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Graphical Abstract

Integration of circulating tumor DNA profiling in the risk stratification of
classical Hodgkin lymphoma in children, adolescents, and young adults
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Key findings

«» Mutations were detectable at diagnosis in 86% of patients

- B symptoms and advanced-stage disease were associated with higher ctDNA levels at diagnosis
« TP53, XPO1, and IGLL5 mutations correlated with treatment response and risk of relapse
- ctDNA positivity after two cycles of chemotherapy was associated with an increased risk of relapse
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Abstract

This study aimed to define the potential role of circulating tumor DNA (ctDNA) in children, adolescents, and young adults (CAYA)
with classical Hodgkin lymphoma (cHL). This prospective trial was conducted in France between 2019 and 2023 and recruited
CAYA patients (<25 years old) with a new diagnosis of cHL. Patients were treated according to the EuroNet-PHL-C2 trial
(EudraCT: 2012-004053-88), and plasma ctDNA evaluations were performed at diagnosis, after two cycles of
chemotherapy, and in case of relapse. Two hundred and seventy-five patients were included. Median age at diagnosis was
15 years (range 2-22), and 47% of the patients were treated as advanced stages (treatment level 3 [TL-3]). Using an 18-gene
amplicon-based next-generation sequencing (NGS) targeted panel encompassing the most frequently mutated genes in cHL, at
least one mutation was detected in 236/275 patients (86%). B-symptoms, erythrocyte sedimentation rate, and advanced stages
were significantly associated with the level of ctDNA at diagnosis. TP53 mutations (19/275, 7%) were strongly associated with
inadequate response at early response assessment. XPO1 and IGLL5 mutations were associated with a higher risk of relapse.
The presence of detectable ctDNA after two cycles of chemotherapy (10%) was a strong and independent prognostic marker of
relapse.
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INTRODUCTION

Classical Hodgkin lymphoma (cHL) is the predominant lymphoma
subtype in children, adolescents, and young adults (CAYA), compris-
ing 15%-25% of all lymphomas.® Modern treatment approaches
combining multi-modal chemotherapy and precision radiation tech-
niques have transformed cHL into a highly curable malignancy, with
5-year survival rates exceeding 95% in this population.? Despite
these advances, approximately 10% of patients develop recurrent or
primary refractory disease, requiring intensive salvage therapy in-
cluding radiation and/or high-dose chemotherapy with hematopoietic
stem cell transplantation (HD-SCT), resulting in substantial treatment-
related morbidity.® Conversely, while the majority of patients cur-
rently receive intensive front-line chemotherapy, some could achieve
excellent outcomes with less intensive treatment approaches. These
clinical challenges highlight two critical needs: identifying high-risk
patients who may benefit from early therapeutic intervention, parti-
cularly novel approaches such as checkpoint inhibitors (CPI), and re-
cognizing low-risk patients who could be candidates for treatment
de-escalation to reduce the burden of treatment, minimize long-term
complications, while maintaining excellent outcomes. The molecular
characterization of cHL has been historically challenging due to the
rarity of Hodgkin and Reed-Sternberg (HRS) cells, which constitute
merely 0.1%-1% of the tumor microenvironment (TME), significantly
hindering in vitro and ex vivo studies of malignant cell biology.*> A
significant breakthrough in cHL research occurred with the discovery
of circulating tumor DNA (ctDNA) in blood plasma.® This approach
has revolutionized the field by providing direct access to tumor-
derived genetic material, revealing unprecedented insights into HRS
cell genetics. The critical questions now focus on ctDNA's potential as
an initial stratification biomarker and its utility for real-time treatment
response monitoring. While ctDNA analysis has been extensively
investigated in adult cHL patients with promising results, its appli-
cation in CAYA has been restricted to small cohort studies.®™** We
present a comprehensive national multicenter study examining the
prognostic and predictive value of ctDNA monitoring in the largest
pediatric cHL cohort assembled to date.

MATERIAL AND METHODS
Patients and patients' specimens

This prospective, observational study involved the collection of per-
ipheral blood (PB) samples and clinical data from CAYA with cHL
treated in France between December 2019 and January 2023 as part
of an add-on study to the EuroNet-PHL-C2 trial (EudraCT:
2012-004053-88) in France.

Following the EuroNet-PHL-C2 trial's completion in December
2020, patients were treated according to updated French National
Lymphoma Board guidelines that incorporated early EuroNet-PHL-C2

results while preserving the EuroNet-PHL-C2 chemotherapy back-
bone (Supporting Information S1: Figures 1-3).

Patients were eligible for inclusion if they had a confirmed cHL
diagnosis, available biological samples, and provided signed informed
consent. A total of 275 patients met these criteria and were enrolled.
Subtyping of cHL was performed according to the World Health
Organization Classification of Tumours of Hematopoietic and Lym-
phoid Tissues.'* The biological material analyzed included ctDNA
isolated from plasma samples collected at diagnosis, before treatment
initiation. Paired ctDNA samples were also analyzed during treatment
(after two cycles of OEPA: vincristine, etoposide, prednisone, and
doxorubicin), corresponding to Day 1 of Cycle 3 (D1C3) and, if ap-
plicable, at relapse. Treatment decisions were made according to the
EuroNet-PHL-C2 guidelines and were not modified based on ctDNA
results obtained at diagnosis and at D1C3.

The study was conducted in accordance with French law and the
principles of the Declaration of Helsinki. Ethical approval was ob-
tained from the appropriate ethics committee, and written informed
consent was obtained from all participants before inclusion.

DNA extraction and quantification

Cell-free DNA (cfDNA), defined as circulating DNA comprising both
tumor-derived and non-tumor DNA, was extracted from 0.6 to 5.4 mL
of plasma (median [Q1-Q3]: 3.0 mL [3.0-3.0]) using the QlAamp
Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany). cfDNA ex-
tracts were quantified using the Qubit dsDNA High Sensitivity Kit
(Thermo Fisher Scientific, Waltham, MA, USA), yielding concentra-
tions ranging from 0.3 to 27.6ng/pL (median [Q1-Q3]: 2.01
[1.45-2.99] ng/uL). The mean plasma volumes (min-max) were
2.79 mL (0.6-4.6 mL) at baseline, 3.21 mL (1.5-5.4 mL) at D1C3, and
3.06 mL (2.5-4.6 mL) at relapse. For library preparation, 6.2-200 ng
of cfDNA was used per sample (median [Q1-Q3]: 324
[27.9-44.6] ng). ctDNA, which refers specifically to the tumor-
derived fraction of cfDNA, concentrations were expressed as haploid
genome equivalents per milliliter of plasma (hGE/mL) and calculated
by multiplying the mean variant allele frequency (VAF) across all
mutations used for detection by the cfDNA concentration (pg/mL of
plasma) and dividing by 3.3, assuming that one haploid genomic
equivalent corresponds to 3.3 pg of DNA, as previously described by
Scherer et al.'®> ctDNA values were log10-transformed to approx-
imate a normal distribution for statistical analyses.

Library preparation

cfDNA libraries were constructed using the QlAseq Targeted DNA
Panel kit (Qiagen) following the manufacturer's protocol. Briefly,
cfDNA ends were repaired, followed by adapter ligation. These
adapters contain the UMIls and the sample index. After the ligation
step, a double clean was performed using QlAseq beads. Enrichment
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was then performed using primers targeting 18 genes previously
described as frequently mutated in cHL. Following enrichment, a
clean-up was performed, followed by universal polymerase chain
reaction (PCR). After this last PCR, a final clean-up was performed.

Sequencing

Quantification of the purified libraries was performed using the Qubit
dsDNA High Sensitivity kit. Sequencing was performed with the
NextSeq. 550 System (lllumina, San Diego, CA, USA) to manu-
facturer's recommendations using paired-end sequencing (2 x 150 bp)
with the NextSeq. 550 High Output Kit v2.5.

Data analysis and statistical methods

Post-sequencing analysis of the FASTQ files was performed using two
pipelines, Genomics Workbench v. 21.0.3 (Qiagen) with the Biomedical
Genomics Analysis Plugin v. 21.0.1, and a local solution using BWA v.
0.7.17, UMI-VarCal,*® and GenerateReports (Genexpath, Rouen,
France).

To analyze the results, the variant calling files were combined and
the variants were filtered using a semi-automatic analysis in R. Finally,
each variant was confirmed by visual inspection employing the In-
tegrative Genomics Viewer software to exclude technical artifacts,
including variants supported only by reads aligned to problematic
genomic regions (e.g., GC-rich or repetitive regions), variants located
at the ends of reads, variants supported exclusively by short reads,
and variants supported by unpaired reads (i.e., present only in forward
or reverse reads when a match was expected). Our panel was not
specifically designed for the detection of phased variants (PVs), but
PVs were nevertheless identified in a subgroup of patients. For this
subgroup, for D1C3 and relapse samples, supervised variant calling
using the UMI-VarCal whitelist feature was performed for each pa-
tient with PVs identified at baseline.’” UMI-VarCal estimates the PVs
within a range of 135 base pairs using UMI sequences. Variants were
considered phased if they were carried by the same UMI. A minimum of
three UMIs carrying these PVs was required to qualify them as tumor
markers at diagnosis. At D1C3 and relapse, ctDNA was considered de-
tectable if at least one somatic mutation was identified at baseline or a
novel mutation was detected. ctDNA was considered undetectable when
no baseline mutation or novel mutation was detected.

The detection threshold was defined on a per-sample basis, accord-
ing to the estimated background error rate of each sequencing library,
determined using Phred scores (Supporting Information S2: Tables 1-3).

Patient characteristics were compared using Fisher's exact test for
categorical variables, and parametric (t-test) or non-parametric
(Mann-Whitney U test or analysis of variance) tests for continuous
variables, with significance set at P < 0.05. Survival analyses for overall
survival (OS) and event-free survival (EFS) were performed using the
log-rank test. OS was defined from diagnosis to death (censoring
survivors at last follow-up), while EFS was defined from diagnosis to
relapse or death. Univariate survival analysis used the Cox proportional
hazards model, reporting hazard ratios (HRs) and 95% confidence in-
tervals (Cls). To identify genetic predictors of EFS while avoiding
overfitting with multiple correlated predictors, we performed LASSO
(Least Absolute Shrinkage and Selection Operator) penalized Cox
proportional hazards regression using the CoxNet algorithm. Seven-
teen recurrently mutated genes detected by ctDNA profiling at diag-
nosis were included as candidate predictors. The LASSO penalty (L1
regularization, a = 1) was applied to perform automatic variable selec-
tion by shrinking coefficients of non-informative predictors to zero.
The optimal regularization parameter (A\) was selected using 10-fold

)'18

cross-validation, maximizing the concordance index (C-index).”® Ana-

lyses were performed using R v4.3.0 and Python 3.11.7.

RESULTS
Plasma samples and cfDNA characteristics

Of the collected samples, 545 plasma specimens fulfilled the pre-
defined quality and quantity criteria for next-generation sequencing
(NGS) analysis, comprising 275 obtained at baseline, 250 at D1C3,
and 20 at relapse.

Clinical characteristics of included CAYA patients
with cHL

Clinical characteristics and disease features for the 275 patients with
evaluable ctDNA at diagnosis are presented in Table 1. In this CAYA
cHL cohort (N =275), patients had a median age of 15 years (range:
2-22), with 45% male. Disease characteristics showed bulky disease
in 37% and B-symptoms in 49% of cases. Advanced stages (llI/1V)
were observed in 49% of patients. Histologically, nodular sclerosis
predominated (87%), followed by mixed cellularity (6%). Epstein-Barr
virus (EBV)-positive HRS cells were detected in 15% of cases.
Treatment allocation following EuroNet-PHL-C2 protocol stratifica-
tion (Supporting Information S1: Figures 1 and 2) resulted in 13% of
patients receiving treatment level 1 (TL-1), 40% TL-2, and 47% TL-3
therapy. At a median follow-up of 29 months (range: 27.8-32.9), the
30-month OS was 100%, and the 30-month EFS was 90% (95% ClI:
86-94%) (Supporting Information S1: Figure 3).

Detection of somatic variants in pretreatment ctDNA
of cHL CAYA patients

Using our targeted capture NGS panel covering 18 genes recurrently
mutated in cHL, a total of 2282 somatic single-nucleotide variants
(SNVs) and insertions/deletions (indels) were detected in 236 out of
275 diagnostic samples (86%). Among these cases, the number of
variants per patient ranged from 1 to 54 (median: 9), with a VAF per
patient ranging from 0.11% to 51.87% (median: 3.48%). Among
patient with a detectable mutation, the median ctDNA concentration
was 2.48 logio(hGE/mL) (range: 2.13-2.83). Eight of the 18 genes
were recurrently mutated in more than 20% of cases. The most fre-
quently altered genes included SOCS1 (68%), IGLL5 (44%), B2M (43%),
CIITA (41%), TNFAIP3 (37%), STAT6 (32%), NFKBIE (31%), ITPKB
(29%), and GNA13 (21%) (Figure 1A). Regarding variant types, non-
synonymous SNVs were the most common (43%), followed by fra-
meshift deletions (14%) and intronic mutations (11%) (Figure 1B). The
mean VAF per gene was 5.7% (range: 3.7%-8.5%) (Figure 1C).

We observed that certain gene pairs rarely co-occurred: NFKBIE
and STAT6, NFKBIE and TNFAIP3, NFKBIE and ARID1A, PTPN1 and
STATé6, PTPN1 and TNFAIP3, and ITPKB and ARID1A (Figure 1D and
Supporting Information S1: Figure 4).

Correlation between baseline cfDNA levels and
disease characteristics

Among the 236 patients out of 275 with detectable ctDNA at diagnosis,
ctDNA levels expressed in log;o(hGE/mL) were significantly associated
with several clinical and biological features (Table 2). Patients with a bulky
mass had significantly higher ctDNA levels compared to those without;
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TABLE 1 Clinical characteristics of patients stratified by circulating tumor DNA (ctDNA) detection status at diagnosis.
ctDNA at diagnosis
Detectable
Not detectable (n = 39) (n=236) Total (N =275) P value

Median age, years (range) 14 (4-18) 15 (2-22) 15 (2, 22) <0.01°
Male sex 19 (49%) 106 (45%) 125 (45%) 0.73°
B-symptoms 12/39 (31%) 122/234 (52%) 134/274 (49%) 0.02°
EBV-positive disease 10/27 (37%) 20/169 (12%) 30/196 (15%) <0.01°
ESR 230 mm 20/36 (56%) 158/224 (71%) 178/260 (68%) 0.08°
Bulky disease (2200 mL) 7/38 (18%) 93/233 (40%) 100/271 (37%) 0.01°
Ann Arbor stage NA=0 NA=1 NA=1 0.18°

| 2 (5%) 2 (1%) 4 (1%)

I} 20 (51%) 117 (50%) 137 (50%)

1] 10 (26%) 55 (23%) 65 (24%)

v 7 (18%) 61 (26%) 68 (25%)
Advanced stages (lll and IV) 17 (44%) 116 (49%) 133 (49%) 0.60°
Treatment level NA=0 NA=1 NA=1 0.03°

TL-1 10 (26%) 25 (11%) 35 (13%)

TL-2 16 (41%) 93 (40%) 109 (40%)

TL-3 13 (33%) 117 (50%) 130 (47%)
Treatment NA=9 NA=9 0.30°

OEPA X2 2 (5%) 4 (2%) 6 (2%)

OEPA X2 + COPDAC 28 7 (18%) 23 (10%) 30 (11%)

OEPA X2 + COPDAC 28 X2 13 (33%) 62 (26%) 75 (27%)

OEPA X2 + COPDAC 28 X4 7 (18%) 61 (26%) 68 (25%)

OEPA X2 + DECOPDAC 21 X2 4 (10%) 30 (13%) 34 (12%)

OEPA X2 + DECOPDAC 21 X4 6 (15%) 47 (20%) 53 (19%)
Histology NA=3 NA=19 NA =22 <0.01°

Nodular sclerosis 24 (67%) 196 (90%) 220 (87%)

Mixed cellularity 8 (22%) 6 (3%) 14 (6%)

Others 4 (11%) 15 (7%) 19 (8%)
OR at ERA NA=0 NA=1 NA=1 0.14°

Adequate response (DS < 3) 30 (77%) 150 (64%) 180 (66%)

Inadequate response (DS = 4) 9 (23%) 85 (36%) 94 (34%)
Event-free survival 0.02¢

EFS at 12 months 95% CI 100% (100%-100%)

EFS at 24 months 95% CI 100% (100%-100%)

94% (90%, 97%) 94% (92%, 97%)

91% (87%, 95%) 92% (89%, 95%)

Note: P values < 0.05 are depicted in bold.

Abbreviations: DS, Deauville score; EBV, Epstein-Barr virus; EFS, event-free survival; ESR, erythrocyte sedimentation rate; NA, not available; OR at ERA, overall response at early
response assessment by positron emission tomography-computed tomography (PET-CT); TL, treatment level.

®Wilcoxon test,
PFisher's exact test,
“Log-rank test.

median log1o(hGE/mL) = 2.63 versus 2.35; P <0.001 (Figure 2A). The
presence of B-symptoms was also associated with increased ctDNA le-
vels (2.59 vs. 2.38; P <0.01) (Figure 2B). Additionally, patients with an
elevated erythrocyte sedimentation rate (ESR > 30 mm) had significantly
higher ctDNA concentrations compared to those with a lower ESR (2.53
vs. 2.33; P<0.01) (Figure 2C). Similarly, patients with advanced-stage
disease (Stages llI-1V) had higher ctDNA levels than those with early-
stage disease (Stages I-1l) (2.60 vs. 2.33; P < 0.01) (Figure 2D). Consistent

with these findings, ctDNA levels correlated with treatment stratification
according to the EuroNet-PHL-C2 protocol (Figure 2E and Supporting
Information S1: Figure 1). In contrast, no significant differences in ctDNA
concentration were observed based on sex, age at diagnosis, or EBV
status.

Patients without detectable ctDNA at diagnosis (39/275, 14%) ex-
hibited distinct clinical and biological features compared to those with
detectable ctDNA (236/275, 86%). These patients were younger, had a
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FIGURE 1

Mutational landscape of pediatric classical Hodgkin lymphoma at diagnosis. (A) Oncoplot displaying the mutational profile of 236 patients with

pediatric classical Hodgkin lymphoma. (B) Stacked bar chart showing the mutation frequency (%) for each gene across the cohort. Bar height represents the
proportion of patients harboring mutations in each gene, with colors indicating the distribution of alteration types. (C) Boxplots displaying the variant allele frequency
(VAF, %) distribution for mutations in each gene. Boxes represent the interquartile range (IQR) with the median line; whiskers extend to 1.5x IQR. Genes are ordered
by median VAF. (D) Correlation matrix showing pairwise co-mutation patterns between genes. Circle size and color intensity represent the strength and direction of
association (log-transformed). Positive associations (co-occurrence) are shown in blue, and negative associations (mutual exclusivity) are shown in red.

lower incidence of bulky disease (17% vs. 40%; P < 0.01), and were less
likely to present with B-symptoms (31% vs. 52%; P =0.02) (Table 1).
Biologically, patients without detectable ctDNA at diagnosis showed
higher rates of EBV-positive cHL (37% vs. 12%; P <0.01) and mixed
cellularity histological subtype (22% vs. 3%; P <0.01). Despite similar
rates of advanced-stage disease (Stage IlI/IV: 44% vs. 49%; P =0.6) and
comparable inadequate response (IR) rates at early response assessment
(ERA) by positron emission tomography-computed tomography (PET-CT)
(Deauville score > 4: 23% vs. 36%; P = 0.14), these patients demonstrated
superior outcomes, with 30-month EFS of 100% versus 85% (P =0.02,
log-rank test).

Impact of ctDNA levels at diagnosis and ERA

Although baseline ctDNA levels were not significantly predictive of
PET-CT response at ERA, a trend was observed: patients with IR at
ERA had higher ctDNA levels at diagnosis compared to AR (median
log1o(hGE/mL): 2.55 vs. 2.46; P =0.064) (Figure 2F).

In contrast, the ctDNA level at diagnosis was a significant pre-
dictor of volumetric tumor reduction evaluated by CT after two cycles
of chemotherapy. Patients achieving 275% volumetric reduction at
ERA had significantly lower baseline ctDNA levels than patients with
50 to 75% volumetric reduction (median logio(hGE/mL): 2.44 vs.
2.55; P=0.017) (Figure 2G).

Impact of ctDNA detection after two cycles of
chemotherapy

i. Correlation between ctDNA at D1C3 and disease characteristics
ctDNA assessment at D1C3 was available for 250 patients,
including 217 of the 236 patients (92%) who had detectable

ctDNA at diagnosis. Among these 217 patients, 23 (11%) still had
detectable ctDNA at D1C3. Patients with persistent ctDNA at
D1C3 had significantly higher ctDNA levels at diagnosis com-
pared to those who cleared ctDNA; median logio(hGE/mL): 2.9
versus 2.4; P <0.001. Persistent ctDNA at D1C3 was also more
frequently associated with adverse clinical features, including
bulky disease (57% vs. 35%; P =0.04), advanced-stage disease
(70% vs. 45%; P =0.03), and the presence of B-symptoms at di-
agnosis (70% vs. 45%; P=0.03) (Supporting Information S1:
Figure 5).

i. Persistence of ctDNA at D1C3 as an independent predictor of

relapse risk

Patients with detectable ctDNA at D1C3 had significantly
lower 30-month EFS, with an EFS rate of 67% (95% Cl,
48-94), compared with 92% (95% Cl, 88-96) in patients
without detectable ctDNA (log-rank P <0.001) (Figure 3A).
Cox proportional hazards analysis demonstrated a 4.47-fold
increased risk of events associated with ctDNA positivity at
D1C3 (HR 4.47; 95% ClI, 1.88-10.7; P <0.001) (Figure 3A).
Among the 23 patients with detectable ctDNA at D1C3: 15
patients (65%) were concordant with positive PET at ERA
(ctDNA+/PET+), 8 patients (35%) were discordant with ne-
gative PET (ctDNA+/PET-) (Figure 3B,C and Supporting In-
formation S1: Figure 6). Notably, among the 8 discordant
patients (ctDNA+/PET-), one patient subsequently relapsed,
indicating that ctDNA detected residual disease that was not
identified by PET imaging. This case highlights the potential
increased sensitivity of ctDNA monitoring for detecting
minimal residual disease below the PET detection threshold.
The remaining seven ctDNA+/PET- patients did not relapse,
suggesting that while ctDNA may offer enhanced sensitivity, it
may also detect low-level tumor DNA that does not
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TABLE 2 Correlation between circulating tumor DNA (ctDNA) level and
clinical and biological characteristics.

Plasma ctDNA concentration

g3 6 log10(hGE/mL)
Characteristics pts Median (Q1-Q3) Range P value
Sex 0.50
Male 106 2.42 (2.04-2.83) 0.82-4.03
Female 130 2.50 (2.17-2.84) 1.15-3.73
Age 0.75
<10 years 10 2.41 (2.09-2.84) 1.27-3.34
10-14 years 85 2.51(2.17-2.86) 1.15-4.03
215 years 141 246 (2.10-2.81) 0.82-3.69
ESR 230 mm 0.002
Yes 158 2.53 (2.18-2.9¢) 0.82-4.03
No 66 2.33 (2.00-2.61) 1.27-3.37
B-symptoms <0.01
Yes 112 2.59 (2.23-3.15) 0.82-4.03
No 122 2.38 (1.99-2.64) 1.15-3.35
Bulky disease (=200 mL) <0.01
Yes 93 2.63(2.31-3.12) 1.43-3.73
No 140 2.35 (2.04-2.71) 0.82-4.03
Ann Arbor stage <0.01
-1l 119 2.33 (2.03-2.68) 0.82-3.73
n-v 116 2.60 (2.24-3.09) 1.38-4.03
EBV-positive disease 0.24
Yes 20 2.59 (2.22-2.97) 1.62-4.03
No 149 2.49 (2.15-2.78) 0.82-3.73
Treatment level <0.01
TL-1 25 2.23(1.98-2.47) 1.27-3.12
TL-2 93 242 (2.06-2.69) 0.82-3.73
TL-3 117 2.63 (2.18-3.10) 1.38-4.03
Histology 0.03
Nodular sclerosis 196 2.47 (2.14-2.82) 1.27-3.73
Mixed cellularity 6 1.90 (1.47-2.42) 0.82-2.60
Others 15 2.55(2.15-3.19) 1.15-4.03
Volumetric reduction 0.017
at ERA
>75% volume reduction 78 2.44 (2.03-2.82) 0.82-4.03
<75% volume reduction 109 2.55 (2.18-3.00) 1.43-3.73
Overall response at ERA 0.06
Adequate 150 2.46 (2.07-2.75) 0.82-4.03
response (DS < 3)
Inadequate 85 2.55 (2.20-3.00) 1.37-3.72

response (DS = 4)

Note: P values < 0.05 are depicted in bold.

Abbreviations: DS, Deauville score; EBV, Epstein-Barr virus; ERA, early response
assessment evaluated by positron emission tomography-computed tomography
(PET-CT); ESR, erythrocyte sedimentation rate; TL, treatment level.

necessarily translate into clinical outcome in all cases. These
findings support the complementary value of ctDNA and
metabolic imaging for early response assessment in pediatric
Hodgkin lymphoma.

Importantly, in multivariate analysis adjusted for PET response
at ERA, persistent ctDNA remained an independent predictor of
inferior EFS (HR, 3.24; 95% Cl, 1.3-7.9; P=0.01) (Figure 3D).
These findings underscore the prognostic significance of ctDNA
persistence at D1C3 in identifying patients at the highest risk of
relapse.

Prognostic value of somatic mutations identified at
baseline in CAYA Hodgkin lymphoma

i. TP53 mutation is a strong predictor of IR after two cycles of

chemotherapy
Among the 236 patients with at least one mutation at diag-

nosis, 19 (8%) harbored a TP53 mutation. Patients with TP53
mutations were older than those with wild-type TP53 (median
age: 16 years [range: 11-22] vs. 15 years [range: 2-22]; P = 0.02).
Notably, TP53 mutations were not associated with advanced-
stage disease, bulky mass, or the presence of B-symptoms.
However, the presence of TP53 mutations at diagnosis was
strongly predictive of an IR at the ERA, with 68% (13/19) of TP53-
mutated patients classified as IR compared to 32% among TP53
wild-type patients (P =0.002). Moreover, late response assess-
ments (LRAs) evaluated by PET-CT at the end of treatment were
also less favorable, with 60% of TP53-mutated patients exhibiting
a Deauville score > 4 compared with 22% of TP53 wild-type
patients (P =0.02). Despite these unfavorable early and late re-
sponse indicators, TP53 mutations were not associated with a
significantly increased risk of relapse.

ii. Identification of XPO1/IGLL5 mutations as an independent pre-
dictor of relapse

We applied a penalized Lasso Coxnet regression model to

assess the association between genetic mutations from our NGS
panel and the risk of relapse. This analysis showed that XPO1 and
IGLL5 alterations were significantly associated with an increased
risk of relapse.

Patients harboring XPO1 and/or IGLL5 mutations (130/275,
47%) were associated with a significantly increased risk of relapse
(HR, 3.65; 95% Cl, 1.7-7.9; P <0.001) (Figure 4A and Supporting
Information S1: Figure 7). Importantly, in a multivariate Cox model
adjusted for PET-CT response at ERA, XPO1/IGLL5 status remained
an independent predictor of relapse (HR, 2.69; 95% Cl, 1.19-6.10;
P =0.018) (Figure 4B). These findings support a combined risk
stratification model incorporating both PET-CT response and ge-
netic alterations and ctDNA at D1C3. After integration of PET-CT
evaluation at ERA, three distinct risk groups were identified
(Figure 4C). Patients classified as low risk, defined by an AR at ERA
and absence of XPO1/IGLL5 alterations, represented 37% of the
cohort and had an EFS of 98% (95% Cl, 95-100). High-risk
patients, defined by an IR at ERA and presence of XPO1/IGLL5
alterations, comprised 18% of the cohort and had an EFS of 79%
(95% Cl, 68-91). The remaining patients constituted an
intermediate-risk group (45% of the cohort) with EFS of 87%
(95% ClI, 80-94).

To assess the independent prognostic value of these biomarkers,
we performed multivariate Cox regression analysis including the three
most relevant factors identified in our study—ctDNA detectability at
D1C3, XPO1/IGLL5 mutation status, and IR at ERA—along with es-
tablished prognostic variables (elevated ESR, advanced stage). In this
model, ctDNA persistence at D1C3, IR at ERA, and XPO1/IGLL5
mutations remained independently associated with inferior EFS
(Figure 4D).
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FIGURE 2 Association between baseline circulating tumor DNA (ctDNA) levels and clinical characteristics at diagnosis. (A) ctDNA levels according to bulky
mass at diagnosis. (B) ctDNA levels according to B-symptoms at diagnosis. (C) ctDNA levels according to erythrocyte sedimentation rate (ESR) > 30 mm/h at diagnosis.
(D) ctDNA levels according to disease stage at diagnosis. (E) Density plot (top) and boxplot (bottom) showing the distribution of baseline ctDNA levels according to
treatment level. Treatment level 3 (TL-3, red), TL-2 (light teal), and TL-1 (blue) are displayed. (F) ctDNA levels according to adequate response status at early response
assessment (ERA). (G) ctDNA levels according to volumetric response (>75% reduction) at ERA.

Mutational evolution between diagnosis, at D1C3, and
relapse

When considering all mutations collectively to define a specific gene al-
teration, we observed that among the 23 patients with persistent ctDNA
at D1C3, 18 (78%) harbored a TNFAIP3 mutation at diagnosis, with 12 of
these patients losing this mutation at D1C3. Interestingly, TP53 mutations
at diagnosis were not associated with persistent ctDNA at D1C3; only
two patients (9%) with detectable ctDNA at D1C3 had a TP53 mutation
at diagnosis, and these mutations were not detected at D1C3. The ma-
jority of mutations present at diagnosis were not detected at D1C3.
Acquisition of new mutations at D1C3 was extremely rare; we detected
only a single gain of an XPO1 mutation in one patient (Figure 5A-C).

Overall, 29 patients out of 275 (10.5%) experienced disease re-
lapse. Among these patients, we obtained ctDNA samples at the time
of relapse for 20 individuals. Notably, only 14 of these 20 patients
(70%) demonstrated persistently detectable ctDNA at relapse. Mo-
lecular analysis revealed that while the majority of mutations present
at diagnosis were conserved at relapse, six patients (30%) acquired
novel mutations between initial diagnosis and subsequent relapse,
suggesting clonal evolution during treatment (Figure 5D).

DISCUSSION

In this study, we confirm the feasibility of noninvasive somatic mu-
tation analysis in a large, prospective cohort of CAYA with cHL. We
successfully identified mutations through NGS, even when targeting a

limited panel of genes. Our investigation revealed recurrent muta-
tions in plasma ctDNA across our cohort of 275 consecutive CAYA
patients with cHL. Most significantly, we report for the first time the
longitudinal molecular evolution during therapy and at relapse in the
largest pediatric series documented to date. Notably, 86% of our
CAYA cHL patients harbored detectable somatic mutations, con-
firming that ctDNA assessment represents a valuable approach for
defining the molecular landscape of this disease at diagnosis.*1%:2°

Previous studies have reported the potential role of ctDNA at
diagnosis as a correlating or surrogate marker for disease burden,
showing associations with inflammatory signs present at diagnosis. In
our large cohort, we confirm significant associations between median
ctDNA concentration at diagnosis and several clinical parameters
including disease stage, ESR, and presence of bulky disease. These
findings demonstrate a clear correlation between ctDNA levels and
both tumor mass and the inflammatory response it generates. These
results position ctDNA assessment at diagnosis as a promising new
tool for disease stratification that could complement or potentially
enhance current clinical staging approaches.

We identified a distinct subgroup of patients without detectable
ctDNA at diagnosis (comprising 14% of the cohort), who exhibited
specific clinical and biological features: younger age, EBV-driven
disease, and mixed cellularity histology. Interestingly, these patients
displayed a distribution of classical staging criteria comparable to
those with detectable ctDNA, yet demonstrated better outcomes.
Whether this finding reflects limited assay sensitivity or a biologically
distinct subgroup characterized by low mutational burden and fa-
vorable prognosis remains to be determined.
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FIGURE 3 Prognostic impact of circulating tumor DNA (ctDNA) status at D1C3 on event-free survival (EFS). (A) Kaplan-Meier curves showing EFS according to
ctDNA detectability at D1C3 (post-Cycle 2). Patients with undetectable ctDNA at D1C3 (blue, N = 227) had significantly superior EFS compared to patients with
persistent detectable ctDNA (red, N = 23; log-rank P < 0.001). Univariate Cox regression confirmed the strong adverse prognostic impact of detectable ctDNA at
D1C3 (hazard ratio [HR] =4.47, 95% Cl: 1.88-10.7, P < 0.001). (B) Kaplan-Meier curves stratifying patients by both ctDNA status at D1C3 and overall response at
early response assessment (ERA). Four groups are shown: ctDNA not detectable at D1C3 with adequate response (AR, blue, N = 154), ctDNA not detectable at D1C3
with inadequate response (IR, red, N = 72), ctDNA detectable at D1C3 with AR (green, N = 8), and ctDNA detectable at D1C3 with IR (purple, N = 15). The combined
stratification demonstrated significant prognostic discrimination (overall log-rank P < 0.0001). (C) Waterfall plot displaying the log2 fold change in ctDNA
concentration (hGE/mL) from diagnosis to D1C3 in the 23 patients with persistent detectable ctDNA post-Cycle 2. Each bar represents an individual ordered ctDNA
reduction. Bar colors indicate the combination of interim positron emission tomography (PET) at ERA (iPET) response and clinical outcome: iPET negative and cured
(light blue), iPET negative and relapse (dark blue), iPET positive and cured (light salmon), and iPET positive and relapse (dark red). (D) Multivariable Cox regression
analysis demonstrating independent prognostic significance of ctDNA detectability at D1C3 (HR = 3.24, 95% Cl: 1.34-7.86, P = 0.009) and IR at ERA (HR =4.01, 95%
Cl: 1.72-9.35, P =0.001). Both factors remained significant predictors of inferior EFS when adjusted for each other, indicating complementary prognostic value of

ctDNA monitoring and metabolic response assessment

Recent studies have provided important insights into the onco-
genesis of cHL. Heger et al.1? performed comprehensive molecular
profiling in a large cohort of adult (n = 243) and pediatric (n = 96) cHL
patients and proposed an oncogenetic classification based on muta-
tional landscape and predominant oncogenic drivers with prognostic
implications. Similarly, Alig et al.* analyzed 366 patients using ctDNA
profiling and identified two genomic subtypes with distinct clinical
and immunological features, including therapeutically targetable
truncating IL4R mutations. Using PV enrichment sequencing
(PhaseD-seq), they demonstrated that both pretreatment and on-
treatment ctDNA levels improved risk stratification and enabled de-
tection of occult minimal residual disease, supporting ctDNA as a
noninvasive tool for genotyping and dynamic monitoring in cHL.

In the specific context of pediatric cHL, Desch et al.® conducted a
comprehensive analysis of tumor circulating DNA in 96 pediatric cHL
patients enrolled in the German cohort of the EuroNet-PHL-C2 study.
They employed a hybrid capture-targeted NGS assay capable of de-
tecting SNVs, insertions/deletions, translocations, and VH-DH-JH
rearrangements. Their findings established a significant correlation

between ctDNA levels and disease burden at diagnosis. In a limited
subset of patients with sequential ctDNA samples collected during
therapy, they observed that persistent ctDNA was associated with
poor response as evaluated by PET imaging. However, this study did
not report any significant impact on EFS, potentially due to the lim-
ited sample size and follow-up duration.

Primerano et al. conducted an analysis of cfDNA in plasma
samples from 155 pediatric patients with cHL.2® Their findings re-
vealed that patients who exhibited elevated plasma cfDNA levels
following the first cycle of chemotherapy subsequently demonstrated
inferior clinical outcomes. Additionally, patients who achieved com-
plete responses with durable progression-free survival (PFS) showed
a more pronounced reduction in cfDNA levels after two che-
motherapy cycles compared to those who eventually experienced
disease relapse. However, a significant limitation of this study was the
cfDNA quantification methodology employed, which lacked the
specificity to distinguish tumor-derived ctDNA from other sources of
circulating DNA, potentially introducing confounding factors that
complicated the interpretation of results.
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FIGURE 4 Prognostic impact of XPO1/IGLL5 mutational status and early response assessment on event-free survival. (A) Kaplan-Meier curves showing event-
free survival (EFS) according to XPO1 and IGLL5 mutational status. Patients with wild-type XPO1 and IGLL5 (blue, N = 145) had significantly better EFS compared
to patients harboring XPO1 and/or IGLL5 mutations (red, N = 130; log-rank P = 0.005). Univariate Cox regression confirmed the adverse prognostic impact of
XPO1/IGLL5 mutation (HR = 3.05, 95% CI: 1.35-6.9, P =0.007). (B) Kaplan-Meier curves stratifying patients by both XPO1/IGLL5 mutational status and overall
response at early response assessment (ERA). Four groups are shown: XPO1/IGLL5 wild-type with adequate response (AR, blue, N = 101), XPO1/IGLL5 wild-type with
inadequate response (IR, red, N = 44), XPO1/IGLL5 mutated with AR (green, N = 79), and XPO1/IGLL5 mutated with IR (purple, N = 50). Table shows a multivariable
Cox regression analysis demonstrating the independent prognostic significance of both XPO1/IGLL5 mutation (HR = 2.69, 95% Cl: 1.19-6.10, P =0.018) and IR at ERA
(HR=4.35,95% CI: 1.97-9.57, P < 0.001). (C) Risk stratification model combining XPO1/IGLL5 mutational status and ERA response. Patients were classified into three
risk groups: low risk (AR at ERA and XPO1/IGLL5 wild-type, green, N = 101), intermediate risk (red, N = 124), and high risk (IR at ERA and XPO1 and/or IGLL5 mutation,
blue, N = 50). (D) Forest plot displaying multivariate Cox regression analysis of prognostic factors for EFS. Variables assessed include XPO1/IGLL5 mutation status,
ctDNA detectability at D1C3, overall response (AR vs. IR), bulky disease, treatment level (TL-1, TL-2, and TL-3), ESR (2 30 mm/h), and B-symptom:s.

Identifying mutations at diagnosis that predict treatment re- More importantly, regarding ctDNA as a real-time treatment re-
sponse and relapse remains a significant challenge in cHL. In our sponse monitor, we confirmed its significant prognostic value, de-
study, we report that TP53 mutations (affecting 7% of the cohort) monstrating that persistent ctDNA after two chemotherapy cycles
were strongly associated with both IR at ERA and LRA, yet showed no identifies a very high-risk subgroup specially when combined with
significant impact on EFS. This is likely attributable to the therapeutic PET-CT evaluation at ERA. Though small (10% of patients), this group

intervention protocol for patients with IR at ERA in the EuroNet-PHL- experienced markedly inferior outcomes with an EFS of only 67% at
C2 study. Notably, the impact of TP53 mutations was previously 30 months. However, the observation that 90% of patients achieved
documented in adult cHL cohorts and was similarly associated with ctDNA clearance after only two treatment cycles warrants validation
poor initial response.?! We demonstrate that combining XPO1 and using more sensitive NGS technologies sequencing approaches, to
IGLL5 mutations—two recurrently altered genes in cHL—with PET-CT ensure accurate molecular disease monitoring and exclude false-
evaluation at ERA enables stratification into three distinct risk groups negative results among apparent complete molecular responders or
with significantly different outcomes. If validated in independent patients with undetectable ctDNA at diagnosis. A limitation of our
cohorts, this combined classifier may improve early identification of study is the relatively restricted gene panel employed, and our
patients at higher risk of relapse who could benefit from treatment technical inability to detect copy number variants affecting the 9p24
intensification, while also supporting de-escalation strategies in low- chromosomal region. This region encompasses the clinically sig-
risk patients. Notably, Heger et al.'? identified IGLL5 as one of the nificant PD1/PDL1 locus, which has been implicated in immune
most frequently mutated genes within their “Oncogene-driven” mo- evasion mechanisms potentially driving chemotherapy resistance and
lecular subgroup, underscoring its potential role in cHL pathogenesis. disease relapse.'??? Future studies incorporating comprehensive
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detected for each gene at diagnosis and/or post-Cycle 2 (D1C3). (B) Alluvial diagram illustrating the evolution of gene-specific mutations between diagnosis and
D1C3. (C) Patient-level stacked bar chart showing the distribution of mutations according to their temporal dynamics. (D) Heatmap depicting clonal evolution
between diagnosis and relapse in patients who experienced disease recurrence. Columns represent individual patients and rows represent genes. The bar chart above
shows the total number of mutations per patient at relapse. Most mutations were conserved at relapse, although both acquisition and loss of mutations were

observed.

genomic profiling with copy number analysis capabilities would ad-
dress this limitation and potentially reveal additional molecular de-
terminants of treatment response.

The fundamental challenge in CAYA cHL management centers on the
delicate balance between maximizing cure rates while minimizing
treatment-related morbidity. The significant long-term complications as-
sociated with conventional chemotherapy and radiotherapy—including
secondary malignancies, cardiovascular disease, and fertility issues—
necessitate more precise risk stratification approaches. In this context,
ctDNA emerges as a powerful and promising biomarker with dual utility:
enabling refined initial risk stratification at diagnosis and providing dy-
namic, real-time assessment of treatment response throughout the ther-
apeutic course. This noninvasive approach offers the potential to
personalize treatment intensity based on molecular response—sparing
low-risk CAYA patients from unnecessary toxicity, while identifying those
with molecularly persistent disease (undetectable by current methods)
who may benefit from innovative therapies such as CPI.
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