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Abstract

Whether clonal hematopoiesis (CH) in follicular lymphoma (FL) patients affects clinical outcome or is merely a bystander
phenomenon is unclear. We leveraged the Phase Ill Fondazione Italiana Linfomi FOLL12 trial, which treated patients with
advanced-stage FL with R-CHOP or R-Bendamustine, to evaluate the role of myeloid CH at baseline and after chemoimmu-
notherapy (CIT). A total of 528 serial blood samples from 242 FL were analyzed by CAPP-Seq. At baseline, CH occurred in 35.5%
patients with DNMT3A (N =41, 16.9%) and TET2 (N =29, 12.0%) being the most frequently mutated genes. After a median
follow-up of 8.2 years, CH at baseline did not impact progression-free survival (PFS), overall survival (OS), or risk of transfor-
mation (P =0.660, P =0.230, and P =0.584, respectively), but instead associated with therapy-related hematological toxicities
driven by TET2 mutations. CH dynamics after the genotoxic pressure imposed by CIT was evaluated in 211 patients provided
with sequential samples. CIT significantly expanded both prevalence and size of CH, with clones affected by DNA damage
response (DDR) gene mutations exhibiting the highest fitness. Distinct selective pressures were observed between R-CHOP and
R-Bendamustine, with the latter creating a tighter bottleneck that facilitates the emergence of fitter CH clones preferentially
carrying TP53 mutations. Patients acquiring fit DDR clones (N = 37) had inferior long-term outcomes, including independent
increased risk of second malignancies (hazard ratio [HR] 2.63, P = 0.035) that developed in 28 patients, and shorter OS (HR 3.28,
P =0.008). CH emerges as a novel and potentially valuable biomarker in FL, capable of predicting long-term toxicities that are key
endpoints in indolent lymphoid malignancies characterized by long-lasting survival.
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INTRODUCTION

Follicular lymphoma (FL) is the most common subtype among
indolent non-Hodgkin lymphomas, and chemoimmunotherapy (CIT),
namely CHOP or Bendamustine (Benda) with anti-CD20 antibodies,
still represents today the first-line standard of care treatment
for advanced-stage disease.’™ Since first-line therapy in FL induces
long-lasting remission in most cases, the identification of biomarkers
that can anticipate long-term toxicities is relevant to maximize
survival outcomes and quality of life in FL patients.*

Myeloid clonal hematopoiesis (CH) represents an age-associated
expansion of hematopoietic stem or progenitor cells carrying myeloid
somatic mutations and frequently involves canonical DTA genes,
namely DNMT3A, TET2, and ASXL1.>”” However, CH does not evolve
uniformly across clinical contexts. In particular, chemotherapy imposes
substantial DNA damage on both malignant and non-malignant he-
matopoietic stem cells, creating evolutionary bottlenecks that permit
the outgrowth of resistant or fitness-enhanced CH clones, resulting in
clonal signatures that are in part distinct from physiological aging.81”
Within this environment, CH mutations in DNA damage response
(DDR) genes, frequently involving PPM1D, TP53, CHEK2, and RAD21,
often gain a strong advantage, leading to clonal expansion pre-
ferentially after treatment.®*® In FL, the two most frequent frontline
regimens R-CHOP and R-Benda have distinct genotoxic and im-
munologic profiles, yet how these treatments shape CH clonal trajec-
tories, influence mutation-specific expansions, or contribute to durable
shift in CH architecture is still largely unknown.?

Emerging evidence suggests that CH might not be merely a
bystander phenomenon in patients with cancer.?® Rather, CH may
associate with inferior survival and increased risk of therapy-related
neoplasms and may modulate treatment tolerance by altering myeloid
function, predisposing to cytopenia and impairing recovery after CIT
exposure.?172¢ |n this context, we hypothesized that CH at baseline
before CIT and its evolutionary dynamics after treatment might re-
present a determinant of long-term disease outcomes in FL survivors.

We therefore leveraged the Phase lll Fondazione Italiana Linfomi
(FIL) FOLL12 trial, which treated patients with advanced-stage FL
with either R-CHOP or R-Benda, to evaluate the potential clinical role

of myeloid CH at baseline and its evolution after CIT.2” Across this
cohort, the analysis of 528 serial blood samples from 242 patients
provided an unprecedented opportunity to investigate CH and its
dynamics and clinical correlations in a Phase lll clinical trial for FL. To
our knowledge, this represents the first prospective, longitudinal
evaluation of CH in newly diagnosed indolent lymphomas.

MATERIALS AND METHODS
Patient characteristics

A cohort of 242 patients enrolled in the FIL FOLL12 Phase Il clinical
trial was assessed to dissect the potential clinical role of CH in FL. The
study design and the results of the FOLL12 trial were presented
elsewhere.?” Briefly, FOLL12 enrolled FL patients requiring first-line
systemic therapy with an induction phase represented by R-CHOP or
R-Benda, according to the physician's choice. The co-presence of any
overt second primary malignancy, including myeloid neoplasms
identified on mandatory bone marrow biopsy performed at enroll-
ment, represented an exclusion criterion from the trial. At enrollment,
patients were randomized to receive, after completing induction
therapy, standard rituximab maintenance (standard arm) or different
maintenance strategies (experimental arm) according to minimal re-
sidual disease (MRD) and positron emission tomography (PET)/com-
puted tomography (CT) response. The present ancillary biological
study is part of the FIL-FOLL BIO trial (approved by the Ethical
Committee of Torino, prot n. 0066394/2023) and was conducted in
accordance with the Declaration of Helsinki. All patients provided
written informed consent.

CH analysis on peripheral blood genomic DNA

Genomic DNA (gDNA) from whole peripheral blood samples was ana-
lyzed by next-generation sequencing-based Cancer Personalized Profiling
by deep sequencing (CAPP-seq) using a panel of 28 genes frequently
mutated in CH (Supporting Information S7: Table 1). In all cases (N = 242),
gDNA was collected at baseline during the trial screening period; in 211
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cases, gDNA was also collected at one or more timepoints during follow-
up to evaluate CH dynamics after induction of CIT. A stringent bioinfor-
matic pipeline for variant calling was used as previously reported.22?
With a median coverage of 3322x, the variant allele frequency (VAF)
threshold was set at 1% for variant calling, and CH mutations were
confirmed using the CH database that has been recently made avail-
able.3%3? See also Supporting Information Sé: Appendix.

Clonal fitness and treatment bottleneck effect

Clonal fitness was inferred from paired VAF measurements in base-
line and sequential samples using a logistic growth model.#'” To
estimate the effective allelic population size (Nef) during treatment,
we modeled each CH variant as an independent clone and treated
changes in VAF across timepoints as binomial sampling noise.>%3 See
also Supporting Information Sé6: Appendix.

Statistical analysis

Survival analysis for progression-free survival (PFS) and overall sur-
vival (OS) was performed by the Kaplan-Meier method and compared
between strata using log-rank. The Simon-Makuch method was ap-
plied to model fit CH clones as a time-dependent variable. Associa-
tions with the development of second malignancies were estimated
using both Cox proportional hazards regression and cumulative in-
cidence function (CIF) analysis by Fine-Gray competing risk modeling,
accounting for death as a competing event. Statistics were performed
with R version 4.4.2.

RESULTS
Patient characteristics

A total of 242 FL patients enrolled in the FIL FOLL12 composed the
study cohort. The median age was 61.5 years (interquartile range [IQR]
51.7-69.0 years), and 126 (52.1%) were females. A total of 167 (69.3%)
patients presented with Ann Arbor Stage IV, and 34 (14.1%) had B
symptoms. According to histology, 40 (19.4%) patients were Grade 1,
116 (56.3%) were Grade 2, and 50 (24.3%) were Grade 3A. Based on
physician's choice, 141 (58.3%) patients received R-CHOP and 101
(41.7%) R-Benda. Complete patient characteristics are reported in
Table 1. After a median follow-up of 98 months, the 8-year PFS and OS
were 54.8% and 86.2%, respectively (Supporting Information S1:
Figure 1A,B). Baseline characteristics, including the percentage of patients
treated with R-Benda, were well balanced between patients included in
the present molecular analysis and those enrolled in the FOLL12 trial but
not analyzed for CH due to unavailable biological material (Supporting
Information S8: Table 2). Also, the 8-year PFS and OS were comparable
between the two groups (PFS: HR 1.02, 95% Cl 0.80-1.29, P=0.878;
0S: HR 1.02, 95% Cl 0.69-1.52, P = 0.908). When stratified by treatment
type, HRs were superimposable in both the R-CHOP group (HR 0.96,
95% Cl 0.62-1.49, P =0.854) and the R-Benda group (HR 1.03, 95% ClI
0.77-1.38, P =0.852), confirming the representativeness of the studied
sub-cohort also across both treatment groups.

CH mutational landscape at trial enrollment

A total of 126 mutations were detected in peripheral blood and
classified as bona fide CH-related events (Supporting Information S9:
Table 3). Overall, at least one CH mutation was identified in 86 FL
patients (35.5%). CH mutations affecting the canonical epigenetic

TABLE 1 Patient characteristics.

Characteristic Value no. (%)

Age (years) Median 61.5
Range 51.7-69.0
Gender Male 116 (47.9)
Female 126 (52.1)
Ann Arbor stage 1] 29 (12.0)
1] 45 (18.7)
v 167 (69.3)
B symptoms No 207 (85.9)
Yes 34 (14.1)
B2M <ULN 117 (48.3)
>ULN 125 (51.7)
Grading Grade 1 40 (19.4)
Grade 2 116 (56.3)
Grade 3A 50 (24.3)
Hb 212 g/dL 203 (83.9)
<12g/dL 39 (16.1)
LDH <ULN 176 (75.9)
>ULN 56 (24.1)
Nodal sites 0-4 151 (63.2)
>4 88 (36.8)
FLIPI 0-1 59 (25.7)
2 88 (38.3)
3-5 83 (36.1)
FLIPI2 1-2 146 (60.3)
3-5 96 (39.7)
Treatment R-CHOP 141 (58.3)
R-Benda 101 (41.7)

regulators DNMT3A, TET2, and ASXL1, collectively designated as DTA
mutations, were detected in 64 (26.4%) patients, including DNMT3A
in 41 (16.9%), TET2 in 29 (12.0%), and ASXL1 in 3 patients (1.2%)
(Figure 1A,B). Mutations involving genes of the DDR pathway were
less common, being identified in 11 cases and targeting PPM1D in 4
patients (1.7%), TP53 in 3 patients (1.2%), and CHEK2 and RAD21 in 2
cases each (0.8%). The distribution of CH mutation types is shown in
Figure 1C.

The median VAF of CH mutations at baseline was 1.87% (IQR
1.01-69.08) (Figure 1D and Supporting Information S2: Figure 2A).
CH prevalence significantly increased with age reaching 60% among
individuals aged 275 years (Figure 1E,F). Also, patients carrying
multiple CH mutations (12.3% of FL patients) were older (median
68.5 vs. 64.0 years, P =0.037) compared to patients with a single CH
mutation (Figure 1G). No associations were observed between CH
mutations and other baseline FL clinical features.

CH at trial enrollment does not impact on survival
outcomes in FL

CH status, including both overall CH and the canonical DTA subset
(DNMT3A, TET2, and ASXL1), was evaluated for its association with

85UB017 SUOWIWIOD dA 181D 3qeot dde au Aq peusenob a.e saolie YO ‘8sn JO SNl 1oy Akeld18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 |IMAReq Ul |Uo//ScIY) SUOTPUOD PUe SWwie | 8u) 89S *[9202/50/TZ] U0 AkiqiT8uljuo AB]IM ‘ BlfelBUeILo00 - BI0|N 0pIeodRy Ad €680/ EWRL/Z00T OT/I0p/W0 A8 | im Afe.d 1 jBul|uoy/sdny Wwoj papeo|umod ‘S ‘9202 ‘Tv262.52



40f13 |
(A) (B)
= 18% -
X
2 16% -
[2] 60% 1 64.5%
T 14% 1
.Q 9 )
-E; 12% A ‘S’ Mutation count
o 10% A §40%~ (1,
() k) 23.1% )
2 8% 1 § H:
2 6o 8 20%1 N
o
- 4% - 7.9%
O 5y o ]
2% 0% CH No CH
0% -
F A DO W A & D P K
e LS OV P S @q? v\
S & TR TPl Pt & <
C D
© . (D)
()]
g 50 4 ® Non synonymous SNVs
"(B' ¥ Frameshift
+= 40 A
=} 0.2
= = Nonsense
J =
T 90 = Splicing 2
@) &
Y— Qo
o
Z
025 10 20 40 80
4} P O LS P D < VAR
Py S T
O K é\‘ @ % \A PR Qp Y*%OO & \0 Q? «Q s
0 (G)
No. of mutations
(E) (F) o
p<0.001 100% 20 e
o, == VAF >=1%
801 = VAF >= 2%
75% g
Q2
7 £ g
§ e01 3 5
= S 50% o
o ® 2 101
<
& o
40 25%
0% o] HE
CH- CH+ 30 40 50 60 70 80 . . ’
CH status Age 20 40 60 80
Age [years]
FIGURE 1 Clonal hematopoiesis (CH) prevalence and correlation with follicular lymphoma (FL) baseline characteristics. (A) Bar charts representing the

prevalence of the most frequent CH mutations. (B) Percentage of patients with and without CH stratified by the number of mutations (0-4). (C) Bar charts

representing the different types of CH mutations. (D) Density plot showing the distribution of allele frequency. (E) Boxplots show the median and interquartile range,
with individual data points overlaid. CH* individuals are significantly older than CH™ individuals. (F) Continuous age-prevalence curves showing the proportion of
individuals with CH across age. Curves are stratified by variant allele frequency (VAF) thresholds (21% and 22%). (G) Distribution of patients' age stratified by number

of mutations (0, 1, >1). SNVs, single-nucleotide variants.

PFS, OS, and risk of histologic transformation to aggressive lympho-
ma. CH* patients exhibited PFS rates comparable to CH™ patients,
with an 8-year PFS of 62.3% versus 55.9% (P=0.660) and an
8-year OS of 86.4% versus 87.2% (P = 0.230) (Figure 2A,B). Similarly,

DTA-mutated patients showed no evidence of poorer prognosis,
with 8-year PFS and OS estimates mirroring those of DTA wild-type
counterparts (8-year PFS: 62.8% vs. 56.6%, P =0.504; 8-year OS:
85.1% vs. 87.6%, P = 0.527) (Supporting Information S3: Figure 3A,B).
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FIGURE 2 Clinical impact of clonal hematopoiesis (CH) in follicular ymphoma (FL) patients at trial enrollment. Kaplan-Meier estimates of (A) progression-free
survival (PFS) and (B) overall survival (OS) according to the presence of any CH mutation. CH* patients are represented by the red curves, while CH™ patients are
represented by the blue curves. Kaplan-Meier estimates of PFS in (C) patients aged 265 years, (D) in patients aged <65 years, (E) in patients treated with R-CHOP and
(F) in patients treated with R-Benda according to CH status. Kaplan-Meier estimates of the cumulative probability of histologic transformation according to CH

(G) and DTA (H) mutation status. P-values are displayed adjacent to the curves. Bar charts showing the prevalence of (l) anemia, (J) thrombocytopenia, and (K) Grade
23 neutropenia occurring during induction CIT, according to TET2 mutation status. TET2-mutated patients are represented by red bars, while TET wild-type patients

are shown by blue bars. P-values are displayed above the histograms.

Collectively, neither overall CH nor DTA CH mutations demonstrated
an adverse impact on clinical outcomes.

Because CH prevalence increases with age, outcomes were also
evaluated across age strata. Notably, CH* and CH™ patients exhibited
superimposable PFS outcomes irrespective of age category. Among
individuals >65 years, CH* patients had an 8-year PFS of 62.9%
versus 46.7% in CH™ patients (P=0.240) (Figure 2C). In patients
<65 years, CH" individuals showed an 8-year PFS of 61.6% compared
with 59.9% for CH™ patients (P =0.980) (Figure 2D). These findings
indicate that the clinical neutrality of CH at trial enroliment extends
across age-dependent risk groups.

Also, CH does not impact on PFS when subdividing patients ac-
cording to induction therapy received, namely R-CHOP and R-Benda.
Among R-CHOP treated patients, CH* cases had an 8-year PFS of
54.4% versus 51.6% in CH™ patients (P =0.618) (Figure 2E). Among
R-Benda-treated patients, CH" cases showed an 8-year PFS of 60.4%
compared with 68.1% for CH™ patients (P = 0.333) (Figure 2F).

In this cohort, 13/242 patients (5.4%) experienced histologic
transformation to aggressive lymphoma. The presence of CH was not
associated with an increased risk of transformation (hazard ratio [HR]
1.40, P=0.584). Transformation rates were comparable between
CH* and CH™ patients (CH*: 4.7%; CH™: 5.8%) (Figure 2G), and no
enrichment of DTA mutations was observed among transformed
cases (HR 0.40, P = 0.386) (Figure 2H).

Collectively, these findings provide reassurance that CH muta-
tions before treatment do not meaningfully alter the biological tra-
jectory of FL nor predispose to histologic transformation.

CH predisposes to specific types of therapy-related
toxicities during induction CIT

The risk of therapy-related hematological toxicities during induction
CIT was evaluated in relation to CH and across recurrent CH-related
gene mutations. No significant differences in hematological toxicity
rates were observed between CH* and CH™ cases (Supporting In-
formation S10: Table 4). However, TET2 mutations were significantly
associated with a higher prevalence of anemia, thrombocytopenia,
and Grade 23 neutropenia. In detail, anemia was present in 41.4%
(N=12) of TET2-mutated patients compared to 16.9% (N =36) of
TET2 wild-type patients (P = 0.002) (Figure 21), and thrombocytopenia
was present in 24.1% (N =7) of TET2-mutated patients compared
to 8.0% (N=17) of TET2 wild-type patients (P =0.006) (Figure 2J).
Also, TET2 mutations were significantly associated with Grade 23
neutropenia, occurring in 55.2% (N = 16) TET2-mutated patients com-
pared to 35.7% (N = 76) wild-type patients (P = 0.042) (Figure 2K).

CIT drives selective expansion of CH prevalence

To evaluate CH dynamics after the genotoxic stimuli imposed by CIT,
211 patients provided with one or more sequential samples were
analyzed. The median time between baseline and sequential samples
was 30 months (IQR 12-36 months). The complete list of gene

mutations identified in sequential samples is reported in Supporting
Information S11: Table 5 and Supporting Information S2: Figure 2B-F).

Overall, CIT significantly expanded both the prevalence and the
VAF of CH clones. The total number of CH mutations increased from
116 to 180 (P = 3.22 x 1077), which was reflected by an increase in CH*
patients from 37.4% (N=79) to 47.4% (N=100) in post-treatment
samples (P =0.004) (Figure 3A). Also, CIT significantly expanded the
median VAF of detectable pre-existing clones from 2.7% at baseline to
4.4% in post-CIT samples (P < 0.001) (Figure 3B).

Evaluation of treatment-associated shifts in the patient-level pre-
valence of CH mutations revealed that CIT profoundly reshaped the CH
landscape, driving a significant expansion in the proportion of patients
harboring DNMT3A, TP53, and PPM1D mutations (Figure 3C). Overall,
the prevalence of DNMT3A-mutated patients increased from 18.4%
(N =39) at baseline to 26.5% (N =56) post-CIT (P =0.005), of TP53-
mutated patients from 0.9% (N = 2) to 6.6% (N = 14) (P < 0.001), and of
PPM1D-mutated patients from 1.9% (N = 4) to 9.9% (N = 21) (P < 0.001).
Consequently, the prevalence of patients with CH mutations of DDR
genes, namely TP53 and/or PPM1D, expanded from 2.8% (N =6) to
16.6% (N = 35) (P < 0.001), with near-complete mutual exclusivity of the
two CH mutations (Figure 3D). Only one patient acquired both lesions.

By leveraging the distinct cytotoxic pressures of R-CHOP and
R-Benda, regimen-specific selection patterns of CH were unveiled.
Most notably, the prevalence of TP53-mutated patients underwent a
significant and exclusive expansion after R-Benda, rising from 0.9%
(N =1) at baseline to 15.0% (N =12) post-CIT (P <0.001), while re-
maining completely unchanged after R-CHOP (0.9%-0.9%, P = 0.999)
(Figure 3E). Importantly, all newly detected TP53 mutations occurred
in MRD-negative patients, confirming their origin from CH rather
than from residual FL cells. In contrast, the prevalence of PPM1D-
mutated patients increased under both regimens, from 2.5% to 7.6%
with R-CHOP (P=0.031) and from 1.1% to 11.9% with R-Benda
(P <0.001), whereas the prevalence increase of DNMT3A-mutated
patients was preferentially associated with R-CHOP (15.0% to 25.2%,
P =0.004) (Figure 3E).

Clonal fitness of CH differs under R-CHOP versus
R-Benda

Clonal fitness, defined as the annual change of VAF as a logistic growth,
was inferred to better investigate the clonal dynamics of CH. Clones
were classified as increasing, stable, or decreasing as specified in the
Materials and Methods section. Among all clones detected at baseline or
post-CIT, 128 (57.1%) exhibited increasing VAFs over time, whereas 49
(21.9%) decreased and 47 (21.0%) remained stable (Figure 4A-C).
Among recurrent mutations, DDR-associated variants (PPM1D, CHEK2,
and TP53) showed the highest median fitness values (1.232, 0.908, and
0.833, respectively), significantly exceeding those of DTA-associated
variants, particularly DNMT3A (0.229) and TET2 (0.233) (Figure 4D).
Gene-wise comparisons reinforced this pattern, demonstrating
significantly greater fitness among DDR-mutated clones, with PPM1D
exhibiting the strongest growth advantage (Figure 4E).
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Treatment-specific patterns were also evident, corroborating that
CH mutations post-CIT follow different expansion pathways according
to treatment. Overall, R-Benda was associated with a significantly
higher proportion of CH clones with increasing VAF compared to
R-CHOP (79/125 vs. 49/100, P = 0.042), suggesting a stronger selec-
tive advantage for specific mutations under this regimen. Both treat-
ments promoted the expansion of CH clones, although with a different
pattern. Notably, increased fitness dynamics of TP53-mutated CH
clones (n=17) was observed exclusively following R-Benda therapy.
Conversely, both regimens promoted the clonal fitness of PPM1D
mutations (R-Benda n =20; R-CHOP n = 10). Although DNMT3A mu-
tations were more common in R-CHOP patients, post-treatment clonal
dynamics were similar across regimens, with comparable proportions
of increasing, stable, and decreasing clones.

Clonal bottlenecks and longitudinal stability of
CH architecture

To quantify patient-level changes in CH clonal architecture under
R-CHOP and R-Benda, we estimated an effective allelic population
size (Neff) for each patient based on pre- and post-treatment VAF
distributions (Figure 4F). Lower Neg values indicate a stronger treat-
ment bottleneck with emerging clonal dominance, whereas higher
values reflect weaker selective pressure and preserved clonal diversity.

R-CHOP was associated with higher Neg values (median 58.9;
range 3.9-7828.4), indicating relatively weaker treatment bottlenecks
and preservation of broad clonal diversity. In contrast, R-Benda
produced markedly lower Ngt values (median 37.5; range:
0.8-8791.5; P=0.028), reflecting stronger selective pressure and

more pronounced contraction of the clonal pool (Figure 4G,H). This
difference suggests that R-Benda exerts a higher impact on clonal
architecture, creating a tighter therapeutic bottleneck that may
facilitate the emergence of fitter or therapy-resistant clones. Notably,
patients harboring DDR mutations exhibited significantly lower Neg
values compared with those without DDR alterations (median Nt
16.7 vs. 59.6, P=4.5 x 1077), consistent with heightened treatment-
driven clonal restriction in this subgroup (Figure 4l).

To further refine the reconstruction of CH clonal trajectories,
we additionally analyzed an intermediate timepoint in 75 CH*
patients (median time from CIT: 12 months). VAFs were highly
concordant between the post-CIT intermediate and final timepoint
samples (Pearson r=0.91, P<1x 107 (Supporting Information S4:
Figure 4A,B). The median VAF at the intermediate timepoint was 2.4%,
compared with 2.3% at the last timepoint, reflecting minimal overall
change in clonal abundance during this interval. Notably, fitness esti-
mates were higher in the earlier interval (baseline to T1) compared to
the later interval (T1 to T2) (median fitness 0.34 vs. 0.00; P <0.001)
(Supporting Information S4: Figure 4C,D). These findings indicate that,
in most cases, clonal dynamics observed at final follow-up was already
established early after treatment, with CH clones after CIT generally
following persistent trajectories rather than fluctuating patterns.

Clonal fitness of CH has a detrimental effect on
FL survival

Although baseline CH, including baseline DTA mutations, was not
associated with inferior OS per se (Supporting Information S3:
Figure 3B), the post-treatment emergence of fit DDR clones
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DNA damage response (DDR)-mutant and DDR wild-type CH clones.

(clones showing increasing VAF according to the fitness model) identi-
fied a clinically distinct subgroup of FL patients with markedly reduced
survival. Using a time-dependent Cox model, patients who developed fit
DDR clones experienced a significantly shorter OS compared with those
who did not (HR 3.28, 95% Cl 1.37-7.86, P=0.008) (Figure 5A).

Importantly, incorporating baseline DTA mutations into a combined
model with fit DDR status did not neutralize the adverse prognostic
effect of post-CIT DDR clonality; rather, the combined profile remained
significantly associated with inferior OS (HR 2.85, 95% Cl 1.26-6.45,
P =0.012) (Supporting Information S5: Figure 5A).
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FIGURE 5 Impact of baseline DTA mutations and post-chemoimmunotherapy (CIT) fit DNA damage response (DDR) clonal expansion of clonal hematopoiesis
(CH) on the risk of second primary malignancies in follicular lymphoma (FL). (A) Simon-Makuch estimates of overall survival (OS) according to the presence of fit
DDR clones. Fit DDR* patients are represented by the red curves, while fit DDR™ patients are represented by the green curves. Because the clone status was modeled
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incidence of second primary malignancies according to baseline DTA mutation status (DTA* vs. DTA"). Death was treated as a competing risk. (C) Cumulative

incidence of second primary malignancies according to the presence of post-treatment fit DDR mutations (fit DDR" vs. fit DDR"). Death was treated as a competing
risk. (D) Multivariable Cox regression analysis for second primary malignancies, after adjusting for baseline DTA status, post-CIT fit DDR status, age, and treatment
regimen. (E) Integrated cumulative incidence of second primary malignancies according to baseline DTA mutations and/or fit DDR clones (DTA and/or fit DDR clones

vs. neither). Death was treated as a competing risk.

DTA mutations and fit DDR clones predict second
primary malignancies in FL

The long-term follow-up of the FOLL12 trial enables the integration
of molecular findings with late toxicities, particularly the development
of second primary malignancies. At a median follow-up of 98 months
(range, 3.3-141.4), 28 patients developed a second primary malig-
nancy (Supporting Information S12: Table 6), corresponding to a
9-year cumulative incidence of 11.9% (95% Cl, 6.3-15.1).

At baseline, the 9-year cumulative incidence of second primary
malignancies was significantly higher in patients harboring DTA
mutations compared with DTA wild-type patients (21.3% vs. 7.3%;
P =0.0017) (Figure 5B). Consistently, multivariable Cox regression
analysis corroborated baseline DTA mutations as an independent
predictor of second primary malignancies after adjusting for age
and treatment regimen (HR 2.66, 95% Cl 1.35-5.67, P=0.011)
(Supporting Information S5: Figure 5B). Patients experiencing pro-
gression and receiving second-line therapy for FL did not have an
increased risk of second primary malignancies (HR 0.25, 95% ClI
0.06-1.07; P=0.062).

The presence of DDR mutations at baseline was not associated
with an increased risk of second primary malignancies (P =0.528)
(Supporting Information S5: Figure 5C). Conversely, after treatment,
patients with fit DDR mutations exhibited a markedly increased
9-year cumulative incidence of second primary malignancies, being
28.2% compared with 8.8% in cases without fit DDR mutations
(P<0.001) (Figure 5C). The association of fit DDR mutations

with second primary malignancies was then confirmed in a multi-
variable analysis, adjusting for baseline DTA status, age, and treat-
ment regimen (HR 2.63, 95% 1.07-6.05, P =0.035) (Figure 5D).

Since both baseline DTA and post-treatment fit DDR mutations
individually and independently increased the risk of second primary
malignancies, we next evaluated their integrated effect. Patients
harboring DTA and/or fit DDR mutations demonstrated a sig-
nificantly higher cumulative incidence compared to those lacking both
events (21.8% vs. 5.9% at 9 years), rising to 32.7% at 10 years
(P <0.001) (Figure 5E). This predictive model for second primary
malignancies remained statistically significant also after adjusting for
age and treatment regimen (HR 4.12, 95% Cl 1.62-10.44; P = 0.003)
(Supporting Information S5: Figure 5D), underscoring the robust and
complementary prognostic impact of these two biologically distinct
clonal events.

DISCUSSION

In this study, we provide the first comprehensive evaluation of
myeloid CH in patients with advanced-stage FL requiring frontline
therapy, leveraging the prospective Phase Il FOLL12 trial of the
Fondazione Italiana Linfomi. Baseline CH does not adversely affect
treatment outcomes with either R-CHOP or R-Benda; however, it is
associated with increased hematologic toxicity during treatment.
CIT exerts substantial genotoxic pressure on hematopoietic clones,
resulting in distinct bottlenecks of clonal selection that differ under
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R-CHOP versus R-Benda. The combination of baseline DTA-mutated
CH and post-CIT fit DDR clones enhances the risk of second primary
malignancies, ultimately contributing to inferior long-term clinical
outcomes.

CH analysis was performed on whole peripheral blood, consistent
with approaches used to assess CH in the general population without
an overt lymphoma diagnosis.>® In some indolent B-cell neoplasms,
however, peripheral blood can be contaminated by circulating
leukemic cells, potentially affecting the sensitivity and accuracy
of CH detection, particularly when mutations may contribute to both
CH and the underlying malignancy.>#*° In FL, by contrast, common
CH-associated mutations are generally not implicated in lymphoma
pathogenesis, and TP53 mutations are rarely observed at diagnosis.
Furthermore, the availability of MRD data in the FOLL12 trial enabled
us to assess the presence or absence of FL cells in the peripheral
blood. Importantly, all cases harboring detectable TP53 variants
were MRD-negative, supporting a CH origin for all identified TP53
mutations.

Across B-cell malignancies, prior studies have reported hetero-
geneous associations between CH and clinical outcomes, with the
strongest adverse signals observed in patients undergoing stem-cell
transplantation.2%243573% The present study provides evidence that
baseline CH mutations do not influence outcomes of advanced-stage
FL. PFS and OS were comparable in patients with or without
CH, independent of age or frontline regimen (R-CHOP or R-Benda).
Also, CH did not increase the risk of histologic transformation from FL
to DLBCL.

CH TET2 mutations were associated with increased hematologic
toxicity during induction CIT, including anemia, thrombocytopenia,
and neutropenia. This pattern is biologically plausible: TET2 loss im-
pairs erythropoiesis through altered SCF/c-KIT signaling and defec-
tive CFU-E maturation,*° and it produces neutrophils with immature
transcriptional profiles, reflecting broader myeloid dysfunction.**4?
Also, TET2 deficiency leads to dysregulated megakaryocyte matura-
tion and platelet production.*®** Together, these defects may reduce
the resilience of TET2-mutant progenitors across lineages, providing
a biologic rationale for the higher rates of hematologic toxicity
observed in TET2-mutant FL patients receiving CIT.

Our longitudinal analyses indicate that CIT acts as a potent
evolutionary pressure on the hematopoietic compartment, selectively
favoring CH clones with superior biological fitness. More than half of
all detectable mutations increased in VAF over time post CIT, with
DDR-associated lesions consistently exhibiting the highest fitness and
emerging as dominant clones following treatment. Regimen-specific
effects further refined this pattern. R-Benda imposed a more pro-
nounced treatment bottleneck than R-CHOP and uniquely promoted
the expansion of highly fit TP53-mutated clones. This observation
may be ascribed to the dual mechanism of action of bendamustine as
both an alkylating agent and a purine analog.*> The combination of
extensive DNA crosslinking and replication stress may preferentially
advantage p53-deficient progenitors that are less constrained by
p53-mediated checkpoint responses.*® In addition, bendamustine is
associated with deeper and more prolonged immunosuppression,
raising the possibility that diminished immune surveillance may con-
tribute to reduced clearance of TP53-mutant hematopoietic cells,
thereby facilitating their expansion.*’” Notably, the results of the
FOLL12 trial show that fitness-driven trajectories were established
early and remained stable over time, suggesting that CIT rapidly de-
termines the post-treatment evolutionary course of CH.2® Together,
these findings position DDR-mutated clones as a central determinant
of CH dynamics following frontline CIT.

Lymphoma patients, particularly those treated with CIT, show an
increased incidence of second primary malignancies, yet reliable

predictors are still lacking.*® The FOLL12 platform includes long-term
clinical follow-up of up to 10 years after trial enrollment, providing a
unique opportunity to identify biomarkers associated with the
development of second malignancies.*” This study demonstrates
that both baseline DTA CH mutations and the presence of fit
DDR CH clones after CIT are associated with a higher risk of second
primary malignancies, independent of age and treatment regimen.
Most second malignancies observed were solid tumors, suggesting a
potential role for CH in promoting susceptibility to secondary can-
cers, likely through inflammatory pathways and interactions within
the tumor microenvironment.?°0-53

As previously stated, our study focused on myeloid CH analysis.
Lymphoid-CH-related genes were not included in our targeted panel
because all patients in this study already had a diagnosis of lymphoma,
which represents the clinical condition that lymphoid-CH is thought to
predispose t0.3° Consequently, the detection of variants in lymphoid-
associated genes in peripheral blood would not allow us to reliably
distinguish whether these mutations originated from circulating normal
lymphoid cells or from lymphoma cells. In addition, the design of the
FIL FOLL12 clinical trial did not include the collection of viable frozen
samples that enable the dissection of different peripheral blood cell
compartments. The issue of CH compartments falls beyond the scope
of this study and deserves to be evaluated in cohorts provided with
frozen viable cells specifically collected for this purpose.

Our analysis presents some limitations. First, CH was assessed on
whole peripheral blood, which may underestimate the contribution
of rare or compartmentalized clones, although the availability of
MRD data mitigated concerns about contamination by residual FL
cells.®* Second, although the association between CH and second
primary malignancies is compelling, mechanistic links cannot be
definitively established from observational data. Lastly, evaluating CH
in FL patients receiving emerging chemo-free regimens will clarify
whether novel approaches may overcome the detrimental effects of
CIT on long-term outcomes due to CH presence and expansion.

Overall, CH profiling emerges as a novel and valuable biomarker
in FL, also capable of predicting long-term toxicities that are
key endpoints in indolent lymphoid malignancies characterized by
long-lasting survival. Considering the potential contribution of CH to
responses and therapy-related toxicities to T-cell engager therapies in
lymphoid malignancies,>>™’ the design of a dedicated clinical trial
using CH as a predictive biomarker for both therapeutic efficacy and
treatment-related toxicities represents a next step to validate the role
of CH in the evolving treatment landscape of FL.

ACKNOWLEDGMENTS

The authors would like to thank all the patients who participated in
the study. We are grateful to all the personnel of the FIL MRD
Network labs for their scientific advice and to Alessandra Dondi and
Sonia Perticone for their assistance.

AUTHOR CONTRIBUTIONS

Nawar Maher: Conceptualization; methodology; data curation;
writing—original draft; writing—review and editing. Riccardo Moia:
Conceptualization; writing—original draft; funding acquisition; meth-
odology; writing—review and editing; supervision; data curation;
software; project administration. Mohammad Almasri: Methodology;
software; formal analysis; data curation; writing—review and editing.
Luca Cividini: Methodology; data curation; formal analysis; writing—
review and editing. Elisa Genuardi: Methodology; writing—review and
editing. Chiara Cosentino: Methodology; software; writing—review
and editing; data curation. Roberta Soscia: Methodology; writing—
review and editing. Giovanni Manfredi Assanto: Methodology;

85UB017 SUOWIWIOD dA 181D 3qeot dde au Aq peusenob a.e saolie YO ‘8sn JO SNl 1oy Akeld18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 |IMAReq Ul |Uo//ScIY) SUOTPUOD PUe SWwie | 8u) 89S *[9202/50/TZ] U0 AkiqiT8uljuo AB]IM ‘ BlfelBUeILo00 - BI0|N 0pIeodRy Ad €680/ EWRL/Z00T OT/I0p/W0 A8 | im Afe.d 1 jBul|uoy/sdny Wwoj papeo|umod ‘S ‘9202 ‘Tv262.52



HemaSphere

11 of 13

writing—review and editing. Rita Tavarozzi: Methodology; writing—
review and editing. Maria Carmela Vegliante: Methodology; writing—
review and editing. Luisa Lorenzi: Methodology; writing—review and
editing. Annalisa Andorno: Methodology; writing—review and editing.
Luca Arcaini: Methodology; writing—review and editing. Simone
Ragaini: Methodology; writing—review and editing. Benedetta
Puccini: Methodology; writing—review and editing. Caterina Patti:
Methodology; writing—review and editing. Armando Santoro:
Methodology; writing—review and editing. Gloria Margiotta-Casaluci:
Methodology; writing—review and editing. Vittorio Ruggero Zilioli:
Methodology; Writing—review and editing. Manuela Zanni: Metho-
dology; writing—review and editing. Sonia Ronconi: Methodology;
writing—review and editing. Francesco Di Raimondo: Methodology;
writing—review and editing. Annalisa Arcari: Methodology; writing—
review and editing. Catello Califano: Methodology; writing—review
and editing. Claudia Castellino: Methodology; writing—review and
editing. Annarita Conconi: Methodology; writing—review and editing.
Tommasina Perrone: Methodology; writing—review and editing.
Donato Mannina: Methodology; writing—review and editing. Cater-
ina Plenteda: Methodology; writing—review and editing. Francesco
Alesiani: Methodology; writing—review and editing. Francesca Gaia
Rossi: Methodology; writing—review and editing. Angelo Michele
Carella: Methodology; writing—review and editing. Luigi Marcheselli:
Methodology; writing—review and editing; data curation; formal
analysis. Sara Galimberti: Methodology; writing—review and editing.
Sabino Ciavarella: Methodology; writing—review and editing.
Riccardo Bomben: Methodology; writing—review and editing; fund-
ing acquisition. llaria Del Giudice: Methodology; writing—review
and editing; data curation; supervision; funding acquisition. Marco
Ladetto: Conceptualization; data curation; supervision; writing—
review and editing; funding acquisition. Gianluca Gaidano: Metho-
dology; conceptualization; writing—review and editing; supervision;
data curation; writing—original draft; funding acquisition. Stefano
Luminari: Methodology; data curation; supervision; writing—review
and editing; writing—original draft; funding acquisition. Simone
Ferrero: Writing—original draft; writing—review and editing; metho-
dology; data curation; supervision; funding acquisition.

CONFLICT OF INTEREST STATEMENT

R.M. is on the advisory board and received speaker's honoraria from
Johnson & Johnson, AbbVie, AstraZeneca, and BeOne. S.F. is a con-
sultant for Johnson & Johnson, EUSA Pharma, AbbVie, and Sandoz,
is on the advisory board of Johnson & Johnson, EUSA Pharma,
Recordati, Incyte, Roche, AstraZeneca, Italfarmaco, and Behring, re-
ceived speaker's honoraria from Janssen, EUSA Pharma, Recordati,
Lilly, BeOne, Gilead, and Gentili, and received research funding from
Gilead and Morphosys. S.L. is on the advisory board of Roche, No-
vartis, BMS, Kite, BeOne, Incyte, AbbVie, and Regeneron, received
speaker's honoraria from Roche, Incyte, AbbVie, BMS, and Kite, and
received research and travel grants from Roche and BeOne. Si.R.
received speaker's honoraria from Roche, BeOne, Pierre Fabre, and
Novartis and received travel grants from Kyte/Gilead. V.R.Z. is on the
advisory board and speaker's bureau of AbbVie, AstraZeneca, Kite/
Gilead, Novartis, Roche, Sobi, Takeda, Incyte, Janssen, and Lilly, is a
consultant of Roche, and received research support from Roche and
travel grants from AbbVie, BeOne, Janssen, Lilly, Roche, and Takeda.
M.L. has relationships in terms of consultancy, participation in ad-
visory boards, invitation to scientific meetings, institutional research
support, and contracts with AbbVie, Acerta, Amgen, ADC Ther-
apeutics, BeOne, Celgene/BMS, Eusapharma, GSKI, Gentili, Gilead/
Kite, Novartis, Incyte, Johnson & Johnson, Jazz, Lilly, Regeneron,
Roche, and Sandoz, and he has non-financial interests as Pl or

strategic investigator in studies supported by Celgene, Johnson &
Johnson, BeiGene, ADC Therapeutics. IDG has relationships in terms
of participation in advisory boards and consultancy with Roche,
AstraZeneca, Janssen, BeOne, and Takeda. A.S. is on the advisory
board of BMS, Servier, Gilead, Pfizer, Eisai, Bayer, and MSD, is a
consultant of Sanofi and Incyte, and received speaker's honoraria
from Takeda, BMS, Roche, AbbVie, Amgen, Celgene, Servier, Gilead,
AstraZeneca, Pfizer, Lilly, Sandoz, Eisai, Novartis, Bayer, and MDS.
G.G. received honoraria from AbbVie, AstraZeneca, BeOne, Hikma,
Incyte, Johnson & Johnson, and Lilly. L.A. received speaker's honor-
aria from AstraZeneca, Novartis, Kite/Gilead, Beigene, and AbbVie, is
on the advisory board of Roche, Janssen-Cilag, Incyte, EUSA Pharma,
Celgene/Bristol Myers Squibb, Kite/Gilead, Novartis, and BMS, and
received support for attending meetings and/or travel from Roche
and AstraZeneca.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

FUNDING

This work was supported by “Bando Giovani Ricercatori 2022” of the
Fondazione Italiana Linfomi founded by Fondazione GRADE Onlus e
Fondazione Maramotti Linfomi; Molecular bases of disease dis-
semination in lymphoid malignancies to optimize curative therapeutic
strategies (AIRC5 x 1000 No. 21198), Associazione lItaliana per
la Ricerca sul Cancro (AIRC) Foundation Milan, Italy; the AGING
Project - Department of Excellence - DIMET, Universita del Piemonte
Orientale, Novara, Italy; AIL Novara VCO ODV, Novara, Italy; Progetto
di Ricerca Sanitaria Finalizzata 2021 (RF-2021-12371972, CUP
G13C21001540001), Torino, Italy and Alessandria, Italy; Young
Researcher Award 2018 by Fondazione Italiana Linfomi (FIL), Fonda-
zione Giulia Maramotti and Fondazione Grade ONLUS, Reggio Emilia,
Italy; Bando “FIL CLUB 2021" by Fondazione Italiana Linfomi (FIL),
Alessandria and Modena, Italy; and Fondi di Ricerca Locale, Universita
di Torino, Italy. Open access publishing facilitated by Universita
degli Studi del Piemonte Orientale Amedeo Avogadro, as part of the
Wiley - CRUI-CARE agreement.

SUPPORTING INFORMATION
Additional supporting information can be found in the online version
of this article.

ORCID
Riccardo Moia = https://orcid.org/0000-0001-7393-1138
Giovanni Manfredi Assanto ‘2 https://orcid.org/0000-0002-
6190-9635
Luca Arcaini ‘= https://orcid.org/0000-0002-9504-991X
https://orcid.org/0000-0003-3899-5755
Vittorio Ruggero Zilioli '® https://orcid.org/0000-0001-6915-2246
https://orcid.org/0000-0002-8746-9404

https://orcid.org/0000-0001-8446-2285

Simone Ragaini

Riccardo Bomben
Stefano Luminari

REFERENCES

1. Alaggio R, Amador C, Anagnostopoulos |, et al. The 5th edition of
the World Health Organization Classification of Haematolymphoid
Tumours: Lymphoid Neoplasms. Leukemia. 2022;36(7):1720-1748.
doi:10.1038/s41375-022-01620-2

2. Campo E, Jaffe ES, Cook JR, et al. The International Consensus
Classification of Mature Lymphoid Neoplasms: a report from the

85UB017 SUOWIWIOD dA 181D 3qeot dde au Aq peusenob a.e saolie YO ‘8sn JO SNl 1oy Akeld18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 |IMAReq Ul |Uo//ScIY) SUOTPUOD PUe SWwie | 8u) 89S *[9202/50/TZ] U0 AkiqiT8uljuo AB]IM ‘ BlfelBUeILo00 - BI0|N 0pIeodRy Ad €680/ EWRL/Z00T OT/I0p/W0 A8 | im Afe.d 1 jBul|uoy/sdny Wwoj papeo|umod ‘S ‘9202 ‘Tv262.52


https://orcid.org/0000-0001-7393-1138
https://orcid.org/0000-0002-6190-9635
https://orcid.org/0000-0002-6190-9635
https://orcid.org/0000-0002-9504-991X
https://orcid.org/0000-0003-3899-5755
https://orcid.org/0000-0001-6915-2246
https://orcid.org/0000-0002-8746-9404
https://orcid.org/0000-0001-8446-2285
https://doi.org/10.1038/s41375-022-01620-2

12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Clinical Advisory Committee. Blood. 2022;140(11):1229-1253.
doi:10.1182/blood.2022015851

Eyre TA, Cwynarski K, d'Amore F, et al. Lymphomas: ESMO Clinical
Practice Guideline for diagnosis, treatment and follow-up. Ann Oncol.
2025;36(11):1263-1284. doi:10.1016/j.annonc.2025.07.014

Batlevi CL, Sha F, Alperovich A, et al. Follicular lymphoma in the
modern era: survival, treatment outcomes, and identification of high-
risk subgroups. Blood Cancer J. 2020;10(7):74. doi:10.1038/s41408-
020-00340-z

Genovese G, Kéhler AK, Handsaker RE, et al. Clonal hematopoiesis
and blood-cancer risk inferred from blood DNA sequence. N Engl J
Med. 2014;371(26):2477-2487. doi:10.1056/NEJM0a1409405
Jaiswal S, Fontanillas P, Flannick J, et al. Age-related clonal hema-
topoiesis associated with adverse outcomes. N Engl J Med. 2014;
371(26):2488-2498. doi:10.1056/NEJM0a1408617

Xie M, Lu C, Wang J, et al. Age-related mutations associated with
clonal hematopoietic expansion and malignancies. Nat Med. 2014;
20(12):1472-1478. doi:10.1038/nm.3733

Arends CM, Kopp K, Hablesreiter R, et al. Dynamics of clonal hemato-
poiesis under DNA-damaging treatment in patients with ovarian cancer.
Leukemia. 2024,38(6):1378-1389. doi:10.1038/s41375-024-02253-3
Bolton KL, Ptashkin RN, Gao T, et al. Cancer therapy shapes the
fitness landscape of clonal hematopoiesis. Nat Genet. 2020;52(11):
1219-1226. doi:10.1038/s41588-020-00710-0

Stein CM, Hablesreiter R, Christen F, et al. Dynamics of clonal
hematopoiesis and cellular responses to stress-induced toxicity in
autologous stem cell transplantation. Leukemia. 2026;40(2):314-324.
doi:10.1038/s41375-025-02823-z

Fabre MA, de Almeida JG, Fiorillo E, et al. The longitudinal dynamics
and natural history of clonal haematopoiesis. Nature. 2022;606(7913):
335-342. doi:10.1038/s41586-022-04785-z

Mitchell E, Spencer Chapman M, Williams N, et al. Clonal dynamics of
haematopoiesis across the human lifespan. Nature. 2022;606(7913):
343-350. doi:10.1038/s41586-022-04786-y

van Zeventer A, de Graaf AO, Salzbrunn JB, et al. Evolutionary
landscape of clonal hematopoiesis in 3,359 individuals from the
general population. Cancer Cell. 2023;41(6):1017-1031.e4. doi:10.
1016/j.ccell.2023.04.006

Morganti S, Gibson CJ, Jin Q, et al. Prevalence, dynamics, and
prognostic role of clonal hematopoiesis of indeterminate potential in
patients with breast cancer. J Clin Oncol. 2024;42(31):3666-3679.
doi:10.1200/jc0.23.01071

Uddin MM, Zhou Y, Bick AG, et al. Longitudinal profiling of clonal
hematopoiesis provides insight into clonal dynamics. Immun Ageing.
2022;19(1):23. doi:10.1186/s12979-022-00278-9

Watson CJ, Papula AL, Poon GYP, et al. The evolutionary dynamics and
fitness landscape of clonal hematopoiesis. Science. 2020;367(6485):
1449-1454. doi:10.1126/science.aay9333

Robertson NA, Latorre-Crespo E, Terradas-Terradas M, et al. Long-
itudinal dynamics of clonal hematopoiesis identifies gene-specific
fitness effects. Nat Med. 2022;28(7):1439-1446. doi:10.1038/
s41591-022-01883-3

Zhou J, Hu T, Li D, et al. CHEK2 loss endows chemotherapy
resistance to hematopoietic stem cells. Leukemia. 2026;40:511-521.
doi:10.1038/s41375-025-02850-w

Kumar E, Okosun J. Follicular lymphoma: current therapeutic land-
scape and future prospects. Hematol Oncol. 2025;43 Suppl 2(suppl 2):
€70070. doi:10.1002/hon.70070

Wiegand L, Silva P, Noerenberg D, et al. Clonal hematopoiesis and
lymphoma-associated mutations in hematopoietic progenitors in
B-cell non-Hodgkin lymphoma. Blood. 2026;147:1723-1734. doi:10.
1182/blood.2025030489

Gibson CJ, Lindsley RC, Tchekmedyian V, et al. Clonal hematopoiesis
associated with adverse outcomes after autologous stem-cell trans-
plantation for lymphoma. J Clin Oncol. 2017;35(14):1598-1605. doi:10.
1200/jc0.2016.71.6712

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Coombs CC, Zehir A, Devlin SM, et al. Therapy-related clonal he-
matopoiesis in patients with non-hematologic cancers is common
and associated with adverse clinical outcomes. Cell Stem Cell. 2017;
21(3):374-382.e4. doi:10.1016/j.stem.2017.07.010

Yan C, Richard MA, Gibson CJ, et al. Clonal hematopoiesis and
therapy-related myeloid neoplasms after autologous transplant for
Hodgkin lymphoma. J Clin Oncol. 2024;42(20):2415-2424. doi:10.
1200/jco0.23.02547

Ragaini S, Galli A, Genuardi E, et al. Large clones of clonal hemato-
poiesis affect outcome in mantle cell lymphoma: results from the FIL
MCLO0208 clinical trial. Blood Adv. 2025;9(8):1805-1815. doi:10.
1182/bloodadvances.2024014948

Pich O, Bernard E, Zagorulya M, et al. Tumor-infiltrating clonal
hematopoiesis. N Engl J Med. 2025;392(16):1594-1608. doi:10.
1056/NEJM0a2413361

Eskelund CW, Husby S, Favero F, et al. Clonal hematopoiesis evolves
from pretreatment clones and stabilizes after end of chemotherapy
in patients with MCL. Blood. 2020;135(22):2000-2004. doi:10.1182/
blood.2019003539

Luminari S, Manni M, Galimberti S, et al. Response-adapted post-
induction strategy in patients with advanced-stage follicular lym-
phoma: the FOLL12 study. J Clin Oncol. 2022;40(7):729-739. doi:10.
1200/jc0.21.01234

Favini C, Talotta D, Almasri M, et al. Clonally unrelated Richter
syndrome are truly de novo diffuse large B-cell lymphomas with a
mutational profile reminiscent of clonally related Richter syndrome.
Br J Haematol. 2022;198(6):1016-1022. doi:10.1111/bjh.18352
Diop F, Moia R, Favini C, et al. Biological and clinical implications of
BIRC3 mutations in chronic lymphocytic leukemia. Haematologica.
2020;105(2):448-456. doi:10.3324/haematol.2019.219550

Niroula A, Sekar A, Murakami MA, et al. Distinction of lymphoid and
myeloid clonal hematopoiesis. Nat Med. 2021;27(11):1921-1927.
doi:10.1038/s41591-021-01521-4

Vlasschaert C, Mack T, Heimlich JB, et al. A practical approach to
curate clonal hematopoiesis of indeterminate potential in human
genetic data sets. Blood. 2023;141(18):2214-2223. doi:10.1182/
blood.2022018825

Arabzadeh M, Tang Y-H, Colin-Leitzinger C, et al. Clonal hemato-
poiesis dynamics and evolutionary fitness during cancer treatment
impact clinical outcomes. medRxiv. 2025. doi:10.1101/2025.08.27.
25334581

Sobel Leonard A, Weissman DB, Greenbaum B, et al. Transmission
bottleneck size estimation from pathogen deep-sequencing data, with an
application to human influenza A virus. J Virol. 2017;91(14):e00171-17.
doi:10.1128/jvi.00171-17

Cosentino C, Mouhssine S, Almasri M, et al. Prevalence and clinical
impact of clonal hematopoiesis of indeterminate potential (CHIP) in
chronic lymphocytic leukemia and richter transformation. Blood.
2024;144(suppl 1):762. doi:10.1182/blood-2024-194469

Al-Sawaf O, Locher BN, Christen F, et al. The landscape and evolu-
tion of clonal hematopoiesis in chronic lymphocytic leukemia. Blood.
2026;147:1323-1337. doi:10.1182/blood.2025029905

Cosentino C, Mouhssine S, Zucchetto A, et al. Dissecting clonal
hematopoiesis in the myeloid compartment of chronic lymphocytic
leukemia and Richter transformation. HemaSphere. 2026;10(2):e70322.
doi:10.1002/hem3.70322

Lackraj T, Ben Barouch S, Medeiros JJF, et al. Clinical significance of
clonal hematopoiesis in the setting of autologous stem cell trans-
plantation for lymphoma. Am J Hematol. 2022;97(12):1538-1547.
doi:10.1002/ajh.26726

Miller PG, Sperling AS, Brea EJ, et al. Clonal hematopoiesis
in patients receiving chimeric antigen receptor T-cell therapy.
Blood Adv. 2021;5(15):2982-2986. doi:10.1182/bloodadvances.
2021004554

Husby S, Favero F, Nielsen C, et al. Clinical impact of clonal hema-
topoiesis in patients with lymphoma undergoing ASCT: a national

85UB017 SUOWIWIOD dA 181D 3qeot dde au Aq peusenob a.e saolie YO ‘8sn JO SNl 1oy Akeld18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 |IMAReq Ul |Uo//ScIY) SUOTPUOD PUe SWwie | 8u) 89S *[9202/50/TZ] U0 AkiqiT8uljuo AB]IM ‘ BlfelBUeILo00 - BI0|N 0pIeodRy Ad €680/ EWRL/Z00T OT/I0p/W0 A8 | im Afe.d 1 jBul|uoy/sdny Wwoj papeo|umod ‘S ‘9202 ‘Tv262.52


https://doi.org/10.1182/blood.2022015851
https://doi.org/10.1016/j.annonc.2025.07.014
https://doi.org/10.1038/s41408-020-00340-z
https://doi.org/10.1038/s41408-020-00340-z
https://doi.org/10.1056/NEJMoa1409405
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1038/nm.3733
https://doi.org/10.1038/s41375-024-02253-3
https://doi.org/10.1038/s41588-020-00710-0
https://doi.org/10.1038/s41375-025-02823-z
https://doi.org/10.1038/s41586-022-04785-z
https://doi.org/10.1038/s41586-022-04786-y
https://doi.org/10.1016/j.ccell.2023.04.006
https://doi.org/10.1016/j.ccell.2023.04.006
https://doi.org/10.1200/jco.23.01071
https://doi.org/10.1186/s12979-022-00278-9
https://doi.org/10.1126/science.aay9333
https://doi.org/10.1038/s41591-022-01883-3
https://doi.org/10.1038/s41591-022-01883-3
https://doi.org/10.1038/s41375-025-02850-w
https://doi.org/10.1002/hon.70070
https://doi.org/10.1182/blood.2025030489
https://doi.org/10.1182/blood.2025030489
https://doi.org/10.1200/jco.2016.71.6712
https://doi.org/10.1200/jco.2016.71.6712
https://doi.org/10.1016/j.stem.2017.07.010
https://doi.org/10.1200/jco.23.02547
https://doi.org/10.1200/jco.23.02547
https://doi.org/10.1182/bloodadvances.2024014948
https://doi.org/10.1182/bloodadvances.2024014948
https://doi.org/10.1056/NEJMoa2413361
https://doi.org/10.1056/NEJMoa2413361
https://doi.org/10.1182/blood.2019003539
https://doi.org/10.1182/blood.2019003539
https://doi.org/10.1200/jco.21.01234
https://doi.org/10.1200/jco.21.01234
https://doi.org/10.1111/bjh.18352
https://doi.org/10.3324/haematol.2019.219550
https://doi.org/10.1038/s41591-021-01521-4
https://doi.org/10.1182/blood.2022018825
https://doi.org/10.1182/blood.2022018825
http://doi.org/10.1101/2025.08.27.25334581
http://doi.org/10.1101/2025.08.27.25334581
https://doi.org/10.1128/jvi.00171-17
https://doi.org/10.1182/blood-2024-194469
https://doi.org/10.1182/blood.2025029905
https://doi.org/10.1002/hem3.70322
https://doi.org/10.1002/ajh.26726
https://doi.org/10.1182/bloodadvances.2021004554
https://doi.org/10.1182/bloodadvances.2021004554

HemaSphere

13 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

population-based cohort study. Leukemia. 2020;34(12):3256-3268.
doi:10.1038/s41375-020-0795-z

Qu X, Zhang S, Wang S, et al. TET2 deficiency leads to stem cell
factor-dependent clonal expansion of dysfunctional erythroid pro-
genitors. Blood. 2018;132(22):2406-2417. doi:10.1182/blood-
2018-05-853291

Huerga Encabo H, Aramburu 1V, Garcia-Albornoz M, et al. Loss of
TET2 in human hematopoietic stem cells alters the development
and function of neutrophils. Cell Stem Cell. 2023;30(6):781-799.e9.
doi:10.1016/j.stem.2023.05.004

Husby S, Baech-Laursen C, Eskelund CW, et al. Clonal hematopoiesis
is associated with hematological toxicity during lenalidomide-based
therapy for MCL. Leukemia. 2022;36(12):2912-2916. doi:10.1038/
s41375-022-01725-8

Wang B, Xia M, Chen T, et al. Loss of Tet2 affects platelet function
but not coagulation in mice. Blood Sci. 2020;2(4):129-136. doi:10.
1097/bs9.0000000000000055

Camacho V, Carminita E, Barrachina M, et al. Tet2 age-associated
somatic mutations impair megakaryopoiesis and platelet function in
clonal hematopoiesis. Blood. 2024;144(suppl 1):422. doi:10.1182/
blood-2024-207848

Lalic H, Aurer |, Batinic D, et al. Bendamustine: a review of phar-
macology, clinical use and immunological effects (Review). Oncol Rep.
2022;47(6):114. doi:10.3892/0r.2022.8325

Leoni LM, Bailey B, Reifert J, et al. Bendamustine (Treanda) displays a
distinct pattern of cytotoxicity and unique mechanistic features
compared with other alkylating agents. Clin Cancer Res. 2008;14(1):
309-317. doi:10.1158/1078-0432.Ccr-07-1061

Stokes J, Molina MS, Hoffman EA, et al. Inmunomodulatory effects
of bendamustine in hematopoietic cell transplantation. Cancers.
2021;13(7):1702. doi:10.3390/cancers13071702

Nagdev P, McCloud C, Yadav K. Site-specific and latency -
associated second primary malignancy in follicular lymphoma survi-
vors: a SEER MP-SIR study (2000-2022). Blood. 2025;146(suppl 1):
4480. doi:10.1182/blood-2025-4480

49.

50.

51.

52.

53.

54.

55.

56.

57.

Nizzoli ME, Anastasia A, Boccomini C, et al. Long term follow up of
the response adapted FOLL12 trial for patients with advanced stage
follicular lymphoma: a study by the Fondazione Italiana Linfomi (FIL).
Blood. 2025;146(suppl 1):1004. doi:10.1182/blood-2025-1004

Pan W, Zhu S, Qu K, et al. The DNA methylcytosine dioxygenase
Tet2 sustains immunosuppressive function of tumor-infiltrating
myeloid cells to promote melanoma progression. Immunity. 2017;
47(2):284-297.€5. doi:10.1016/j.immuni.2017.07.020

Nguyen YTM, Fujisawa M, Nguyen TB, et al. Tet2 deficiency in im-
mune cells exacerbates tumor progression by increasing angiogen-
esis in a lung cancer model. Cancer Sci. 2021;112(12):4931-4943.
doi:10.1111/cas.15165

Feng Y, Yuan Q, Newsome RC, et al. Hematopoietic-specific hetero-
zygous loss of Dnmt3a exacerbates colitis-associated colon cancer.
J Exp Med. 2023;220(11):e20230011. doi:10.1084/jem.20230011
Liu X, Sato N, Shimosato Y, et al. CHIP-associated mutant ASXL1 in
blood cells promotes solid tumor progression. Cancer Sci. 2022;
113(4):1182-1194. doi:10.1111/cas.15294

Ferrero S, Del Giudice |, Galimberti S, et al. Impact of minimal
residual disease analysis in the era of rituximab maintenance in
follicular lymphoma: data from “FOLL12" phase Il trial of the Fon-
dazione Italiana Linfomi. Blood. 2024;144(suppl 1):339. doi:10.1182/
blood-2024-194832

Saygin C, Zhang P, Stauber J, et al. Acute lymphoblastic leukemia
with myeloid mutations is a high-risk disease associated with clonal
hematopoiesis. Blood Cancer Discov. 2024;5(3):164-179. doi:10.
1158/2643-3230.Bcd-23-0106

Avigan ZM, Catlett J, Bodnar S, et al. Clonal hematopoiesis
and inflammation predict hematologic toxicity and secondary myeloid
malignancies after B-cell maturation antigen-directed chimeric antigen
receptor T-cell therapy. Clin Cancer Res. 2025;31(20):4333-4344.
doi:10.1158/1078-0432.Ccr-25-1587

Fraietta JA, Nobles CL, Sammons MA, et al. Disruption of TET2
promotes the therapeutic efficacy of CD19-targeted T cells. Nature.
2018;558(7709):307-312. doi:10.1038/s41586-018-0178-z

85UB017 SUOWIWIOD dA 181D 3qeot dde au Aq peusenob a.e saolie YO ‘8sn JO SNl 1oy Akeld18UIIUO AB[IM UO (SUORIPUOD-PUR-SLLIBY WD A8 |IMAReq Ul |Uo//ScIY) SUOTPUOD PUe SWwie | 8u) 89S *[9202/50/TZ] U0 AkiqiT8uljuo AB]IM ‘ BlfelBUeILo00 - BI0|N 0pIeodRy Ad €680/ EWRL/Z00T OT/I0p/W0 A8 | im Afe.d 1 jBul|uoy/sdny Wwoj papeo|umod ‘S ‘9202 ‘Tv262.52


https://doi.org/10.1038/s41375-020-0795-z
https://doi.org/10.1182/blood-2018-05-853291
https://doi.org/10.1182/blood-2018-05-853291
https://doi.org/10.1016/j.stem.2023.05.004
https://doi.org/10.1038/s41375-022-01725-8
https://doi.org/10.1038/s41375-022-01725-8
https://doi.org/10.1097/bs9.0000000000000055
https://doi.org/10.1097/bs9.0000000000000055
https://doi.org/10.1182/blood-2024-207848
https://doi.org/10.1182/blood-2024-207848
https://doi.org/10.3892/or.2022.8325
https://doi.org/10.1158/1078-0432.Ccr-07-1061
https://doi.org/10.3390/cancers13071702
https://doi.org/10.1182/blood-2025-4480
https://doi.org/10.1182/blood-2025-1004
https://doi.org/10.1016/j.immuni.2017.07.020
https://doi.org/10.1111/cas.15165
https://doi.org/10.1084/jem.20230011
https://doi.org/10.1111/cas.15294
https://doi.org/10.1182/blood-2024-194832
https://doi.org/10.1182/blood-2024-194832
https://doi.org/10.1158/2643-3230.Bcd-23-0106
https://doi.org/10.1158/2643-3230.Bcd-23-0106
https://doi.org/10.1158/1078-0432.Ccr-25-1587
https://doi.org/10.1038/s41586-018-0178-z

	Clonal hematopoiesis dynamics influences long-term outcomes of follicular lymphoma: Results from FIL FOLL12 trial
	INTRODUCTION
	MATERIALS AND METHODS
	Patient characteristics
	CH analysis on peripheral blood genomic DNA
	Clonal fitness and treatment bottleneck effect
	Statistical analysis

	RESULTS
	Patient characteristics
	CH mutational landscape at trial enrollment
	CH at trial enrollment does not impact on survival outcomes in FL
	CH predisposes to specific types of therapy-related toxicities during induction CIT
	CIT drives selective expansion of CH prevalence
	Clonal fitness of CH differs under R&nobreak;-&nobreak;CHOP versus R&nobreak;-&nobreak;Benda
	Clonal bottlenecks and longitudinal stability of CH architecture
	Clonal fitness of CH has a detrimental effect on FL survival
	DTA mutations and fit DDR clones predict second primary malignancies in FL

	DISCUSSION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	FUNDING
	SUPPORTING INFORMATION
	ORCID
	REFERENCES




