PCFCL and positive in all cases of SCFL. Of the
30 cases of PCFCL, 26 (87%) remained restricted to skin with no
subsequent extracutaneous systemic spread during a median
follow-up of 79 months (range, 10-385) (Table 1; Figure 1A).
PCFCLs included cases of 13 patients who responded to initial
therapy without recurrence and 17 who responded to initial therapy
but had recurrence. Strikingly, 13 of 17 recurrences (76%) were
restricted to skin at or adjacent to the initial site. In 4 cases of
PCFCL, extracutaneous systemic spread (breast, lymph nodes,
brain) developed after diagnosis (median, 9 months).

The clinicopathologic features of the cases of PCFCL and SCFL
are summarized in Table 1. PCFCL and SCFL had a similar
distribution of age and sex. Most PCFCL (27 of 30; 90%) and SCFL
(9 of 10; 90%) presented predominantly on the head and neck or
trunk. Progression-free survival was longer overall in cases of
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Table 1. Comparison of clinicopathologic features between cases of
PCFCL and SCFL

PCFCL, n (%) SCFL, n (%) P*
n 30 10
Sex
Female 13 (43) 5 (50) .73
Male 17 (87) 5 (50)
Age, median (range) 60 (32-79) 59 (33-91) 47
Staging
IA (cutaneous) 30 (100) 0 <.001
I-Iv 0 (0) 10 (100)
Tumor Site
Head and neck 15 (50) 6 (60) .87
Trunk 12 (40) 3 (30)
Extremity (leg/arm) 3 (10) 1(10)
Therapyt
Localized only 25 (83) 5 (50) .09
Systemic 5(17) 5 (50)
Follow-up, mo 79 55
Recurrence rate 17/30 (57) 9/10 (90)
Time to recur, median, mo 13 15
Recurrence
Same cutaneous site 13/17 (76) N/A
Different cutaneous site 1/17 (6) N/A
Extracutaneous Site 4/17 (24) N/A
Histology
Nodular and nodular/diffuse 22/28 (79) 8/8 (100) .30
Diffuse 6/28 (21) 0/8 (0)
IHC
CD10
Negative 6 (29) 1(12) .63
Positive 15 (71) 7 (88)
BCL2
Negative 22 (73) 1 (10) <.001
Positive 8 (27) 9 (90)
CD21
<30% 10 (33) 0 (0) .07
=30% 17 (57) 8 (100)
Ki-67
<30% 6 (25) 8 (80) .006
=30% 18 (75) 2 (20)
Gene rearrangements
BCL2
Negative 25 (83) 0 (0) <.001
Positive 5(17) 9 (100)
BCL6
Negative 27 (96) 2 (100) .99
Positive 1(4) 0(0)

Statistically significant P values (P < .05) are set in bold. Fisher's exact test for
categorical comparison; Wilcoxon rank-sum test for comparison of age.

*Test excluded unknown categories.

tLocalized therapy: excision, radiotherapy, observation; Systemic therapy: anti-CD20 and
chemotherapy.
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PCFCL that remained restricted to the skin than that of cases that
had subsequent systemic involvement (P = .001; supplemental
Figure 1). The median time to recurrence for PCFCL that remained
restricted to skin was 24 months (n = 13; range, 5-97), whereas the
median time to recurrence of PCFCL with subsequent systemic
spread and of SCFL were shorter: 9 months (n = 4; range, 5-36)
and 15 months (n = 9; range, 2-73), respectively.

Histopathologic and immunophenotypic
characterization of cutaneous follicular lymphomas

The cases of PCFCL had a predominantly dermal infiltrate, often
extending into the underlying subcutis, and universally sparing the
epidermis (Figure 1B). Most included a predominance of large
centrocytes. There was a spectrum of growth patterns, including
cases with purely nodular patterns (10 of 28; 36%), nodular and
diffuse patterns (12 of 28; 43%), and purely diffuse patterns (6 of
28; 219%). All cases of SCFL had either a purely nodular (3 of 8;
38%) or nodular and diffuse (5 of 8; 63%) pattern (Figure 1B;
supplemental Figure 1). All specimens in the cases of SCFL were
predominantly composed of centrocytes.

IHC showed that all cases of either type of cutaneous follicular
lymphoma were positive for BCL6 (30 of 30 PCFCL and 10 of 10
SCFL). The majority of cases of PCFCL (15 of 21; 71%) and SCFL
(7 of 8; 88%) had CD10 expression (P = .63). Although IHC
showed that most cases of SCFL strongly expressed BCL2 in the
lymphoma cells (9 of 10; 90%), some cases of PCFCL expressed
BCL2 (8 of 30; 27%; P < .001; Figure 1C-D; Table 1;
supplemental Table 1). Four of the 8 positive cases of PCFCL
had subsequent systemic spread.

In contrast to specimens of SCFL that universally showed strong
CD217* follicular dendritic cell meshwork staining (8 of 8; 100%),
specimens of PCFCL frequently lacked CD21 staining of follicular
dendritic meshwork (10 of 27; 37%; P = .073). Of the PCFCL
specimens with CD21% meshwork staining, the staining was
frequently faint (6 of 17) or focal (<80% of infiltrate; 6 of 17).
Significantly more cases of PCFCL (18 of 24; 75%) had a high PI
(Ki-67 = 30%) than did cases of SCFL (2 of 10; 20%; P = .006;
Figure 1D). PCFCL had a median Pl of 50% (range, 5%-70%) vs
20% for SCFL (range, 10%-70%). All PCFCL cases that involved
systemic spread had a low Pl (median 20%; range, 10%-20%).

Assessment of chromosomal rearrangements and
copy number alterations in cutaneous
follicular lymphomas

In light of the clinical, histologic, and immunophenotypic differences
between PCFCL and SCFL, we anticipated that there may be
significant genetic differences between these subsets of cutaneous
follicular lymphoma. We found that 9 of 9 cases of SCFL but only 5
of 30 cases of PCFL (17%) had a BCL2 rearrangement (P < .001).
One case of PCFCL had both BCL2 and BCL6 gene rearrange-
ments (Table 1; supplemental Table 1).

To define copy number alterations and cancer cell fraction, we
performed molecular inversion probe array analysis on tumor DNA
in 5 cases of PCFCL. Genomic alterations were observed in 4 of 5
cases, including copy number gains, copy number losses, and loss
of heterozygosity. The average number of alterations per sample
was 11 (range, 1-19) and the average proportion of the genome
altered was 18% (range, 5%-44%; supplemental Figure 2).
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Interestingly, 3 of 5 cases of PCFCL showed loss of chromosome
1p36 (PRO8, PS01, and PS02). Other recurrent large genomic
alterations observed in at least 2 cases of PCFCL included gains
involving chromosomes 7 and 18 and loss of heterozygosity
of chromosomes 6p and 9/9p. Recurrent focal copy number
alterations included gain of 2p16p15.1 (including REL) and
deletions of 2p11.2 (IGKV), 9p21.3 (CDKN2A), and 14932.33
(IGH locus; supplemental Table 8; supplemental Figure 2). A high
copy number gain, defined as >2 copies, was observed in only 1
case of PCFCL (PRO1; 2p16.1-p15 region).

Whole-exome sequencing of PCFCL and SCFL
tissue specimens

We performed whole-exome sequencing in 18 cases of PCFCL
and 6 cases of SCFL. The overall median coverage depth was
>150 independent reads per targeted base. Cases of both disease
types had a similar mutational burden (median, 6.4 mutations per
megabase [range, 1.6-29] and 4.5 mutations per megabase [range,
2.2-13.6], respectively; Figure 2A), comparable to that reported for
usual systemic FL.3® C>T transitions, which are associated with
UV-induced DNA damage,®* were the most frequent nucleotide
substitutions and represented 55% (range, 44%-74%) of variants
of PCFCL and 40% (range, 33%-85%) of SCFL (P = .104;
Figure 2B). Conversely, C>A transversions, which are rarely UV
associated,®* were more commonly seen in SCFL (median, 14%);
range, 10%-17%) vs PCFCL (median, 10%; range, 4%-17%; P =
.02). There was no difference between the 2 groups in the
abundance of activation-induced cytidine deaminase-related muta-
tions (P = .654).

To maximize our ability to distinguish driver alterations, we used an
analytical pipeline designed to identify mutations that have onco-
genic or tumor-suppressor signatures in larger disease-relevant
data sets. These data sets include systemic FLs,'820:22:26:8536 5|
B-cell lymphomas,®”*® and all cancers (COSMIC).

SCFL. Using our pipeline, we identified 12 putative cancer-
promoting mutations of 6 genes in SCFL (Figure 2C). The majority
of these mutations (9 of 12) occurred in genes associated with
chromatin remodeling, including 2 EZH2 p.Y646 mutations and 8
loss-of-function or damaging mutations in CREBBP (4 of 6 cases)
and KMT2D (3 of 6 cases) (Figures 2 and 3). Three of the 6 cases
had mutations in both CREBBP and KMT2D. Known gain-of-
function mutations were also identified in STAT6 and IL4R (Figures
2 and 3).

PCFCL. In PCFCL, we identified frequent loss-of-function
mutations in TNFRSF14 (5 of 18; 28%) and gain-of-function
mutations in MYC (3 of 18; 17%). Interestingly, 2 of the 3 PCFCL
samples with 1p36 deletions (PS01, PS02, PR08) also had
concomitant damaging TNFRSF14 mutations, which is consistent
with a recent report on PCFCL.** Other validated cancer-
promoting mutations included single gain-of-function mutations in
JAKS3, KRAS, FOXO1, CARD11, and RHOA and loss-of-function
mutations in TET2, SOCS1, and B2M (Figures 2 and 3;
supplemental Tables 2-7). Two cases had loss-of-function FAS
mutations. PCFCL had relatively few mutations in chromatin
modifying genes, including 3 of 18 cases with CREBBP and 4 of
18 with KMT2D mutations that have not been functionally validated.
Of note, recurrent mutations, including a loss-of-function mutation,
were also identified in /RF8 (3 of 18; 17%) and histone H1 genes
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Figure 1. Cutaneous follicular lymphoma cases
and their immunohistological characteristics. A B
(A) Summary of the FL cases included in the study.

(B) Morphology of cutaneous follicle center lymphomas.
PCFCL nodular architecture. Hematoxylin and eosin 40 cu't:ineous

(H&E) staining, low power (left; original magnification PCFCL
X40) and high power (right; original magnification
X1000). SCFL. H&E staining, low power (left; original
magnification X40) and high power (right; original
magnification X 1000). (C) IHC staining (original magnifi-

30 PCFCL 10 SCFL

cation X 100) of PCFCL and SCFL specimens: BCLS,
BCL2, CD21, and Ki-67. (D) Comparison graphs show-
ing differences in BCL2 rearrangement and BCL2,
CD10, CD21, and Ki-67 staining between cases of SCFL
PCFCL and SCFL. Pink dots in Ki-67 histogram repre- 26 PCFCL, 4 PCFCL,

¢ PCFCL with ) d Skin Systemic
sent cases o with systemic spread. Restricted Spread
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(Ki-67)
90 p=0.006
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Figure 2. Landscape of somatic alterations in PCFCL and SCFL. (A) The number of somatic mutations per megabase in each specimen. (B) The relative ratios of single

somatic nucleotide variant (SNV) types in each specimen. (C) Oncoplot. Red denotes gain of function mutations in putative oncogenes; brown or purple denotes inactivating

or damaging mutations in putative tumor-suppressor genes, respectively; gray denotes missense mutations that have not been functionally validated. (D) Similarity index com-

parison of FL subtypes standardized to SCFL.

(9 of 18; 50%). There were 2 cases with SETD2 mutations,
a chromatin modifier gene recurrently altered in B-cell leukemias
and T-cell lymphomas but not previously described as a recurrently
mutated gene in FL.

The PCFCL samples sequenced included 2 samples with sub-
sequent systemic spread. Both cases had t(14;18) translocations.
One case had CREBBP and KMT2D inactivating mutations, and
the other had an EZH2 p.Y646 mutation.
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Comparison of cutaneous follicle center lymphoma
and other subtypes of FL

To compare cutaneous B-cell ymphomas with their extracutaneous
counterparts, we established a similarity index based on relative
mutation prevalence in SCFL or skin-restricted PCFCL of the most
commonly mutated genes in each FL subtype.®° Overall, SCFL was
genetically more similar to usual systemic FL than the other FL
subtypes, and skin-restricted PCFCL was genetically more similar
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denote known mutation hotspots.
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Table 2. Comparison of distinctive clinicopathologic and genetic features in follicular ymphoma subtypes

Usual systemic FL %
(n/group total)*

Cutaneous FL, systemic %
(n/group total)t

Cutaneous FL, skin restricted %
(n/group total)*

Pediatric type nodal FL %
(n/group total)*

BCL2 rearrangement 89 (16/18)
Mutations in 2 or more of 4 chromatin 63 (47/75)
modifiers (CREBBP, KMT2D, EZH?2, and
EP300)
Ki-67 <30% 67 (10/15)
Clinical

Multisystemic involvement Yes, often widely

disseminated organs

Anatomical location Variable

Therapy
therapy

Presumed site of disease/clone origin

92 (12/13)
63 (5/8)

86 (12/14)

Yes, skin+LNs and/or other

Head and neck skin predominant Head and neck skin predominant

Often requires systemic  Often requires systemic therapy

Bone marrow precursor  Bone marrow precursor

8 (2/26) 0 (0/26)
6 (1/16) 4 (1/24)
10 (2/20) 0 (0/26)

No, limited to the skin No, limited to LNs of 1 area

Head and neck LN
predominant

Localized therapy (excision, targeted RT, IL
steroids or IL rituximab)

Localized therapy (excision,
targeted RT)

Site of anatomically restricted disease Site of anatomically restricted

disease

IL, intralesional; LN, lymph nodes; RT, radiotherapy.

*Based on data from Louissaint et al*® and Green et al.>®

tCutaneous FL, systemic (n = 14) includes all cutaneous FL with systemic involvement, including cases of SCFL (n = 10) and PCFCL (systemic spread) (n = 4).
#Cutaneous FL, skin restricted (n = 26) includes all cutaneous FL that remain restricted to skin, including PCFCL (skin restricted) but not PCFCL (systemic spread) (n = 4). These data

are in contrast to Table 1, which includes all cases of PCFCL (n = 30).

to PTFL than other FL subtypes. Skin-restricted PCFCL and SCFL
were the least similar to each other (Figure 2D; supplemental
Figures 3 and 4). Key clinical and genetic features of systemic
cutaneous FL (SCFL and PCFCL, systemic spread), skin-restricted
cutaneous FL (PCFCL, skin-restricted), usual systemic FL, and
PTFL are shown in Table 2.

Role of immunophenotypic and genetic features in
diagnosis and categorization

It is critically important to differentiate cases of cutaneous FL that
ultimately disseminate (SCFL and PCFCL with subsequent sys-
temic spread) from those that remain restricted to the skin, given the
significant differences in prognosis and therapy. However, making
this determination can be challenging, as extracutaneous dissem-
ination is sometimes not detectable at the time of initial diagnosis.
There are currently no known tumor-derived biomarkers that can
reliably identify cases with concurrent or subsequent systemic
involvement at the time of diagnosis.

To this end, we established a novel set of criteria (Figure 4A) based
on the relative absence of mutations in chromatin-modifying genes
in PCFCL combined with other distinguishing features. We
assessed the ability of the following criteria to distinguish PCFCL
from SCFL: (1) the presence of mutations in 2 or more of the 4 most
commonly mutated chromatin-modifying genes in FL*® (CREBBP,
KMT2D, EP300, and EZH2); (2) the presence of BCL2 gene
rearrangement; (3) a proliferation fraction <30% (the Pl threshold
previously established to delineate high proliferation fraction in
FL).2%® Our hypothesis was that the fulfillment of 2 or more of
these criteria would predict cutaneous FL cases with systemic
spread, and that negativity for 2 or more criteria would predict cases
of skin-restricted PCFCL.

Of the 40 cases in the series, 60% (24 of 40) were sequenced, and
data were obtained for at least 2 of the 3 criteria in 93% of cases
(87 of 40; Figure 4B). Overall, 12 cases were positive for at least
2 of the 3 proposed criteria for predicting systemic involvement.
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Each of these 12 cases showed systemic involvement, including 9
cases of SCFL and 3 cases initially diagnosed as PCFCL with later
systemic spread. Twenty-one other cases were negative for at least
2 of the 3 criteria. Each of these 21 cases were PCFCL that
remained localized to skin. The remaining 7 cases did not have
sufficient data to apply the proposed criteria. Overall, the applica-
tion of the criteria resulted in the accurate categorization of all
33 evaluable cases into cutaneous FL with persistent skin restric-
tion (PCFCL) or cutaneous FL with systemic spread (SCFL and
PCFCL with later systemic spread) with 100% sensitivity and
specificity. This result represents an improvement in accuracy over
both the original diagnosis at the time of presentation (sensitivity for
systemic disease of 71%) and BCL2 gene rearrangement alone
(specificity for systemic disease of 90%; for the 32 cases assess-
able for both criteria).

Discussion

In this study, we performed, to our knowledge, the largest, most
comprehensive genetic analysis to date of cutaneous follicular
lymphomas in an effort to characterize the defining genetic features
of PCFCL and to identify genetic, immunophenotypic, and histo-
pathologic features that can potentially distinguish cases of skin-
restricted PCFCL from cutaneous follicular lymphomas with
concurrent (SCFL) or subsequent systemic spread.

Patients with PCFCL or SCFL in our cohort were clinically similar
in age, sex, anatomic site of presentation, histology, and most
immunophenotypic features (eg, CD10 and BCL6 expression).
We confirmed previously reported differences between SCFL and
PCFCL, including relative absence of strong BCL2 expression,
weaker CD21 follicular dendritic meshwork staining, and higher PI
in PCFCL relative to SCFL.

Genetically, we confirmed the rarity of BCL2 rearrangements
in PCFCL, in contrast to their near-universal presence in SCFL.
We discovered that most of the cases of SCFL had mutations
in chromatin-modifying genes (eg, CREBBP, KMT2D, EP300,
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A | Proposed Prognostic Criera for Systemic Spread
Mutations in > 2 of the following genes: CREBBP, KMT2D, EZH2, EP300
BCL2 gene rearrangement
Low proliferation index (Ki-67 < 30%)
B SCFL PCFCL.’ PCFCL, Skin Restricted
Systemic

Mutations in > 2: CREBBP (C),
KMT2D (K), EZH2 (), EP300 (P)

BCL2 Rearrangement

Ki-67 < 30%

Number of Criteria Met

Cases marked as N \ JU

PR25
PR26

are indeterminate as '
one of the criteria was
not available and only
1 of 2 remaining
criteria were fulfilled

1
Predict systemic spread

|
Predict PCFCL with skin restriction

Figure 4. Proposed criteria and its application to the study cohort. (A) Proposed criteria for prediction of systemic spread. (B) Application of the criteria to all 40 cases

in the study cohort.

and EZH?2) identical to those previously identified and reported
for usual systemic follicular lymphoma, whereas PCFCL lacked
these mutations, with the exception of occasional patients with
variants of unknown significance. Instead, cases of PCFCL
had mutations in other oncogenic pathways, as well as
recurrent mutations in /RF8 and/or TNFRSF14. A subset of
cases had concurrent deletions of the 1p36 locus that includes
TNFRSF14.

Although the ontogeny of follicular lymphoma is poorly understood,
usual systemic follicular lymphoma is thought to arise from an early
marrow precursor, in which t(14;18) and CREBBP and KMT2D
mutations are fundamental, and from transformative genetic
alterations that contribute to malignancy (Figure 5A). This notion
is supported by the presence of each of these alterations in 80% to
90% of cases of usual systemic FL, including more localized
disease, such as duodenal follicular lymphoma.*” The relative
absence of these genetic alterations in PCFCL and other FL
subtypes, such as PTFL, confirms that these subtypes are distinct
biological entities derived from completely different cells of origin
than the t(14;18) ™ precursor, from which usual nodal systemic FL is
derived. Notably, in addition to genetic similarities, PCFCL and
PTFL share other clinicopathologic features (eg, high-Pl, self-
limiting presentation with localized anatomic involvement, and
excellent prognosis) that distinguish them from their systemic
counterparts (SCFL and usual systemic FL, respectively). This
correlation influenced the criteria used for predicting cases with
systemic spread (Figure 4A). Although MAPK pathway mutations
have been shown to drive PTFL pathogenesis, further studies are
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needed to identify the PCFCL cell of origin (potentially skin-
associated or skin-resident B cells; Figure 5A) and the mechanisms
driving its pathogenesis.

Prior studies assessing BCL2 gene rearrangements and BCL2
expression in cutaneous FL (>300 cases of PCFCL and 50 of
SCFL, combined).24®9444851 haye shown that, although BCL2
gene rearrangements are much more commonly associated with
SCFL than PCFCL, a subset of cases of PCFCL (up to 30% of
cases) also have this genetic alteration. Aimost all cases of SCFL
and 20% to 86% of those of PCFCL in prior studies have been
shown to have BCL2 expression, including nearly all cases of SCFL
and PCFCL that have BCL2 gene rearrangements. All of these
studies have demonstrated that despite the stronger association of
BCL2 gene rearrangements with SCFL, this genetic alteration is
not sufficiently specific to reliably distinguish PCFCL from SCFL or
from cases of PCFCL with later systemic spread. Our current study
agrees with these findings, with all examined cases of SCFL having
BCL2 rearrangements and 90% having BCL2 expression, whereas
17% of cases of PCFCL had BCL2 rearrangements and 27% had
BCL2 expression. As part of our genetic analysis, we also found that
mutations in chromatin-modifying genes were much more common
in SCFL than in PCFCL (similar to BCL2 gene rearrangements),
yet were not independently sufficient to distinguish cases of skin-
restricted PCFCL from cases of SCFL or PCFCL with subsequent
systemic spread.

A 2019 study reported that strong BCL2 expression was the best
parameter in that study for identifying SCFL and PCFCL with later
systemic spread.® Although our results generally agree that strong
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Figure 5. Models of pathogenesis for SCFL and PCFCL and proposed clinical prediction algorithm. (A) Proposed SCFL and PCFCL ontogenies. Solid red arrows

denote sites of genetic mutational events supported by the FL literature, and dotted red arrows denote hypothesized sites. CMG, chromatin-modifying genes. (B) Proposed

clinical prediction algorithm for approaching newly diagnosed cases of cutaneous follicular lymphoma.

BCL2 expression is associated with SCFL, especially in association
with BCL2 rearrangements, we found that BCL2 expression alone
is not specific enough to reliably differentiate PCFCL from cutane-
ous FL with systematic involvement. In addition, BCL2 staining
is complicated by the fact that both neoplastic cells and adjacent
T cells can express BCL2, and tissue-staining intensity may vary
among reagents, tissue types, and laboratories.

To define a reliable and objective approach to distinguishing
PCFCL with skin restriction from cutaneous FLs with concurrent or
subsequent systemic involvement, we simultaneously assessed the
various genetic and immunophenotypic features that tend to differ
between PCFCL and SCFL. As part of this approach, we created
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a novel set of criteria by combining 3 features that distinguish
PCFCL and SCFL: (1) the presence of BCL2 rearrangements, (2)
a low proliferation fraction (<30%), and (3) mutations in 2 or more
of the chromatin-modifying genes CREBBP, KMT2D, EP300, and
EZH2. We predicted that positivity for 2 or more of these criteria
would predict proclivity for systemic spread, and negativity for 2
or more criteria would predict the likelihood of persistent skin
restriction. The thresholds established for each of these 3 criteria
were influenced by data from the literature. As already discussed,
the rarity of BCL2 gene rearrangements in PCFCL has been well-
established, although variably low percentages of cases diagnosed
as PCFCL have been shown to have BCL2 gene rearrangements.
Similarly, the relatively high Pl of PCFCL has been established in
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a few studies.®** The 30% threshold has been established as
a cutoff for “high-PI” for FL in several studies.2%*® Finally, given our
current discovery that chromatin-modifying gene mutations are not
as prominent a feature of PCFCL as they are of SCFL, we chose to
include in the criteria the 4 most commonly mutated chromatin-
modifying genes in FL.'®

Application of this new set of criteria to the cutaneous FL cases in
our study not only identified all 9 cases of SCFL with high sensitivity
and specificity, but also predicted systemic spread in all 3 cases of
cutaneous FL initially diagnosed as PCFCL. It also accurately
predicted skin restriction in all 21 additional cutaneous FL cases.
Therefore, we propose that these criteria may be used as part of
a simple algorithm for predicting the likelihood of systemic spread
at the time of initial diagnosis (Figure 5B). As this study represents
the first comprehensive genetic study of PCFCL and the first to
simultaneously assess BCL2 rearrangements, Pl and the mutational
profile of cutaneous follicular lymphomas, we cannot fully assess
these criteria in prior studies of cutaneous FL. It is certainly
important that the utility of these criteria be assessed in future
studies of cutaneous follicular lymphoma.

In summary, the findings in this study demonstrate that PCFCL has
biologically distinct indolent cutaneous germinal center B cells that
lack BCL2 and BCL6 rearrangements and recurrent mutations in
chromatin-modifying genes that are often mutated in usual systemic
FL. A subset of apparent PCFCLs without extracutaneous in-
volvement at diagnosis that subsequently progress to overt systemic
disease have worse prognoses. These cases likely represent rare usual
systemic FLs that initially present in the skin, as suggested by their
having the genetic alterations seen in usual systemic FL. We propose
the application of a simple set of criteria to help distinguish skin-
restricted PCFCL from cases of cutaneous FL that are likely to have
concurrent or future systemic involvement. This study adds to a growing
body of literature that reveals distinctive genetic features supporting
the traditional subclassification of primary cutaneous B-cell lympho-
mas, as defined by histological and clinical criteria.*>3%52 Assessment
for their distinctive genetic features may prove helpful in the diagnosis
and prognosis of some cases for which the histological distinctions
between these subtypes may be challenging.
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