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We previously reported that t(14;18)-negative follicular lymphomas (FL) show a clear

reduction of newly acquired N-glycosylation sites (NANGS) in immunoglobulin genes. We

therefore aimed to investigate in-depth the occurrence of NANGS in a larger cohort of

t(14;18)-positive and t(14;18)-negative FL, including early (I/II) and advanced (III/IV) stage

treatment-naive and relapsed tumors. The clonotype was determined by using a next-

generation sequencing approach in a series of 68 FL with fresh frozen material [36 t(14;18)

positive and 32 t(14;18) negative]. The frequency of NANGS differed considerably between

t(14;18)-positive and t(14;18)-negative FL stage III/IV, but no difference was observed among

t(14;18)-positive and t(14;18)-negative FL stage I/II. The introduction of NANGS in all t(14;18)-

negative clinical subgroups occurred significantly more often in the FR3 region. Moreover,

t(14;18)-negative treatment-naive FL, specifically those with NANGS, showed a strong bias

for IGHV4-34 usage compared with t(14;18)-positive treatment-naive cases with NANGS;

IGHV4-34 usage was never recorded in relapsed FL. In conclusion, subgroups of t(14;18)-

negative FL might use different mechanisms of B-cell receptor stimulation compared with

the lectin-mediated binding described in t(14;18)-positive FL, including responsiveness to

autoantigens as indicated by biased IGHV4-34 usage and strong NANGS enrichment in FR3.

Introduction

Follicular lymphoma (FL) is an indolent but incurable germinal center (GC) B-cell lymphoma.1 The median
overall survival of patients with this disease is .15 years; however, �20% of patients progress or
relapse within the first 2 years after initiation of treatment.2 The translocation t(14;18)(q32;q21), leading
to a deregulated expression of the antiapoptotic protein BCL2, is the genetic hallmark of FL.1 It is found
in �90% of advanced-stage (stage III/IV) and �50% of early-stage (stage I/II) FL.3 BCL2 expression,
detectable in the majority of both t(14;18)-positive and t(14;18)-negative FL, either prolongs the stay of
B cells in the GC or, rather, allows an iterative re-entry of t(14;18)-positive memory B cells to the GC,2,4

where they are constantly exposed to somatic hypermutation (SHM). This situation leads to an
accumulation of secondary genetic hits and generates lymphoma precursor cells that eventually give rise
to FL.2 Despite the disruption of one immunoglobulin (Ig) allele caused by the t(14;18), the B-cell
receptor (BCR) remains functional in most FL, thus suggesting a specific role in this malignancy.5 SHM
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Key Points

� Newly acquired
NANGS are
significantly reduced
in advanced-stage but
not in early-stage
t(14;18)-negative FL.

� IGHV4-34 usage in
combination with
newly acquired
NANGS in FR3 are
significantly associ-
ated with t(14;18)-
negative FL.
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is also responsible for the introduction of newly acquired
N-glycosylation sites (NANGS) (defined as an acquired Asn-X-
Ser/Thr amino acid [AA] motif) in the Ig protein sequence in
80% to 100% of FL,5,6 which were found to be early and stable
events in FL pathogenesis, despite ongoing SHM.7 In contrast
to the more common N-glycosylations that occur at the Ig cons-
tant regions and include complex sugars, NANGS in FL are gen-
erated at the immunoglobulin variable heavy chain (IGHV)

region, predominantly in the complement-determining region 2
(CDR2), and are of the high-mannose type.8 Notably, these
NANGS are less common in other GC-derived lymphoma and
rare in post–GC-derived lymphoma.5 In addition to these
NANGS, there are naturally occurring potential NANGS in the
CDR2 of the IGHV4-34 gene.8 Compared with NANGS, how-
ever, these natural sites lack glycosylation and the capability of
binding to lectins expressed by M2 macrophages.9
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Figure 1. Flowchart depicting the study cohorts used for FISH analysis. (A) and IGHV-sequencing analysis (B) and the corresponding results. FFPE, formalin-fixed

and paraffin-embedded; FF, fresh-frozen; I/II, FL at early clinical stage; III/IV, FL at advanced clinical stage; NANGS, newly acquired N-glycosylation sites; R, relapse; U,

unknown clinical stage; TN, treatment-naive.
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Another feature of FL is its dependence on the microenvironment,
which is composed of macrophages, follicular dendritic cells, and
several T-cell subsets.10-15 Interestingly, higher numbers of macro-
phages and dendritic cells expressing lectins, capable of stimulating
the BCR,16 were described as being associated with inferior
prognosis.10,12,15,17

Of note, most published studies on the subject included random FL
cohorts and were mainly composed of t(14;18)-positive stage III/IV
FL, which represent the majority of cases in routine clinical practice.
Therefore, little is known about N-glycosylation in t(14;18)-negative
and stage I/II FL so far. In a recent study we found that, compared
with published historical FL cohorts, NANGS were present in only
one of six t(14;18)-negative FL (17% vs 80% to 100%).18 To better
characterize t(14;18)-negative stage III/IV FL and stage I/II FL, which
are strongly enriched in cases lacking the t(14;18), we selected for
these otherwise rare subgroups among treatment-naive and
relapsed FL and investigated the frequency and localization of
NANGS, as well as IGHV gene usage.

Materials and methods

Study cohort

A total of 140 FL with formalin-fixed and paraffin-embedded material
available (among them 133 with fresh frozen [FF] material with suffi-
cient high-quality DNA accessible) were centrally reviewed, and a
diagnosis of FL confirmed by 3 expert hematopathologists (A.R.,
G.O., A.Z.) (Figure 1A). Among the 133 FL with FF material, 83
were acquired at the time of diagnosis (referred to as treatment-
naive FL), and 50 were sampled at first or subsequent relapse. Infor-
mation on clinical stage could be obtained for 119 FL. Information
on clinical stage at primary diagnosis was missing in a proportion of
relapsed FL (10 FL stage I/II, 26 FL stage III/IV, 14 FL U [U 5
unknown clinical stage]). DNA from all t(14;18)-negative FL and a
subset of t(14;18)-positive FL with FF material was used for
sequencing (Table 1). Amplification and sequencing of the V-D-J
sequences were performed in 12 t(14;18)-positive and 12 t(14;18)-
negative treatment-naive FL stage I/II, 9 t(14;18)-positive and 9
t(14;18)-negative treatment-naive FL stage III/IV, and 15 t(14;18)-
positive and 11 t(14;18)-negative relapsed FL stages I to IV.

The study was approved by the local ethics committees of the par-
ticipating and recruiting centers and was conducted in accordance
with the Declaration of Helsinki.

Fluorescence in situ hybridization (FISH) analysis

and immunohistochemistry

BCL2 breakpoints, the translocation t(14;18), and BCL2 protein
expression were determined on formalin-fixed and paraffin-embed-
ded tissue in a tissue microarray format as previously
described.3,18-20 A detailed description is presented in the supple-
mental Methods.

Clonotype and clonal frequency determination

For the detection of clonal V-D-J sequences of the IGHV gene,
DNA was extracted from 10 to 15 10 mm slices of all FL with FF
material available, using the AllPrep DNA Mini Kit (Qiagen GmbH,
Hilden, Germany). Only samples with sufficient quality (260/280
ratio of $1.8) were included in the study. The V-D-J sequences
were amplified by using the LymphoTrack Dx IGH FR1 Assay

MiSeq kit (Invivoscribe, San Diego, CA), according to the manufac-
turer’s protocols. A leader-JH strategy (LymphoTrack IGHV Leader
Somatic Hypermutation) was applied when primers did not bind to
the FR1 region, probably due to an excess of SHM. Moreover, FR2
and FR3 strategies (LymphoTrack Dx IGH [FR1/FR2/FR3] Assays)
were used when both strategies failed. If no clonal sequence was
detected (at least 5% clonal frequency), a case was assigned as
polyclonal.

Bioinformatics evaluation of sequencing data

To define the main clone, data were evaluated by using a self-
developed pipeline based on pRESTO, Change-O, and Shazam,21-23

and the data output was subsequently compared with the results
generated with the LymphoTrack software (MiSeq v2.1.1; Lym-
phoTrack Software). In contrast to the LymphoTrack software,
this pipeline includes all sequences in the analysis and accepts
.2 different nucleotides given that the VH/JH is the same and
CDR3 similar, which might be an advantage for tumors with high
intraclonal diversification such as FL. Further details are provided
in the supplemental Methods. Immunoglobulins were aligned
against the IMGT reference database (http://www.imgt.org/
IMGT_vquest/vquest) with IgBLAST (version 1.8.0). Moreover,
the tools IMGT/V-Quest and IgBLAST (https://www.ncbi.nlm.nih.
gov/igblast/) were used to manually analyze the sequences for
NANGS (Asn-X-Ser/Thr, X can be any AA except Pro, Asp, or
Glu).5 Sequencing data are deposited in the National Center for
Biotechnology Information Sequence Read Archive database
NCBI (accession number PRJNA722152). Sequences of the
dominant clone are provided in supplemental Table 1. Notably,
the 2 bioinformatics pipelines had a 100% concordance in terms
of clonal detection, although not with regard to clonal frequency,
probably due to the different algorithms mentioned earlier.

Statistical evaluation

Statistical data analysis was performed by using SPSS version 25
(IBM SPSS Statistics; IBM Corporation, Armonk, NY) and Graph-
Pad Prism 8.3.1 (GraphPad Software, La Jolla, CA). Fisher’s exact
test was applied to determine the significance (in general, two
sided; one sided in case of a directed hypothesis) of the association
between 2 variables. The Mann-Whitney U test was applied to com-
pare 2 independent subgroups. Odds ratios (ORs) and 95% confi-
dence intervals (CIs) were calculated with SciStat (OR calculator
[scistat.com]). P values #.05 (Fisher’s exact test) were regarded as
significant.

Table 1. FL subgroups for IGHV sequencing

Subgroup t(14;18)-positive t(14;18)-negative Total

TN-FL I/II 12 12 24 42

TN-FL III/IV 9 9 18

R-FL I/II 5 4 9 26

R-FL III/IV 9 2 11

R-FL U 1 5 6

Total 36 32 68

I/II, early stage; III/IV, advanced stage; U, unknown clinical stage; R, relapse; TN,
treatment-naive.
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Results

Study cohort

In the whole data set of 133 FL with sufficient high-quality DNA
available, �74% (96 of 130) of evaluable cases carried a BCL2-
break (94 of 130 [�72%] with verified IGH rearrangement),
whereas 26% (34 of 130) of evaluable cases were both BCL2-
break and t(14;18)-negative (Figure 1A). Because translocation
partners for BCL2 other than IGH are rare in FL, and because there

was a 100% concordance between the 2 FISH approaches con-
cerning the cases of the sequencing cohort that could be success-
fully investigated with both approaches (66 of 68) (supplemental
Table 2), we use the term t(14;18)-negative FL for all BCL2-break
negative FL throughout this article. BCL2 expression in .30% of
tumor cells was detected in 97% of t(14;18)-positive and 82% of
t(14;18)-negative FL. Treatment-naive FL stage I/II showed BCL2-
breaks in 13 (48%) of 27 cases, whereas 14 (52%) of 30 were
t(14;18) negative. In contrast, the vast majority of evaluable

Table 2. Frequency of newly acquired N-glycosylation sites (NANGS) in t(14;18)-positive and t(14;18)-negative treatment-naive and

relapsed FL stage I/II and stage III/IV

Clinical stage t(14;18)-positive* t(14;18)-negative* P

NANGS frequency

FL I/II 10/14 (�71.4%) 10/14 (�71.4%) NS

FL III/IV 10/16 (62.5%) 2/10 (20%) .042†

P .71 .036

I/II, early-stage FL; III/IV, advanced-stage FL; NS, not significant.
*Includes only treatment-naive and relapsed FL with clinical stage available.
†The comparison t(14;18)-positive vs t(14;18)-negative was performed with a one-sided Fisher’s exact test (directed hypothesis due to previous findings18).
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Figure 2. Local distribution of newly acquired N-glycosylation sites (NANGS) in the entire cohort (FL stage I-IV, including relapsed FL). (A), in t(14;18)-

positive [t(14;18) 1] compared with t(14;18)-negative [t(14;18) -] FL of the entire cohort (B), and in t(14;18) 1 and t(14;18) - FL stages I to IV at relapse (R-FL I-IV),

including FL of unknown stage (R-FL U) (C). FL I/II, early-stage FL; FL III/IV, advanced-stage FL.
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treatment-naive FL stage III/IV (45 of 54 [83%]) were t(14;18)-posi-
tive, whereas only a minority of FL stage III/IV were t(14;18)-negative
(9 of 54 [17%]). Among 50 relapsed FL, 10 were FL stage I/II
[t(14;18)-positive in 6 of 10 (60%) cases] and 26 FL stage III/IV
[24 of 26 (92%) t(14;18)-positive]. Notably, 5 (36%) of 14 relapsed
FL U were t(14;18)-negative. No transformed FL cases were
included in the study.

Clonotype and clonal frequency detection

Sequencing of the IGHV regions was performed by using FF mate-
rial of 68 FL, namely all 32 t(14;18)-negative FL and 36 t(14;18)-
positive FL with high-quality DNA available (Figure 1B; Table 1).
Using the pipeline based on pRESTO, Change-O and Shazam
could determine the main clone (.5%) and a productive clonal
sequence in 60 (~88%) of 68 samples; in 8 of 68 FL (�12%), we
could not detect a productive clone with .5% frequency according
to any approach (Figure 1B; supplemental Table 2). The median
clonal frequency among all cases was 61.2%. Three cases had a
clonal frequency of ,10% by using the FR1- or the leader-JH
approach; however, a clonal frequency of .50% of the same clone
was revealed by using either the FR2 or the FR3 approach (supple-
mental Table 3). While FL stage I/II (including relapsed FL) had a
median clonal frequency of 51.2%, the median clonal frequency of
FL stage III/IV (including relapsed FL) was 75.4% (P 5 .015) (sup-
plemental Table 4; supplemental Figure 1A). Instead, no significant
differences were observed in the clonal frequency between
t(14;18)-positive and t(14;18)-negative FL, nor between treatment-
naive and relapsed FL (supplemental Table 4; supplemental Figure
1B-C). Notably, the LymphoTrack software confirmed the identified
clones, however, revealed a different clonal frequency. The median
SHM rate ranged from 9.1% to 16.6% among the different sub-
groups; however, the SHM rate did not differ significantly between
treatment-naive and relapsed FL, FL stage I/II and FL stage III/IV,
and t(14;18)-positive and t(14;18)-negative FL, respectively.

NANGS are significantly reduced in high advanced-

stage but not in low early-stage t(14;18)-negative FL

In a previous study with few t(14;18)-negative FL of an unselected
cohort, we reported that NANGS are less common in t(14;18)-neg-
ative FL compared with “classical” t(14;18)-positive FL.18 Thus, we
aimed to validate these findings in an independent cohort and to
compare early- and advanced-stage FL for the occurrence of
NANGS. The overall frequency of NANGS in the entire current
study cohort was 61.7% (20 of 28 [71.4%] for FL stage I/II [treat-
ment-naive plus relapsed FL], 12 of 26 [46.2%] for FL stage III/IV
[treatment-naive plus relapsed FL], and 83.3% for relapsed FL U)
(Figure 1B). Including both treatment-naive and relapsed FL, the
number of NANGS differed significantly between t(14;18)-positive
and t(14;18)-negative FL stage III/IV (10 of 16 vs 2 of 10; P 5

.042 [one-sided Fisher’s exact test, directed hypothesis]; OR, 6.66;
95% CI, 1.04-42.43; z-statistic, 2.0 [associated P value 5 .044)
(Table 2; Figure 1B), whereas no significant difference could be
shown between t(14;18)-positive and t(14;18)-negative FL stage I/II
(10 of 14 vs 10 of 14). Consequently, a significant difference was
observed between t(14;18)-negative FL stage I/II and t(14;18)-neg-
ative FL stage III/IV, whereas no significant difference was observed
between t(14;18)-positive FL stage I/II and t(14;18)-positive FL
stage III/IV. In summary, advanced-stage, t(14;18)-negative FL dis-
play a lower NANGS content compared with any other group [ie,
early-stage t(14;18)-negative and t(14;18)-positive in either group].

Localization and hotspots of NANGS

Because previous studies in unselected cohorts of FL showed a
predominant localization of NANGS in CDR2,5 we aimed to assess
the localization of NANGS in our study cohort that was enriched for
the rare subgroups of t(14;18)-negative FL and early-stage I/II FL.
Considering the whole study cohort, NANGS mainly clustered in
CDR3 and FR3. Specifically, 17 (34%) of 50 NANGS were located
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Figure 3. IGHV gene usage in treatment-naive (TN) and relapsed (R) FL. The figure shows both treatment-naive and relapsed FL.
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in CDR3 and 13 (26%) of 50 in FR3 (Figure 2A; supplemental
Table 2). The remaining sites were distributed to CDR1/FR2 (7 of
50 [14%]), FR2/CDR2 (6 of 50 [12%]), CDR2 (4 of 50 [8%]),
CDR1 (1 of 50 [2%]), CDR3/FR4 (1 of 50 [2%]), and FR4 (1 of 50
[2%]). Hotspots at high frequency were found in CDR1/FR2 (7 of 7
at AA 38-40, corresponding to the AA 33-35 in CDR1 according to
Kabat numberings24) and FR2/CDR2 (6 of 6 at AA 55-57, equiva-
lent to the AA 50-52 in CDR2 according to Kabat numberings) and
hotspots at lower frequency in CDR3 (8 of 17 at AA 107-109),
CDR2 (2 of 4 at AA 63-65), and FR3 (4 of 14 at AA 66-68, 3 of 14
at AA 68-70, and 3 of 14 at AA 90-92) (supplemental Figure 2).

t(14;18)-negative FL display a strong enrichment of

NANGS in FR3

Irrespective of clinical stage and status at biopsy, t(14;18)-negative
FL showed a striking enrichment of NANGS in the FR3 region com-
pared with t(14;18)-positive FL (12 of 24 [50%] vs 1 of 26 [�4%];
P , .001; OR, 0.04; 95% CI, 0.0046-0.34) (Figure 2B; supple-
mental Figure 3). Notably, the mutation hotspots at AA 68-70 and
90-92 in FR3 were restricted to t(14;18)-negative FL. Compared
with t(14;18)-positive FL, t(14;18)-negative FL also showed a lower
frequency of NANGS in the regions of CDR1/FR2 (1 of 24 [4%] vs
6 of 26 [23%]; not significant; OR, 6.9; 95% CI, 0.76-62.28), FR2/
CDR2 (0 of 24 [0%] vs 6 of 26 [23%]; P 5 .02; OR, 15.53; 95%

CI, 0.82-292.63), and CDR3 (6 of 24 [25%] vs 11 of 26 [42%];
P 5 .2; OR, 2.2; 95% CI, 0.65-7.36). The region that was reported
by Zhu et al5 to be most frequently affected (CDR2, here: FR2/
CDR2) was mainly affected in t(14;18)-positive FL at relapse (4 of
6 cases with NANGS in FR2/CDR2) (Figure 2C; supplemental
Table 2).

Differences between FL with and without t(14;18) in

the generation of NANGS

Because the probability of being glycosylated might be higher or
lower depending on the specific AA composition of the
N-glycosylation motive,25 we investigated the precise AA sequences
of NANGS in the current study cohort. Twenty-one different AA
motives were detected in 37 FL samples with NANGS. The most
recurrent motives were NIS (n 5 8), NMT (n 5 4), NLS (n 5 4),
NIT (n 5 4), and NYT (n 5 4). The AA Asn/N at position one was
introduced by mutations in all (24 of 24) t(14;18)-positive FL during
the generation of NANGS, whereas it was already present in 8 of
23 NANGS (�35%) of t(14;18)-negative FL (P 5 .02; OR, 89.3;
95% CI, 4.80-1660.52) (supplemental Figure 2). Moreover, the
motive NLS was detected selectively in four t(14;18)-negative FL,
predominantly in FL stage I/II (3 FL stage I/II, 1 FL stage III/IV).
Finally, of all NANGS in CDR1-FR3 with a threonine at position 3
(n 5 15), 8 threonines were derived by a mutation from serine:

Table 3. IGHV4-34 gene usage in t(14;18)-positive and (14;18)-negative FL at primary diagnosis with clonal IGHV gene amplification

and either newly acquired N-glycosylation sites (NANGS) or IGHV4-34 usage

ID Stage Clonal SHM (%) Clonal frequency (%) IGHV usage NANGS Natural site Natural site lost

t(14;18)-negative FL

18 I/II Yes 7.0 74.0 '4-59 1 No No

25 I/II Yes 7.9 12.0 '4-34 1 Yes No

26 I/II Yes 8.6 99.0 '4-34 2 No Yes

27 I/II Yes 22.8 73.0 '3-23 1 No No

28 I/II Yes 38.3 21.0 '1-69 2 No No

29 I/II Yes 14.0 92.0 '4-34 1 No Yes

30 I/II Yes 27.7 17.9 '1-69 2 No No

38 III/IV Yes 15.5 97.0 '4-34 1 No Yes

39 III/IV Yes 3.6 95.0 '4-34 1 Yes No

37 III/IV Yes 7.7 38.0 '4-34 0 Yes No

t(14;18)-positive FL

1 I/II Yes 21.8 65.0 '3-53 1 No No

2 I/II Yes 19.3 69.0 '3-21 2 No No

3 I/II Yes 21.5 55.0 '3-74 1 No No

4 I/II Yes 12.4 28.0 '4-39 1 No No

7 I/II Yes 12.8 97.0 '3-48 2 No No

9 I/II Yes 15.0 67.0 '4-59 2 No No

43 III/IV Yes 17.9 22.0 '1-2 1 No No

52 III/IV Yes 7.8 80.0 '3-48 1 No No

58 III/IV Yes 9.1 100.0 '3-30 1 No No

59 III/IV Yes 7.8 98.0 '3-11 1 No No

68 III/IV Yes 4.6 14.0 '4-34 0 Yes No

72 III/IV Yes 12.3 91.0 '4-34 0 No Yes

Natural site, located in CDR2 of the IGHV4-34 gene, AA motive NHS. SHM, somatic hypermutations
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specifically, 6 of 8 (75%) in five t(14;18)-positive FL and 2 of
8 (25%) in two t(14;18)-negative FL with an equal distribution
among clinical stages (3 FL stage I/II, 2 FL stage I/II, and 2 FL U)
(supplemental Figure 2).

IGHV4-34 usage in FL with NANGS is restricted to

t(14;18)-negative treatment-naive FL

Because a biased practice of IGHV usage has been described in
many lymphoma entities such as diffuse large B-cell lymphoma

(DLBCL) and chronic lymphocytic leukemia (CLL), and might influ-
ence the biology of the neoplastic clone,26-31 we compared
t(14;18)-positive and t(14;18)-negative FL, as well as different clini-
cal subgroups of the current cohort, in relation to this feature. We
found a preference for IGHV4-34 usage in treatment-naive FL,
whereas it was completely absent in relapsed FL (8 of 35 treat-
ment-naive vs 0 of 25 relapsed; P 5 .016; OR, 15.76; 95% CI,
0.86-287.25) (Figure 3). Moreover, IGHV4-34 usage was found
more often in t(14;18)-negative FL compared with t(14;18)-positive

t(14;18)-positive t(14;18)-negative

B-cell
precursor

VDJ
recombination
and early
mutations

V D J
IGVH4-34,
other

IGVH3-23,
IGHV3-48, other

t(14;18)
CREBBP
other

Germinal
center
recirculation,
SHM - allo- and auto-

antigen interaction
- SHM
- NANGS in FR3

- low affinity
interaction

- BCL2 rescue
- SHM
- NANGS in CDR3 *

DC/macrophage DC/macrophage

Antigen-dependent
interaction

Antigen-independent
interaction through
DC-sign

N-glycosylated
low affinity IG

Additional
somatic
mutations BCL2

MEF2B
ARID1A
RRAGC
other

NF-κB
pathway genes
MAPK8
ASH1L
LRP1B
other

BCL6 translocation
CREBBP
other

Further
molecular
alterations
GE/protein
level

BCL2
Ki-67

Late GC phenotype:
CD10
NF-κB GE signatures
post GC/ABC signatures

BCL2
Ki-67

Classical GC phenotype:
CD10
GC GE signatures

N-glycosylated
affinity-matured IG

Figure 4. Hypothesis-driven model depicting the molecular pathogenesis of t(14;18)-positive and t(14;18)-negative FL, according to current and previous

findings.
3,18,33,34 *Gains of newly acquired N-glycosylation sites (NANGS) in CDR3 were specifically prominent in t(14;18)-positive treatment-naive FL stage I/II. DC, dendritic cell;

GE, gene expression.
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FL of the whole sequenced cohort with clonal amplification (6 of 29
[�21%] vs 2 of 31 [�6%]; P 5 .14; OR, 3.8; 95% CI, 0.69-
20.52) and with restriction to treatment-naive FL (6 of 18 [�33%]
vs 2 of 17 [12%]; P 5 .23; OR, 3.75; 95% CI, 0.63-22.04) (Table
3). Notably, focusing on FL with NANGS, 5 of 9 (55.5%) t(14;18)-
negative FL (only treatment-naive) used the IGHV4-34 gene,
whereas it was completely absent in 10 t(14;18)-positive FL (5 of 9
vs 0 of 10; P 5 .01; OR, 25.66; 95% CI, 1.15-568.94). Notably,
the D- and J-segments varied among FL with IGHV4-34 usage
(supplemental Figure 1).

Discussion

FL is a GC-derived B-cell lymphoma that, despite the occurrence of
the t(14;18) in most cases, expresses an intact functional BCR.5 FL
in unselected cohorts [predominant t(14;18)-positive advanced
stage III/IV FL] have been shown to harbor a high frequency of
NANGS in their immunoglobulin chains that allows the tumor cells
to interact with the microenvironment via lectins expressed by M2
macrophages.16 Notably, the frequency of NANGS in FL is higher
compared with most other GC-derived malignancies and specifically
higher than in post-GC B cell–derived malignancies.5,32 Moreover,
it was shown that these NANGS are functionally active, in contrast
to naturally occurring sites,16 and they are retained in relapse and
transformation events,7 suggesting that NANGS are relevant in the
pathogenesis of FL. However, thus far, little is known about NANGS
in t(14;18)-negative and stage I/II FL.

To gain more knowledge about the presence and localization of
NANGS in those rare subgroups at primary diagnosis and at
relapse, we enriched our FL cohort for these cases and compared
their features with the more prevalent t(14;18)-positive and stage
III/IV subgroups.

Although previous studies in unselected cohorts revealed NANGS
in the IGHV genes of 80% to 100% of FL,5,6,8 we detected those
sites in only 61.7% of cases in our entire cohort, which seems to
be predominantly a consequence of case selection in the current
cohort.

In line with previous findings,18 NANGS were absent in the vast
majority of t(14;18)-negative FL stage III/IV cases, while present in
the majority of t(14;18)-positive FL.18,32-34 Of note, the frequency of
SHM in t(14;18)-positive and t(14;18)-negative FL stage III/IV was
comparable and thus does not account for the reduced number of
NANGS in t(14;18)-negative FL stage III/IV. However, the AA
sequence NLS, which is less prone to N-glycosylation, was selec-
tively found in t(14;18)-negative FL,25 and the replacement of serine
at position 3 of the AA sequence, increasing the probability of an
N-glycosylation,25 was more often found in t(14;18)-positive FL.

In contrast to FL stage III/IV, the majority of the IGHV genes of both
t(14;18)-negative and t(14;18)-positive FL I/II harbored NANGS at
comparable frequencies. Thus, t(14;18)-negative FL stage III/IV
exhibit significantly lower levels of NANGS than t(14;18)-negative
FL stage I/II. Together with the finding of a significantly lower clonal
frequency in FL stage I/II compared with FL stage III/IV, these obser-
vations suggest not only differences in the pathogenesis of
t(14;18)-positive and t(14;18)-negative FL stage III/IV but also
between early- and advanced-stage FL.

Moreover, differences in localization of the mutated sites and the
IGHV usage were observed among the different FL subgroups. An
enrichment of NANGS in CDR2, the most common site in previ-
ously published FL cohorts,5 was mainly found in t(14;18)-positive
relapsed FL stage I to IV in our study, which is the subgroup that
probably most closely matches the previously investigated cohorts.
Notably, the N-glycosylation hotspots we found were the same
reported in previous publications using the Kabat nomenclature,24

although apparently at different positions due to the various nomen-
clatures used.

At variance with previous findings, t(14;18)-negative FL stages I/II
and III/IV were strongly enriched in NANGS in FR3. Interestingly,
N-glycosylation in this region has been associated with different
autoimmune diseases such as rheumatoid arthritis and Sj€ogren’s
syndrome,32 suggesting that t(14;18)-negative FL use a mechanism
that is possibly associated with autoreactivity. However, although
the variable domain glycans in autoimmune diseases are highly sialy-
lated, they are rich in high-mannose structures in FL patients of
unselected cohorts.32,35 This leads to the assumption that the type
of N-glycosylation might also differ between t(14;18)-positive and
t(14;18)-negative FL. This hypothesis, however, requires detailed
functional investigations that go beyond the scope of the current
work.

The theory of enhanced autoreactivity in t(14;18)-negative FL is fur-
thermore supported by the enriched IGHV4-34 usage, which was
specifically prominent in t(14;18)-negative treatment-naive FL with
NANGS (Figure 4). Notably, the IGHV4-34 gene, also known as
IGHV4-21, alone (without stereotyped associations) is linked to
autoimmunity and can produce autoantibodies such as cold aggluti-
nins, rheumatoid factor, and anti-DNA antibodies that bind to struc-
turally distinct auto- and allogeneic antigens.37-40,41 Interestingly,
IGHV4-34 usage was rare in t(14;18)-positive FL (only natural sites
without NANGS) and absent in treatment-naive cases of t(14;18)-
positive FL stage I to IV with NANGS. Intriguingly, IGHV4-34 usage
was absent in relapsed cases from our cohort. This finding could
suggest that cases with IGHV4-34 usage may tend to transform to
a more aggressive disease rather than relapsing as FL, a hypothesis
supported by the presence of this IGHV gene in a proportion of
DLBCL and transformed FL.29,31,42 If independently confirmed in
larger cohorts, this feature might help to improve the molecular strat-
ification of FL.

The natural NANGS found in IGHV4-34 in CDR2 were lost in 50%
of cases and thus did not seem to play a specific role in our cohort.
This finding confirms previous results, showing that these sites are
not oligo-mannosylated and therefore not capable of interacting with
lectins.8

IGHV4-34 usage is a specific feature of activated B-cell like (ABC)
DLBCL and mutated CLL.8,29,31,43 Interestingly, several of our previ-
ous works showed that a subset of t(14;18)-negative FL have a
“late” or “exit” GC phenotype,3,18,33,34 resembling the molecular
phenotype described for ABC-DLBCL (Figure 4). In support of
these findings, t(14;18)-negative FL were found to preferentially
transform into ABC-DLBCL.44 Moreover, it was shown that ABC-
DLBCL cells with IGHV4-34 usage reacted with autoantigens,31

which supports our hypothesis that a subgroup of t(14;18)-negative
FL might also be stimulated by autoantigens. Overall, these molecu-
lar similarities may suggest that at least a subgroup of t(14;18)-neg-
ative FL might be targeted by a special therapeutic approach, in
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part reflecting what was proposed for molecular DLBCL sub-
groups.45 However, because classical FL is an indolent tumor that
needs its microenvironment for growth and survival,2 no classical FL
cell lines exist, and in vitro cultivation of primary FL cells, as well as
the establishment of in vivo FL models, is a great challenge.46,47

Investigations are either limited to transformed FL or t(14;18)-posi-
tive, aggressive B-cell non-Hodgkin lymphoma cell lines48,49 or to a
few in vitro or in vivo models that might be representative for classi-
cal indolent FL.50,51 Thus, it is currently almost impossible to per-
form functional studies that could provide the preclinical rationale to
design approaches specific for t(14;18)-negative FL in the context
of clinical trials.

In summary, we observed that NANGS obviously are less common
in t(14;18)-negative advanced-stage (III/IV) FL, whereas no reduc-
tion was observed in t(14;18)-negative early-stage (I/II) FL (Figure
4). A significant part of t(14;18)-negative FL stage III/IV thus might
take advantage of antigen-dependent BCR stimulation, which may
provide alternative survival and proliferation signals to the antigen-
independent, lectin-mediated BCR activation described in classical
FL. Moreover, the high IGHV4-34 usage in treatment-naive
t(14;18)-negative FL with NANGS and the strong accumulation of
NANGS in FR3 might be an indication of the responsiveness to
autoantigens in this FL subgroup.

A limitation of our study is the relatively low number of cases ana-
lyzed, which is a consequence of the rare occurrence of t(14;18)-
negative and early-stage FL and the lack of FF tissue for most of the
archived samples. Our findings therefore need to be confirmed in
independent studies.

Nevertheless, the results of the current study might be of value to
understand the clinical and molecular complexity of the different FL
subgroups, which might partly be explained through the understand-
ing of its complex immunogenetics. Resolving this complexity
may ultimately provide a rationale for better risk stratification and

the design of more personalized therapies in the context of clinical
trials.
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