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Background: CART therapy has produced a paradigm shift in the treatment of
relapsing FL patients. Strategies to optimize disease surveillance after these therapies
are increasingly necessary. This study explores the potential value of ctDNA
monitoring with an innovative signature of personalized trackable mutations.

Method: Eleven FL patients treated with anti-CD19 CAR T-cell therapy were
included. One did not respond and was excluded. Genomic profiling was
performed before starting lymphodepleting chemotherapy to identify somatic
mutations suitable for LigBio-MRD monitoring. The dynamics of the baseline
mutations (4.5 per patient) were further analyzed on 59 cfDNA follow-up
samples. PET/CT examinations were performed on days +90, +180, +365, and
every six months until disease progression or death.
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Results: After a median follow-up of 36 months, all patients achieved a CR as the
best response. Two patients progressed. The most frequently mutated genes were
CREBBP, KMT2D and EP300. Simultaneous analysis of ctDNA and PET/CT was
available for 18 time-points. When PET/CT was positive, two out of four ctDNA
samples were LigBio-MRD negative. These two negative samples corresponded to
women with a unique mesenteric mass in two evaluations and never relapsed.
Meanwhile, 14 PET/CT negative images were mutation-free based on our LigBio-
MRD analysis (100%). None of the patients had a negative LigBio-MRD test by day
+7. Interestingly, all durably responding patients had undetectable ctDNA at or
around three months after infusion. Two patients presented discordant results by
PET/CT and ctDNA levels. No progression was confirmed in these cases. All the
progressing patients were LigBio-MRD positive before progression.

Conclusion: This is a proof-of-principle for using ctDNA to monitor response to
CAR T-cell therapy in FL. Our results confirm that a non-invasive liquid biopsy
MRD analysis may correlate with response and could be used to monitor
response. Harmonized definitions of ctDNA molecular response and
pinpointing the optimal timing for assessing ctDNA responses are necessary
for this setting. If using ctDNA analysis, we suggest restricting follow-up PET/CT
in CR patients to a clinical suspicion of relapse, to avoid false-positive results.

KEYWORDS

follicular lymphoma, ctDNA (circulating tumor DNA), NGS (Next-Generation
Sequencing), minimal residual disease, monitoring, PET/CT *F-FDG, CAR T-cell therapy

Introduction

Follicular lymphoma (FL) is the second most common non-
Hodgkin lymphoma in developed countries (1). It is considered an
indolent disorder with a relatively favorable course. When patients
require treatment, several immuno-chemotherapeutic options are
available (2-6). Modern treatments often achieve long remissions, with
median survival rates approaching 20 years (7, 8). However, 15 - 20% of
patients are primary refractory or progress during the first two years after
first-line therapy (POD24). These patients have a poor outcome, with a
5-year overall survival (OS) between 38% and 50% (9, 10). A remitting,
relapsing clinical course characterizes the disease, whose expected
duration of response decreases with increasing previous therapeutic
lines. Moreover, high-grade transformation (HT) into aggressive
lymphoma occurs in around 3% of the patients yearly (11-13).

These multiple relapsing patients are a priority population with
unmet needs for novel treatments. In this setting, several targeted
therapies are rapidly being evaluated in patients with FL who need
therapy in the third or further lines. These therapies include
lenalidomide (14), inhibitors of phosphoinositide 3-kinase (PI3K)
(15) or enhancer of zeste homolog 2 (EZH2) (16), autologous stem
cell transplantation (17), anti-CD20/CD3 bispecific antibodies (18)
and anti-CD19 chimeric antigen receptor (CAR) T-cell (CART)
therapy (19, 20).. The highest rates of complete response (CR) and
longest Progression-Free Survival (PFS) are achieved with anti-
CD20/CD3 bispecific antibodies (18) and CART therapies (19, 20).
Two CD19-directed CART therapies, which were evaluated in

Frontiers in Immunology

patients treated with at least two prior therapy lines, are approved
for refractory/relapsing (R/R) FL, namely, axicabtageneciloleucel
(axi-cel) and tisagenlecleucel (tisa-cel). The results of ZUMA-5 (19)
and ELARA studies (20) led to the approval of axi-cel and tisa-cel,
respectively, after demonstrating complete responses of 79% and 69%
and median PFS at 18 months of 65.6% and 12 months of 85.5%,
respectively. Nevertheless, we are not able yet to properly identify
prospectively those patients who will benefit from this therapy.
Recently, it has been shown within FL patients treated with tisa-
cel in the ELARA trial, that elevated tumor burden [TB; total
metabolic tumor volume (TMTV) =240 cm?®] at baseline
(chemotherapy previous to lymphodepletion), POD24 after initial
immuno-chemotherapy, and >4 nodal areas at inclusion were
clinical factors that correlated significantly with lower efficacy
(21). In the immuno-chemotherapy setting, fluorodeoxyglucose
(FDG) positron emission computed tomography (PET/CT)
imaging using the Deauville 5-point score (D5PS) is the gold-
standard assessment for end-of-treatment response in FL.
However, there are no standardized guidelines for imaging-based
lymphoma patients’ follow-up after CART therapy. Nevertheless, in
diffuse large B-cell lymphoma (DLBCL), some studies confirm that
an early response 30 days after infusion seems to be predictive for
both PFS and OS (22, 23). Nevertheless, current studies confirming
this data are missing in FL. Recently, our group demonstrated that
circulating tumor DNA (ctDNA) is an emerging biomarker able to
risk stratify and assess treatment response in FL patients treated
with first-line immuno-chemotherapy (24). In DLBCL, Quin Deng
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et al. investigated the role of early molecular response determined
by plasma-derived cell-free DNA (cfDNA) in 22 patients treated
with axi-cel and found that a variant allele frequency (VAF)
declination within the first week of infusion was associated with
ongoing CR by PET/CT at three months (25). Also, a Standford
group, when evaluating ctDNA at day +28 after axi-cel, confirmed
that a positive test was highly predictive for PFS and OS with a
median PFS of 3.03 months versus not reached (NR) (P < 0.0001)
and a median OS of 19.0 months versus NR (P < 0.008) (26). To our
knowledge, no studies have used liquid biopsy NGS methods in FL
patients treated with anti-CD19 CART therapies.

Therefore, in this study, we aim to analyze the response to
therapy in FL patients using ultra-deep sequencing of ctDNA
(LigBio-MRD) combined with D5PS PET/CT, to identify early on
patients who could benefit from CART therapy. Additionally, we
aim to assess CART expansion correlating the CAR T-cells levels
measured by Real-Time Quantitative PCR (qPCR) and Flow
Cytometry (FCM).

Materials/subjects and methods

Patient cohort and study design

This study was designed as a prospective observational study.
The cohort included 11 R/R FL patients treated with axi-cel (n=2)
or tisa-cel (n=9) between July 2019 and August 2021 at the Hospital
12 de Octubre (H120) in Madrid. All patients’ informed consent
was obtained according to the Declaration of Helsinki. The study
inclusion criteria were age >18 years, histological confirmation,
PET/CT evaluation availability before and after the CART infusion,
archival formalin-fixed paraffin-embedded (FFPE) obtained before
CART infusion, and enough biological material in sequential
samples. Patients unable to reach day +100 because of death,
progression, or loss of follow-up were excluded from the analysis.
A PFS event was defined as disease relapse or death. A progressor
was defined as a participant who experienced a PES event. A durable
responder was defined as a participant who did not experience a
PFES event with at least a 6-month follow-up. Treatment was started
according to the Groupe d’Etude des Lymphomes Folliculaires
criteria (27), and imaging examinations were performed on
days +90, +180, +365, and every six months after that.

All patients’ DNA from lymph node biopsies and ctDNA were
obtained before the CART infusion. Somatic mutations of these
samples were selected as disease biomarkers for liquid biopsy
minimal residual disease (LigBio-MRD) analysis at follow-up
time points. The following biological materials were analyzed:
DNA from FFPE lymph node biopsies (n=10), ctDNA (n=6) at
the time of starting lymphodepletion (pre-LD), and follow-up
ctDNA samples after CART infusion (n=48). Responses were
assessed by applying the Lugano criteria (28).

DNA extraction

FFPE lymph node genomic DNA (gDNA) was extracted and
quantified as previously described (24). For circulating-free DNA
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(cfDNA) extraction, 10 to 20 mL of peripheral blood (PB) was
collected in EDTA tubes and processed in less than four hours at the
H120. The plasma was separated with two centrifugation steps at
1600 x g and 4500 x g, and stored at —80°C until further use.
Purification, quantification and quality control (fragment size and
gDNA contamination assessment) of ¢fDNA were performed as
previously described (24).

Baseline genotyping and LigBio-MRD
biomarker selection

Lymph node gDNA and plasma cfDNA baseline samples were
screened for mutations with a short-length Ampliseq Custom Panel
(Thermo Fisher Scientific). The panel, established as a routinary
diagnosis tool at the H120, was designed to cover all coding regions
of 56 lymphoma-specific genes in FFPE samples (Supplementary
Table S1). Samples were sequenced with an average coverage of
2,150x on an Ion S5 System platform (Life Technologies, Thermo
Fisher Scientific). Then, the bioinformatic pipeline previously
described (24) was applied for identifying and annotating
variants, excluding potential deamination-related artifacts, and
selecting the best biomarkers per patient (Supplementary Table S2).

LigBio-MRD methodology and
bioinformatic pipeline

A median of 7.86 ng per mL of plasma (range 2 - 320 ng/mL)
were obtained, being the mean amount of cfDNA from the initial 10
- 20 mL of PB of 104.94 ng (range 5.3 - 960 ng). All samples with a
gDNA/cfDNA ratio greater than one, calculated using the
bioanalyzer electropherogram, were excluded. An amplicon-
multiplexed mini-panel was defined for every patient to detect the
selected MRD biomarkers identified at diagnosis (Supplementary
Table S2). The resulting libraries included three biological replicates
per biomarker. They were sequenced on the Ion S5 System platform
(Life Technologies, Thermo Fisher Scientific) with an estimated
depth of 500,000x per amplicon, as previously described (24, 29,
30). The LigBio-MRD test demonstrated a potential VAF sensibility
below 107* (24). However, all potential MRD biomarkers were
screened in triplicates of three gDNA samples obtained from
healthy control donors. As a result, the limit of detection (LOD)
of each marker was defined, allowing the exclusion of those with a
LOD above 10™* (24). The following bioinformatic pipeline for
calculating the LigBio-MRD value for each sample, including
demultiplexing, false positive rate control, and biological and
technical noise correction, was executed as previously
described (24).

PET/CT imaging

PET/CT scans were performed with a General Electric Discovery
MI (GEDMI) Scanner or a Siemens Biograph 6 Scanner. PET/CT and
CT images were acquired in the same session after injection of 2.5 - 3
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MBq/kg "*F-FDG for the GEDMI Scanner and 4 - 5 MBq/kg '*F-FDG
for the Siemens scanner. All follow-ups were performed in the GEDMI
scanner. CT scans obtained with a low-dose protocol were used for
attenuation correction of the PET/CT images. During follow-up, PET/
CT scans were visually assessed according to the D5PS (‘*F-FDG
uptake of any residual lesion), using mediastinal blood pool and liver
uptake as reference settings. PET/CT was considered positive when
D5PS was 4 or 5, and D5PS from 1 to 3 were classified as PET/CT
negative (28). PET/CT was performed before the lymphodepletion
treatment and during follow-up (days +90, +180, +365, and every 6
months until disease progression or death). Additionally, patients were
closely monitored with a physical examination and routine laboratory
tests. If new symptoms or laboratory changes were detected, an extra
PET/CT was performed only.

Detection of CAR T-cells through
real-time qPCR

Absolute standard Curve Method (ACM) qPCR was performed
on gDNA isolated from PB mononuclear cells (PBMCs). To
determine the number of integrated anti-CD19 CART copies in
CAR T-cells, 50 - 100 ng gDNA were amplified. The following
primers sequences were used for the CART qPCR: ¥ forward (FP):
5 CAGGACTCGGCTTGCTGAAG 3’ and YW reverse (RP): 5> TCC
CCCGCTTAATACTGACG 3’ and for the albumin: (FP): 5
GCTGTCATCTCTTGTGGGCTG 3’ and (RP): 5° ACTCAT
GGGAGCTGCTGGTTC 3. For duplex qPCR assay, fluorogenic
probes were 5’ labeled with 6-carboxyfluorescein (FAM) for ¥
sequence or VIC for albumin, and 3’ labeled with Black Hole
Quencher-1 (BHQ-1). Thermal cycling for PCR experiments was
performed in QuantStudio' " 5 Real-Time PCR System using the
following amplification conditions: 2 minutes at 50°C, an initial
heating of 20 seconds at 95°C, and 40 cycles of 1 second at 95°C and
20 seconds at 60°C. Primers were purchased from Sigma Aldrich,
and probes and TagMan Gene Expression Master Mix were
purchased from Applied Biosystem.

Detection of CAR T-cells through
flow cytometry

Total CD3" T-lymphocytes and anti-CD19 CAR T-cells
population were detected in infused patients’ PB by incubating
200 - 300 pl of PB patients’ samples with 250 ng of FITC-rhCD19
(ACROBiosystems) and the antibody panel CD3-PECy7, CD4-
APCCy7 and CD8-PerCP-Cy5.5 (Biolegend) at 4°C for 30
minutes in the dark. Erythrocytes lysis was then performed with
ACK Lysing Buffer (Gibco). After two washing steps with PBS,
samples were acquired using a FACS Canto II flow cytometer (BD
Biosciences) with FACSDiva software (BD Biosciences), and data
were analyzed using FlowJo v10 software (TreeStar).
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Statistical analysis

The Mann-Whitney U test was used to determine statistically
significant differences in the obtained samples LigBio-MRD values
among the PET/CT-related categories. The Pearson correlation
coefficient was used to determine the linear relationship between
CAR T-cells levels quantified by FCM and qPCR. Both tests were
performed using Python, with the Python package SciPy (version
1.10.1). P-values <0.05 were considered significant.

Results

Patients’ characteristics and predictive
features before infusion

A total of 11 FL patients with samples available were treated
with CART therapy in our institution. Nine received tisa-cel and
two patients axi-cel. One patient refractory to tisa-cel was excluded
from the analysis. Patient demographics and baseline characteristics
of the remaining patients are summarized in Table 1. Briefly, the
median age at the moment of infusion was 54 years (range 38 - 69),
and six patients were male (60%). A median of three therapy lines
were administrated before infusion (range 1 - 4). Nine patients were
POD24 and nine patients (90%) were refractory to the previous
immuno-chemotherapy regimen. Four patients (40%) had received
an autologous stem cell transplantation.

Before infusion, three patients (27%) received optional
antineoplastic bridging chemotherapy for stabilization based on
immuno-chemotherapy. All patients received fludarabine and
cyclophosphamide as lymphodepletion therapy. After a median
follow-up of 36 months (range 11 - 50 months), all patients
achieved a CR as the best response (10 patients achieved CR in
the three months evaluation, and one patient achieved a partial (PR)
at this point but converted to CR in the six months evaluation PET/
CT). Two patients progressed after infusion (six and 12 months
after infusion, respectively). Four patients presented cytokine
release syndrome (grade 1-3), and one patient developed
neurotoxicity (grade 2). Two patients died (one because of
lymphoma progression and the other one due to breast cancer
without evidence of lymphoma). None of the analytical or clinical
characteristics analyzed were statistically associated with prognosis.

Genotyping on lymph node and cfDNA
before CART infusion

Baseline genotyping with the targeted NGS panel was
performed in ten gDNA lymph node samples and six cfDNA
plasma samples. In the lymph node samples, 60 mutations were
detected, with an average of six mutations per patient (range 3 - 10)
and a mean VAF of 0.36 (range 0.0498 - 0.86). Eight mutations were
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TABLE 1 Baseline demographic and disease characteristics of all treated
patients.

Parameter Infused patients,
n=10

Median age (IQR), years 54 (38-69)

> 65 years, n 1

Male, n 6

Stage at study entry III-IV, n 9

Bone marrow involvement at study entry,n 3

Bulky disease at baseline, n 2

FLIPI high (=3) at study entry, n 5

Median time since diagnosis of FL, months 13-98 (43)

Median no. of previous therapies (range) 3(1-4)

POD24 from first anti-CD20 mAb-containing 9
therapy, n
Refractory” to first anti-CD20 mAb-containing 8
therapy, n
Refractory” disease to last line of therapy, n 9

Previous antineoplastic therapy, n

Anti-CD20 mAb + alkylating agent (same or 10
different regimen)

Antracycline 10

PI3K inhibitors 3

Lenalidomide 1
Previous autologous ASCT, n 4

“Refractory is defined as failure to respond to previous treatment (SD/PD as best response) or
PD within 6 months of previous therapy completion. mAb, monoclonal antibody; PS,
performance score; ASCT, autologous stem cell transplantation.

detected in the cfDNA plasma samples, with an average of 1.334
mutations per patient (range 0 - 2) and a mean VAF of 0.423 (range
0.0306 - 0.5069). We found trackable mutations suitable for LigBio-
MRD monitoring in all patients. When only baseline cfDNA was
considered, mutations were found in four out of six patients
(66.6%). The most frequently mutated genes were CREBBP,
KMT2D, and EP300 (Figure 1). In the 6 cases with available
paired lymph node and plasma samples, eight mutations were
identified in both fractions, 27 mutations were only detectable in
the lymph node, and no mutations were only detected in plasma.
No differences between the number of mutations or genes affected
between long-term CR and R/R patients were observed.

Circulating tumor DNA surveillance after
CART therapy

The dynamics of the baseline mutations were further analyzed
on 59 cfDNA follow-up samples. The ctDNA was monitored until
progression, death, or three years after therapy. Eleven samples
were drawn before CART therapy infusion. One sample was not
evaluable due to unsatisfactory sequencing performance, and 13 due
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to a low quantity of ¢fDNA (less than 30 ng). Finally, the
distribution of the evaluable samples (n=45) was as follows: pre-
infusion (n=10), day +7 (n=6), day +28 (n=8), month 3 (n=4),
month 6 (n=5), year 1 (n=6), year 2 (n=3), and year 3 (n=3)
(Figure 2A). On average, 4.5 mutations per patient (range 2 - 7)
were selected as MRD biomarkers. The LigBio-MRD dynamics for
all patients are shown in Supplementary Figure SI. CtDNA was
monitored for MRD in concordance with radiographic and clinical
staging starting in month three. Simultaneous analysis of ctDNA
and PET/CT was available for 18 time-points. To compare PET/CT
and LiqBio-MRD results, we defined two groups based on the PET/
CT data available when the liquid biopsy sample was collected. The
first group (CR) (n=14) included follow-up samples with a D5PS of
1, 2, or 3 in nodal or extranodal sites with or without a residual
mass. The non-CR group included PR (n=1) with a D5PS of 4 with
reduced uptake compared with baseline and residual mass(es), and
progressive disease (PD) (n=3) with a D5PS of 5 in any lesion with
an increase in the intensity of FDG uptake from baseline. The
LigBio-MRD values were significantly lower for PET/CT-negative
patients (Figure 2B). When PET/CT was positive (PR or PD), two
out of four ctDNA samples were LigBio-MRD negative (yellow
points). These two negative samples corresponded to women with a
unique mesenteric mass in two evaluations (PR month 3 and PD
month 12). This patient (FL108) has not relapsed, with a median
follow-up of 34 months. Meanwhile, 14 PET/CT negative samples
appeared to be mutation-free based on our LigBio-MRD
analysis (100%).

The ctDNA dynamics for the eight durable responders and two
progressing patients are shown in Figure 3A. Before the first PET/
CT evaluation (month three), 14 samples corresponding to nine
patients were analyzed (day +7, n=6; and day +28, n=8). All day +7
samples (two corresponding to progression and four to long-term
remission patients) were LigBio-MRD positive. By day +28, in the
group of patients without progression, seven ctDNA samples were
available. Except for one sample, all the remaining were negative
(Figure 2A). Interestingly, all durably responding patients had
undetectable ctDNA at or around month three after CART
infusion. Additionally, ctDNA was detected at or before
radiographic relapse in the two progressing patients (Figure 2A).

The quantification of the CART levels by FCM is shown in
Figure 3B and Supplementary Figure S2. CART expansion is
observed in all patients, except for FL102, reaching maximum
levels around day +7. In fact, FL102 is one of the progressing
patients. Since day +28, levels decrease until becoming undetectable
around month three, except for two patients whose CART levels
have a slower decrease/reduction (undetectable at 7 and 12 months,
respectively). FCM and qPCR CART quantification presented a
strong correlation (Supplementary Figure S3).

Dynamics of somatic mutations during the
follow-up of FL patients

Two patients presented discordant results by PET/CT and

ctDNA levels. Patient FL108 showed ten mutations in the
baseline lymph node and two in the baseline ctDNA (also
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detected in the lymph node). However, the seven mutations selected
as MRD markers were only identified in the lymph node. Results
from MRD assessment are available during the first two years after
infusion (day +7, day +28, year 1, year 2). During this time, a
response evaluation by PET/CT was performed on five time-points.
During the first two years, all evaluations demonstrated a metabolic
CR. However, a PET/CT performed 33 months after infusion
suggested disease progression (D5PS of 5). There was a new onset
of left cervical adenopathy in region ITA, whose metabolic activity
was higher than liver parenchyma. Disease was not detected in any
other side. The patient was asymptomatic. A biopsy was performed,
excluding the lymphoma. Briefly, microscopic analysis showed a
preserved lymph node architecture, the immunohistochemical
stains found that B-cells were confined to germinal centers (CD10
+, BCL-6+, BCL-2), and the PCR analysis of immunoglobulin heavy
chain (IgH) was polyclonal. At this time-point, the LigBio-MRD
analysis persisted negative (Figure 4A).

Patient FL55 presented eight mutations in the lymph node
(baseline cfDNA was unavailable). A total of four mutations
(ARID1A, CREBP, RRACG, and BCL2) were selected as trackable
during follow-up. LigBio-MRD test was positive at day +7, but all
the mutations were undetectable in the samples obtained by day
+28, +36, month 3, month 6, and month 12 evaluations. She was
diagnosed with a low-grade FL involving both sides of the
diaphragm. The PET/CT evaluation performed at month three
showed an excellent response to treatment but with a metabolic
PR (D5PS of 4). This PR was explained by the persistence of a
mesenteric uptake with a metabolic activity higher than the one of
the liver parenchyma, complicating the interpretation of the
imaging results. All the PET/CT subsequently performed
confirmed the presence of a mesenteric striation with a metabolic
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activity lower than the liver parenchyma (D5PS of 2) (Figure 4B).
This patient never progressed after 34 months of follow-up.

As indicated above, in this series, there were two progressing
patients, of which only one patient (FL107) had a negative result by
PET/CT and LigBio-MRD and eventually progressed. Two somatic
mutations in CREBBP and TP53 were found in this case. At day +7,
the patient was LigBio-MRD positive but became negative at
day +28. PET/CT analysis performed three months after the
CART infusion was confirmatory for CR. Nevertheless, a new
PET/CT performed six months after CART infusion confirmed
the progression of the disease in the left axillary region and the right
costophrenic sinus (D5PS of 5) (Figure 4C). Interestingly, a LigBio-
MRD analysis performed during the PET/CT evaluation also
detected the tracked mutations. In the second progressing patient
(FL102), trackable mutations were CTSS, CXCR4, EP300, and
STAT6. CtDNA analysis was available on day +7 and one year
after infusion, and both LigBio-MRD were positive. PET/CT
analysis performed at day +100 and month six confirmed CR.
Nevertheless, the one performed one year after infusion detected the
progression of the disease. At this point, the LigBio-MRD test could
also detect the disease. It is also important to highlight that this is
the only patient with poor expansion of the CAR T-cells population.

Discussion

Anti-CD19 CART therapy is a new treatment modality for
high-risk FL. However, major challenges include difficulties to
prospectively identify later responders and to properly monitor
disease progression after CART infusion. To our knowledge, this is
the first study of serial ctDNA monitoring in FL patients with
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(A) Swimmer plot of the different follow-up time-points screened for all patients under CART treatment. (B) Correlation of Ligbio-MRD and PET/CT.
The CR group included follow-ups with a D5PS of 1, 2, or 3 in nodal or extranodal sites with or without a residual mass. The non-CR group included
PR cases with D5PS of 4 with reduced uptake compared with baseline and residual mass(es), and PD cases with a D5PS of 5 in any lesion with
increased intensity of the ®F-FDG uptake from baseline * indicates p-value < 0.05.

CD19-targeted CAR T-cell therapy. As previously described, our
approach is based on the use of somatic mutations as disease
biomarkers in a personalized way. First, we screened baseline
lymph nodes and plasma samples to identify patient-specific
biomarkers (24, 30) (Figure 1). Despite the limited number of
patients, trackable somatic mutations suitable for MRD monitoring
were found in all of them, confirming our previous results in FL
patients treated with immuno-chemotherapy (24). There are a few
studies in DLBCL (31, 32), classical Hodgkin lymphoma (33) and
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most recently in FL (24, 34) that confirm that a liquid biopsy MRD
analysis by NGS based on somatic mutations is an emerging non-
invasive test capable of detecting malignancy, monitoring treatment
response and define treatment. However, there is not much data
published about ctDNA in CAR T-cell therapy (35). In our FL
cohort, two patients progressed by PET/CT after the infusion.
Interestingly, we detected mutations at the time of progression in
both (Figures 2A, 4). Although it would be interesting to have serial
ctDNA samples, our results confirm that disease progression in
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(A) Dynamics of cfDNA quantified by LigBio-MRD in ten CART-treated FL patients. (B) Dynamics of CAR T-cell levels quantified by FCM in the same
patients. The LigBio-MRD values (A) and the CART FCM levels (B) for each follow-up data point (Y-axis) are plotted against the month since CAR T-
cells infusion (X-axis). Patients that progressed are represented in red, CR and PR are represented in blue.

asymptomatic FL patients can be detected easily in a non-invasive
way. In fact, in the eight non-relapsing patients, 25 LigBio-MRD
negative serial ctDNA samples confirm the absence of progression
in the routine PET/CT performed. In DLBCL, large studies indicate
that surveillance of ctDNA identifies patients at risk of recurrence
before clinical evidence, both in the first line immuno-
chemotherapy (32, 35) and, more recently, in patients receiving
axi-cel, on whom ctDNA was detected at or before radiographic
relapse in 29 of 30 (94%) relapsing patients (25).
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Interestingly, all the patients of our cohort with available samples
by day +7 (six of them durably responding) had detectable ctDNA. It
is worth pointing out that CART expansion reached its peak precisely
by day +7. This fact does not align with DLBCL undergoing CAR T-
cell therapy, where ctDNA negativity by day +7 is a strong predictor
of response and PFS (25, 26). This was already suggested in our
previous results (24), indicating that, regardless of the treatment, FL
presents a different dynamic than DLBCL (32), thus requiring the

treatment more time to reach clearance of the tumor. As in our series,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1188818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jiménez-Ubieto et al.

10.3389/fimmu.2023.1188818

A
FL108; MRD- and PET+ without progression.
CART
10°
=
-1 o
10 >
2
c
S 10-2 1 K]
K] | ®
> v
a E
Z 103 ]
s \ : 3 s
Basal (Abdominal) \ i 2
104 - &
P 3
Negative Negative
4 8 12 16 20 24 28 32
Time since treatment (Months)
B O MRD + O MRD - Q CARTFCM
FL55; MRD- and PET+ without progression.
CART
10° 10!
3
Basal 1071 o, Month 3 (DS4) Month 6 (DS2) Month 12 (DS2) 100 %
12 a
o 1 5
2 107 10 2
> S
2 £
© 103 1072 £
= 5
3
4
1074 T 1073 E
S <
s 3
Negative 2] Negative
0 2 4 6 8 10 12
Time since treatment (Months)
c O MRD+ O MRD- ¢ CARTFCM
FL107; MRD+ and PET+ with progression.
CART
10°
=
o
Basal 10! Q\ Month 3 (DS2) Month 6 (DS5) =
\ a
° A c
2 1072 3\ 2
s ' _— ®
> ¢\ _— 9
a o\ ! _— €
gz; 10-2 ‘ \ — 102 £
I \ — I
\ ~ _— 3
, \ < 4
-4 — S -3
10 b T B — o 2 £
! SO oRoie e - o
Negative ¢ Negative
1 2 3 4 5 6

Time since treatment (Months)

O MRD +

FIGURE 4
(A-C) Examples of the disease dynamics monitored by LigBio-MRD

all durably responding patients had undetectable ctDNA at or around
month three after CART infusion. Therefore, we hypothesize that
serial ctDNA samples between day +7 and day +90 are critical in FL
patients receiving CAR T-cell therapy to better understand the
disease’s dynamics. This hypothesis should be tested in a
prospective clinical trial.

Several groups have measured circulating CAR T-cell levels
after infusion using qQPCR or FCM. Some studies have reported that
higher peak or cumulative CAR T-cell expansion is associated with
durable disease control or severe neurotoxicity (36, 37). However, a
similar relationship was not found in other studies (38). In our
results, although maximum levels of expansion are reached around
day +7, ctDNA persisted LigBio-MRD positive in all the patients.
To understand this issue, it should be studied in larger series
of patients.
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Two patients had PET/CT positive and LigBio-MRD negative and
no progression. In FL108 (Figure 4A), a PET/CT evaluation performed
33 months after infusion, a unique new onset of a left cervical
adenopathy was found and therefore informed as disease
progression. He had serial negative LigBio-MRD tests. The exclusion
of FL activity was done with a biopsy. Some reports confirm the lack of
specificity of PET/CT in identifying lymphoma recurrence in the
oropharynx and other cervical localization (39). Moreover, the
progression in this patient happened during the COVID-19
pandemic. Interestingly, there are several cases of hypermetabolic
adenopathy enlargement in patients with lymphoma related to the
COVID-19 vaccine in a location where the disease was initially
diagnosed (40). Although a biopsy was easily taken in this patient,
LigBio-MRD kinetics could help to define progression throughout
different anatomical compartments when there is no chance of
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extracting a histological sample. In patient FL55 (Figure 4B), an
excellent response to treatment in all the sites was obtained three
months after infusion, but with the persistence of a mesenteric uptake
with a metabolic activity higher than that of the liver parenchyma,
complicating the interpretation of the imaging results. A biopsy was
not accessible at this moment. The patient soon converted to CR.
Interestingly, the ctDNA was LigBio-MRD negative during the positive
mesenteric uptake. Recently, Barrington et al. investigated the outcome
of patients included in the GALLIUM study who did not achieve a
metabolic CR (41). Only three out of 14 (21%) patients with mesenteric
uptake as the only site of disease experienced progression. All together
suggest that mesenteric '*F-FDG uptake is a common false positive
finding at the end of induction in patients with FL who fail to achieve
metabolic CR, most likely because of inflammatory uptake rather than
residual lymphoma, especially in the context of CR at all other
disease sites.

If confirmed in larger series, given that patients became LiqBio-
MRD positive at or even before the time of disease relapse, serial
ctDNA-based assessments may be a viable alternative to serial PET/
CT imaging in asymptomatic patients. The use of PET/CT alone is
hampered by its limited sensitivity and specificity, an unacceptable
rate of false positives, and the interpretation of the results being
highly dependent on the evaluating radiologist (41, 42). Specifically,
in the context of CART or other immunotherapy treatments,
imaging fails to capture pseudo-progression and to characterize
the heterogeneous nature of the radiographically stable disease (43,
44). Interestingly, two of the patients in this series had false positive
results of the PET/CT.

Our study has several limitations, including the small number of
patients. Nevertheless, as the study was designed to provide an initial
proof-of-principle for using ctDNA in monitoring response to CAR
T-cell therapy in FL, we consider this to be a strength of the analysis.
Although it seems mandatory to perform larger studies to confirm
this preliminary data, our results demonstrate for the first time that
NGS-based MRD quantification is feasible for monitoring treatment
in liquid biopsies from FL patients undergoing CAR T-cell therapy.

As imaging-based response assessment typically occurs every
two to three months, it is critical to develop disease biomarkers that
are not only predictive of response, but can also give quick and early
answers without invasive testing. This is of great interest
considering the high rate of false positives PET/CT; even higher
in the actual COVID-19 pandemic. In addition to the clinical value
of longitudinal ctDNA assessment as a potential endpoint of CAR
T-cell response, ctDNA molecular response can be used in early
drug development. In this setting, ctDNA-based evaluation of the
therapeutic effect of novel treatments would be faster and more
accurately compared with radiographic imaging, ultimately
expediting drug development.

In conclusion, non-invasive liquid biopsy MRD analysis may
correlate with response and be used to monitor response in patients
with relapsed FL treated with CAR T-cell therapy. Additionally, we
suggest to investigate the value of ct DNA analysis in a larger number
of FL patients undergoing CAR-T cell in order to investigate the value
of PET/CT in CR patients. It is possible that follow-up PET/CT should
only be required in CR patients with a clinical suspicion of relapse with
the aim of avoiding false-positive results. Future studies may leverage
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this approach to identify patients requiring consolidative therapies
following CART therapy. Nevertheless, harmonized definitions of
ctDNA molecular response and pinpointing the optimal timing for
assessing ctDNA responses are necessary to integrate liquid biopsies in
precision immuno-oncology.
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