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This study analyzed the genetics of classic Hodgkin lymphoma (cHL) by using circulating

tumor DNA (ctDNA). Two genetic subtypes were identified, differing in genetic instability
® The genetic subtypes of

cHL are driven more by
mechanisms of genetic
instability than by
clustering of mutations
into functional groups.

Noncoding mutations
of BCL6, whole genome
duplication, and
neoantigens are
involved in shaping the
pathophysiology and
outcome of cHL.

J

mechanisms: one subtype (64% of cases) showed a higher mutation load and a higher
fraction of mutations associated with activation-induced cytidine deaminase and micro-
satellite instability signatures, whereas the other subtype (36% of cases) exhibited
chromosomal instability with more somatic copy number alterations. Whole-genome
duplication was more common in cHL compared with other B-cell tumors and emerged
as a prognostic biomarker for patients undergoing Adriamycin (doxorubicin)-bleomycin-
vinblastine-dacarbazine-based therapy. Noncoding regulatory mutations, similar to those
in diffuse large B-cell lymphoma, were highly prevalent in 86% of cHL. A recurrent somatic
expression quantitative trait locus (seQTL) involving the BCL6 gene was found in 30% of
cases. The seQTL of BCL6 aligned with accessible chromatin and increased H3K27 acet-
ylation in cHL, disrupted PRDM1 binding, and co-occurred with BCL6 expression in cHL
cells. Weak to strong expression of BCL6 was observed in 68% of cases, and BCL6

expression associated with gene repression similarly in cHL and germinal center B cells. After BCL6 degradation, the
core set of genes directly bound and regulated by BCL6 was derepressed in cHL, and proliferation was impaired. The
number and clonality of neoantigens was associated with tumor microenvironment type and response to checkpoint
blockade. Finally, ctDNA analysis was suggested as a tool to distinguish ambiguous positron emission tomography/
computed tomography-positive lesions after treatment.
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Introduction

Genetic research on classic Hodgkin lymphoma (cHL) has been
limited by the scarcity of Hodgkin/Reed-Sternberg (HRS) cells in
tissue, requiring enrichment for analysis. This has hindered
efforts to identify distinct genetic subtypes, to connect genetics
with aspects of the pathophysiology of the disease, such as
microenvironment composition, cytokine deregulation, and
Epstein-Barr virus (EBV) infection, and to explore the clinical
significance of genomic abnormalities.””” Plasma from patients
with cHL shows a higher concentration of neoplastic DNA than
the bulk tumor, making circulating tumor DNA (ctDNA) ideal for
noninvasive molecular profiling.>®"?

In diffuse large B-cell lymphoma (DLBCL), noncoding regions,
including superenhancers (SEs), often undergo activation-
induced cytidine deaminase (AlD)-associated somatic hyper-
mutation (SHM), leading to deregulation of proto-oncogenes
involved in germinal center (GC) biology and malignancy.'*
Although cHL also arises from GC B cells, AlD-associated
SHM in noncoding regions has not yet been studied in cHL.

Given cHL high curability, a focus of clinical research is on
personalizing treatment by deescalating therapy to reduce
long-term complications.”>'® Positron emission tomography/
computed tomography (PET/CT) scans help guide treatment
adjustments,’’ but ~25% of results are false positives,'®
potentially leading to unnecessary interventions.

We used ctDNA analytics to detail cHL genetic landscape, its
connection to disease biology and outcome, and to evaluate
ctDNA-based molecular response vs PET/CT restaging.

Materials and methods

Patient characteristics

The study included 307 cases from 2 multicenter studies eval-
uating ctDNA in cHL (297 assessable: dropout reasons are
reported in CONSORT of supplemental Figure 1, available on
the Blood website). IOSI-EMAQO3 enrolled newly presented
patients with cHL treated according to local policies and those
with relapsed/refractory disease treated with checkpoint inhib-
itors. FIL-RougeBIlO, part of the FIL-Rouge clinical trial,
recruited young advanced-stage patients with cHL receiving
Adriamycin (doxorubicin)-bleomycin-vinblastine-dacarbazine
(ABVD)-based first-line therapy (Table 1; supplemental
Figure 2). PET/CT scans were centrally reviewed for pretreat-
ment metabolic tumor volume (MTV)" and response per
Deauville criteria.?® Blood samples were collected in cell-free
DNA-preserving tubes during PET/CT staging and response
assessments. Additional information on patient cohorts and
PET/CT review process are in the supplemental Methods.

ctDNA genotyping

A selector spanning 344 kb was optimized, comprising 33 AID-
associated SHM-hit noncoding regions'?'"** contained within
SE of GC B cells," and various coding regions of 155 recur-
rently mutated genes in mature B-cell tumors (supplemental
Table 1). Somatic mutation enrichment of our selector was
compared with that of meta-data from whole-genome
sequencing and whole-exome sequencing studies in cHL."**
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Despite covering only 0.01% of the human genome, our
selector achieved an 11- and 210-fold increase in mutation
detection per sample and per sequenced base pair for coding
and noncoding mutations, respectively. Expanding the
genomic area beyond our selector was expected to yield only a
slight increase in detecting recurrent mutations (supplemental
Figure 3A-B).

The genomic region of the selector was sequenced in plasma
cfDNA and paired germ line DNA using a Cancer Personalized
Profiling by Deep Sequencing (CAPP-seq) library preparation
protocol and the lllumina platform® (median unique coverage
depth: ~4000x). An error-suppressing bioinformatics was used
to detect somatic mutations,?**> whereas genome-wide somatic
copy number abnormalities (SCNA) were inferred from off-target
reads.”*”° When applied to posttreatment cfDNA samples from
119 patients cured of lymphoma (ie, “blank” samples), the limit
of quantification for the CAPP-seq assay for mutation detection
was determined to be 0.17%. This threshold represents the level
of analytical background noise above which the assay generates
a signal distinguishable from the “blank” samples (supplemental
Figure 3E). In dilution experiments mixing cfDNA from patients
with cHL with that from healthy donors, our assay demonstrated
an analytical sensitivity of 0.1% for residual ctDNA identification
(supplemental Figure 3F). The analytical sensitivity for SCNA was
3%, as in the dilution experiment, and 3% was the cancer cell
fraction at which we were able to call SCNA that existed in the
undiluted sample.

The assay diagnostic performance was assessed by comparing
sequencing results from cfDNA with those from genomic DNA
of flow-sorted HRS cells (supplemental Figures 3G-H, and 4),
achieving a 93% sensitivity in detecting confirmed somatic
mutations from tumor cells. The diagnostic accuracy for SCNA
detection in ctDNA was confirmed by comparison with a low-
pass whole-genome sequencing experiment (supplemental
Figure 3C-D).*" The diagnostic accuracy in detecting whole-
genome duplication (WGD) was confirmed by comparing its
results with the ploidy status determined through conven-
tional cytogenetics in lymphoma cell lines (supplemental
Figure 3I).

Other methods

The supplementary methods provide detailed information on
the methods used for pathology review, tissue microarray,
chromatin immunoprecipitation sequencing, assay for trans-
posase-accessible chromatin with sequencing, RNA sequenc-
ing, EBV detection, plasma cytokine measurement, HLA typing,
and in vitro assays.

Statistical analysis

Progression-free survival (PFS) was defined according to the
International Working Group response criteria.”” Interim and
end of treatment PET/CT results were assessed according to
the Lugano 2014 criteria.”” Summary statistics for continuous
variables included median and quartiles or mean and standard
deviation (SD), depending on the normality of the data distri-
bution. Categorical data were presented as percentages and
95% confidence interval (Cl), and compared by Fisher exact
test. Survival analysis was performed by the Kaplan-Meier
method, whereas comparison of the strata was performed
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Table 1. Clinical characteristics of patients with cHL

Treatment naive Treatment naive Relapsed/refractory
I0SI-EMA003
Characteristic IOSI-EMAO003 (n = 215) FIL-RougeBIO (n = 45) (n =37)
Age, median/range, y 39 16-84 39 18-59 30 16-80
Male 110 51% 27 60% 21 57%
ECOG PS >1 13 6% 1 4% 2 5%
Histology
Mixed cellularity 24 1% 5 1% 2 5%
Nodular sclerosis 161 75% 35 78% 33 90%
Other 30 14% 5 1% 2 5%
Ann Arbor stage IlI-IV 112 52% 37 82% 26 70%
GHSG stage
Early favorable 19 9% 0 0% — =
Early unfavorable 67 31% 0 0% — —
Advanced 129 60% 45 100% — —
B symptoms 104 48% 25 56% 15 40%
Large mediastinal mass 52 24% 17 38% — —
Extranodal involvement 80 37% — — — —
>3 Nodal areas 174 81% — — — —
Elevated ESR 141 (n = 209) 67% 30 (n = 38) 79% — —
IPS >2 74 34% 19 42% — —
EBV positivity 29 (n = 169) 17% — — — —
MTV, median, mL 115 (n = 196) 0-1742 — — — —
Treatment
ABVD 163 76% 45 100% 0%
eBEACOPP 17 8% 0 0% 0%
ABVD-like 35 16% 0 0% 0%
Nivolumab 0% 0 0% 28 76%
Pembrolizumab 0% 0 0% 7 19%
Other CPI 0% 0 0% 2 5%
Unplanned RT 23 1% 6 13% — —
iPET pos 31 (n=212) 15% — — — —
Follow-up, median/95% Cl, mo 29 26-32 28 25-31 33 13-53

—, not available or not applicable; ABVD, Adriamycin-bleomycin-vinblastine-dacarbazine; Cl, confidence interval; CPI, checkpoint inhibitor; eBEACOPP, escalated bleomycin-ethoposide-
adryamycin-cyclophosphamide-vincristine-procarbazine-prednsione; ECOG, Eastern Cooperative Oncology Group; ESR, erythrocyte sedimentation rate; GHSG, German Hodgkin Study

Group; iPET, interim PET/CT; IPS, International Prognostic Score; MTV, metabolic tumor volume; RT, radiation therapy.

with the log-rank test. The association between PFS and
exposure variables was estimated by Cox regression and
reported as the hazard ratio (HR) and 95% CI. Significance was
considered when P or multiplicity-adjusted P value was <.05. All
statistical tests were 2 sided. The analysis was performed with
IBM SPSS statistics 28.0 and R, version v3.6. Details on the
bioinformatics are reported in the supplemental methods.

GENETIC STUDY OF CLASSIC HODGKIN LYMPHOMA

Results

Molecular profile of cHL

Somatic mutations were detected in 252 of 280 (90%) assess-
able cases (supplemental Figure 1A). Seventeen cases were not
assessable for mutations because of enrichment of possible
sequencing artefacts as confirmed by COSMIC single base
substitutions (SBS) analysis. SCNA were detected in all 273
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assessable cases. Twenty-four cases were not assessable for
SCNA as they did not meet the quality control metrics. The
median number per case of nonsynonymous mutations in
known lymphoma genes (n = 6; range, 0-60) and of SCNA
(n = 6; range, 0-47) was similar to that reported in previous
genomic studies of cHL."” Fusions that recurred in at least 2
patients were observed in 32% of cases. None of the fusions
was detected in >3 cases (supplemental Table 2). The absence
of detectable ctDNA was associated only with low pretreatment
tumor volume, as receiver operating characteristic analysis
showed that an MTV >1 mL was sufficient for ctDNA detection.

The genes most frequently affected by nonsynonymous somatic
mutations included SOCS1, TNFAIP3, STATé, B2M, GNA13,
and ITPKB (supplemental Figure 5A), consistent with the pre-
vious literature."” Focal SCNA included gains involving 2p16.1
(REL, XPOT1), 3927 (BCL6), 7936.3 (EZH2), 9p24.2 (JAKZ,
CD274, and PDCD1LG2), 8924.23 (MYC), 15926.3 (IGF1R), as
well as deletions involving 1p36.13 (TNFRSF14), 1p12 (CD58),
3027.1 (KLHL6), 6023.3 (TNFAIP3), 13q13.3 (FOXO1), 14q12
(NFKBIA), 15925.3 (B2M), 16p13.3 (CREBBP), and 20q13.13
(PTPNT) (supplemental Figure 5B-E). Supplemental Figure 6
illustrates both the co-occurrence and the alternate presence
of genetic abnormalities. Most cHL cases displayed a common
genetic profile, characterized by frequent and co-occurring
mutations in genes associated with just 2 pathways: cytokine
signaling and the NF-kB (supplemental Figure 7).

EBV infection was assessed by in situ hybridization of the tumor
biopsy and by quantitative polymerase chain reaction of EBV
load in plasma.®® EBV-positive cHL (17%) had a lower number of
mutations and SCNA compared with EBV-negative cases
(supplemental Figure 8A-E). By seeding EBV status and then
cyclically adjusting cases between categories based on a
genetic distinctiveness metric,*® virtually all EBV-positive cHL
cases were grouped together in a subset of cHL showing a high
enrichment of SOCST mutations but few STATé mutations
(supplemental Figure 9). Notably, 68% of cases of this subset,
despite sharing a similar genetic profile with EBV-positive cases,
lacked EBV (supplemental Figure 9), indicating that the genetic
background of cHL is not primarily seeded by EBV infection.

Genetic subtypes of cHL are driven by mechanisms
of genetic instability

The validity of our ctDNA assay for molecular clustering of
lymphoma was evaluated by profiling ctDNA from 235
untreated DLBCL. Using nonnegative matrix factorization—
based unsupervised clustering,® cases were assigned to the
previously described subtypes CO to C5 (CO = 11%, C1 = 16%,
C2 =15%, C3 = 21%, C4 = 19%, and C5 = 19%) (supplemental
Figures 10 and 11).%°

In cHL, nonnegative matrix factorization—based unsupervised
clustering identified 2 distinct subtypes (supplemental
Figures 12 and 13). The hypermutated subtype (C1: 63% of
cases) exhibited a higher mutation density, and was character-
ized by nonsynonymous mutations in coding genes targeted by
AID hypermutation and by noncoding SHM in the BCLé intra-
genic SE (Figure 1A-B). C1 had a lower number of SCNA
(Figure 1C). Consistent with the enrichment of B2M-disrupting
mutations, C1 showed a higher number of predicted
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neoantigens (Figure 1D) and ratio of neoantigens over total
number of mutations (supplemental Figure 14). The chromo-
somal instability subtype (C2: 35% of cases) was characterized
by a higher SCNA burden and a lower mutation density
(Figure 1A-B). Both subtypes shared hallmark lesions of cHL,
such as STATé mutations and gains at 2p/2p16.1 and 9p/
9p24.2, and displayed similar baseline characteristics, including
age, sex, histopathologic subtype, EBV infection, B symptoms,
clinical stage, and ctDNA load (Figure 1A). The ctDNA load,
along with the quantity and distribution of on- and off-target
reads, showed no significant differences between C1 and C2
(supplemental Figure 15A-C).

A small subtype without detectable class-defining alterations
(CO: 2%) was also identified (Figure 1A).

Compared with C2, the C1 subtype exhibited a higher pro-
portion of cases with SBS84 mutations linked to AID (59% vs
43%; P = .021126) and SBS15 mutations associated with
microsatellite instability (MSI) (14% vs 4%, P = .024883)
(Figure 1E). Additionally, C1 showed greater densities of both
SBS84 (mean mutation/Mpb: 30.7 = 43.0 SD vs 16.3 + 29.2 SD;
P =.010013) and SBS15 (mean mutation/Mbp: 1.5 * 5.8 SD vs
0.2 £ 1.0 SD; P = .031000) mutations compared with C2. Our
selector included 30 MSI markers that we used to evaluate
stability (mutations in >10% of MS) in ctDNA.?® In line with the
increased frequency of SBS15 mutations, we observed a
significantly higher prevalence of MSI (10%-40% of markers
affected) in C1 cases compared with C2 (Figure 1F).

These association-based observations suggest that the genetic
subtypes of cHL might have been shaped by mechanisms of
genetic instability, such as hypermutation and chromosomal
instability, rather than by the clustering of mutations into spe-
cific functional categories or the influence of EBV infection.

Mutations of noncoding regulatory regions
Mutations in at least 1 noncoding regulatory region that is
hotspot of AlD-associated SHM'* and that was encompassed
by our selector were found in 83% of cHL cases, similar to
DLBCL (88%) (supplemental Figure 16A), with many mutations
showing AID signatures (SBS84, SBS85) (supplemental
Figure 16B-C). Beyond IG loci (eg, IGLL5), the BCLé locus was
the most frequently mutated in 56% of cHL (Figure 2A).

By scanning the sequenced genome in overlapping 20-bp inter-
vals, 6 mutation hotspots with higher mutation frequency than
background and recurring in >10% of cHL cases were identified.
Four matched known coding hotspots of cHL in STAT6, B2M,
SOCST1, and XPO1 (Figure 2B; supplemental 16D) ,'7 confirming
our method’s accuracy. Additionally, a hotspot in BCL6 (named
hotspot 7) at chromosome 3:187462671-187462703 was found in
30.7% of cHL cases (Figure 2B-C).

BCL6 hotspot 7, located in the SE of BCLé-intron 1 in GC B
cells," aligned with accessible chromatin (supplemental
Figure 17) and H3K27 acetylation in cHL cell lines (Figure 2D;
supplemental Figure 18). Chromatin immunoprecipitation—
sequencing analysis showed higher H3K27Ac levels in BCL6
hotspot 7 mutant cHL cell lines, suggesting altered transcription
factor binding (Figure 2E).

PIROSA et al

920z |14dv 60 uo 19n jopuoD es 16 epy Ag 4pd U 1au -G5€/20 -¥20Z -P 197 POO |4 /8ZTTTYZ /202T /OT /9T /4pd -8 |9 11 1€ /po0 |g /610 "suo 1 1ed | |gndyse //:d 11y wo i papeo jumod



Age [] 1 Clucs:z:)er
tDNA | =l
Sex (NI MM [T 1] B 2
Subtype [ [[I[T | [T 1 [ W LI CIOCHONED |
GHSG stage [[ITHIT I A N T 1 Type of alteration
B Symptoms 0D WO 1 ORI T T IIIII [ | | B NS mutation
EBV (NN WEMTNEL I AU A 0 H Gai
ain
) WGDIIII IIIIIIII IIllIIll II M Loss
Disease phase [ i [l BCL6 SE mutation
CIuster| ; M T HI i I [ w [
III II NI I (T II Il Il socst 62.2% I 21.6%
(1l |l I I BCL6_hotspot_7 20.1% T 15.5%
III II‘ L I“IIIIII Il IIIII III”IIIll |II I | I| Il TNFAIP3 44.2% T 20.7%
BTG1 15.7% Wl 3.1%
| I| | II | II I | | BCL7A 18.6% I 5.2%
I | |I IIIII II 1 | I | I|I | | || I |||| | || IGLL5 34.9% W 17.5%
II I I| | II | I Il 1TPkB 285% WY 12.4%
2ZNF217 16.3% W 41%
I | IRF2BP2 105% W1%
IIllII I | I H | |1 || I | | [ ) | CSF2RB 16.9% W 6.2%
I 10 T (1] I | T Il ARDIA 209% W 9.3%
L Il I| i III | II II LI | HISTTH1E 13.4% W 41%
CD58 5.8% Il
Sex ’
FBXO11 5.8% Il
[] Female ||1|I|||II|||I|II|III IIIII III III\hIIIIrI IIII I m i :BL% 36%7-5% . 27%
B Male l T 3a27.1 loss o s15%
| | | | I| | | |" | 11q24.1 loss 29% I 55.7%
12q24.32 loss 2.9% | 54.6%
GHSG stage | | | I| I | 16p13.3 loss 35% 1 55.7%
20q13.13 loss 29% | 52.6%
O Early . | | 11q loss 23% | 50.5%
[ Intermediate 11p loss 06 | 2.5%
16924.1 loss 12% | 43.3%
E Advanced | | [l I 15q15.3 loss 23% | 45.4%
O NA | I [ [ “ 17G21.2 loss 2.9% | 46.4%
22q723Ioss 29% I 46.4%
6913 gain 12% | 40.2%
B symptoms | | | LI | (] H I1 l 13q gain 8.1% M 557%
B Yes | III II I | 16p loss 7% 1 a12%
' 1p12 loss 0.6% 37.1%
[ No TR | | IIIII J | | || II I 10926.3 gain 8.1% M 54.6%
| ] | I| 11l |||‘ ||‘ 22q loss 23% I 241.2%
4q25 gain 1.7% | 39.2%
EBV | “ 2p15 loss 0.6% 35.1%
mr I 0 O W A R O I il III l 111 II 13q12.13 gain 14% W 9%
B Not ! ' e g — i
e 1p36.13 loss .
0 N& i ) I s
1p loss 6%
1942.2 loss 28.9%
| | 4923 loss 1.2% |—33%
WGD | | 6q23.3 loss low I
[ Yes L ] | I Il II Il l MR | I | 1| III Il ga?gggain ‘2-‘;"3%-' o
[ No | | 3 3151 s 0.6% | 27.8%
p21.31 loss
| i 1 I il | IIIII,I II I [l I III III 3q gain 99% 485%
LN T T [ LR || 1 H H III| é;g/%c‘;lz;:ézls gain 15'71%-' T
1413 loss 7% 9%
= NN HLEm Y | III III III F II III“ 15q25.3 loss se% W 39:2%
3.5% I 33%
E ctDNA A |I | il I| I I ;3qI3-'3 foss 157% Wl 53.6%
o ORI | I A 0 0 S III | IIII IHI I I IIII p gain . >
0] 15000 || | il | 14912 loss 47% W 35.1%
i 58% I 35.1%
= Ty T | | i IIIII 159 gain 5
o iy Mg I 1N I I I‘ III 179 loss 47% B 2%
o 10000 | i || | LC LHTW N W 3029 gain 7% W 351
3 III 9p13.2 loss 17.5%
8 5000 | I Il 7936.1 loss 16.5%
~ | 4p16.3/oss 61% B 15‘33"%
<Zt (LT W 1] | il | IIII II IIII | II III I 9q292ai2nl g 1“%
0 7p222 Joss. 06% I 165%
[a) | I | | 11g22.1 gain ~ -
v N |] i H | | 7636.3 gain T
100 | LRy | | I 1IN it Il III I II gpﬂaynl : s
q11.1 loss o
@ 11 II I fiity U LI} III II I | l III ||| 10q gain 93% B s2%
g 8O umar A0V O |||| ul i 12475 gain e m— s 1
© 9.5 11.3%
60 | 1p36.31 gain
g [ Lt | 17625.3 gain 64% W 24.7%
2 40 qcosgan 5.8% W 22.7%
i |I | | 22q13.32 gain
5 0 ji | | | “ flle B Gl e
< 0 | I II III | | II WL III 1 T 2q gain o m—
II II”III WI I”Il H|||||I I"IIIIIIIIIIIIH |II* H “| IIII’II FII’ IIIIIII | I wl STATé 47.1%  — 41.2%
| | I | | Il | 2p/2p16.1 gain
T e T T T kg ——
Disease phase Subtype
i i T
[ Treatment naive [] Nodular sclerosis
N . 0 1020
[ Relapsed/Refractory [0 Mixed cellularity
Other -log10
g-value

Figure 1. Consensus clustering identified 2 cHL subtypes distinguished by the underlying mechanisms of genetic instability. (A) Oncoprint showing the nonnegative
matrix factorization consensus clustering performed using significant nonsynonymous mutations, SCNA and BCL6 hotspot 7 mutations in 273 cHL samples (columns). Samples
without driver alterations are represented as cluster CO (gray). P value by Fisher test adjusted for multiplicity. The red bar marks the significance threshold. The header indicates
pretreatment clinical features. (B) Box plot showing the median (the number within the box), quartiles, 95% percentiles, and extremes of the density of mutations within the
genomic space of the selector that covers known hotspot of SHM in C1 and C2 subtypes. P values determined by Mann-Whitney test. (C) Box plot showing the median (the
number within the box), quartiles, 95% percentiles, and extremes of the SCNA in C1 and C2 subtypes. P values determined by Mann-Whitney test. (D) Box plot showing the
median (the number within the box), quartiles, 95% percentiles, and extremes of number of predicted neoantigens in C1 and C2 subtypes. P values determined by Mann-
Whitney test. (E) Bar graphs of the mutation signatures of C1 top and C2 bottom. (F) Pie charts showing the prevalence of microsatellite stability (MSS) and MSI among
C1 and C2 patients. P values determined by x° test. NA, not available; Neg, negative; NS, nonsynonymous; Pos, positive.
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Figure 1 (continued)

The proportion of patients with cHL with BCLé hotspot 7
mutations was similar to that of DLBCL (supplemental
Figure 16E), with chromosome 3:186472688 being the most
affected nucleotide, and corresponded to a somatic expression
quantitative trait locus (seQTL) of BCL6."™ The wild-type
sequence of BCL6 hotspot 7 was predicted to be consensus
for PRDM1 (Figure 3A), a transcriptional repressor of BCL6, and
mutations therein were predicted to affect PRDM1 binding.
BCL6 hotspot 7 mutations co-occurred with BCL6 expression in
cHL cell lines and HRS cells of primary biopsies, despite PRDM1
co-expression in some instances (Figure 3B-C). A total of 48

1212 € blood” 4 SEPTEMBER 2025 | VOLUME 146, NUMBER 10

primary cHL biopsies were evaluated for BCL6 hotspot 7
mutation along with BCL6 and PRDM1 immunohistochemistry
expression. Of the 8 cases expressing PRDM1, 2 harbored BCL6
hotspot 7 mutations, and both expressed BCL6.

The lengthy duplication time of the UHO1 cHL cell line, that
carried BCL6 hotspot 7 mutation and expressed both PRDM1
and BCL6, hampered genome editing to revert to wild-type
BCL6 hotspot 7 mutations. We therefore performed PRDM1
chromatin immunoprecipitation-quantitative polymerase chain
reaction on the UOH1 cell line and on the AM-HLH cHL cell line

PIROSA et al
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Figure 2. Mutations of noncoding regulatory regions. (A) Bar graph showing the prevalence of mutations of each individual hotspot of SHM that is covered by the selector
in cHL and DLBCL. Q by y? test adjusted for multiple comparisons. (B) Bar plot showing the prevalence of mutations within hotspot windows that recurs in >10% of cases of

GENETIC STUDY OF CLASSIC HODGKIN LYMPHOMA € blood® 4 SEPTEMBER 2025 | VOLUME 146, NUMBER 10 1213

19n jopuoD es 16 jepy Ag 4pd U 1au -G5€/20 -¥20Z -P 197 POO |4 /8ZTTTYZ /202T /OT /9T /4pd -8 |9 11 1€ /poo |g /610 "suo 11ed | |gndyse //:d 11y wo I papeo jumod

| 14dvy 60 uo

9202



that was wild type in BCL6 hotspot 7 and expressed PRDM1 but
not BCL6. Although PRDM1 binding was undetectable in the
UHO1 mutated cells, it was significantly enriched in the AM-
HLH wild-type cells (Figure 3D). These findings suggest BCLé
hotspot 7 mutations hinder PRDM1 binding in cHL as in
DLBCL."

BCL6 is involved in a fraction of cHL

BCL6 protein expression ranging from weak to strong was
detected in the nucleus of HRS cells of 68% of primary biopsies
(supplemental Figure 19A-G). Gene expression profiles of
microdissected HRS cells (n = 29) were compared with micro-
dissected GC cells (n = 5) from Gene Expression Omnibus
accession number GSE39133. The core set of genes that are
directly bound and regulated by BCL6’ exhibited similar
expression levels in GC B cells and in BCL6 expressing cHL cell
lines and in primary HRS cells®® (supplemental Figure 19H-I).
Furthermore, the core set of genes directly bound and regu-
lated by BCL6 had a nearly identical chromatin accessibility
pattern in GC B cells and in BCLé-expressing cHL cell lines
(supplemental Figure 19L).

Degradation of the BCL6 protein was specifically promoted in
cHL cell lines by using BI-3802.%7 BCLé protein degradation was
observed after 7 days of treatment with BI-3802 in 4 of the 7
cHL cell lines expressing BCL6 (Figure 3E). The core set of
genes directly bound and regulated by BCL&*” was dere-
pressed in cHL cell lines that responded to BI-3802, but not in
cHL cell lines where BI-3802 did not degrade BCL6 (Figure 3F).
Compared with the BI-5372 control molecule, treatment with
BI-3802 significantly decreased proliferation in all cell lines
where BCL6 degradation was observed, as well as in the BCL6-
dependent SUDHL4 DLBCL cell line (Figure 3G), with the peak
effect expectedly occurring after 7 days of treatment.*?

Overall, these findings indicate that BCL6 plays a role in tran-
scriptional regulation of a fraction of cHL and represents a
potential vulnerability in this subset.

Genetics in relation to outcome

Treatment-naive cHL of the IOSI-EMAOO3 study formed the
training cohort, mainly receiving ABVD across various stages
and risk groups. Established cHL biomarkers were prognostic
for PFS in the training cohort (Table 2). Univariate analysis
revealed no correlation between gene mutations, focal- or arm-
level SCNA, or BCL6 hotspot 7 mutations with reduced PFS
(supplemental Figure 20). Patients classified as C1 exhibited a
nominally lower risk of progression than patients classified as
C2 (HR, 0.513; 95% Cl, 0.255-1.034; P = .061904).

The most notable characteristic of HRS cells is their binucleate
or multinucleate polyploid appearance. A common feature of
cancers that are enriched of polyploid giant cells is WGD, which
has also been described in cHL,"**" and is associated with poor
prognosis in cancer.”” WGD was detected in ctDNA of 24% of

patients with cHL, a frequency nominally higher than that seen
in other mature B-cell malignancies (Figure 4A).

CCNET gain, along with TP53 and RB1 abnormalities are linked
to WGD in solid tumors.**** CCNET gain was found in 13% of
cHL cases, aligning with previous studies that reported recur-
rent gains on 1913 in cHL.***> CCNET amplification was
significantly associated with WGD, whereas TP53 and RB1
abnormalities were rare in cHL and did not correlate with WGD
(Figure 4B-C).

From a clinical perspective, detection of WGD in ctDNA was
significantly linked to a shorter PFS in the IOSI-EMAQO3 training
cohort by univariate analysis (Figure 4D). In multivariate anal-
ysis, it emerged as an independent biomarker for prognosti-
cating PFS after adjusting for clinical stage, international
prognostic score, and MTV (Figure 4E). The association of WGD
with inferior PFS was further confirmed in the FILRougeBIO
validation cohort (Figure 4F).

WGD is more common in patients with C1 compared with C2
(27.9% vs 13.5%; P = .003019). The increased prevalence of
WGD in C1 patients aligns with the established association
between hypermutator phenotypes and the frequent co-
occurrence of WGD in cancer.*

Collectively, this evidence supports WGD as a prognostic
biomarker of untreated patients with cHL who received ABVD-
based therapy.

Molecular aspects within the context of tumor
microenvironment

The expression of 1402 genes related to tumor/immune-cell
interactions was analyzed in diagnostic cHL biopsies to derive
22 signatures representing immune cell subtypes and pro-
grams, reconstructing the cHL microenvironment.*’ Unsuper-
vised clustering revealed 2 main classes: one (52% of cases)
dominated by macrophages, myeloid cells, stromal signatures,
and cytokines,48 and the other (48%) dominated by T-cell,
B-cell, and immune checkpoint signatures (Figure 5A). Super-
vised digital deconvolution®” confirmed higher macrophage
and T-cell presence in each class, respectively (Figure 5C-E).
Immunohistochemical analysis orthogonally validated these
findings and consistently identified one group enriched in
macrophage markers and another in T-cell markers among
cases lacking gene expression data (Figure 5B). Expectedly,
patients with a tumor microenvironment enriched in macro-
phages exhibited higher plasma levels of the macrophage-
derived interleukin 1A and CCL22/MDC (Figure 5F). EBV
infection and genetic features were evenly distributed across
microenvironmental classes (supplemental Figure 21A).

Individual patient 3-digit HLA genotype and nonsynonymous
ctDNA mutations were combined to predict neoantigens.>
Only neoantigens from genes expressed in GC B cells and

Figure 2 (continued) cHL (N = 280). (C) The histogram shows the prevalence of mutations within a 20-bp window starting at individual nucleotide of the BCLé intron 1 in cHL
(N = 280). The dashed lines delimitate hotspots. The horizontal line marks the genomic coordinate (hg19). (D) ChIP-Seq tracks, H3K27Ac at the BCL6 intron 1 region in normal
GC B cells and cHL cell lines annotated for mutation status at hotspot 7 and expression status of BCL6. Enrichment is visualized as reads per bins per million bps (BPM), and
the genomic coordinates of the region shown (hg19) are provided at the bottom. Red horizontal bars below the H3K27Ac tracks indicate regions identified as SE by ROSE. The
yellow bar indicates the hypermutated region of BCL6 Hotspot 7. (E) Histogram of the mean H3K27ac signal intensity in wild-type vs mutated cHL cell lines at the hotspot 7

position. M, mutated; WT, wild type.
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Figure 3. BCL6 hotspot 7 mutations. (A) Magnified view of the BCL6 mutational hotspot 7 at single-nucleotide resolution, with the mutations identified in patients with cHL
aligned to the RefSeq (cHL cell lines above, patients with cHL below; genomic coordinate in hg19). The PRDM1 consensus motif identified by Tomtom within databases of
known motifs is aligned above the RefSeq. (B) Western blot analysis of BCL6 and PRDM1 protein expression in cHL cell lines carrying wild-type or aberrant BCL6 hotspot 7
(color coded as indicated). For BCL6: the positive control is the BCLé-translocated SUDHL4 DLBCL cell line and the negative control is the Toledo DLBCL cell line. Actin
control for total protein loading. For PRDM1: the positive control is the U266 multiple myeloma cell line and the negative control is the SUDHL4 DLBCL cell line. GAPDH
control for total protein loading. (C) TMA sections stained with anti-BCL6, anti-PRDM1, and anti-CD30 to highlight HRS cells and representing an illustrative cHL case with
BCLé hotspot 7 mutation that coexpresses BCL6 and PRDM1. (D) PRDM1 ChIP-gPCR in the AM-HLH cell line that expresses PRDM1 and is wild type in BCLé hotspot 7, and in
the UHO1 cell line that expresses PRDM1 and is mutated in BCL6 hotspot 7 (n = 2 technical replicates pooled from 4 independent experiments). Box plot showing the median
(the number within the box), quartiles, 95% percentiles, and extremes of fold enrichment against IgG. (E) Western blot showing the expression levels of BCL6 in cHL cell lines
treated with BI-3802 or the analogue molecule BI-5273 for 7 days (2 biological replicates). SUPHD1, L591, UHO1, and HDLM2 showed BCLé protein degradation. GAPDH was
used as a loading control. (F) Volcano plots of differential gene expression comparing cell lines treated with the BCL6 degrader BI-3802 vs the BI-5372 control molecule. cHL
cell lines that showed BCL6 protein degradation are reported along with the SUDHL4 (BCL6-translocated DLBCL) control cell line. Blue dots indicate significantly down-
regulated genes (P < .05, log2 FC < 0), red dots indicate significantly upregulated genes (P < .05, log2 FC > 0). Highlighted are upregulated BCL6 targets.” Cell lines treated
with 10 pM BI-3802 or the analogue molecule BI-5273 for 7 days (2 biological replicates). (G) The bar graph illustrates the proliferation rates of SUDHL4 and 7 cHL cell lines
expressing BCL6 under BCL6 degrader BI-3802 and analogue BI-5273. Each pair of bars represents a different cell line. Within each pair, bars show the duration of treatment
(day 3 and day 7). Cells were treated with BI-3802 and BI-5273 at 10 yM and incubated for the indicated times. Proliferation rates were measured using BrdU incorporation
assay and normalized to the control condition (cells treated with the analogue molecule BI-5273). Data are averaged from 3 independent experiments. Statistical significance
was determined using a paired t-test. *P < .05; **P < .01; ***P < .001.
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Figure 3 (continued)

GC-derived B-cell lymphoma cell lines were considered. For
validation and in line with previous reports, this approach
identified an average of 4 predicted neoantigens (ranging from
0 to 18) when applied to DLBCL samples (n = 29).5% In cHL, we
identified an average of 3 predicted neoantigens (range, 0-32).
The number of predicted neoantigens was higher in cHL
cases with a macrophage-enriched microenvironment than in
patients with a T-cell enriched microenvironment (Figure 5G),
consistent with the selective pressure exerted by T cells on the
tumor.>">?

Levels of 71 cytokines/chemokines were measured in pretreat-
ment plasma, and patients were unsupervisedly clustered into 2
distinct patterns based on their predicted cytokine/chemokine
profiles (supplemental Figure 22A). Pattern 1 (26% of cases)
showed elevated levels of cytokines and chemokines linked to

1216 € blood” 4 SEPTEMBER 2025 | VOLUME 146, NUMBER 10

T follicular helper cells and had an enrichment PD1*/CXCL13*
cells surrounding HRS cells (supplemental Figure 22C-E).>*
Pattern 2 had a nonspecific profile. Genetic alterations, EBV
infection, and neoantigen numbers were similar across both
patterns (supplemental Figures 21B and 22B). Cytokines, cyto-
kine patterns, and tumor microenvironment classes showed no
correlation with genetic subtypes (supplemental Figure 23A).
Cytokines and cytokine patterns were also distributed without
significant differences across the microenvironment classes
(supplemental Figure 23B).

Together, these findings suggest that the predicted neoantigen
load, rather than specific genetic alterations, shapes the
microenvironment of cHL. The cytokine deregulation observed
in cHL cannot be linked to any known genetic mechanism
associated with the disease.

PIROSA et al
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Table 2. Univariate analysis of PFS

Treatment-naive I0OSI-EMA003 HR 95% ClI P
Age (continuous) 1.026 1.008-1.044 .004693
Male 0.781 0.421-1.447 431562
ECOG PS >1 5.275 2.430-11.454 .000026
Histology

Mixed cellularity — — —

Nodular sclerosis 0.868 0.337-2.239 .770232

Other 0.898 0.274-2.944 .859143
Ann Arbor stage llI-IV 1.5 0.800-2.182 .206304
IPS >2 4.017 2.124-7.598 .000019
B symptoms 4.037 1.976-8.245 .000128
Large mediastinal mass 1.696 0.877-3.279 116225
Extranodal involvement 1.375 0.742-2.548 .311846
>3 Nodal areas 1.124 0.498-2.537 .778003
Elevated ESR 2.938 1.548-5.574 .000974
GHSG stage 2.271 1.209-4.265 .010779
EBV positivity 1.675 0.789-3.555 179061
MTV (continuous) 1.001 1.001-1.002 .000985
iPET 4.649 2.435-8.874 .000003

Cl, confidence interval; ESR, erythrocyte sedimentation rate; GHSG, German Hodgkin Study Group; HR, hazard ratio; iPET, interim PET/CT; IPS, International Prognostic Score; MTV,

metabolic tumor volume.

Neoantigen clonality and response to immune
checkpoint blockade

In solid cancers, the clinical effectiveness of checkpoint inhibi-
tors is linked to the tumor’s clonal structure, as subclonal neo-
antigens are less effective than clonal neoantigens in engaging
immune surveillance—specifically, the neoantigen clonal
structure is considered more predictive of response to check-
point inhibitors and prognosis than the total number of neo-
antigens.”*” The impact on antitumor response of neoantigen
clonality was assessed in 35 relapsed/refractory cHL treated
with checkpoint inhibitors, and, for comparative purposes, in
therapy-naive patients who received chemotherapy (Table 1).
Patients with predicted neoantigens arising from subclonal
mutations had shorter PFS when treated with checkpoint
inhibitors compared with those with only clonal neoantigens
(Figure 6A). Conversely, the presence of subclonal neoantigens
did not impact PFS following chemotherapy (Figure 6B), as this
treatment does not depend on T-cell engagement. The total
number of neoantigens (HR, 1.02; 95% ClI, 0.93-1.12;
P =.612507) and the ratio of neoantigens to the total number of
mutations (HR, 3.57; 95% Cl, 0.17-109.50; P = .465889) showed
no correlation with PFS following checkpoint inhibitor treat-
ment. This aligns with the concept that intratumoral heteroge-
neity of neoantigens is a stronger predictor of response to
checkpoint inhibitors and prognosis than the total neoantigen
count.>*%¢

GENETIC STUDY OF CLASSIC HODGKIN LYMPHOMA

After 3 to 6 months of checkpoint inhibitor therapy, the majority
(79%) of the pretreatment predicted neoantigens were no
longer detectable in ctDNA of responding patients, and few
new neoantigens were gained (Figure 6C,E). In contrast, ctDNA
that persisted after chemotherapy either lost or gained muta-
tions that predicted neoantigens (Figure 6D,F).

These findings indicate that neoantigen clonality is a prognos-
ticator of therapeutic response to checkpoint inhibitors, and
that the evolution of neoantigens during checkpoint inhibitor
treatment follows the process of immune editing.”’

Molecular response in prognosticating treatment
outcome

Although our selector targeted genomic regions known to be
enriched in recurrent phased variants of lymphomas, we opted
to use the CAPP-seq”® bioinformatics to assess the molecular
response in cHL, despite its lower sensitivity compared with
phased variants bioinformatics.>” This decision was based on
the fact that 38% of patients with cHL did not have ctDNA
molecules that supported phased variants in the pretreatment
plasma, whereas, as previously reported,”” we detected phased
variants in most DLBCL cases. These observations suggest that
phased variants are less effective for monitoring molecular
response in cHL (supplemental Figure 24).
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Figure 4. Whole-genome doubling in cHL and clinical correlations. (A) Pie charts showing the prevalence of WGD among cases of FL (N = 8), CLL (N = 34, WGD™" = 1,
WGD™ = 33), DLBCL (N = 39, WGD" = 6, WGD™ = 33), and cHL (N = 291, WGD" = 70, WGD™ = 221). (B) Pie charts showing the prevalence of CCNE1 gain among cases of cHL
with (N = 70) and without (N = 221) WGD. (C) Forest plot showing the univariate association (dot: odd ratio: whiskers: 95% Cl) between WGD and genetic lesions of cHL that
are known to associate with WGD. (D) Kaplan-Meier curve showing the cumulative PFS probabilities of patients with untreated cHL of the IOSI-EMAO03 cohort stratified
according to the presence (+) or absence (=) of WGD. Univariate hazard ratio (HR) and corresponding 95% confidence interval are shown. P value by log-rank test.
(E) Multivariate Cox regression analysis for PFS of patients with untreated cHL of the IOSI-EMAQ03 cohort. (F) Kaplan-Meier curve showing the cumulative PFS probabilities of
patients with untreated cHL of the FIL-RougeBIO cohort stratified according to the presence (+) or absence (—) of WGD. Univariate hazard ratio (HR) and corresponding 95%

confidence interval are shown. P value by log-rank test.

All patients with ctDNA persistence at the interim (6% of cases)
or end of treatment (16% of cases) time points showed no
response or experienced rapid relapse (Figure 7A-B). The PFS
of patients with positive interim and end-of-treatment PET/CT
scans is also shown for comparative purposes (supplemental
Figure 25). Bivariate analysis revealed that persistence of
ctDNA is prognostic regardless of PET/CT at interim and end-
of-treatment time points (Figure 7C-D). Patients with positive
interim or end-of-therapy PET/CT results but without detectable
ctDNA exhibited a PFS comparable to that of patients who
tested negative on both PET/CT and ctDNA (supplemental
Figure 26). Conversely, all patients who tested positive on
both PET/CT and ctDNA eventually relapsed. Therefore, the
detection of residual disease by ctDNA demonstrated a higher
positive predictive value to that of PET/CT for PFS events, and
an akin negative predictive value (Figure 7E-F).
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Together, these data indicate that ctDNA may serve as a sur-
rogate for tissue biopsy to verify tumor persistence in patients
who show positive PET/CT results.

Discussion

By leveraging ctDNA, we present an overview of the genetic
landscape of cHL and its connection to disease pathophysi-
ology. Genomic clustering studies, including ours, identified
cHL subsets distinguished by different mutation and SCNA
loads.>” However, unlike DLBCL,*° where independent inves-
tigators have consistently identified molecular subgroups
defined by the same genetic lesions, molecular subtypes of cHL
showed little overlap in genetic abnormalities across studies.>’
These discrepancies can be explained by our finding that, much
like in colorectal cancer,®’ the mechanism of genetic instability
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Figure 5. Immune microenvironment. (A) Heat map of scaled activity score values related to microenvironment signatures by bulk RNA sequencing (RNA-seq) of diagnostic
tissue biopsies (N = 27) from untreated patients with cHL. Each column represents a sample, and signatures are represented in rows. Unsupervised clustering reveals 2 classes
named “macrophage” and “T-cell” according to their gene signatures. (B) Heat map shows the expression of significant cell type-defining antigens by TMA of diagnostic
tissue biopsies (N = 53) from untreated patients with cHL. Each column represents a sample, and protein markers are represented in rows. Color codes indicate the expression
score (tier). Unsupervised clustering based on the expression scores reveals 2 classes named macrophage and T-cell according to the cell composition of the microenvi-
ronment. Cases for which both gene expression and TMA were available (N = 8) are annotated in the header. (C) Stacked bar plots represent the individual cell compositions
(scaled to a total of 100%) by digital cytometry. Bulk RNA-seq data of diagnostic tissue biopsies (N = 27) from untreated patients with cHL are used to infer the cell composition
(macrophage and T-cell subtypes are consolidated, others indicate cells other than macrophages and T cells). Samples (on the x-axis) are ordered by supervised clustering into
macrophage and T-cell classes. (D) Box plot showing the median (the number within the box), quartiles, 95% percentiles, and extremes of the macrophage percentage
inferred by digital cytometry in tissue biopsies belonging to the macrophage class (n = 14) and T-cell class (n = 13), respectively. P values determined by Mann-Whitney test.
(E) Box plot showing the median (the number within the box), quartiles, 95% percentiles, and extremes of the T-cell percentage inferred by digital cytometry in tissue biopsies
belonging to the macrophage class (n = 14) and T-cell class (n = 13), respectively. P values determined by Mann-Whitney test. (F) Box plot showing the median (the number
within the box), quartiles, 95% percentiles, and extremes of the plasma levels of cytokines that differed between patients of the T-cell (N = 24) and macrophage (N = 38)
classes. P values determined by Mann-Whitney test. (G) Box plot showing the median (the number within the box), quartiles, 95% percentiles, and extremes of the number of
predicted neoantigens per case in patients of the T-cell (N = 20) and macrophage (N = 34) classes. P values determined by Mann-Whitney test. MDC, macrophage-derived
chemokine; MHC, major histocompatibility complex; NK, natural killer.
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Figure 6. Predicted neoantigens in cHL and their association with PFS and treatment response. (A) Kaplan-Meier curve showing the cumulative PFS probabilities of
patients with relapsed/refractory cHL of the IOSI-EMAQO3 cohort treated with checkpoint inhibitors and stratified according to the presence (+) or absence (=) of subclonal
predicted neoantigens. Univariate hazard ratio (HR) and corresponding 95% confidence interval are shown. P value by log-rank test. (B) Kaplan-Meier curve showing the
cumulative PFS probabilities of patients with untreated cHL of the IOSI-EMAQO3 cohort stratified according to the presence (+) or absence (=) of subclonal predicted
neoantigens. Univariate HR and corresponding 95% confidence interval are shown. P value by log-rank test. Oncoprint showing the evolution of predicted neoantigens under
treatment with checkpoint inhibitors (C) or chemotherapy (D). Each paired column is a patient. Color codes of the headers of each column show the time point of the
assessment. Cells are color coded according to the evolution of neoantigens (yellow, predicted neoantigens that were observed in the pretreatment ctDNA but not in
the residual ctDNA persisting after 3-6 months of treatment with checkpoint inhibitors or at the end of chemotherapy; blue, predicted neoantigens that were observed only in
the residual ctDNA persisting after 3-6 months of treatment with checkpoint inhibitors or at the end of chemotherapy, but not in the pretreatment ctDNA,; red, predicted
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Figure 7. PFS according to interim and end-of-therapy molecular response. Kaplan-Meier curve showing the cumulative PFS probabilities of patients with untreated
intermediate-advanced stage cHL of the TN IOSI-EMAQO3 cohort. Patients are stratified for (A) interim ctDNA levels and (B) end-of-treatment ctDNA levels
(ctDNA™ = absence; ctDNA" = persistence). Univariate hazard ratio (HR) and corresponding 95% confidence interval are shown. P value by log-rank test. Bivariate Cox
regression for PFS of intermediate-advanced cHL of the TN IOSI-EMAQ003 cohort; HR and corresponding 95% confidence interval are shown for interim (C) and end-of-
treatment (D) time points. PET" = DS4-5; ctDNA" = persistence. Bar plot showing the diagnostic performance parameters of PET/CT and ctDNA at the interim (E) and
end-of-treatment (F) time points of patients with untreated intermediate-advanced cHL of the TN IOSI-EMAQO3 cohort. The analysis includes patients who had PFS events and
censored patients with at least 24 months of follow-up. The table below the graph shows the diagnostic test results vs the gold standard (progressed or cured). NPV, negative

predictive value; PPV, positive predictive value.

underlying each case is the primary factor driving the genetic
subtypes of cHL, rather than the grouping of mutations into
functional categories. The C1 subgroup is hypermutated with a
contribution of both AID and MSI signatures, whereas the C2
subgroup exhibits high levels of chromosomal instability. In line
with our observations, the SBS84 AID signature has been
already reported in a fraction of cHL,** MSl is a characteristic of
several cHL cell lines,%? and defects of mismatch repair have
been described in hypermutated cHL.*®

Noncoding regulatory mutations are a characteristic feature of
DLBCL among B-cell non-Hodgkin lymphomas.'* Using our
targeted approach informed by current knowledge of B-cell
lymphoma genetics, we discovered that cHL shares this
molecular mechanism with DLBCL and highlight genetic lesions

in the noncoding genome as a previously overlooked aspect of
cHL biology. This finding prompts whole-genome studies
aimed at uncovering unexpected noncoding seQTL, as the
causes of the extensive reshaping of the GC B-cell program that
characterizes HRS cells®® remain enigmatic and cannot be
explained by mutations in the coding genome.

Disruption of the program that regulates GC B-cell differentia-
tion into plasma cells is a feature of cHL.®* Both BCL6 and
PRDM1 are crucial for this program: BCL6 maintains B cells in
the GC, whereas PRDM1 promotes plasma cell differentiation
by suppressing BCLé transcription.®> Noncoding regulatory
mutations of BCL6 can contribute to the disruption of this dif-
ferentiation process. cHL has the same seQTL of the BCLé-
intragenic SE (that we named hotspot 7) found in DLBCL."

Figure 6 (continued) neoantigens that were observed in both pretreatment ctDNA and residual ctDNA persisting after 3-6 months of treatment with checkpoint inhibitors or
at the end of chemotherapy). The bar graph on top of the oncoprint shows the number of nonsynonymous mutations, including those that predicted neoantigens and those
that did not. Venn diagrams showing how many predicted neoantigens were shared between pretreatment and residual ctDNA in patients treated with checkpoint inhibitors

(E) or chemotherapy (F). MRD, measurable residual disease.

GENETIC STUDY OF CLASSIC HODGKIN LYMPHOMA

€ blood® 4 SEPTEMBER 2025 | VOLUME 146, NUMBER 10 1221

19n jopuoD es 16 jepy Ag 4pd U 1au -G5€/20 -¥20Z -P 197 POO |4 /8ZTTTYZ /202T /OT /9T /4pd -8 |9 11 1€ /poo |g /610 "suo 11ed | |gndyse //:d 11y wo I papeo jumod

| 14dvy 60 uo

9202



Similar to DLBCL, the seQTL of BCL6 in cHL hinders PRDM1
binding to BCL6, and can contribute to BCL6 expression in a
fraction of cHL. At the molecular level, the observation that
BCL6 degradation in cHL results in the derepression of BCL4-
regulated genes suggests that BCL6 plays a functional role in
orchestrating, at least in part, the aberrant gene expression
program of cHL. At the cellular level, the finding that cHL shows
reduced proliferation following BCLé6 degradation highlights
the role of BCL6 in sustaining this tumor and might have ther-
apeutic implications, as BCL6 degraders are being investigated
for their efficacy and safety clinical studies as potential treat-
ments for BCL6-dependent lymphomas.

WGD is associated with a lower chance of cure following initial
cHL treatment. It is common in cHL and strongly linked to CCNE1
gain, which is notable because cyclin E overexpression is preva-
lent and specific to cHL among B-cell lymphomas.'*4%” In solid
cancers, cyclin E overexpression disrupts the TP53 checkpoint,
enabling endoreplication even with functional TP53.** Collec-
tively, these notions offer insights into the pathophysiology
behind the giant Hodgkin cells and the multinucleated Reed-
Stemberg cells, which result from endoreduplication or cytoki-
nesis errors causing the fusion of daughter cells, even in the
presence of intact TP53.*"“® Beyond being a genetic feature and
a prognostic indicator in cHL, WGD may also hold therapeutic
significance, especially because cancers that rely on cyclin E for
WGD might be susceptible to cyclin-dependent kinase 2 inhibi-
tors.” The frequent overexpression of cyclin E in cHL cannot be
entirely attributed to CCNET1 gain alone. Given the role of non-
coding regulatory mutations in cHL, further investigation is
needed to determine whether cyclin E overexpression is driven
by a deregulated program induced by these regulatory
mutations.

By identifying cancer-specific markers, ctDNA offers greater
positive predictive value than PET/CT in detecting persistent
disease during and after treatment. Consequently, the clinical
utility of ctDNA in cHL is to differentiate between ambiguous
PET/CT-positive lesions that remain despite treatment. This
application is bolstered by the minimally invasive nature of
liquid biopsy. Persistent small focal lesions detected by PET/CT
are often unrelated to the tumor in a significant number of
patients, as PET/CT can also capture the metabolic activity of
noncancerous, inflammatory tissues. Such findings frequently
complicate management by prompting further medical inter-
ventions, including invasive biopsies, additional PET/CT scans,
and potentially unnecessary application of consolidation
radiotherapy or intensified chemotherapy. The clinical utility of
ctDNA monitoring in cHL using CAPP-seq is currently being
prospectively validated in the RAFTING trial (NCT04866654).
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