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ABSTRACT
◥

Purpose: Follicular lymphoma (FL) is the most frequent
indolent non-Hodgkin lymphoma. Around 20% of patients suffer
early disease progression within 24 months (POD24) of diag-
nosis. This study examined the significance of circulating tumor
DNA (ctDNA) in predicting response to therapy and POD24 in
patients with FL.

Experimental Design:We collected 100 plasma samples, before
and during the treatment, from 36 patients with FL prospectively
enrolled in 8 Spanish hospitals. They were treated with a chemo-
therapy-rituximab regimen and followed up for a median of
3.43 years. We performed targeted deep sequencing in cell-free
DNA (cfDNA) and tumor genomicDNA from 31 diagnostic biopsy
samples.

Results: Of the alterations detected in the diagnostic tissue
samples, 73% (300/411) were also identified in basal cfDNA. The

mean numbers of alterations per basal cfDNA sample in patients
who suffered progression of disease within 24months (POD24-pos)
or did not achieve complete response (non-CR) were significantly
higher than in POD24-neg or CR patients (unpaired samples t test,
P ¼ 0.0001 and 0.001, respectively). Pretreatment ctDNA levels, as
haploid genome equivalents per milliliter of plasma, were higher in
patients without CR (P ¼ 0.02) and in POD24-pos patients com-
pared with POD24-neg patients (P < 0.001). Dynamic analysis
showed that ctDNA levels decreased dramatically after treatment,
although the reductionwasmore significant in patients with CR and
POD24-neg patients.

Conclusions: Basal ctDNA levels are associated with the risk of
early progression and response to treatment in FL. cfDNA mon-
itoring and genotyping during treatment and follow-up predict
response to treatment and early progression.

Introduction
Follicular lymphoma (FL) is the secondmost common type of B-cell

non-Hodgkin lymphoma, with an annual incidence of 3 to 5 per
100,000 habitants in the United States and Europe (1, 2). FL is a
heterogeneous though generally indolent disease. It is characterized by
slow progression, high response rates to therapy, and high overall
survival (OS) but remains an incurable disease (3, 4). Early FL relapse,
defined as recurrence or progression of the disease within 24months of
diagnosis (POD24), is associated with inferior outcomes as POD24
patients had a 5-year OS of 34% to 50% compared with a 5-year OS of
90% to 94% for patients without POD24 (4). Recent analysis of data
from more than 5,000 patients with FL enrolled in 13 clinical trials
showedPOD24 to be a robust indicator of poor FL survival (5). Around
20% to 30% of patients will die from refractory disease or transfor-
mation to high-grade lymphoma, most frequently to a diffuse large B-
cell lymphoma (DLBCL; ref. 6). The transformation event has been
associated with treatment resistance and a worse prognosis (6–8). The
use of the Follicular Lymphoma International Prognostic Index
(FLIPI) and PET has improved patient stratification, but both tools
have limitations, meaning that alternative, more accurate methods for
predicting patient outcomes are needed (9–12). In recent years, high-
throughput sequencing technology has increased our knowledge of the
FL mutational landscape (13–18), and the inclusion of predictors
incorporating clinical and genetic features, such as m7-FLIPI or
POD24-PI, has been proposed as means of improving the identifica-
tion of patients with poor clinical outcomes (11, 19). In addition,
alterations in several genes, including TP53, MYC, CCND3, GNA13,
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POU2AF1, NOTCH2, DTX1, UBE2A, and HISTIH1E, among others,
have been associated with transformation (20–24).

Identifying genetic alterations in mature B-cell tumors has made it
possible to detect genetic subtypes with a higher risk of treatment
resistance or progression, track clonal evolution-driven resistance
upon treatment in real time, and generate maps of genetic alterations
for targeted therapies (25, 26). The difficulties of serial sampling during
patient follow-up formonitoring disease evolutionmake this approach
difficult to use in daily clinical practice.

In recent years, the analysis of cell-free DNA (cfDNA), DNA
fragments released into the bloodstream from apoptotic normal and
tumor cells, and the detection of circulating tumor DNA (ctDNA), has
made it possible to monitor disease with a minimally invasive
approach. ctDNA levels have been quantified to determine tumor
volume andminimal residual disease (MRD). The application of high-
throughput sequencing technology in cfDNA has emerged as a
valuable tool for identifying and following tumor genetic alterations,
and monitoring the clonotypic immunoglobulin gene rearrangement
for MRD in hematologic diseases. cfDNA has proven useful for
identifying tumor alterations at diagnosis with robust sensitivity in
Hodgkin lymphoma, DLBCL, NK/T-cell lymphoma, T-cell lympho-
blastic lymphoma, angioimmunoblastic T-cell lymphoma, mantle cell
lymphoma, and chronic lymphocytic leukemia (25–35), and high
levels of bloodstream ctDNA have been associated with shorter
progression-free survival (27, 29, 36). In addition, sensitivity to
detecting ctDNA has been improved by identifying phased variants
(PVs). PVs are present in several types of cancers, but are particularly
frequent in B-cell malignancies due to aberrant somatic hypermuta-
tion (aSHM) in genes relevant to B-cell biology. The detection of
somatic PVs in plasma samples has been shown to improve the
detection sensitivity of MRD in B-cell lymphomas (37, 38). Although
some cfDNA studies have included patients with FL (30, 32, 39–41), its
usefulness in this indolent lymphoma has not yet been fully resolved.

This study shows that basal and dynamic analyses of cfDNA in
patients with FL are of predictive and prognostic value. Using a
targeted deep-sequencing approach, we assessed the predictive and
prognostic value of ctDNA in a prospective, real-life series of patients

with FL, at diagnosis and during treatment and/or follow-up. For this
purpose, we evaluated the role of pretreatment ctDNA levels as a
prognostic and predictive biomarker of POD24 and response to
treatment, compared pretreatment ctDNA and tissue biopsy genotyp-
ing, and addressed the predictive value of the dynamic levels of ctDNA
during treatment and follow-up. To our knowledge, this is the first
analysis of both basal and dynamic changes in ctDNA levels that
employ longitudinal cfDNA genotyping in a multicenter FL cohort.

Materials and Methods
Patients and sample collection

This is a prospective, observational, nonintervention study. Thirty-
six patients diagnosed with FL were enrolled in 8 Spanish hospitals
between April 2017 and November 2020. Three more patients who
suffered histologic transformation to DLBCL before recruitment were
included. We collected 110 plasma samples, formalin-fixed, paraffin-
embedded tissue (FFPEt) from diagnostic biopsies of 31/39 patients to
identify tumor somatic mutations, and germline genomic DNA from
the oral mucosa of 36/39 patients (Supplementary Fig. S1; see Sup-
plementary for detailed methods). According to clinical guidelines,
responses were assessed by PET 4 � 1 weeks after end-of-treatment
(EOT; ref. 42). PET/CTs were reviewed locally by the corresponding
nuclear medicine services. Additional cohort details are presented
inTable 1, Supplementary Fig. S2, and the Supplementary information
(Methods and Supplementary Table S1).

The study was approved by the Ethics Committee of the Hospital
Universitario Puerta de Hierro-Majadahonda (PI-67/14), and was
conducted following the principles of the Declaration of Helsinki. All
participants gave their signed informed consent for inclusion. Samples
were collected and clinical data were managed following standardized
protocols to guarantee the quality of the samples and the confidenti-
ality of donor data. After approval by the corresponding ethics
committees, material and data from other centers were anonymously
transferred to our laboratory in compliance with the current Spanish
legislation (Ley 14/2007 de Investigaci�on Biom�edica and Real Decreto
1716/2011).

Targeted DNA sequencing
cfDNA and genomic DNA were extracted as described in Supple-

mentary Data (Methods).
A targeted sequencing gene panel was designed that included coding

exons, UTRs and splicing sites of 78 genes (Human Assembly
GRCh38/hg38) that are recurrently mutated in B-cell lymphomas (FL
andDLBCL), selected basedon thefindings of previous studies (24, 43).
Coding and non-coding regions targeted by aSHM were also included
(Supplementary Table S2). The bioinformatics pipeline is described in
Supplementary Methods.

Plasma ctDNA concentrations were calculated in haploid genome
equivalents per milliliter of plasma (hGE/mL), determined as the
product of total cfDNA in pg/mL, and the mean variant allele
frequency (VAF) divided by 3.3 pg per DNA molecule or hGE (44).
The dynamics of ctDNA levels during treatment, measured as the log10
fold-change, were normalized to pretreatment levels.

Statistical analysis
Statistical analyses were performed using R 3.6.1 (https://www.R-

project.org, R Foundation for Statistical Computing, Vienna, Austria).
The differences between categories were evaluated with the Mann–
Whitney U and Student t tests. ROC curve analysis was used to
determine the optimal cut-off point for stratification.

Translational Relevance

Circulating tumor DNA (ctDNA) levels are associated with
tumor volume and minimal residual disease in lymphoid malig-
nancies, mainly in Hodgkin lymphoma and non-Hodgkin aggres-
sive lymphomas. However, few studies have studied ctDNA in
indolent subtypes such as follicular lymphoma that, despite being
considered an indolent disease, remains incurable for most
patients. Identifying clinical or molecular markers that could
identify patients at higher risk of early progression at diagnosis
is clinically relevant.

Our study suggests that pretreatment ctDNA levels could be
useful to predict response to treatment and early progression as an
independent predictive biomarker or in combination with the
Follicular Lymphoma International Prognostic Index. Our pilot
study also demonstrates that ctDNA levels and cell-free DNA
genotyping at mid-treatment and end-of-treatment are associated
with treatment response and early progression. Therefore, we
propose that ctDNA measurement at diagnosis and follow-up is
a valuable tool that might feasibly be used in clinical trials and,
eventually, in daily clinical practice.
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Event-free survival (EFS) was calculated from diagnosis until
relapse, progression or transformation, unplanned retreatment of
lymphoma after initial management, or death due to any cause (45).
OSwas calculated fromdiagnosis until death. EFS andOS probabilities
were estimated by the Kaplan–Meier method. Early lymphoma pro-
gression was defined as the progression/transformation of disease at
24 months from diagnosis (POD24; ref. 45).

Data availability
The data generated in this study are publicly available in the

Sequence Read Archive database at PRJNA813747.

Results
Characteristics of the study cohort

The characteristics of the patient cohort and tumors are shown
in Table 1 (Supplementary Fig. S1 and Supplementary Table S1).
Thirty-six patients were diagnosed with FL at recruitment; 2 trans-
formed during the follow-up. Samples from 3 additional patients with
FL already transformed to DLBLC were also collected. The 36 patients
with FL were treated with rituximab (R; 3 patients), R-CHOP (cyclo-
phosphamide, hydroxydaunorubicin, vincristine, prednisolone; 6
patients), R-CVP (cyclophosphamide, vincristine, prednisolone; 2
patients), or R-bendamustine (21 patients), and radiotherapy (RT)
only (1 patient; Table 1). Five patients did not require treatment at
diagnosis, so a watch and wait (W&W) approach was adopted, but 2
were subsequently treated when disease symptoms appeared. Twenty-
three patients had a complete response (CR) to first-line chemoim-
munotherapy (CI) or RT, 8 patients had a partial response (PR), and 1
patient did not respond to treatment (NR). All the patients who did not
achieve CR (PR andNR) were analyzed as a single group. According to
the Groupe d’Etude des Lymphomes Folliculaires (GELF), half of the
patients with FL (18/36) were positive for GELF criteria (GELF ≥ 1;
Supplementary Table S1). All these patients received treatment, and
ten (55.5%) achieved a CR. Twelve patients negative for GELF criteria
(GELF¼ 0) were treated with CI or RT, and eleven (91.2%) achieved a
CR. The mean follow-up time from diagnosis for alive patients was
43.6 months (8–137 months).

We collected 100 samples from the 36 patients with FL as follows: 31
samples at diagnosis or before treatment (basal or pretreatment
samples), 25 samples at mid-treatment (one from additional lines of
treatment), 22 samples at EOT (two of them after the second or third
lines of treatment), 19 samples in follow-up visits (W&Wpatients, and
revisions after treatment surveillance assessment every 6 months);
three were collected at the time of progression or transformation.

Ten cfDNA samples were collected from the 3 patients who had
suffered histologic transformation to DLBCL before recruitment
(Supplementary Figures S1 and S2; Supplementary Table S3).

In total, 97/110 cfDNA samples (93%) had enough cfDNA (at least
10 ng of cfDNA corresponding to �1,000 genome equivalents) to be
sequenced (ref. 32; Supplementary Figures S1 and S2; Supplementary
Tables S3 and S4). Themean target coverage of the cfDNA sampleswas
1,969x (432–6, 466x) for those sequenced on the NovaSeq instrument.
Due to the lower quality of some samples and to avoid compromising
the sequencing quality of the others, six samples were sequenced on the
MiSeq instrument. The mean coverage for these six samples was 254x
(79–398x). The lower level of coverage may have influenced ctDNA
detection in these samples, but we could still detect somatic mutations.
Thirty-one tumor gDNA from paired diagnostic tissue samples and
36 germinal gDNA from paired oral mucosa were also sequenced. The
mean target coverage was 270x (72–458x) for tumor gDNA, and
40x (4–206x) for germline-gDNA (Supplementary Table S5).

FL basal ctDNA and tissue biopsy genotyping
Twenty-eight of the 31 basal plasma samples from patients with FL

had enough cfDNA to proceed with sequencing. We analyzed their
mutation profile and at least one mutation was identified in 19/28
samples, considering synonymous and non-synonymousmutations in
coding exons and splice site regions, with amean of 6.71mutations per

Table 1. Summary of clinical features of the FL cohort (n ¼ 36).

Clinical features Categories N (%)

Age ≥60 22 (61)
<60 14 (39)

Sex Female 22 (61)
Male 14 (39)

POD24 POD24-pos 6 (17)
POD24-neg 30 (83)

Transformation Transformation 2 (6)
Non-transformation 34 (94)

Status Alive with lymphoma 12 (33)
Alive without lymphoma 20 (56)
Exitus 4 (11)

Watch-and-wait No 31 (86)
Yes 5 (14)

Grade I 9 (27)
II 15 (46)
IIIA 9 (27)

Bulky No 32 (89)
Yes 4 (11)

Stage IA 3 (8)
IIA 2 (6)
IIIA 13 (36)
IVA 14 (39)
IVB 4 (11)

B symptoms No 32 (89)
Yes 4 (11)

Extranodal involvement No 18 (50)
Yes 18 (50)

Affected areas >1 12 (71)
1 5 (29)

Bone marrow involvement No 20 (57)
Yes 15 (43)

Hemoglobin ≤12 6 (17)
>12 30 (83)

LDH Elevated 9 (25)
Normal 27 (75)

ECOG 0 20 (56)
1 16 (44)

b2-microglobulin Elevated 10 (30)
Normal 23 (70)

FLIPI Low 11 (31)
Intermediate 15 (42)
High 10 (27)

GELF criteria Positive 18 (50)
Negative 18 (50)

First line of treatment R-Bendamustine 21 (66)
R-CHOP 6 (19)
R-CVP 2 (6)
Rituximab 3 (9)

Response Complete Response 25 (74)
Partial Response 8 (24)
Non-response 1 (2)

Rituximab maintenance Yes 20 (56)
No 16 (44)

Circulating Tumor DNA in Follicular Lymphoma
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Figure 1.

Frequency of somatic mutations detected in basal plasma ctDNA and concordance betweenmutations detected in pretreatment plasma cfDNA andmatched tumor
gDNA genotyping (A) Percentage of sampleswithmutated genes.B, The Venn diagram shows the number ofmutations detected in tumor biopsy gDNA and cfDNA.
C, The bar graph shows theVAFof themutations identified in tumor gDNA found in pretreatment cfDNA (red bars) orweremissed (grey bars). The dashed line tracks
the 18% VAF threshold calculated by the ROC analysis. D, ROC analysis shows the ability of pretreatment cfDNA genotyping to detect diagnostic biopsy tumor
mutations according to theVAF.E, The bar graph shows the percentage ofmutations by case. Mutations are coded by color (see figure box legend). The scatter plots
represent the VAF in pretreatment cfDNA comparedwith that in diagnostic biopsy for each variant identified. Each variant is represented by the color code indicated
in the figure: (F) according to response to treatment and (G) POD24. gDNA, genomic DNA.
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cfDNA sample (range, 0–29). The most frequently mutated genes
detected in more than 20% of the samples were KMT2D, BCL2, EZH2,
IGLL5, CREBBP, and TNFSR14 (Fig. 1A; Supplementary Table S6).

We then evaluated paired basal cfDNA and tumor gDNA
from 23 patients with FL with matched basal cfDNA and FFPEt
diagnostic samples. At least one somatic mutation was detected in
all tissue biopsies with a mean of 14.54 mutations per FFPEt sample
(range, 5–34), whereas we only identified alterations in 17/23 basal
cfDNA samples. Four hundred and eleven mutations were detected
in tissue biopsies, 300 of which (73%) were also identified in cfDNA
(Figs. 1B and C). In addition, 38 alterations were identified in
cfDNA but not in tissue biopsies. All 38 mutations passed the
quality filters (see Supplementary for detailed methods), and seven
were identified in other follow-up cfDNA samples. The ROC curve
analysis (Fig. 1D) showed that the sensitivity for detecting muta-
tions in cfDNA increased for those with VAFs ≥ 18% in tumor
gDNA. If we considered these alterations with VAF ≥ 18% in tumor
biopsy, 84.84% were also detected in cfDNA. On the other hand, for
those with a VAF of < 18%, only 36.63% were identified in cfDNA.

Of the 6/23 patients in which we did detect mutations in tumor
gDNA but not in paired basal cfDNA, all were POD24-neg; 4
achieved CR after treatment, and 2 did not require treatment
(W&W; Fig. 1E). The median read coverage for these samples was
1,253x. On the other hand, at least one genetic alteration was
detected in every patient who did not achieve CR (8 patients) or
who was POD24-pos (6 patients; Fig. 1E).

Several mutations (111/411, 27%) were detected in tumor gDNA
but not in paired basal cfDNA. Most of them (represented by green
points in Figs. 1F and G) corresponded to patients with a favorable
outcome: CR or W&W (101/111, 91%) and POD24-neg (105/111,
94.6%).

The sensitivity to detecting alterations in basal cfDNA samples was
higher in patients who did not achieve complete response (non-CR;
94.4%) and POD24-pos patients (96.3%) than in patients who
achieved CR (66.3%) or who were POD24-neg (58%; Supplementary
Figures S3A and S3B). If we considered only mutations with VAF ≥
18%, the sensitivity increased to 99.4% in non-CR and 99.3% in
POD24-pos patients.

The number of mutations identified in basal cfDNA samples
was associated with response to treatment and POD24: the mean
numbers of alterations per basal cfDNA sample in POD24-
pos (18; range 11–29) and non-CR patients (14.2; 3–29) were
significantly higher than in POD24-neg (4.7; 0–19) or CR patients
(3.9; 0–17) (unpaired samples t test, P ¼ 0.0001 and 0.001,
respectively; Figs. 2A and B). However, no significant differences
were found when we examined the correlation with the number of
mutations detected in diagnostic tissue biopsies with the same
endpoints (Supplementary Figures S4A and S4B).

Recent studies have used the analysis of PVs to increase the
sensitivity of ctDNAdetection (37). Therefore, as previously proposed,
we examined the value of analyzing PVs to improve ctDNA detection
sensitivity (37). The sequencing panel used in this study included
known target regions of aSHM (Supplementary Table S2), allowing us
to enrich PV detection in these samples. The aSHM regions of IGLL5
and BCL2 and, to a lesser extent MYC and BCL7A, have a high
proportion of PVs (Supplementary Table S7 and Supplementary
Figures S5A). A total of 138 PVs were identified in diagnostic tissue
biopsy samples (Supplementary Figures S5B). ctDNAtools software,
described by Meriranta and colleagues (38), was used to look for the
138 PVs, previously identified in tumoral gDNA, in the cfDNA
samples. Twenty-one of 23 patients with FL with matched basal
cfDNA and FFPEt diagnostic samples had at least one PVs in the
FFPEt diagnostic sample, and 11 of 21 patients had at least one PVs
detected in the basal cfDNA sample. The PVs analyses of basal cfDNA
samples from the five cases without paired FFPEt identified ctDNA in
the BL09–19 patient, previously reported as ctDNA-positive due to
detection of other somatic alterations. The analysis allowed us ctDNA
detection in samples reported as ctDNA-negative when considering
only somatic alterations, such as BL11–08–02, BL11–08–03, BL11–08–
04, and BL12–13–02 (Supplementary Fig. S2).

ctDNA detection combining somatic mutations and PVs (n ¼
28) showed that patients with at least one abnormality identified in
basal cfDNA presented a shorter EFS trend than patients without
abnormalities (66.5 vs. 100%, log-rank test, P ¼ 0.12, by the
Kaplan–Meier analysis; Fig. 2C). No significant difference was
found for OS (Supplementary Fig. S6A).

Figure 2.

Box plots showing the number of alterations per basal cfDNA sample by POD24 (A) or response to treatment (B). C, Kaplan–Meier estimates of EFS based on risk
groups determined by pretreatment ctDNAdetection. EFS differences between risk groupswere tested using the log-rank test. �, P < 0.05; �� , P <0.01; ��� , P <0.001.
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We then calculated ctDNA levels in hGE/mL, as described in the
Experimental Design section, and associated the pretreatment ctDNA
with FL patients’ clinical outcomes. No alterations were identified in
9/28 basal cfDNA samples. The mean coverage of these nine samples
was 1,300x (356–2, 549x), whereas that of the whole basal cohort was
1,900x (180–6, 466x). Themean level of ctDNA,measured as hGE/mL,
was 744, based on all cases.

Basal ctDNA levels correlated with clinical characteristics
at the time of diagnosis. Higher ctDNA levels were significantly
associated with high-risk FLIPI patients (P ¼ 0.02), higher tumor
grade (P¼ 0.04), extranodal involvement (P¼ 0.02) and elevated levels
of LDH (P ¼ 0.03; Figs. 3A–C and D). No significant differences
were observed between stage categories, patient Eastern Cooperative
Oncology Group (ECOG), b2-microglobulin levels and GELF criteria
(Supplementary Figures S7A–S7D).

Basal ctDNA levels also correlated with response to therapy, being
significantly higher in non-CR patients than in those who achieved CR
(Mann–Whitney U, P ¼ 0.02; Fig. 3E). The low-burden patients that
were not treated (W&W) or treated with rituximab in monotherapy,
had lower basal ctDNA levels than patients requiring treatment (high-
burden patients; P ¼ 0.01; Fig. 3F).

We also estimated the correlation between basal ctDNA levels with
early lymphoma progression/transformation or POD24. Patients with
POD24 (POD24-pos) had significantly higher levels of ctDNA than
those that did not progress (POD24) (P < 0.001; Fig. 3G); deceased
patients had higher basal ctDNA levels than those who remained alive
without lymphoma (P< 0.001;Fig. 3H). This significant differencewas
conserved when we analyzed patients separately according to the
GELF criteria (11 GELF-neg and 17 GELF-pos): pretreatment ctDNA
levels were higher in POD24-pos compared with POD24-neg patients
in both GELF groups (Mann–Whitney U, P ¼ 0.04 and P ¼ 0.004 for
patients negative and positive for GELF criteria, respectively; Figures
S7E and S7F).

We established the best threshold for stratifying patients into two
POD24 risk groups (Fig. 3I) by ROC curve analysis based on basal
ctDNA levels. Using a threshold of 580 hGE/mL, patients with
higher levels had significantly inferior rates of EFS at 24 months
than those with low levels (log-rank test, for EFS, P < 0.0001 and OS,
P ¼ 0.029, by the Kaplan–Meier analysis; Fig. 3J; Supplementary
Fig. S6B).

FLIPI is the most widely used clinical tool for stratifying patients
with FL and predicting their clinical outcomes (10). In this cohort,
although patients with high-risk FLIPI had a lower EFS and OS
probability than those with low-risk FLIPI, the relationship was not
significant (log-rank test, for EFS, P ¼ 0.078 and OS, P ¼ 0.19;
Supplementary Fig. S8A and S8D). Several attempts have been made
to improve the tool’s predictive and prognostic power by combining
clinical and genetic data, such asm7-FLIPI and the POD24 Prognostic
Index (POD24-PI; refs. 11, 12, 19). However, when we tested them in
our series, neither identified significant differences in EFS and OS
probability by Kaplan–Meier analysis (Supplementary Figures S8B,
S8C, S8E, and S8F).Wedid notfind any significant association of stage,
ECOG or grade with progression by a multivariate Cox analysis,
probably due to the small number of patients (Supplementary
Table S8).

Therefore, we examined whether incorporating ctDNA levels could
improve FLIPI predictive capacity. When we combined the two, the
Kaplan–Meier analysis showed a significant association for EFS (log-
rank test for EFS, P ¼ 0.03) but not for OS (Fig. 3K; Supplementary
Fig. S6C). Furthermore, multivariate Cox analysis showed ctDNA
levels to have an independent predictive capacity to predict progres-

sion compared with FLIPI, m7-FLIPI, POD24-PI, and GELF criteria
(Supplementary Table S8).

Dynamic analysis of ctDNA
We next tested the effect of the treatment on ctDNA dynamics and

its predictive value. The plasma ctDNA was monitored during the
patients’ treatment and follow-up.

First, we analyzed the alterations in paired cfDNA and FFPEt. At
mid-treatment, the sensitivity to detecting at least one mutation in
cfDNAwas higher in patients who did not achieve CR (45.5%) than in
those who did achieve it (7.0%; Supplementary Fig. S9A). The sen-
sitivity increased from 45.5 to 52.3% in non-CR patients when only the
mutations with VAF ≥ 18% in the tumor gDNA were considered.

At EOT, the sensitivity to detecting alterations in non-CR patients
was 83.1%, and 87.0% for alterations with VAF ≥ 18% in tumor gDNA
(Supplementary Fig. S9B). EOT cfDNA samples without tumor altera-
tions showed amean target coverage per position above 2,000x (mean:
2,079 range: 398–3,743x).

Despite the somewhat low level of sensitivity, we were still
able to observe inferior EFS in those patients with at least one
mutation in mid-treatment cfDNA (including SNVs and PVs; 50%
at 24 months) than in patients without mutations (90%; log-rank
test, P ¼ 0.008; Fig. 4A). No significant differences were observed
for OS (Supplementary Fig. S10A). Of the cfDNA samples at mid-
treatment (13) in which we did not detect alterations, the mean
target coverage per position was 1,500x (range: 551–3,238x).

Patientswith at least one identified ctDNAmutation at EOT showed
a worse EFS trend than patients without (60 vs. 90% at 24 months,
respectively; Fig. 4B). No significant differences were observed for OS
(Supplementary Fig. S10B). Three patients showed different responses
when comparing PET and ctDNA analysis response information at
EOT. Patient BL09–03, with a partial response (non-CR), was ctDNA-
negative; however, BL03–07 and BL11–08 patients had CR by PET but
were ctDNA-positive. Despite the differences, the EFS trend by PET
response at EOT (50 vs. 90.9% at 24months; Supplementary Fig. S10C)
was similar to that found for ctDNAdetection (Fig. 4B) by theKaplan–
Meier method, although neither reached significance possibly due to
the small number of samples analyzed at EOT.

We then evaluated the changes in ctDNA levels. ctDNA levels
decreased dramatically after treatment for every patient, although the
reduction was more significant in patients with favorable outcomes.
In POD24-neg patients, the reduction in ctDNA levels was more
marked at both mid-treatment (86.6% of POD24-neg cases showed
non-detected ctDNA vs. 40% of POD24-pos cases) and EOT (92.3%
of POD24-neg cases showed non-detected ctDNA vs. 60% of POD24-
pos cases; Fig. 4C). Similarly, when we analyzed the response to
treatment, a significant decline in ctDNA levels was observed at
mid-treatment and EOT in patients with CR compared with those
who did not achieve CR (Fisher exact test P¼ 0.002 at mid-treatment
and P ¼ 0.01 at EOT; Fig. 4D). Moreover, comparing the absolute
ctDNA levels (hGE/mL) showed lower values for POD24-neg and CR
patients at mid-treatment and EOT (Supplementary Fig. S11).

While recruiting patients for the study, we collected samples from
five patients with histologic transformation to DLBLC. Three of them
had transformed before recruitment (BL10–08, BL09–16, and BL09–
22; (Figs. 5A–C), and the other two (BL02–13 and BL09–11) trans-
formed during the study (Figures D and E). We compared the cfDNA
samples after transformation with the paired pre-transformed FL
biopsy and observed the appearance of novel genetic mutations of
TP53 in BL10–08 and BL09–11 (Figs. 5A and E). In BL09–16, we
identified mutations in TNFRSF14, TP53, SOCS1, HIST1H1C,
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Figure 3.

A,Box plots showing significant correlations of pretreatment ctDNA levelswith FLIPI (A); grade (B); extranodal involvement (C); LDH (D); response to treatment (E);
tumor burden (F); progression of diseasewithin 24months (G); and patient status (H). Group differenceswere assessedwith the Mann–Whitney U test. The box plot
represents thequartiles and themedian for the hGE/mLvalues. I,Thebargraph shows the levels of ctDNA inpretreatment cases,measuredbyhGE/mL. POD24 status
is coded by color (see figure box legend). J,Kaplan–Meier estimates of EFS based on risk groups determined by hGE/mL levels, and (K) the combination of FLIPI
and ctDNA levels. EFS differences between risk groups were tested using the log-rank test. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001. LDH, lactate dehydrogenase;
ND, non-detected.
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HIST1H1E, STAT3,MYC, SGK1,EZH2, andBTG2 genes in the cfDNA
after transformation (Fig. 5B), many of which had previously been
found to be associated with transformation (20–24). However, muta-
tions in KMT2D, EP300, and TNFRSF14, present in the FL diagnostic
biopsy, were not detected in the paired cfDNA DLCBL sample.
Something similar occurred in BL02–13, in which a novel alteration
in EZH2was detected in the DLBCL sample that was not present in the
FL diagnostic biopsy. However, other alterations in genes such as
TNFRSF14, SOCS1, B2M, BTG1, CSMD3, PIM1, or DTX1, present in
the FL diagnostic biopsy, disappeared in the DLBCL cfDNA sample
(Fig. 5D). No alterations were detected in themid-treatment, EOT and
follow-up cfDNA samples from the transformed DLCBL BL09–22
patient, consistent with the CR to first-line R-CHOP therapy (Fig. 5C).

Discussion
In this study, we assessed the utility of cfDNA profiling by targeted

deep-sequencing for FL prognosticating. ctDNA is already known to
be of clinical utility in other malignancies, including lymphomas, and
its presence has been correlated with clinical characteristics and can be
used to track MRD (25, 26, 33, 36, 46, 47). On the other hand, several
studies confirm the increased mortality risk in patients with
POD24 (4, 5, 19), but their assessment at diagnosis is still inaccurate,
and it is not currently possible in clinical practice to identify patients

with FL with a higher risk of early relapse before it happens (5, 48). In
this real-life, observational, multicenter, prospective-based population
study, we show the utility of pretreatment and dynamic ctDNA
analysis for predicting outcomes and monitoring patients with FL.
This pilot study shows that ctDNA levels might be a prognostic
biomarker of early progression at diagnosis or before treatment.
We also show that cfDNA monitoring and genotyping during treat-
ment and follow-up predict response to treatment and early progres-
sion or relapse.

Pretreatment ctDNA levels are correlated with some clinical char-
acteristics such as grade, FLIPI, extranodal involvement and LDH,
suggesting that itmight be a putative biomarker of tumor burden in FL.
We have also explored the significance of measuring ctDNA levels to
predict patient response to treatment, and we found that the detection
of ctDNA in plasma correlated with non-CR and early progression.

Identifying patients at higher risk of POD24 at diagnosis is a
clinically relevant problem.Our results show that pretreatment ctDNA
levels are significantly higher in POD24-pos patients. In addition,
although we have not found differences in basal ctDNA levels in
patients according to GELF criteria, the fact is that two thirds
of the patients negative for GELF criteria were treated with immu-
nochemotherapy. However, if we analyzed basal ctDNA levels
in treated patients versus those that did not receive treatment or
were treated only with rituximab, we did find significantly higher

Figure 4.

Prognostic value of dynamic analysis of ctDNA. Kaplan–Meier estimates of EFS probabilities are shown for ctDNA-positive (at least onemutation detected in cfDNA)
and ctDNA-negative patients at (A) mid-treatment, and (B) end-of-treatment. EFS differences between groups were tested using the log-rank test. The dynamic of
ctDNA levels, measured as log10 fold-change, grouped by their (C) POD24 status and (D) response to treatment, is represented for each patient. ND, non-detected.
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ctDNA levels at diagnosis in treated patients. Finally, diagnostic
ctDNA levels were higher in POD-pos patients in both GELF-pos
(P ¼ 0.004) and GELF-neg (P ¼ 0.04) groups. Furthermore, our data
demonstrate that pretreatment ctDNA level might be a more robust
predictor of POD24 than m7-FLIPI, POD24-PI or GELF crite-
ria (11, 19). In this context, the non-detection of pretreatment ctDNA
may be used to identify patients who would achieve CR and/or not
suffer POD24. These results suggest that ctDNA analysis, combined
with patients’ clinical features, could improve their risk stratification
and be used as a prognostic biomarker at diagnosis. More studies and
further validation in larger cohorts are needed to develop the stan-
dardization required for its use in monitoring FL.

Comparative analysis of diagnostic tissue biopsy with pretreatment
cfDNA showed that the sensitivity to detecting tumor alterations in
cfDNA, which were also identified in the tumor gDNA, was lower

(73%) than the values found in other studies of more aggressive B-cell
lymphomas (25, 26, 32, 49). This apparently lower sensitivity is due to
the absence of ctDNA (measured as hGE/mL) in plasma samples from
patients with good-prognosis FL (W&W, CR, and POD24-neg
patients). There were fewer alterations per basal cfDNA sample in
these patients than in those with worse clinical outcomes, but the read
sequencing coverage data in cfDNA from these patients were enough
(median, 1,253x) not to preclude the detection of alterations. FL is
considered an indolent lymphoma, and plasma samples from patients
with FL are expected to have around one tenth of the ctDNA calculated
in patients with DLBLC (44, 50). This lesser amount of ctDNA reflects
the smaller tumor volume, clinical stage and more indolent character-
istics of this type of lymphoma. Sensitivity would be improved by using
larger plasma volumes and more sensitive methods, such as PV
detection. However, the sensitivity of our method for detecting tumor

Figure 5.

A–E, Longitudinal monitoring of cfDNA genotyping during disease evolution for patients with FL that suffered transformation to DLBLC. Time in months of cfDNA
sample collection after diagnosis is indicated. NR, non-response; P, progression.
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alterations in pretreatment cfDNA from patients who did not achieve
CR or POD24-pos was higher (94.4 and 96.3%, respectively) and
similar to that found in other studies (25, 26, 49). These results suggest
that detecting somatic mutations in pretreatment cfDNA is favored by
lower response rates to first-line CI, a higher risk of early progression,
and greater FL aggressiveness. From a different perspective, the non-
detection of ctDNA in pretreatment plasma samples could be a
biomarker of good prognosis.

We also observed that the sensitivity for detecting mutations in
cfDNA decreases considerably for mutations with VAF < 18% in the
diagnostic tissue biopsy. For this reason, the approach could be
compromised in those cases with alterations below the detection
limit, as other studies have shown (26). Longitudinal genotyping of
cfDNA samples showed that a large proportion of the mutations
identified in the diagnostic tissue biopsy and/or basal cfDNA
disappear by mid-treatment. In unfavorable cases, the number of
mutations detected increased by the EOT. These findings were
correlated with the dynamic ctDNA analysis, in which we found
a decrease in ctDNA levels at mid-treatment and EOT in all
patients, with higher ctDNA levels found in non-CR or POD24-
pos patients. The drop in ctDNA at mid-treatment and EOT was
also associated with their clinical outcomes, highlighting the value
of ctDNA as a putative predictive biomarker in FL.

PVs have been shown to improve the detection limit of ctDNA in B-
cell lymphomas (37). In our cohort, PVs detection allowed the
presence of ctDNA to be detected in samples that were otherwise
reported as being ctDNA-negative, although our resultsmay have been
limited by the absence of the immunoglobulin genes regions in the
sequencing panel (37). However, the detection of somatic PVs in
cfDNA provides us with a promising tool for improving ctDNA
detection sensitivity that would be especially useful in relation to
indolent lymphomas, such as FL, that contain smaller amounts of
ctDNA than do more aggressive lymphomas.

In conclusion, our data suggest that the use of ctDNA could be
useful to identify patients at high risk of POD24, or who would not
achieve CR. This study illustrates the utility of ctDNA analysis
(quantifying pretreatment and follow-up levels and longitudinal gen-
otyping) in FL.More studies in the context of clinical trials and further
validation in larger cohorts are needed to develop the standardization
required for its use in monitoring FL. However, the results of this pilot
study, based on a multicenter, prospective cohort, support the notion
that basal and dynamic ctDNA analysis in FL, in combination with
clinical characteristics, would improve patient stratification and help
predict the response to CI and the risk of early progression of the
disease.
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