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Reliable biomarkers for early identification of treatment failure in relapsed/refrac-
tory (r/r) classical Hodgkin lymphoma (cHL) are lacking. Circulating tumour DNA
(ctDNA) profiling has emerged as a powerful predictive and prognostic tool in sev-
eral haemopoietic and non-haemopoietic malignancies and may guide rational treat-
ment choices in r/r cHL. To assess the predictive and prognostic value of ctDNA, we
performed a retrospective analysis on 55 r/r cHL patients treated with the benda-
mustine, gemcitabine and vinorelbine (BEGEV) regimen and additionally evaluated
the potential utility of integrating ctDNA with interim ["*F]-FDG positron emission
tomography (iPET). Baseline ctDNA genotyping in r/r cHL mirrored gene mutations
and pathways involved in newly diagnosed cHL. We found that baseline ctDNA
quantification and serial ctDNA monitoring have prognostic value in r/r cHL receiv-
ing salvage chemotherapy. Lastly, integrating ctDNA quantification with iPET eval-
uation may improve the early identification of patients at high risk of failing standard
salvage therapy, who may benefit from an early switch to immunotherapeutic agents.
Collectively, our results support the implementation of non-invasive methods to de-
tect minimal residual disease in recurrent cHL and justify its prospective evaluation
in appropriately designed clinical trials.
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INTRODUCTION

Despite the introduction of highly active novel immuno-
therapies and targeted therapies for the treatment of re-
lapsed/refractory (r/r) classical Hodgkin lymphoma (cHL),
chemotherapy followed by consolidation with stem cell
transplantation (SCT) is still the standard of care for young
patients failing first-line therapy. The bendamustine, gem-
citabine and vinorelbine (BEGEV) regimen is routinely

offered as induction therapy prior to SCT.! Early identifi-
cation of patients at high risk of failing this protocol may
allow to select patients who may benefit from novel immu-
notherapies earlier in the treatment course, thereby miti-
gating the burden of chemotherapy-related adverse events
and allowing to optimize patient management. Contrary
to first-line setting, the role of interim 2-deoxy-2-["*F]flu-
oro-D-glucose (["*FJFDG) positron emission tomography/
computed tomography (PET/CT) during salvage therapy is
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still not standardized in guiding clinical decisions, and re-
liable biomarkers for early identification of treatment fail-
ure are lacking. In this context, circulating tumour DNA
(ctDNA) profiling is emerging as a powerful tool for out-
come prediction and response monitoring in large B-cell
lymphomas treated both with chemotherapy® and cellular
therapy,” as well as front-line cHL treated with chemother-
apy.* Pretreatment burden and dynamics during treatment
course have the potential to impact treatment and adjust
the therapeutic plan. However, lack of standardization of
ctDNA monitoring and validated thresholds still prevent
its real-life application. Furthermore, its prognostic value
has yet to be validated when compared to more commonly
used prognostic tools such as ["*F]-FDG PET/CT, and in
recurrent lymphomas.

We therefore sought to characterize the mutational pro-
file of a cohort of r/r cHL patients uniformly treated with
BEGEV chemotherapy to explore possible biomarkers of
chemoresistance. Then, we performed a retrospective analy-
sis to assess the efficacy of quantification of baseline plasma
ctDNA in prognosticating outcomes and monitored ctDNA
dynamics during the treatment course to assess minimal
residual disease. Lastly, we evaluated whether integrating
ctDNA genotyping with interim ["*F]-FDG PET further im-
proves outcome prognostication.

METHODS
Patients and study design

The study was retrospective in nature. Fifty-five patients af-
fected by relapsed/refractory (r/r) cHL (age 216years) who
were treated with the BEGEV regimen as salvage therapy
from February 2014 to June 2022, were included in the study
(Table 1). Patients were required to have a plasma sample col-
lected at baseline for ctDNA genotyping to enter the study.
Patients (n=>55) were all treated at the Humanitas Research
Hospital (Milano, Italy). The BEGEV regimen was admin-
istered on a 4-day schedule, repeated every 21 days as fol-
lows: 800mg/m? of gemcitabine on Days 1 and 4, 20 mg/
m? of vinorelbine on Day 1 and 90mg/m* of bendamus-
tine on Days 2 and 3. Intravenous prednisolone (100 mg)
was administered on Days 1-4.” Prior allogeneic stem cell
transplantation (allo-SCT) was considered an exclusion cri-
terion. Treatment programme included consolidation with
autologous stem cell transplantation (auto-SCT) for eligible
patients treated in second line, and allo-SCT for patients
treated beyond second line, if deemed feasible by clinicians.
Patients who exhibited progressive disease (PD) at the end
of BEGEV chemotherapy did not proceed to consolidation
and were assigned to additional salvage therapies. Disease
assessment was performed by ["*F]-FDG PET/CT scan prior
to BEGEYV, after cycle 2 (interim PET [iPET]) and after cycle
4 (end of BEGEV treatment [EOBT]) (Data SI). Patients
were classified into ‘responsive’ or ‘failure’ based on dis-
ease status after a follow-up of 18 months, as a determinant

TABLE 1 Main patients' characteristics.
Alln=55

Gender

Male 30 (55%)

Female 25 (45%)
Median age (range) 34 (18-73)
BEGEYV timing

Second-line therapy/>second-line therapy 34 (62%)/21 (38%)
Stage at BEGEV

I-11 27 (49%)

III-1v 28 (51%)
Extranodal disease prior BEGEV therapy 20 (36%)
B symptoms prior to BEGEV therapy 16 (29%)
Bulky disease prior to BEGEV therapy 7 (13%)
Response to first-line therapy

Refractory 36 (65%)

Responsive 19 (35%)
Median number of BEGEV cycles (range) 4 (2-4)
Prior BV 18 (33%)
Prior RT 17 (31%)
Prior PD-1 inhibitors 9 (16%)

of chemo-refractoriness (duration of remission <12 months
from the end of therapy, comprising both BEGEV and SCT).
The primary end-point of the study was event-free survival
(EFS), where the event was defined as need for additional
treatment within 18 months from start of BEGEV chemo-
therapy or disease-related death. Secondary end-points in-
cluded overall survival (OS) and progression-free survival
(PFS). This study was approved by the local institutional
Review Board, and all patients provided written informed
consent in accordance with the Declaration of Helsinki.

Sample collection, CAPP-seq library
preparation, ultra-deep next-generation
sequencing (NGS) and somatic analysis

The CAPP-seq (Cancer Personalized Profiling by deep
Sequencing) strategy, an ultrasensitive capture-based tar-
geted sequencing, was used for ctDNA genotyping®®™® (Data
S1). Peripheral blood (PB) samples were collected prior to
chemotherapy initiation (baseline, n=55), at the time of
iPET (n=45) and at EOBT (after last cycle of BEGEV, n=34).

Statistical analysis

GraphPad Prism (version 9) and R version 6.3.1 were used
for statistical analyses. Categorical variables were expressed
as proportions with the respective 95% confidence inter-
vals, and continuous variables were expressed as the me-
dians with the respective range. Continuous variables were
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compared by Mann-Whitney test and t-test. We used the
Spearman correlation coefficient to test correlation between
ctDNA and total metabolic tumour volume (TMTV). We
used a Kruskal-Wallis test to establish correlation between
ctDNA and clinical prognostic scores. Multiple t-test were
used to investigate the prognostic impact of ctDNA baseline
somatic mutations on EFS; correction for multiple testing
was not applied, given the exploratory nature of this analysis
and the relatively small sample size.

Event-free survival was measured from date of BEGEV
treatment start to date of re-treatment (event) or disease-re-
lated death (event); patients failing the BEGEV programme
beyond 18 months were censored. PFS was measured from
date of BEGEV treatment start to date of progression (event),
death from any cause (event), or last follow-up (censoring).
OS was measured from date of BEGEV start to date of death
(event) or last follow-up (censoring). Survival analysis was
performed by Kaplan-Meier method. Differences in cu-
mulative survival between two groups were tested with the
log-rank test. Survival analyses on the basis of molecular
response was performed by calculating survival from iPET
evaluation to reduce unwanted guarantee-time bias (land-
mark approach).’

We used the Cox proportional hazards model to assess
the prognostic role of clinical characteristics, ctDNA load
and iPET evaluation on EFS. A survival tree was generated
based on the most statistically significant independent vari-
ables derived from the analysis. Rpart package for R was
used to perform the partitioning analysis (minsplit = 10). We
used log-rank test to determine whether EFS, PFS and OS
differed significantly between terminal node groups gener-
ated by the decision tree.

Statistical significance was defined as p <0.05.

Data sharing system

Individual participant data will not be shared. For original
correlative data, please contact the corresponding author
(carmelo.carlostella@hunimed.eu).

RESULTS
Patients' characteristics and response to therapy

Median age of study participants was 34 years (range, 16-73)
and 30 patients (55%) were male Caucasian. At baseline before
BEGEYV therapy 51% (n=28) of patients presented advanced-
stage disease, with extranodal involvement in 36% (1 =20) of
cases. Of note, the study cohort included a large proportion
of patients who were refractory to first-line therapy, (n=36,
65%). Thirty-four patients (62%) received BEGEV as second-
line therapy, whereas 21 patients (38%) were treated after sec-
ond line (Table 1). Forty-eight patients (87%) received four
cycles of BEGEYV, three (n=5%) received three cycles due to
transplantation timing, and four (7%) were in progressive

disease (PD) at iPET and discontinued therapy. At the end of
BEGEYV therapy, 75% of patients (n=41) achieved a complete
remission (CR) and 7% (n=4) were in PR, with an overall re-
sponse rate of 82%. Ten patients (18%) exhibited PD. Efficacy
was in line with previous reports, which, of note, only in-
cluded patients treated in second line.” Of the responding
patients, 28 (62%) proceeded to auto-SCT (all in CR) and 14
(31%) were consolidated with allo-SCT (12 in CR, 2 in PR).
Among responsive patients, three (7%) did not receive con-
solidation due to early progression (n = 1) or medical decision
(n=2, one of whom ultimately required further treatment).
At 18 months, EFS was 68.3% (95% confidence interval [CI]
56.9-82.1, median follow-up 18 months), with 17 patients
requiring additional therapy. Twenty-four-month PFS and
OS for the entire population were 62.0% (95% CI 50.0-76.9,
median follow-up 20 months) and 85.4% (95% CI 76.0-96.1,
median follow-up 30 months) respectively (Figure SI).

Non-invasive genotyping of r/r cHL patients

By study design, a baseline plasma sample was available in
all patients. The median extracted amount of cfDNA per
millilitre of plasma was 7ng/mL (Figure S2A). An average
of 10 somatic coding variants, including single nucleotide
variants (SN'Vs) and Indels, were identified (Figure S2B). The
median variant allele frequency (VAF) of ctDNA variants
was 2.6% (range 0.2%-43%) and 85% of somatic coding vari-
ants in the whole patient population had a VAF higher than
1% (Figure S2C,D). The pretreatment mutational profile of
the entire cohort of patients is illustrated in Figure S3. Genes
recurrently affected by non-synonymous somatic variants in
at least 15% of patients included STAT6 (44%), B2M (38%),
TNFAIP3 (36%), GNA13 and SOCS! (31%), ITPKB (29%),
XPOI (22%), TP53 and PTPRD (18%) and BTGI (16%).

There were no differences in mutated pathways between
our cohort of r/r cHL and previously published reports of
newly diagnosed patients.*'" Specifically, JAK-STAT was
mutated in 67% of patients followed by PI3K/AKT (58%),
NF-kB (51%), immune surveillance (44%), epigenetics (40%)
and NOTCH signalling (11%) (Figure S4).

Although it appears that the frequency of some mutations
may be different in BEGEV-responsive versus BEGEV-non-
responsive patients (Figure 1A,B; Figure S5), the only gene
with a significant difference was PTPRD, which was en-
riched in patients failing therapy (p <0.05) (Figure 1C). The
PTPRD gene encodes for a phosphatase that functions as a
negative regulator of signalling pathways and is a known tu-
mour suppressor with prognostic significance in numerous
solid cancers as well as marginal zone lymphoma."'*

Ten patients (18%) harboured one or more TP53 mu-
tations, mainly distributed in the DNA-binding domain
(Figure S6A). However, contrary to other settings, TP53
mutation did not confer disadvantage in clinical outcome
(18 months EFS 57.1% [95% CI 32.6-100.0] for TP53-mutated
patients versus 71.0% [95% CI 58.8-85.6] for TP53 wild-type
patients, p=0.52) (Figure S6B).
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FIGURE 1 Pretreatment ctDNA genotyping (n=>55) in ‘responsive’ (n=38) and ‘failure’ (n=17) r/r cHL patients. (A) Oncoprint showing the
distribution of pretreatment non-synonymous somatic variants, with a prevalence greater than 10%, according to EFS status (excluding silent SN'Vs and
variants in non-coding regions). Each column represents a patient, and each row represents a gene. The information regarding the number of variants
per each patient is shown in the histogram above the oncoprint. The frequencies of mutated genes are shown on the left and the relative absolute numbers
are shown in the histogram on the right. (B) Bar graph showing genes with an overall prevalence of mutation greater than 10% and their distribution
among ‘responsive’ and ‘failure’ patients. (C) Histograms showing the frequency of mutated genes with a prevalence >10% and in which for each gene

the difference observed between responsive versus failure is greater or equal to 7%. The Fisher's exact test was used for comparisons (**p <0.01).

ctDNA as early predictor of response or
non-response in r/r cHL patients undergoing
BEGEY therapy

The median concentration of pretreatment ctDNA, ex-
pressed as haploid genome equivalents per millilitre of
plasma (hGE/mL), was 36 hGE/mL (range 4-4576). In line
with previous findings,” pretreatment levels of ctDNA corre-
lated with the TMTV (Spearman coefficient 0.51; p <0.0001),
as well as with the German Hodgkin Study Group (GSHG)
prognostic score (p =0.025), but not with stage or response to
first-line therapy (Figure S7). Notably, the median baseline
load of ctDNA was significantly higher in ‘failure’ (median
94, 95% CI 36-270) compared to ‘responsive’ patients (me-
dian 31, 95% CI 20-42) (p=0.0006) (Figure 2A).

When longitudinally evaluating the ctDNA load, we ob-
served two distinct patterns: (i) the majority of responsive pa-
tients had undetectable ctDNA levels at iPET (n=31), which
was maintained at EOBT (n=24); on the contrary, (ii) patients
requiring re-treatment after BEGEV chemotherapy showed
a lower median value at iPET compared to baseline (median

iPET =7.6 hGE/mL, n=14) but displayed a subsequent increase
at EOBT (median EOBT=38 hGE/mL, n=10) (Figure 2B),
indicating persistence of disease. In terms of mutational pro-
file, patients failing BEGEV therapy showed a persistence of
baseline mutations at EOBT in 60% of cases (n=6), whereas
40% (n=4) had no detectable variants; on the contrary, re-
sponsive patients cleared all baseline variants (Figure 2C). We
did not find evidence of clonal evolution at EOBT, though this
observation may be limited by the size of the targeted panel.
Lastly, baseline ctDNA load significantly correlated with PES
(p=0.043) and OS (p=0.0057) (Figure 2D).

Interim PET analysis correlates with patient
outcomes in r/r cHL

At iPET evaluation, 18 patients (33%) had persistent ['*F]-FDG
uptake (13 PR, 1 SD and 4 PD) while 37 (67%) were in CR.
Among iPET-positive patients, 13 (72%) ultimately required
re-treatment: 10 (56%) due to persistent disease at EOBT and
3 (38%) who experienced treatment failure after transplant.
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FIGURE 2 Pretreatment and on-therapy ctDNA load in ‘responsive’ and ‘failure’ patients. (A) Scatter dot plot showing pretreatment ctDNA load
(hGE/mL) in ‘responsive’ (n=38) versus ‘failure’ (n=17) patients (median with 95% CI). Each dot represents a patient. The Mann-Whitney test was used
for comparisons between groups. (B) Scatter dot plot showing the longitudinal (baseline, iPET, EOT) ctDNA load (hGE/mL) in ‘responsive’ versus ‘failure’
patients (median value and interquartile range). Each dot represents a patient. The Mann-Whitney test was used for comparisons. (C) Oncoprint showing
the distribution of mutations in 34 r/r cHL patients for whom baseline and EOT plasma samples were available, according to response status. (D) Clinical
outcomes stratified according to baseline ctDNA (greater or less than median). PFS 76.4% (95% CI 61.3-95.2) for low ctDNA and 48.5% (32.7-72.0) for high

ctDNA. OS 100% for low ctDNA and 73.7% (58.7-92.5) for high ctDNA. Comparisons between groups were calculated with the log-rank test.

Among patients with a negative iPET (n=37), three (8%) were in
PD at EOBT and only one patient (3%) relapsed 9 months after
auto-SCT. At 18 months from start of BEGEV chemotherapy,
EFS was 89.0% (95% CI 79.4-99.8) for iPET-negative patients
versus 25.0% (95% CI 10.9-57.5) for iPET-positive patients
(p<0.0001) (Figure 3A). Similarly, 24-month PES and OS were
82.6% (95% CI 70.8-96.5) and 94.4% (95% CI 87.1-100), respec-
tively, for iPET-negative patients versus 20.8% (95% CI 8.2-53.1)
and 70.6% (95% CI 51.9-96.1), respectively, for iPET-positive
patients (Figure 3B,C). The difference in outcomes persisted also
when considering patients with DS 4 or 5 separately (Figure S8).

ctDNA quantification at the time of iPET
correlates with clinical outcomes

At iPET evaluation, 45 r/r cHL patients had plasma sam-

in 16 patients (36%) (Figure 4A). Of these patients, 11 (69%)
also displayed persistence of significant FDG uptake, and 11
(69%) ultimately required additional therapy. Of the 29 pa-
tients with undetectable ctDNA, iPET was concordant (i.e.
DS 1-3) in 80% of patients (n=23) and most (n=26, 90%)
did not require additional therapy. Overall, the presence
or absence of detectable ctDNA after two cycles of BEGEV
chemotherapy correlated with iPET findings (p=0.001),
disease assessment at EOBT (p=0.0005) as well as with
EFS (p=0.0001) (Figure 4B). Interestingly, the evaluation
of ctDNA was concordant with EFS in five of eight (63%)
patients who were misclassified by iPET, suggesting that
ctDNA assessment may complement standard imaging eval-
uation (Figure 4A, red arrows).

In addition, we assessed whether early ctDNA dynamics
might predict response to therapy. By using a previously val-
idated threshold (2-log drop of ctDNA levels after cycle 2 of

ples available for ctDNA genotyping, which was detectable ~ chemotherapy),>*'* we confirmed that early achievement of
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FIGURE 3 Clinical outcomes stratified according to iPET evaluation. Eighteen-month EFS (A), PES (B) and OS (C). Comparisons between groups

were calculated with the log-rank test.

85U80|7 SUOWIWIOD A0 3|cedldde aup Aq peusenob ae ssjoiie YO ‘8sn JO Se|ni oy Ariqi]8UIUO 8|1 UO (SUOTIPUOD-pUe-SLLIBI/LI0D A3 | 1M ARe1q 1 BU1|UO//:SANY) SUOTIPUOD pUe SWe | 8L 885 *[6202/20/0] UO A%eiq1auliuo AB[1M ‘SeyuewnH 0oul[D olnisu| AQ Z9T6T UlG/TTTT OT/I0p/W0 A8 1M AReaq 1 jeuljuo//Sdiy Wwouy pepeojumod ‘Z ‘vZ0Z ‘TYTZS9ET



520

(A)

B)

100+

%

Log,, FoldChange of ctDNA at iPET

ctDNA IN RELAPSED/REFRACTORY CLASSICAL HODGKIN LYMPHOMA

BRITISH JOURNAL OF HAEMATOLOGY

4]

D)

Progression—free Survival

2

NN Y N

}

N N Y Y

LA

N YNYYY

NNNNNNNNNNNNNNNNYNNNNN YY Y Y FS
CR CRCRCRCRCRCRCRCRCRCRCR CRCRCRCR PDCRCRCRCRCRCRCRPD CR CRCR PDPDPRPDPR CRCR PDCRPDPDCRCR CRCRCR PR EQOBT PET response

I
’Q(\

T
SR R FARSRURCRURCRS

L
N

T T 11T 17T 1T 17T 17T T 17 T T 1T 11
A DO QN D A% D A0 A DDA D oX 6D 40 A DD O N G IR
KPP PP PP DS P F D P

Bl iPET negative (CR) and ctDNA Not Detectable
B iPET negative (CR) and ctDNA Detectable

Y = Yes retreatment
N = No retreatment

B iPET positive (PR/SD/PD) and ctDNA Detectable
B iPET positive (PR/SD/PD) and ctDNA Not Detectable

— patients correctly identified by ctDNA measure instead of iPET response

(©)
iPET EOBT EFS
HHk Fokk *kk o,
p=0.0010 p=0.0005 p=0.0001 _ 100%
5]
100+ 100+ 2 75%
3
804 o 90%
2
T 2509
60 £ 2% p<0.0001
& & 0%
01 0 4 8 16
Months
20 Number at risk
—| 16 9 8 7 5
04 | 29 27 27 25 19
PET PET PET PET Responsive  Failure
negative  positive negative  positive P 0 4 8 12 16
Months
I ctDNAatiPET (Not Detectable)
ctDNA at iPET (Detectable)
(E)
100%
100% —:H
0,
75% TZB 75%
50% s
° D 50%
s
0, [
25% 1 p=0.0018 325% | ,-oo0s8
0% 0%
0 10 20 30 40 50 60 0 10 20 30 40 50 60
. Months Months
Number at risk Number at risk
—| 16 9 5 3 1 0 0 —| 16 13 9 6 2 0 0
-1 29 25 17 12 6 3 1 - 29 28 20 17 8 2 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Months Months

= ctDNA logdrop >2

== ctDNA logdrop <2

FIGURE 4  Analysis of interim ctDNA in 45 r/r cHL patients. (A) Waterfall plot showing the log, , fold change of ctDNA load measured at iPET
compared to baseline. Each bar represents a patient. Above each bar are reported the EOT PET response (CR, PR, PD) and EFS status (in RED if clinical
response not concordant with ctDNA measure). (B) Stacked bar graphs showing the proportion of detectable interim ctDNA at iPET, EOT PET and

at study end-point (18-month EFS) according to response status. The p value calculated by Fisher's exact test is shown. (C) Clinical outcomes for all
patients based on the level of reduction of ctDNA at interim evaluation. Eighteen-month EFS 89.5% (95% CI 61.3-100) for ctDNA logdrop >2 and 31.2%
(15.1-64.6) for ctDNA logdrop <2. (D) Clinical outcomes for all patients based on the level of reduction of ctDNA at interim evaluation. PFS 69.9% (95%
CI 52.8-92.5) for ctDNA logdrop >2 and 31.2% (15.1-64.6) for ctDNA logdrop <2. (E) Clinical outcomes for all patients based on the level of reduction
of ctDNA at interim evaluation. OS 96.6% (95% CI 90.1-100) for ctDNA logdrop >2 and 77.5% (57.9-100) for ctDNA logdrop <2.
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a molecular response predicted EFS and PFS, but not OS, al- immunotherapeutic and targeted agents.'*'® Nonetheless,

though a trend was noted (Figure 4C-E).

Baseline ctDNA load combined with iPET
evaluation can improve outcome prediction

Given the predictive significance of both baseline ctDNA
load and iPET evaluation, we investigated whether inte-
grating these findings could further improve outcome pre-
diction. Based on the results of a Cox regression analysis,
which included additional clinical variables (Table 2), we
informed a recursive partitioning model to predict EFS
(total events n=14/55, 25%) (Figure 5A). The decision tree
was generated based on the most statistically significant
variables; however, the presence or absence of bulky dis-
ease did not contribute to the final nodes. Integrating base-
line ctDNA and iPET resulted in an increased predictive
value (accuracy rate 87.3%, sensitivity 70.6% and specificity
94.7%) when compared to baseline ctDNA or iPET alone
(Figure 5B). In absolute terms, the combination of imaging
analysis and molecular genotyping allows to correctly clas-
sify 48 of a total of 55 patients, compared to 46 with iPET
evaluation alone and 44 patients with baseline ctDNA alone
(Figure 5B). Despite the small sample size, combination of
ctDNA and iPET can thus identify an additional 23% of pa-
tients for whom EFS is incorrectly predicted by iPET evalu-
ation. Based on the results of the partitioning analysis, three
categories of BEGEV-treated patients were defined. Patients
with positive iPET and high baseline ctDNA (>31 hGE/
mL) showed a significantly inferior treatment-free survival
compared to the other two categories (iIPET negative and
iPET positive with low baseline ctDNA), with 91.4% (95%
CI 45.2-98.7) of patients who required re-treatment within
18 months (p <0.0001) (Figure 5C-E).

DISCUSSION

The outcome of patients with r/r cHL has markedly im-
proved in recent years thanks to the use of highly active novel

TABLE 2 Univariate analysis of the association of clinical, imaging
and ctDNA variables with EFS.

Univariate analysis

Variable p value HR 95% CI
Interim PET positive <0.001 10.292 [3.317-31.933]
Basal ctDNA > median 0.037 3.056 [1.072-8.715]
Primary refractory 0.385 1.644 [0.535-5.050]
Bulky disease <0.001 10.230 [3.194-32.761]
B symptoms 0.145 0.199 [0.023-1.745]
Advanced stage 0.864 0.920 [0.355-2.386]
BEGEYV therapy beyond 0.866 1.073 [0.408-2.823]

second line

Note: Bold values are statistically significant.

chemotherapy followed by SCT is still the standard of care in
patients failing first-line therapy, allowing to cure up to 70% of
patients." Integrating novel agents into chemotherapy-based
induction regimens is likely to further increase the number of
cured patients,'® as is the use of maintenance therapy in the
post-transplant period.?>** Here we assessed the potential
utility of baseline plasma ctDNA quantification in improving
the predictive value of iPET analysis in r/r cHL treated with
the BEGEV chemotherapy protocol. Furthermore, we ex-
plored the mutational landscape of r/r cHL before treatment
and longitudinally during treatment course.

Using an ultraprecise NGS technology, we confirmed in
a larger, uniform cohort that r/r cHL patients presented gene
mutations that had been previously detected in a smaller sim-
ilar series* and in the front-line setting.**>** Such mutations
affect predominantly the NF-kB, JAK-STAT and PI3K-Akt
pathways. Interestingly, our preliminary results confirm a
previous report describing the increased frequency of TP53
mutations in primary refractory cHL,? which, however, did
not appear to translate into a clinical disadvantage. This
finding, along with the absence of additional significant mu-
tational patterns in patients who failed treatment, suggests
that alternative mechanisms may confer chemoresistance,
but requires confirmation in a larger cohort.

A growing number of reports have identified pretreatment
levels of ctDNA as a predictive marker of response to therapy
and outcome in lymphoid malignancies.” Our findings con-
firm such reports also in r/r cHL treated with salvage chemo-
therapy and consolidative SCT; elevated baseline ctDNA was
significantly associated both with treatment failure within
18 months of start of chemotherapy, as well as with PFS and
OS. By longitudinally monitoring ctDNA, we demonstrated
that serial measurements can mimic disease evolution, with a
persistence of mutated genes at the end of treatment in most
patients who failed therapy. Furthermore, the absence of detect-
able ctDNA at interim evaluation was associated with response
to therapy and favourable clinical outcomes. Thus, ctDNA may
be effectively used as a tool to monitor minimal residual disease
during treatment and guide clinical decisions in r/r cHL.

It is well known that the absence of CR assessed by [8F]-
FDG PET imaging prior to auto-SCT is a strong predictor of
treatment failure.”*® However, the role of early ['8F]-FDG
PET/CT assessment during induction therapy prior to SCT
is still unclear. In our retrospective study, early evaluation of
sensitivity to BEGEV therapy by iPET appears to have prog-
nostic significance. However, ['"®F]-FDG PET/CT evaluation
requires a high level of expertise to integrate the numerous
parameters (DS, SUVmax, disease extension) and its inter-
pretation may be challenging. Baseline disease burden as-
sessment by ctDNA is a candidate biomarker to complement
iPET imaging data. In our study, incorporation of baseline
ctDNA quantification allowed to identify a small group of
patients with a positive iPET and a high baseline ctDNA
characterized by a very high risk of therapy failure (91%).
Most of these patients had a decreased tumour burden (met-
abolic PR) at iPET compared to baseline, often misguiding
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Recursive partitioning analysis. (A) Schematic representation of decision tree generated by recursive partitioning analysis integrating

baseline ctDNA levels and iPET evaluation. (B) Confusion matrix obtained from recursive partitioning analysis for iPET alone (left) and iPET integrated
with baseline ctDNA (right), together with sensitivity, specificity and accuracy measures. (C) Eighteen-month EFS according to categories defined by
recursive partitioning analysis: 89.0% (95% CI 79.4-99.8) for iPET negative, 75.0% (42.6-100) for iPET positive and low baseline ctDNA and 8.6% (1.3-
54.8) for iPET positive and high baseline ctDNA. (D) PFS according to categories defined by recursive partitioning analysis: 73.3% (95% CI 58.3-92.1)
for iPET negative, 75.0% (42.6-100) for iPET positive and low baseline ctDNA and 7.1% (1.1-47.2) for iPET positive and high baseline ctDNA. (E) OS
according to categories defined by recursive partitioning analysis: 94.4% (95% CI 87.1-100) for iPET negative, 100% for iPET positive and low baseline

ctDNA and 63.5% (42.4-95.1) for iPET positive and high baseline ctDNA.

clinicians in completing treatment course and thus causing
unnecessary toxicity. This high-risk group of patients may
benefit from an earlier switch to brentuximab vedotin or
PD-1 inhibitors prior to SCT to maximize chances of success
and should be promptly identified.

We acknowledge that this study is limited by its retro-
spective nature and small sample size. Additionally, due
to the rarity of the investigated patient population, it lacks
a validation cohort. However, to our knowledge, it is the
first report to describe the clinical utility of basal ctDNA
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quantification, interim ctDNA reduction and integration of
genomic data with iPET evaluation in predicting response
to salvage chemotherapy in r/r cHL. Early switch to targeted
and immune-based drugs should be evaluated in prospective
trials to improve outcome in high-risk patients. Likewise,
ctDNA is a radiation-free tool that can provide important
prognostic information in r/r cHL. Current technological
limitations, including potential absence of detectable vari-
ants, are likely to be overcome in the near future.?’
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