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Abstract: Chimeric antigen receptor (CAR) T-cell therapy has led to profound and durable tumor
responses in a relevant subset of patients with relapsed/refractory (r/r) B-cell lymphomas. Still, some
patients show insufficient benefit or relapse after CAR T-cell therapy. We performed a retrospective
study to investigate the correlation between CAR T-cell persistence in the peripheral blood (PB) at
6 months, assessed by droplet digital PCR (ddPCR), with CAR T-cell treatment outcome. 92 patients
with r/r B-cell lymphomas were treated with CD19-targeting CAR T-cell therapies at our institution
between 01/2019–08/2022. Six months post-treatment, 15 (16%) patients had no detectable circulating
CAR-T constructs by ddPCR. Patients with CAR T-cell persistence had a significantly higher CAR
T-cell peak (5432 vs. 620 copies/ug cfDNA, p = 0.0096), as well as higher incidence of immune
effector cell-associated neurotoxicity syndrome (37% vs. 7%, p = 0.0182). After a median follow-up
of 8.5 months, 31 (34%) patients relapsed. Lymphoma relapses were less frequent among patients
with CAR T-cell persistence (29% vs. 60%, p = 0.0336), and CAR T-cell persistence in the PB at
6 months was associated with longer progression-free survival (PFS) (HR 2.79, 95% CI: 1.09–7.11,
p = 0.0319). Moreover, we observed a trend towards improved overall survival (OS) (HR 1.99, 95% CI:
0.68–5.82, p = 0.2092) for these patients. In our cohort of 92 B-cell lymphomas, CAR T-cell persistence
at 6 months was associated with lower relapse rates and longer PFS. Moreover, our data confirm that
4-1BB-CAR T-cells have a longer persistence as compared to CD-28-based CAR T-cells.

Keywords: CAR T-cell persistence; CAR T-cell therapy; B-cell lymphoma; ddPCR

1. Introduction

B-cell lymphomas exhibit typically high sensitivity to chemoimmunotherapy, hence
treatment usually leads to excellent tumor responses [1–3]. However, a fraction of patients
still insufficiently respond or relapse, developing refractory lethal disease [1,2,4]. First-line
consolidation with high-dose chemotherapy may improve long-term outcome in a sub-
set of high-risk patients, but does not prevent relapses in all patients [1,5]. For patients
with relapsed/refractory (r/r) disease, the development and approval of CD19-targeting
chimeric antigen receptor (CAR) T-cell therapies has supposed a revolutionary treatment
opportunity [1,2,6]. CAR T-cell therapies rely on genetic engineering of patient-derived
T-cells [7–9]. These T-cells are collected from peripheral blood (PB), and in vitro modi-
fied to successfully bind specific tumor cell surface antigens, triggering potent antitumor
responses [7,9]. In vivo, tumor antigen recognition leads to CAR T-cell activation and
proliferation, with a proportion of CAR T-cells persisting long-term [10–12]. For treatment
of B-cell malignancies, currently approved and commercially available CAR T-cell products
target the B-cell surface antigen CD19 [13,14]. Three CAR T-cell products, tisagenlecleucel
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(Kymriah®), axicabtagene ciloleucel (Yescarta®) and lisocabtagene maraleucel (Breyanzi®),
are FDA approved for patients with diffuse large B-cell lymphoma (DLBCL), r/r after two
or more systemic treatment lines [2,7,8,15]. Tisagenlecleucel is also authorized for patients
under 25 years diagnosed with r/r B-cell acute lymphoblastic leukemia (B-ALL) [7]. Brexu-
cabtagen autoleucel (Tecartus®) is approved for patients with r/r mantle cell lymphoma
(MCL) and follicular lymphoma (FL) [1]. These therapies have lead to unprecedentedly
high rates of tumor responses and durable disease remissions. For instance, axicabtagene
ciloleucel showed in the ZUMA-1 trial an objective response rate as high as 82%, with a
complete response rate of 54%, in patients with r/r DLBCL, transformed FL and primary
mediastinal B-cell lymphoma [8,13,16]. Furthermore, CAR T-cell therapy has shown out-
standing success in patients with B-ALL, with complete response rates between 70% and
94% across distinct trials [13]. However, despite high rate of durable complete responses,
some patients still relapse, regardless of the initial response. Underlying resistance and es-
cape mechanisms are still incompletely understood, and investigation of these mechanisms
constitutes an active research field [4,17]. Most frequent resistance mechanisms are related
to insufficient CAR T-cell expansion and persistence, or due to tumor cell modifications
(e.g., loss of the target antigen) [4,17]. For instance, CD19-positive B-ALL can relapse as
CD19-negative disease as result of CAR T-cell selective pressure [6,18]. Therefore, further
translational research is essential to optimize clinical outcomes of CAR T-cell therapy [19].

One attempt to better understand the heterogeneity in tumor responses is to analyse
individual-patient CAR T-cell kinetics. As CAR T-cell therapies are replicating cell-based
products, their pharmacokinetics relevantly differ from conventional drugs [20]. CAR T-cell
kinetics can be monitored by polymerase chain reaction (PCR), which enables transgene
quantification, or by flow cytometry, through identification of surface epitopes on live
CAR T-cells [18]. Droplet digital PCR (ddPCR) is a new diagnostic approach that enables
monitoring of CAR T-cell kinetics, with increasing application in translational research and
clinical routine [6,19,21,22]. Multiple studies confirmed high reproducibility and precision
of ddPCR measurements in replicate tests [6,19,23]. Following re-infusion, CAR T-cell
kinetics are typically characterized by expansion, contraction and persistence phases [18].
However, there is high interpatient variability regarding magnitude and duration of these
phases, which has been related to distinct product- and patient-specific factors [18]. Some
previous studies have shown that a low-magnitude CAR T-cell expansion more frequently
leads to therapeutic failure, and higher expansion correlates with increased incidence of
side effects [11,19,24]. Furthermore, long-term persistence of CAR T-cells has been reported
to be predictive of durable remissions [11,12,17,19,25]. Other studies could not demonstrate
clear correlation between CAR T-cell kinetics and tumor responses [26]. Globally, given
the relatively short follow-up in available CAR-T studies and lack of universal access to
CAR T-cell monitoring tools, limited knowledge on CAR T-cell kinetics and correlation
with treatment outcomes is available to date [24,27]. Within this study, we retrospectively
analysed the impact of peripheral CAR T-cell persistence at 6 months on treatment outcome,
including progression-free survival (PFS) and overall survival (OS), in a cohort of 92 patients
with B-cell lymphomas. We used 6 months cut-off to segregate patients into two cohorts:
patients with (n = 77, 84%) vs. without (n = 15, 16%) CAR T-cell persistence in the PB.
Moerover, we performed a second stratification based on the CAR T-cell product received
(Kymriah® vs. Yescarta®/Tecartus®).

2. Results
2.1. Patient Baseline Characteristics

27 (29%) patients were female and 65 (61%) male. Median age at diagnosis was 62 years
(range: 36–80). Most patients (85%) had a DLBCL histology. 57% of patients had a stage
III-IV disease according to the Ann-Arbor staging system. Baseline characteristics were
balanced between both patient cohorts. Stage III was more frequent (33% vs. 5%, p = 0.0051)
in patients with CAR T-cell persistence, whereas no significant difference was observed for
stage IV distribution. Prognostic scores and previous history of hematopoietic stem cell
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transplantation showed no differences. Patients’ baseline characteristics are summarized in
Table 1.

Table 1. Baseline clinical characteristics of patients included in the study.

Parameter All Patients ddPCR-Negative at
6 Months

ddPCR-Positive at
6 Months p-Value *

Patients 92 (100%) 15 (16%) 77 (84%) >0.9999
Male/Female 56/36 (61/39%) 9/6 (60/40%) 47/30 (61/39%) >0.9999
Median age at diagnosis, years (range) 62 (36–80) 62 (42–80) 63 (36–79) 0.4435

Histological subtype

DLBCL 78 (85%) 13 (87%) 65 (84%) 0.344
Primary (de novo) DLBCL 52 (57%) 6 (40%) 46 (60%) 0.1108
Secondary DLBCL (transformed from) 26 (28%) 7 (47%) 19 (25%) 0.1108

FL 18 (20%) 5 (33%) 13 (17%) >0.9999
CLL/SLL 5 (5%) 1 (7%) 4 (5%) >0.9999
MZL 3 (3%) 1 (7%) 2 (2%) >0.9999

Follicular lymphoma 2 (2%) 0 (0%) 2 (2%) >0.9999
Mantle cell lymphoma 12 (13%) 2 (13%) 10 (13%) >0.9999

Initial lymphoma stage (Ann Arbor)

I 1 (1%) 0 (0%) 1 (1%) >0.999
II 20 (22%) 2 (13%) 18 (20%) 0.5092
III 9 (10%) 5 (33%) 4 (5%) 0.0051
IV 43 (47%) 6 (40%) 37 (48%) 0.7782
Unknown 19 (21%) 2 (13%) 17 (22%) 0.7281

IPI score (for DLBCL)

2 5 (5%) 0 (0%) 5 (6%) 0.5872
3 31 (34%) 7 (47%) 24 (31%) 0.2509
4 or 5 29 (32%) 4 (27%) 25 (32%) 0.7683
unknown 13 (14%) 2 (13%) 11 (14%) >0.9999

MIPI (for Mantle cell lymphomas)

4 to 5 5 (5%) 1 (7%) 4 (5%) >0.9999
7 2 (2%) 0 (0%) 2 (2%) >0.9999
9 1 (1%) 1 (7%) 0 (0%) 0.163
Unknown 4 (4%) 0 (0%) 4 (5%) >0.9999

Hematopoietic stem cell transplantation before CAR T-cell therapy

Autologous SCT 44 (48%) 9 (60%) 35 (45%) 0.3994
Allogeneic SCT 0 (0%) 0 (0%) 0 (0%) >0.9999

CAR: chimeric antigen receptor; CLL: chronic lymphocytic leukaemia; ddPCR: droplet digital polymerase chain
reaction; ddPCR negative: absence of CAR T-cell constructs by ddPCR; ddPCR positive: presence of CAR T-cell
constructs by ddPCR; DLBCL: diffuse large B-cell lymphoma; IPI: International Prognostic Index; MIPI: Mantle
Cell International Prognostic Index; MZL: marginal zone lymphoma; SCT: stem cell transplantation; SLL: small
lymphocytic lymphoma. * Univariate analysis.

2.2. Disease Features and CAR T-Cell Treatment

62 (67%) patients received 3 or more treatment lines previous to CAR T-cell therapy
and 29 (32%) had undergone previous radiotherapy. Disease remission status previous
to CAR T-cell therapy was most frequently progressive disease (PD) (49%) and partial
response (PR) (37%). Bridging therapy was required in 47 (51%) patients. Median lactate
dehydrogenase (LDH) level before start of lymphodepleting chemotherapy was 344 U/L
(range: 126–3949). Median time between lymphapheresis and CAR T-cell therapy was
48 days (range: 27–221) and median duration of hospitalization was 21.5 days (range: 5–73).
55 (60%) patients received Kymriah®, 25 (27%) were treated with Yescarta®, and 12 (13%)
received Tecartus®. Only 2 out of the 55 (13%) patients who received Kymriah® had a
negative CAR T-cell ddPCR within the first 6 months. Within the subgroup of patients



Int. J. Mol. Sci. 2023, 24, 5688 4 of 14

treated with Yescarta®, 11 (73%) patients had undetectable CAR T-cell constructs in the PB
6 months post-treatment (p = < 0.0001). (Table 2).

Table 2. CAR T-cell treatment and immune-related adverse events.

Parameter All Patients
n = 92 (100%)

ddPCR-Negative at
6 Months

n = 15 (16%)

ddPCR-Positive at
6 Months

n = 77 (84%)
p-Value *

Median age at CAR T-cell therapy,
years (range) 68 (37–82) 65 (44–81) 69 (37–82) 0.6811

Number of treatment lines before CAR T-cell therapy

1 0 (0%) 0 (0%) 0 (0%) >0.9999
2 30 (33%) 2 (13%) 28 (36%) 0.1307
3 38 (41%) 9 (60%) 29 (38%) 0.1521
>3 24 (26%) 4 (27%) 20 (26%) >0.9999

Previous radiotherapy 29 (32%) 4 (27%) 25 (32%) 0.7683

Remission status at the time of CAR T-cell therapy

CR 5 (5%) 1 (7%) 4 (5%) >0.9999
PR 34 (37%) 4 (27%) 30 (39%) 0.5598
SD 4 (4%) 1 (7%) 3 (4%) 0.5157
PD 49 (54%) 9 (60%) 40 (52%) 0.7782

Bridging therapy 47 (51%) 9 (60%) 38 (41%) 0.5753
Median LDH before lymphodepleting
chemotherapy (U/l) 344 (126–3949) 295 (134–709) 351 (126–3949) 0.5843

Median time between lymphapheresis and
CAR T-cell infusion, days (range) 48 (27–221) 42 (34–221) 48 (27–217) 0.2253

CAR T-cell product

Kymriah® 55 (60%) 2 (13%) 53 (69%) <0.0001
Yescarta® 25 (27%) 11 (73%) 14 (18%) <0.0001
Tecartus® 12 (13%) 2 (13%) 10 (13%) >0.9999

Cytokine-release syndrome (CRS) 73 (79%) 12 (80%) 61 (79%) >0.9999

Grade 1 45 (49%) 9 (60%) 36 (47%) 0.4059
Grade 2 25 (27%) 2 (13%) 23 (30%) 0.3402
Grade 3 3 (3%) 1 (7%) 2 (3%) 0.4175
Grade 4 0 (0%) 0 (0%) 0 (0%) >0.9999

Immune effector cell-associated neurotoxicity
syndrome (ICANS) 30 (33%) 1 (7%) 29 (37%) 0.0182

Grade 1 8 (9%) 0 (0%) 8 (10%) 0.345
Grade 2 7 (8%) 0 (0%) 7 (9%) 0.594
Grade 3 10 (11%) 1 (7%) 9 (12%) >0.9999
Grade 4 5 (5%) 0 (0%) 5 (6%) 0.5872

Median duration of hospitalization,
days (range) 21.5 (5–73) 21 (18–42) 22 (5–73) 0.5631

Application of tocilizumab 59 (64%) 8 (53%) 51 (66%) 0.3852

Application of steroids 48 (52%) 5 (33%) 43 (56%) 0.1582

CR: complete response; LDH: lactate dehydrogenase; PD: progressive disease; PR: partial response; SD: stable
disease; Tocilizumab: humanized monoclonal antibody against the interleukin-6 receptor. * Univaritate analysis.

While CRS and high-grade CRS frequency was similar between patients with and
without CAR T-cell persistence (79% vs. 80%, p > 0.9999), immune effector cell-associated
neurotoxicity syndrome (ICANS) occurred more frequently in patients with persistent CAR
T-cells at 6 months (37% vs. 7%, p = 0.0182). 59 (64%) patients required tocilizumab and
48 (52%) steroids (Table 2, Supplementary Table S2).
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2.3. CAR T-Cell Kinetics

After CAR T-cell infusion, a rapid expansion of CAR T-cells was observed, followed
by a contraction phase characterized by a progressive decline in the circulating CAR T-cell
count. Finally, while a proportion of patients showed stabilization of circulating CAR
T-cell levels, in other patients a rapid decline occurred leading to undetectable levels. The
median CAR T peak level was 4859.5 copies/ug cell-free DNA (cfDNA) for the whole
study cohort, and was significantly higher in patients with CAR T-cell persistence (5432 vs.
620 copies/ug cfDNA, p = 0.0096). A similar difference was observed in the subgroup of
patients receiveing Yescarta®/Tecartus® (8297 vs. 620 copies/ug DNA, p = 0.0061). Median
time to CAR T peak was 9 days (range: 2–83), with no significant differences between the
cohort of patients with vs. without CAR T-cell persistence. 16% of patients showed no
evidence of CAR T-cell persistence at 6 months post-CAR T-cell therapy. Median time to
undetectable CAR T-cell constructs was 98 days (range: 17–651), and median time between
CAR T-cell peak level and ddPCR negativization was 88 days (range: 10–642) (Figure 1,
Table 3).

Figure 1. CAR T-cell dynamics in the PB in patients included in the study: (A) in the entire patient
cohort; (B) in patients treated with Kymriah®; (C) in patients treated with Yescarta®/Tecartus®;
(D) Comparison of moving average plots from A, B and C. Violet: average line for all patients;
blue: average line for patients treated with Kymriah®; green: average line for patients treated with
Yescarta®/Tecartus®.
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Table 3. Parametres of CAR T-cell kinetics.

Parameter Median CAR T-Cell Peak Level,
Copies per µg cfDNA (Range)

Median Time between Day 0 and CAR
T-Cell Peak Level, Days (Range)

All patients
All patients n = 92 (100%) 4859.5 (37–127,942) 9 (2–83)
ddPCR-negative after 6 months n = 15 (16%) 620 (37–46,013) 12 (7–62)
ddPCR-positive after 6 months n = 77 (84%) 5432 (152–127,942) 9 (2–83)
p-value 0.0096 0.1006

Kymriah
Total Kymriah n = 55 (100%) 4751 (320–127,942) 9 (2–37)
ddPCR-negative after 6 months n = 2 (4%) 23173 (333–46,013) 10 (9–11)
ddPCR-positive after 6 months n = 53 (96%) 4751 (320–127,942) 9 (2–37)
p-value >0.9999 0.7205

Yescarta/Tecartus
Total Yescarta/Tecartus n = 37 (100%) 5202 (37–92,877) 11 (7–83)
ddPCR-negative after 6 months n = 13 (35%) 620 (37–31,033) 13 (7–62)
ddPCR-positive after 6 months n = 24 (65%) 8297 (152–92,877) 10 (7–83)
p-value 0.0061 0.8723

Median time between day 0 and CAR-T peak level, days (range) 9 (2–83)
Median time between day 0 and negative ddPCR, days (range) 98 (17–651)
Median time between CAR T-cell peak level and negative ddPCR, days (range) 88 (10–642)

Median CAR-T cell level following CAR-T cell therapy, copies per µg cfDNA (range)
1 month 885 (0–93,100)
3 months 145 (0–3871)
6 months 94 (0–2666)

12 months 110 (0–585)
18 months 107.5 (0–1688)
24 months 61 (0–423)
30 months 78.5 (0–661)
36 months 139 (0–469)

CfDNA: cell-free DNA; Day 0: CAR T-cell infusion day.

Globally, CAR T-cell kinetics were similar between the two treatment cohorts (Kymriah®

vs. Yescarta®/Tecartus®). 96% of patients in the Kymriah® cohort had still detectable CAR
T-levels at 6 months, while only 65% of patients in the Yescarta®/Tecartus® cohort were
still positive by ddPCR (p = < 0.0001). In the first month post CAR T-cell treatment, the
highest levels (median: 885 copies/µg cfDNA) and the widest variation of CAR T-cell
copies was observed. CAR T-cell copies decreased progressively between month 3 and 6,
stabilizing at approximately 100 copies/µg cfDNA afterwards (Figure 2A).

When comparing the two treatment cohorts, median copies/µg cfDNA were sig-
nificantly higher at 1, 3, 6, 12, 18 and 24 months in the Kymriah® cohort. Within the
Yescarta®/Tecartus® cohort, more patients showed negativized CAR T-cell copies at earlier
time points (Figure 2B–D). Median CAR T-cell peak levels were similar between patients
treated with Kymriah® vs. Yescarta®/Tecartus® (Figure 2E).
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Figure 2. CAR-T cell construct concentrations in the PB at 1, 3, 6, 12, 18, 24, 30 and 36 months
post-treatment. (A) in the entire patient cohort; (B) in patients treated with Kymriah®; (C) in patients
treated with Yescarta®/Tecartus®; (D) comparison between the Kymriah® vs. Yescarta®/Tecartus®

cohorts; (E) Comparison of CAR T-cell peak levels between all patients vs. Kymriah® cohort vs.
Yesarta®/Tecartus® cohort; Grey dashed line: Quartiles; Black dashed line: Median; Abbreviations: K:
Kymriah®; Mo: month(s); T: Tecartus®; Y: Yescarta®. Black: all patients; blue: patients treated with
Kymriah®; green: patients treated with Yescarta®/Tecartus®.

2.4. Treatment Outcome

Best responses following CAR T-cell therapy were complete response (CR) and PR
in 47 (51%) and 23 (25%) patients, respectively. No significant differences were observed
between patients with vs. without CAR T-cell persistence.

Median follow-up was 260 days (range: 3–1240). In total, 31 (34%) patients relapsed.
While only 29% of relapses occured in the patient cohort with CAR T-cell persistence, 60% of
patients without CAR T-cell persistence relapsed (p = 0.0336). 26 (28%) patients relapsed in
the first 250 days (Figure 3A,C,E). A total of 42 (46%) patients died, most of them (38%) due
to disease progression. Numerically more patients died within the CAR T-cell persistent
cohort (47% vs. 40%, p = 0.7789). Median PFS was 9 (95% confidence interval (CI): 5-not
reached (NR)) months and median OS 36 (95% CI: 8.2-NR) months. In the cohort of patients
with CAR T-cell persistence, median PFS and OS were of 9 (95% CI: 5-NR) and 22 (95% CI:
8-NR) months, and in the patient population without CAR T-cell persistence 7 (95% CI:
3-NR) and NR (95% CI: 7-NR) months, respectively. After multivariable analysis, a trend
towards longer PFS (HR 2.79, 95% CI: 1.09–7.11, p = 0.0319) and OS (HR 1.99, 95% CI:
0.68–5.82, p = 0.2092) was observed for patients with CAR T-cell persistence at 6 months
(Table 4, Figure 3B,D,F). The 2 (100%) patients treated with Kymriah® who negativized
CAR T-cell ddPCR within the first 6 months died, whereas 49% with CAR T-cell persistence
died (p = 0.4909). In the Yescarta®/Tecartus® group the opposite trend was observed.
(Figure 3, Supplementary Table S3).
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Figure 3. Clinical outcomes in patients with detectable vs. non-detectable CAR T-cells by ddPCR
in the PB at 6 months post-CAR T-cell treatment (A) PFS in the entire cohort; (B) OS in the entire
cohort; (C) PFS in patients treated with Kymriah®; (D) OS in patients treated with Kymriah®; (E) PFS
in patients treated with Yescarta®/Tecartus®; (F) OS in patients treated with Yescarta®/Tecartus®.
Abbreviations: OS: overall survival: PFS: progression-free survival. Orange: patients with negative
ddPCR for CAR-T constructs in PB at 6 months; pink: patients with positive ddPCR for CAR-T
constructs in PB at 6 months.
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Table 4. Clinical outcome after CAR T-cell therapy.

Parameter All Patients
n = 92 (100%)

ddPCR-Negative at
6 Months

n = 15 (16%)

ddPCR-Positive at
6 Months

n = 77 (84%)
p-Value *

Best response
CR 47 (51%) 8 (53%) 39 (51%) >0.9999
PR 23 (25%) 5 (33%) 18 (23%) 0.5152
SD 7 (8%) 1 (7%) 6 (8%) >0.9999
PD 15 (16%) 1 (7%) 14 (18%) 0.283

Time to best response, months
0 24 (26%) 2 (13%) 22 (29%) 0.3378
1 31 (34%) 5 (33%) 26 (34%) >0.9999
3 24 (26%) 7 (47%) 17 (22%) 0.0592
6 6 (7%) 0 (0%) 6 (8%) 0.5844
12 3 (3%) 0 (0%) 3 (4%) >0.9999
15 1 (1%) 0 (0%) 1 (1%) >0.9999
18 0 (0%) 0 (0%) 0 (0%) >0.9999
21 1 (1%) 0 (0%) 1 (1%) >0.9999
24 1 (1%) 1 (7%) 0 (0%) 0.163
27 1 (1%) 0 (0%) 1 (1%) >0.9999

Response at last follow-up
CR 42 (46%) 7 (47%) 35 (45%) >0.9999
PR 16 (17%) 2 (13%) 14 (18%) >0.9999
SD 6 (7%) 1 (7%) 5 (6%) >0.9999
PD 28 (30%) 5 (33%) 23 (30%) 0.7676

Median follow up, days (range) 259.5 (3–1240) 313 (40–995) 224 (3–1240) 0.3683

Relapse, 31 (34%) 9 (60%) 22 (29%) 0.0336
Relapse treatment 26 (28%) 9 (60%) 17 (22%) 0.0092

Pharmacotherapy 22 (24%) 9 (60%) 13 (17%) 0.0011
Radiotherapy 12 (13%) 3 (20%) 9 (12%) 0.4063

Median time to relapse, days (range) 89.5 (11–863) 91 (11–536) 73 (12–863) 0.6828

Death, cause 42 (46%) 6 (40%) 36 (47%) 0.7789
disease related 35 (38%) 6 (40%) 29 (38%) >0.9999
toxicity 1 (1%) 0 (0%) 1 (1%) >0.9999
infection 2 (2%) 0 (0%) 2 (3%) >0.9999
2nd malignancy 1 (1%) 0 (0%) 1 (1%) >0.9999
other 3 (3%) 0 (0%) 3 (4%) >0.9999

Median time to death, days (range) 81.5 (3–1110) 171.5 (40–210) 71 (3–1110) 0.3729

Comparison of OS Mult. HR (95% CI) p-value **
ddPCR-negative after 6 months 1.99 (0.68; 5.82) 0.2092
Comparison of PFS Mult. HR (95% CI) p-value **
ddPCR-negative after 6 months 2.79 (1.09; 7.11) 0.0319

* Univariate analysis; ** Multivariable analysis. Mult. HR: Multivariable hazard ratio (adjusted for age, sex,
ddPCR negativity, DLBCL transformation, initial lymphoma stage, number of previous therapy lines, stem cell
transplantation, bridging therapy, CAR T-cell product, remission status at CAR T-cell infusion, tocilizumab intake,
steroids intake, LDH level before CAR T-cell therapy, CRS and ICANS).

3. Discussion

The emergence of CD19-targeting CAR T-cell therapies supposed a revolutionary
advance in the treatment landscape of r/r B-cell malignancies [1,2,6,28–32]. However,
tumors insufficiently responding or relapsing after CAR T-cell therapy still constitute a
relevant challenge, and multiple aspects of tumor resistance to CAR T-cell therapies are
incompletely understood [4,18,19]. Whether CAR T-cell long-term persistence is required
to achieve sustained tumor responses is not yet fully clarified [33,34]. In this study, as an
attempt to improve knowledge on this aspect, we analysed CAR T-cell pharmacokinetics
assessed by ddPCR, and investigated the correlation of early CAR T-cell loss (<6 months)
vs. persistence with treatment outcome.
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A total of 92 B-cell lymphoma patients have been included in the study. We divided
these patients into two cohorts: patients who negativized CAR T-cell ddPCR within the first
6 months (n = 15, 16%) vs. patients with CAR T-cell persistence (n = 77, 84%). Despite size
difference, both cohorts were balanced as per basal patient and disease characteristics. The
only statistically significant difference between the two cohorts was the initial lymphoma
stage, with stage III being more frequent among patients with early CAR T-cell loss. No
statistical differences for distribution of stage IV was observed.

We performed a second patient stratification based on the CAR T-cell product received
(Kymriah® vs. Yescarta®/Tecartus®). Kymriah®, Yescarta® and Tecartus® are three second
generation CAR T-products, which are characterized by the presence of one costimulatory
domain, either CD28 or 4-1BB, in addition to the CD3-ς signalling domain [16,35–38].
One relevant difference is that Kymriah’s CAR contains a 4-1BB-based co-stimulatory
domain, and Yescarta® and Tecartus® a CD28-based [38]. While CD28-based CAR T-cells
are characterized by a shorter persistence (about one month), the 4-1BB-based CAR T-cells
typically persist for several years [39–41]. In our cohort we could confirm these findings.
Only 13% of the patients who received Kymriah® had a negative ddPCR result within
the first 6 months. In contrast, 65% of patients treated with Yescarta®/Tecartus® had no
detectable circulating CAR T-cells at 6 months.

Globally, CAR T-cell kinetics were similar for the three CAR T-cell products, character-
ized by an initial expansion phase followed by the contraction and persistence phases. This
finding correlates with the kinetics described in previous studies [10,42,43]. Remarkably, in
our cohort, the median peak of CAR T-cell copies was significantly higher in patients with
positive ddPCR at six months, as compared to patients who negativized within the first
6 months (5432 vs. 620 copies/µg cfDNA, p = 0.0096).

The overall response rate to CAR T-cell therapy was 76% in our cohort (51% CR,
25% PR). Most frequently best response was achieved within the first 3 months (86% of
patients). A relapse was detected in 31 (34%) patients. Relapses were more frequent in
patients with early CAR T-cell loss in the PB (60% vs. 29%, p = 0.0336). This finding aligns
with other studies that suggest that persistence of CAR T-cells is associated with improved
relapse-free survival [43].

Moreover, after performing multivariable analysis, we show that CAR T-cell persis-
tence in the PB was associated with longer PFS (HR 2.79, p = 0.0319), whereas we found no
significant differences for OS (HR: 1.99, p = 0.2092). In total, 46% of all patients died despite
CAR T-cell treatment, most frequently due to disease progression (38%). There was no
significant difference between the two patient cohorts (47% vs. 40%, p = 0.7789). This could
be possible due to the relatively short follow-up of this study. In line with our findings, a
study by Ayuk et al. showed that a higher AUC of axicabtagene ciloleucel correlated with
better PFS [24]. Another approach to estimate persistence of functional CD19-targeting
CAR T-cells is to monitor circulating levels of CD19-positive B-cells by flow cytoemtry. The
absence of circulating CD19-positive B cells, also termed as B-cell aplasia, would suggest
presence of active CD19-targeting CAR T-cells [44]. Further approaches to assess CAR
T-cell expansion and activity include detection of upregulation of interleukin 15 (IL-15) and
the granulocyte/macrophage colony-stimulating factor (GM-CSF) [45–48].

In our cohort, the incidence of ICANS was higher in patients with peripheral CAR T-
cell persistence, while no differences in CRS and high-grade CRS frequency were observed.
In previous studies, high level of CAR T-cell expansion, high tumor burden and occurrence
of high-grade CRS were shown to be correlated with increased incidence of ICANS [42].
However, few data are available regarding CAR T-cell persistence.

Possible limitations of our study are the heterogeneity of our patient cohort, which
included different histological subtypes (DLBCL, FL and MCL), and the unicentric study
design. Additionally, longer-term follow-up is required to provide further insights into
CAR T-cell kinetics and impact on treatment outcome.
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4. Materials and Methods
4.1. Patients

We conducted a single-center retrospective observational study, analyzing data from
r/r B-cell lymphoma patients treated with CAR T-cell therapy at the University Hospital of
Bern, Switzerland, between 9th January 2019 and 1st October 2022. A total of 92 eligible pa-
tients diagnosed with r/r DLBCL, r/r MCL or r/r FL have been included in this study. For
comparative analysis of clinical outcomes, we subdiveded the patients by CAR T-cell per-
sistence at 6 months, and by administered CAR T-cell product. We retrospectively collected
and analysed patient demographical and disease-related data. The study was conducted in
accordance with the Declaration of Helsinki, as well as local laws and regulations.

4.2. Study Endpoints

Primary endpoint of the study was clinical outcome (relapse rate, PFS and OS) in
patients with vs. without peripheral CAR T-cell persistence at 6 months. Secondary
endpoints include correlation of CAR T-cell persistence and administered CAR T-cell
product (Kymriah® vs. Yescarta®/Tecartus®), as well as correlation with toxicities. CRS
and ICANS clinical assessment and grading was performed following the American Society
for Transplantation and Cellular Therapy (ASTCT) consensus grading.

4.3. Monitoring of CAR T-Cell Kinetics

CAR T-cell construct kinetics were monitored in PB using a previously established
ddPCR assay [49]. This assay allows to quantify circulating copies of the intracellular
junction domain located between the effector and co-stimulatory domains of the CAR [50].
Briefly, DNA was extracted from plasma samples using the QIAamp DNA minikit (Qiagen,
Rotkreuz, Switzerland). The QX200 ddPCR system (Bio-Rad, Cressier, Switzerland) was
used for the ddPCR assay. 250 ng of extracted DNA were used for the assay. DNA was
digested with the restriction enzyme HaeIII (New England Biolabs, Ipswich, MA, USA).
The ddPCR reaction was prepared by combining the ddPCR Supermix for Probes (no dUTP,
Bio-Rad, Cressier, Switzerland) with corresponding primers and probes. Ribonuclease P
protein subunit 30 (RPP30) was taken as reference. Automated droplet generation was
performed with the AutoDG droplet generator (Bio-Rad, Cressier, Switzerland), PCR
was performed for 40 cycles (denaturation for 30 s at 94 ◦C, annealing and extension for
60 s at 55◦). Number of CAR copies per µg of haploid DNA were calculated based on
measurement of ribonuclease P protein subunit 30 (RPP30) concentrations, which allow to
estimate the number of haploid genomes [50]. Primer design was performed in analogy
to Milone et al. [51]. The limit of detection is 20 copies/µg of DNA. Patients with CAR
T-construct concentration below this detection limit were considered as negative.

4.4. Statistical Analysis

PFS and OS curves were analyzed with the Kaplan-Meier method. PFS was defined
as time from CAR T-cell treatment to any of the following events: relapse, death or lost to
follow-up. OS was defined as time from CAR T-cell treatment to date of death.

GraphPad Prism 8® was used for the graphical representation of figures and statistical
analyses of tables and figures. Multivariable statistical analyses were performed with R®,
version 4.1.2 (2021). Following variables have been included in multivariable analysis:
age, sex, ddPCR negativity, DLBCL transformation, initial lymphoma stage, number of
previous therapy lines, previous stem cell transplantation, bridging therapy, CAR T-cell
product, remission status at CAR T-cell infusion, tocilizumab intake, steroids intake, LDH
level before CAR T-cell therapy, CRS and ICANS. p-values below 0.05 were considered
statistically significant and percentage results have been rounded to whole numbers. Cut-
off regarding CAR T-cell infusion was 1 October 2022, cut-off concerning data completion
was 11 October 2022.
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5. Conclusions

Results from our study show that CAR T-cell persistence at 6 months correlates with
improved clinical outcome in patients with B-cell lymphomas. Within the follow-up time
period, we observed a lower rate of tumor relapses in patients with CAR T-cell persistence
at 6 months. Moreover, a longer PFS and a non-significant trend towards improved OS was
observed for this patient subgroup. Our data also confirms the previously reported longer
persistence of 4-1BB vs. CD28-based CAR T-cells.
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//www.mdpi.com/article/10.3390/ijms24065688/s1.

Author Contributions: Conceptualization, T.P. and U.B.; methodology, T.P., U.B., K.S., N.P., G.W. and
M.D.; software, T.P.; validation, T.P., U.B., N.P., G.W. and M.D.; formal analysis, V.W.; investigation,
V.W. and K.S.; resources, T.P.; data curation, V.W. and D.A.; writing—original draft preparation, V.W.
and D.A.; writing—review and editing, V.W., U.B., K.S., M.D., T.P., M.H. and C.H.; visualization, all
authors.; supervision, T.P. and D.A.; project administration, D.A.; funding acquisition, T.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee Kantonale Ethikkommission Bern (protocol code
2021–01822, 18 May 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors wish to thank the data management, the apheresis, the flow cytom-
etry and the stem cell laboratory teams of the ASCT program at the University hospital of Bern and
its associated partner hospitals and collaborators for documentation of data relevant for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kersten, M.J.; Spanjaart, A.M.; Thieblemont, C. CD19-Directed CAR T-Cell Therapy in B-Cell NHL. Curr. Opin. Oncol. 2020,

32, 408–417. [CrossRef]
2. Vercellino, L.; Di Blasi, R.; Kanoun, S.; Tessoulin, B.; Rossi, C.; D’Aveni-Piney, M.; Obéric, L.; Bodet-Milin, C.; Bories, P.;

Olivier, P.; et al. Predictive Factors of Early Progression after CAR T-Cell Therapy in Relapsed/Refractory Diffuse Large B-Cell
Lymphoma. Blood Adv. 2020, 4, 5607–5615. [CrossRef]

3. Chaudhari, K.; Rizvi, S.; Syed, B.A. Non-Hodgkin Lymphoma Therapy Landscape. Nat. Rev. Drug Discov. 2019, 18, 663–664.
[CrossRef]

4. Shah, N.N.; Fry, T.J. Mechanisms of Resistance to CAR T Cell Therapy. Nat. Rev. Clin. Oncol. 2019, 16, 372–385. [CrossRef]
5. Nakaya, A.; Fujita, S.; Satake, A.; Nakanishi, T.; Azuma, Y.; Tsubokura, Y.; Hotta, M.; Yoshimura, H.; Ishii, K.; Ito, T.; et al. Upfront

High-Dose Chemotherapy Combined with Autologous Stem Cell Transplantation: Potential Survival Benefit for Patients with
High-Risk Diffuse Large B-Cell Lymphoma. Oncol. Lett. 2017, 14, 3803–3808. [CrossRef]

6. Gkazi, S.A.; Gravett, E.; Bautista, C.; Bartram, J.; Ghorashian, S.; Adams, S.P. Clinically Applicable Assessment of Tisagenlecleucel
CAR T Cell Treatment by Digital Droplet PCR for Copy Number Variant Assessment. IJMS 2022, 23, 7573. [CrossRef]

7. Myers, G.D.; Verneris, M.R.; Goy, A.; Maziarz, R.T. Perspectives on Outpatient Administration of CAR-T Cell Therapy in
Aggressive B-Cell Lymphoma and Acute Lymphoblastic Leukemia. J. Immunother. Cancer 2021, 9, e002056. [CrossRef]

8. Martino, M.; Naso, V.; Loteta, B.; Canale, F.A.; Pugliese, M.; Alati, C.; Musuraca, G.; Nappi, D.; Gaimari, A.; Nicolini, F.; et al.
Chimeric Antigen Receptor T-Cell Therapy: What We Expect Soon. IJMS 2022, 23, 13332. [CrossRef]

9. Pietrobon, V.; Todd, L.A.; Goswami, A.; Stefanson, O.; Yang, Z.; Marincola, F. Improving CAR T-Cell Persistence. IJMS 2021,
22, 10828. [CrossRef] [PubMed]

10. Greenbaum, U.; Strati, P.; Saliba, R.M.; Torres, J.; Rondon, G.; Nieto, Y.; Hosing, C.; Srour, S.A.; Westin, J.; Fayad, L.E.; et al. CRP
and Ferritin in Addition to the EASIX Score Predict CAR-T–Related Toxicity. Blood Adv. 2021, 5, 2799–2806. [CrossRef]

11. Mueller, K.T.; Waldron, E.; Grupp, S.A.; Levine, J.E.; Laetsch, T.W.; Pulsipher, M.A.; Boyer, M.W.; August, K.J.; Hamilton, J.;
Awasthi, R.; et al. Clinical Pharmacology of Tisagenlecleucel in B-Cell Acute Lymphoblastic Leukemia. Clin. Cancer Res. 2018,
24, 6175–6184. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24065688/s1
https://www.mdpi.com/article/10.3390/ijms24065688/s1
http://doi.org/10.1097/CCO.0000000000000668
http://doi.org/10.1182/bloodadvances.2020003001
http://doi.org/10.1038/d41573-019-00051-6
http://doi.org/10.1038/s41571-019-0184-6
http://doi.org/10.3892/ol.2017.6589
http://doi.org/10.3390/ijms23147573
http://doi.org/10.1136/jitc-2020-002056
http://doi.org/10.3390/ijms232113332
http://doi.org/10.3390/ijms221910828
http://www.ncbi.nlm.nih.gov/pubmed/34639168
http://doi.org/10.1182/bloodadvances.2021004575
http://doi.org/10.1158/1078-0432.CCR-18-0758
http://www.ncbi.nlm.nih.gov/pubmed/30190371


Int. J. Mol. Sci. 2023, 24, 5688 13 of 14

12. Melenhorst, J.J.; Chen, G.M.; Wang, M.; Porter, D.L.; Chen, C.; Collins, M.A.; Gao, P.; Bandyopadhyay, S.; Sun, H.; Zhao, Z.; et al.
Decade-Long Leukaemia Remissions with Persistence of CD4+ CAR T Cells. Nature 2022, 602, 503–509. [CrossRef]

13. Hayes, C. Cellular Immunotherapies for Cancer. Ir. J. Med. Sci. 2021, 190, 41–57. [CrossRef] [PubMed]
14. Gill, S.; Brudno, J.N. CAR T-Cell Therapy in Hematologic Malignancies: Clinical Role, Toxicity, and Unanswered Questions. Am.

Soc. Clin. Oncol. Educ. Book 2021, 41, e246–e265. [CrossRef]
15. Novak, U. CAR-T-Zellen Bei Lymphomen. Available online: https://gesundheit-heute.ch/wp-content/uploads/2021/05/CAR-

T-Therapie-Lymphom-Broschüre.pdf (accessed on 28 December 2022).
16. Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.;

Lin, Y.; et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N. Engl. J. Med. 2017,
377, 2531–2544. [CrossRef] [PubMed]

17. Van de Donk, N.W.C.J.; Themeli, M.; Usmani, S.Z. Determinants of Response and Mechanisms of Resistance of CAR T-Cell
Therapy in Multiple Myeloma. Blood Cancer Discov. 2021, 2, 302–318. [CrossRef]

18. Faude, S.; Wei, J.; Muralidharan, K.; Xu, X.; Wertheim, G.; Paessler, M.; Bhoj, V.G.; Grupp, S.A.; Maude, S.L.; Rheingold, S.R.; et al.
Absolute Lymphocyte Count Proliferation Kinetics after CAR T-Cell Infusion Impact Response and Relapse. Blood Adv. 2021,
5, 2128–2136. [CrossRef]

19. Mika, T.; Maghnouj, A.; Klein-Scory, S.; Ladigan-Badura, S.; Baraniskin, A.; Thomson, J.; Hasenkamp, J.; Hahn, S.A.; Wulf, G.;
Schroers, R. Digital-Droplet PCR for Quantification of CD19-Directed CAR T-Cells. Front. Mol. Biosci. 2020, 7, 84. [CrossRef]

20. Mueller, K.T.; Maude, S.L.; Porter, D.L.; Frey, N.; Wood, P.; Han, X.; Waldron, E.; Chakraborty, A.; Awasthi, R.; Levine, B.L.; et al.
Cellular Kinetics of CTL019 in Relapsed/Refractory B-Cell Acute Lymphoblastic Leukemia and Chronic Lymphocytic Leukemia.
Blood 2017, 130, 2317–2325. [CrossRef]

21. Fehse, B.; Badbaran, A.; Berger, C.; Sonntag, T.; Riecken, K.; Geffken, M.; Kröger, N.; Ayuk, F.A. Digital PCR Assays for Precise
Quantification of CD19-CAR-T Cells after Treatment with Axicabtagene Ciloleucel. Mol. Ther. Methods Clin. Dev. 2020, 16, 172–178.
[CrossRef]

22. Badbaran, A.; Berger, C.; Riecken, K.; Kruchen, A.; Geffken, M.; Müller, I.; Kröger, N.; Ayuk, F.A.; Fehse, B. Accurate In-Vivo
Quantification of CD19 CAR-T Cells after Treatment with Axicabtagene Ciloleucel (Axi-Cel) and Tisagenlecleucel (Tisa-Cel) Using
Digital PCR. Cancers 2020, 12, 1970. [CrossRef] [PubMed]

23. Lu, A.; Liu, H.; Shi, R.; Cai, Y.; Ma, J.; Shao, L.; Rong, V.; Gkitsas, N.; Lei, H.; Highfill, S.L.; et al. Application of Droplet Digital
PCR for the Detection of Vector Copy Number in Clinical CAR/TCR T Cell Products. J. Transl. Med. 2020, 18, 191. [CrossRef]
[PubMed]

24. Ayuk, F.A.; Berger, C.; Badbaran, A.; Zabelina, T.; Sonntag, T.; Riecken, K.; Geffken, M.; Wichmann, D.; Frenzel, C.;
Thayssen, G.; et al. Axicabtagene Ciloleucel in Vivo Expansion and Treatment Outcome in Aggressive B-Cell Lymphoma in a
Real-World Setting. Blood Adv. 2021, 5, 2523–2527. [CrossRef]

25. Milone, M.C.; Bhoj, V.G. The Pharmacology of T Cell Therapies. Mol. Ther. Methods Clin. Dev. 2018, 8, 210–221. [CrossRef]
26. Ying, Z.; Yang, H.; Guo, Y.; Li, W.; Zou, D.; Zhou, D.; Wang, Z.; Zhang, M.; Wu, J.; Liu, H.; et al. Relmacabtagene Autoleucel

(Relma-cel) CD19 CAR-T Therapy for Adults with Heavily Pretreated Relapsed/Refractory Large B-cell Lymphoma in China.
Cancer Med. 2021, 10, 999–1011. [CrossRef]

27. Sugimoto, H.; Chen, S.; Minembe, J.-P.; Chouitar, J.; He, X.; Wang, H.; Fang, X.; Qian, M.G. Insights on Droplet Digital PCR–Based
Cellular Kinetics and Biodistribution Assay Support for CAR-T Cell Therapy. AAPS J. 2021, 23, 36. [CrossRef]

28. Globerson Levin, A.; Rivière, I.; Eshhar, Z.; Sadelain, M. CAR T Cells: Building on the CD19 Paradigm. Eur. J. Immunol. 2021,
51, 2151–2163. [CrossRef]

29. Penack, O.; Koenecke, C. Complications after CD19+ CAR T-Cell Therapy. Cancers 2020, 12, 3445. [CrossRef] [PubMed]
30. Chou, C.K.; Turtle, C.J. Assessment and Management of Cytokine Release Syndrome and Neurotoxicity Following CD19 CAR-T

Cell Therapy. Expert Opin. Biol. Ther. 2020, 20, 653–664. [CrossRef]
31. Denlinger, N.; Bond, D.; Jaglowski, S. CAR T-Cell Therapy for B-Cell Lymphoma. Curr. Probl. Cancer 2022, 46, 100826. [CrossRef]
32. Gössi, S.; Bacher, U.; Haslebacher, C.; Nagler, M.; Suter, F.; Staehelin, C.; Novak, U.; Pabst, T. Humoral Responses to Repetitive

Doses of COVID-19 MRNA Vaccines in Patients with CAR-T-Cell Therapy. Cancers 2022, 14, 3527. [CrossRef] [PubMed]
33. Chong, E.A.; Ruella, M.; Schuster, S.J. Five-Year Outcomes for Refractory B-Cell Lymphomas with CAR T-Cell Therapy. N. Engl. J.

Med. 2021, 384, 673–674. [CrossRef] [PubMed]
34. Byrne, M.; Oluwole, O.O.; Savani, B.; Majhail, N.S.; Hill, B.T.; Locke, F.L. Understanding and Managing Large B Cell Lymphoma

Relapses after Chimeric Antigen Receptor T Cell Therapy. Biol. Blood Marrow Transplant. 2019, 25, e344–e351. [CrossRef] [PubMed]
35. Iacoboni, G.; Rejeski, K.; Villacampa, G.; van Doesum, J.A.; Chiappella, A.; Bonifazi, F.; Lopez-Corral, L.; van Aalderen, M.;

Kwon, M.; Martínez-Cibrian, N.; et al. Real-World Evidence of Brexucabtagene Autoleucel for the Treatment of Relapsed or
Refractory Mantle Cell Lymphoma. Blood Adv. 2022, 6, 3606–3610. [CrossRef] [PubMed]

36. Ali, S.; Kjeken, R.; Niederlaender, C.; Markey, G.; Saunders, T.S.; Opsata, M.; Moltu, K.; Bremnes, B.; Grønevik, E.; Muusse, M.; et al.
The European Medicines Agency Review of Kymriah (Tisagenlecleucel) for the Treatment of Acute Lymphoblastic Leukemia and
Diffuse Large B-Cell Lymphoma. Oncologist 2020, 25, e321–e327. [CrossRef]

37. Cerrano, M.; Ruella, M.; Perales, M.-A.; Vitale, C.; Faraci, D.G.; Giaccone, L.; Coscia, M.; Maloy, M.; Sanchez-Escamilla, M.;
Elsabah, H.; et al. The Advent of CAR T-Cell Therapy for Lymphoproliferative Neoplasms: Integrating Research into Clinical
Practice. Front. Immunol. 2020, 11, 888. [CrossRef]

http://doi.org/10.1038/s41586-021-04390-6
http://doi.org/10.1007/s11845-020-02264-w
http://www.ncbi.nlm.nih.gov/pubmed/32607912
http://doi.org/10.1200/EDBK_320085
https://gesundheit-heute.ch/wp-content/uploads/2021/05/CAR-T-Therapie-Lymphom-Brosch�re.pdf
https://gesundheit-heute.ch/wp-content/uploads/2021/05/CAR-T-Therapie-Lymphom-Brosch�re.pdf
http://doi.org/10.1056/NEJMoa1707447
http://www.ncbi.nlm.nih.gov/pubmed/29226797
http://doi.org/10.1158/2643-3230.BCD-20-0227
http://doi.org/10.1182/bloodadvances.2020004038
http://doi.org/10.3389/fmolb.2020.00084
http://doi.org/10.1182/blood-2017-06-786129
http://doi.org/10.1016/j.omtm.2019.12.018
http://doi.org/10.3390/cancers12071970
http://www.ncbi.nlm.nih.gov/pubmed/32698364
http://doi.org/10.1186/s12967-020-02358-0
http://www.ncbi.nlm.nih.gov/pubmed/32384903
http://doi.org/10.1182/bloodadvances.2020003959
http://doi.org/10.1016/j.omtm.2018.01.010
http://doi.org/10.1002/cam4.3686
http://doi.org/10.1208/s12248-021-00560-6
http://doi.org/10.1002/eji.202049064
http://doi.org/10.3390/cancers12113445
http://www.ncbi.nlm.nih.gov/pubmed/33228221
http://doi.org/10.1080/14712598.2020.1729735
http://doi.org/10.1016/j.currproblcancer.2021.100826
http://doi.org/10.3390/cancers14143527
http://www.ncbi.nlm.nih.gov/pubmed/35884587
http://doi.org/10.1056/NEJMc2030164
http://www.ncbi.nlm.nih.gov/pubmed/33596362
http://doi.org/10.1016/j.bbmt.2019.06.036
http://www.ncbi.nlm.nih.gov/pubmed/31279751
http://doi.org/10.1182/bloodadvances.2021006922
http://www.ncbi.nlm.nih.gov/pubmed/35271707
http://doi.org/10.1634/theoncologist.2019-0233
http://doi.org/10.3389/fimmu.2020.00888


Int. J. Mol. Sci. 2023, 24, 5688 14 of 14

38. Feins, S.; Kong, W.; Williams, E.F.; Milone, M.C.; Fraietta, J.A. An Introduction to Chimeric Antigen Receptor (CAR) T-cell
Immunotherapy for Human Cancer. Am. J. Hematol. 2019, 94, S3–S9. [CrossRef]

39. Kawalekar, O.U.; O’Connor, R.S.; Fraietta, J.A.; Guo, L.; McGettigan, S.E.; Posey, A.D.; Patel, P.R.; Guedan, S.; Scholler, J.;
Keith, B.; et al. Distinct Signaling of Coreceptors Regulates Specific Metabolism Pathways and Impacts Memory Development in
CAR T Cells. Immunity 2016, 44, 380–390. [CrossRef]

40. Zhao, X.; Yang, J.; Zhang, X.; Lu, X.-A.; Xiong, M.; Zhang, J.; Zhou, X.; Qi, F.; He, T.; Ding, Y.; et al. Efficacy and Safety of CD28- or
4-1BB-Based CD19 CAR-T Cells in B Cell Acute Lymphoblastic Leukemia. Mol. Ther. Oncolytics 2020, 18, 272–281. [CrossRef]

41. Master, D.A. Kymriah vs. Yescarta [UPDATED]. Nucleus Biologics. 2019. Available online: https://nucleusbiologics.com/
resources/kymriah-vs-yescarta/ (accessed on 28 December 2022).

42. Tallantyre, E.C.; Evans, N.A.; Parry-Jones, J.; Morgan, M.P.G.; Jones, C.H.; Ingram, W. Neurological Updates: Neurological
Complications of CAR-T Therapy. J. Neurol. 2021, 268, 1544–1554. [CrossRef]

43. June, C.H.; Sadelain, M. Chimeric Antigen Receptor Therapy. N. Engl. J. Med. 2018, 379, 64–73. [CrossRef] [PubMed]
44. Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.; Lacey, S.F.; et al.

Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia. N. Engl. J. Med. 2014, 371, 1507–1517. [CrossRef]
45. Alizadeh, D.; Wong, R.A.; Yang, X.; Wang, D.; Pecoraro, J.R.; Kuo, C.-F.; Aguilar, B.; Qi, Y.; Ann, D.K.; Starr, R.; et al. IL15 Enhances

CAR-T Cell Antitumor Activity by Reducing MTORC1 Activity and Preserving Their Stem Cell Memory Phenotype. Cancer
Immunol. Res. 2019, 7, 759–772. [CrossRef] [PubMed]

46. Jiang, Y.; Feng, D.; Wang, C.; Zhang, Y.; Zhao, C.; Li, S.; Qin, Y.; Chang, A.H.; Zhu, J. Administration of Granulocyte-Macrophage
Colony-Stimulating Factor Enhanced Chimeric Antigen Receptor T-Cell Expansion and Cellular Immunity Recovery without
Inducing Cytokine Release Syndrome. Front. Med. 2022, 9, 1042501. [CrossRef]

47. Battram, A.M.; Bachiller, M.; Lopez, V.; Fernández de Larrea, C.; Urbano-Ispizua, A.; Martín-Antonio, B. IL-15 Enhances the
Persistence and Function of BCMA-Targeting CAR-T Cells Compared to IL-2 or IL-15/IL-7 by Limiting CAR-T Cell Dysfunction
and Differentiation. Cancers 2021, 13, 3534. [CrossRef]

48. Gauthier, J.; Chou, C.; Hirayama, A.V.; Fiorenza, S.; Sheih, A.; Pender, B.S.; Phi, T.-D.; Steinmetz, R.; Jamieson, A.; Kirch-
meier, D.R.; et al. High IL-15 Serum Concentrations Are Associated with Response to CD19 CAR T-Cell Therapy and Robust In
Vivo CAR T-Cell Kinetics. Blood 2020, 136, 37–38. [CrossRef]

49. Rentsch, V.; Seipel, K.; Banz, Y.; Wiedemann, G.; Porret, N.; Bacher, U.; Pabst, T. Glofitamab Treatment in Relapsed or Refractory
DLBCL after CAR T-Cell Therapy. Cancers 2022, 14, 2516. [CrossRef] [PubMed]

50. Pabst, T.; Joncourt, R.; Shumilov, E.; Heini, A.; Wiedemann, G.; Legros, M.; Seipel, K.; Schild, C.; Jalowiec, K.; Mansouri
Taleghani, B.; et al. Analysis of IL-6 Serum Levels and CAR T Cell-Specific Digital PCR in the Context of Cytokine Release
Syndrome. Exp. Hematol. 2020, 88, 7–14. [CrossRef] [PubMed]

51. Milone, M.C.; Fish, J.D.; Carpenito, C.; Carroll, R.G.; Binder, G.K.; Teachey, D.; Samanta, M.; Lakhal, M.; Gloss, B.; Danet-
Desnoyers, G.; et al. Chimeric Receptors Containing CD137 Signal Transduction Domains Mediate Enhanced Survival of T Cells
and Increased Antileukemic Efficacy In Vivo. Mol. Ther. 2009, 17, 1453–1464. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/ajh.25418
http://doi.org/10.1016/j.immuni.2016.01.021
http://doi.org/10.1016/j.omto.2020.06.016
https://nucleusbiologics.com/resources/kymriah-vs-yescarta/
https://nucleusbiologics.com/resources/kymriah-vs-yescarta/
http://doi.org/10.1007/s00415-020-10237-3
http://doi.org/10.1056/NEJMra1706169
http://www.ncbi.nlm.nih.gov/pubmed/29972754
http://doi.org/10.1056/NEJMoa1407222
http://doi.org/10.1158/2326-6066.CIR-18-0466
http://www.ncbi.nlm.nih.gov/pubmed/30890531
http://doi.org/10.3389/fmed.2022.1042501
http://doi.org/10.3390/cancers13143534
http://doi.org/10.1182/blood-2020-140120
http://doi.org/10.3390/cancers14102516
http://www.ncbi.nlm.nih.gov/pubmed/35626120
http://doi.org/10.1016/j.exphem.2020.07.003
http://www.ncbi.nlm.nih.gov/pubmed/32673688
http://doi.org/10.1038/mt.2009.83

	1
	Results 
	Patient Baseline Characteristics 
	Disease Features and CAR T-Cell Treatment 
	CAR T-Cell Kinetics 
	Treatment Outcome 

	Discussion 
	Materials and Methods 
	Patients 
	Study Endpoints 
	Monitoring of CAR T-Cell Kinetics 
	Statistical Analysis 

	References

