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Effectiveness and Safety of Anti-CD19
Chimeric Antigen Receptor-T Cell
Immunotherapy in Patients With
Relapsed/Refractory Large B-Cell
Lymphoma: A Systematic Review and
Meta-Analysis

Zhitao Ying, Yuqin Song* and Jun Zhu*

Department of Lymphoma, Key Laboratory of Carcinogenesis and Translational Research (Ministry of Education/ Beijing), Peking
University Cancer Hospital & Institute, Beijjing, China

Aim: To investigate the effectiveness and safety of using chimeric antigen receptor (CAR)
T cell therapies targeting CD19 in patients with diffuse large B-cell ymphoma (DLBCL).

Methods: PubMed, Embase, and the Cochrane Library were searched for reports
published from database inception up to July 2021. The present meta-analysis
included clinical response outcomes, survival outcomes, and safety analyses. For
qualitative analysis that could not be combined, the data were presented in a tabular
form. Subgroup analyses were also performed according to the costimulatory domains,
generic names, and study designs.

Results: Twenty-seven studies (1,687 patients) were included. The pooled 12-months overall
survival (OS) rate was 63% (95%Cl: 56-70%). The pooled best overall response (BOR) was
74.0% (95%Cl: 67-79%), with a best complete response (BCR) of 48% (95%Cl: 42-54%)
and a 3-months CR rate (CRR) of 41% (95%Cl: 35-47%). The subgroup analyses by
costimulatory domain suggested statistically significant differences in BOR and BCR,
whereas not in the 12-months OS rate and 3-months CRR. Among the patients evaluable
for safety, 78% (95%Cl: 68-87%), 6% (95%Cl: 3-10%), 41% (95%Cl: 31-52%), and 16%
(95%CI: 10-24%) experienced cytokine release syndrome (CRS), severe CRS, neurotoxicity,
and severe neurotoxicity, respectively. Compared with the CD28 costimulatory domain, the 4-
1BB-based products showed a better safety profile on any-grade CRS (o < 0.01), severe CRS
(o = 0.04), any-grade neurotoxicity (o < 0.01), and severe neurotoxicity (o < 0.01).

Conclusion: Anti-CD19 CAR-T cell immunotherapy has promising effectiveness and
tolerable severe AE profile in DLBCL patients. 4-1BB-based CAR-T cells have a similar 12-
months OS rate and 3-months CRR with CD28-based products but a better safety profile.
The costimulatory domain might not affect the survival outcomes.
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INTRODUCTION

Diffuse large B-cell lymphoma (DLBCL) is a clinically
heterogeneous class of B cell lymphoma that typically
presents as an aggressive or advanced disease but can be
curable, even in advanced cases (Martelli et al., 2013; Sehn
and Gascoyne, 2015). DLBCL is the most common non-
Hodgkin lymphoma (NHL) and represents about 30% of
NHL, and its incidence is rising globally (Kuo et al., 2016).
This incidence was higher in Pakistan, with 76.4% cases of
DLBCL cases detected in 780 samples obtained over 5 years
from adult NHL cases (Abid et al., 2005). The crude incidence
of DLBCL in Europe is 3.8 per 100,000 persons-year (Tilly
et al., 2015) and is increasing with age (from 0.3 per 100,000
persons aged 35-39 years to 26.6 per 100,000 persons aged
80-84 years) (Tilly et al., 2012). About 33% of patients have
systemic symptoms at presentation, including constitutional B
symptoms (Martelli et al., 2013).

Most patients with DLBCL achieve a good response to first-
line rituximab-containing chemoimmunotherapy (Martelli
et al., 2013; Sehn and Gascoyne, 2015), but 10-15% of
DLBCL patients remain challenging to treat, and 20-35%
relapse after an initial response (Sarkozy and Sehn, 2018).
The prognosis of such refractory/relapsing (r/r) patients is
poor (Sarkozy and Sehn, 2018), with a median overall survival
(OS) of 4.4 months and 1- and 2-years OS rates of 23 and 16%,
respectively (Van Den Neste et al., 2016). The traditional
treatment strategies have poor efficacy in these patients,
leading to a short survival (2021).

One of the latest developments in cell immunotherapy is
chimeric antigen receptor T (CAR-T) cells, demonstrating
remarkable achievements in B-cell NHL (Kersten et al., 2020;
Yin et al, 2021). CAR-T cell therapy involves autologous or
allogeneic genetically engineered T cells to fight cancer and
appears to be effective even in r/r patients (Kersten et al,
2020; Yin et al, 2021). Indeed, CAR-T cells engineered to
target CD19 have shown remarkable efficacy in patients with
r/r CD19" B-cell malignancies (Lee et al., 2015; Turtle et al., 2016;
Locke et al., 2017; Kersten et al., 2020).

As of April 2021, four CAR-T cell therapies have been
approved by the US Food and Drug Administration (FDA) for
CD19-expressing hematologic malignant
tisagenlecleucel, axicabtagene ciloleucel, brexucabtagene
autoleucel, and lisocabtagene maraleucel. In addition to this,
the National Medical Products Administration (NMPA) of
China has approved two products of relmacabtagene
autoleucel and axicabtagene ciloleucel for the treatment of
adult patients with relapsed or refractory large B-cell
lymphoma (r/r LBCL) after two or more lines of systemic
therapy up to now. Still, there is heterogeneity in the
manufacturing technologies among the available CAR-T cell
therapies, including the costimulatory domain. In addition,
many other CAR-T cell therapies are under development,
using different manufacturing processes (Feins et al, 2019;
Subklewe et al., 2019; Rafiq et al, 2020; Zhang et al., 2020;

cancers:

Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

Sterner and Sterner, 2021). Furthermore, the available studies
vary in patient populations, CAR-T cell constructs, gene transfer
methods, infused CAR-T cell doses, preconditioning
chemotherapy, persistence of CAR-T cells after treatment,
peak cytokine levels, and treatment toxicity. Furthermore, how
the differences in the manufacturing technologies contribute to
CAR-T cell therapy efficacy and safety, especially OS in DLBCL
patients, remains unclear.

Therefore, this systematic review and meta-analysis included
clinical trials and observational studies to investigate the
effectiveness and safety of using CAR-T cells targeting CD19
in patients with DLBCL.

METHODS

Literature Search

This systematic review and meta-analysis was conducted in
conformity with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al.,
2009). The relevant articles were searched according to the PICOS
principle, followed by screening based on the inclusion and
exclusion criteria. This study was registered with PROSPERO
(CRD42021274526).

The inclusion criteria were 1) patients (aged >18 years old)
with measurable, histologically confirmed r/r DLBCL, including
the subtypes based on the 2008 WHO Classification, and who
failed to at least two lines of systemic treatment; 2) interventions:
anti-CD19 CAR-T cell immunotherapy; 3) outcome: any studies
reporting the overall response rate (ORR), or complete response
(CR), or cytokine release syndrome (CRS), or neurotoxicity; 4)
design: clinical trials or observational studies; 5) publication type:
full-text or conference abstract; 6) published in English.

The exclusion criteria were 1) report with incomplete or
inconsistent original data, too little information, or lack of
data; 2) duplicated publications (in which case only the most
recent one was included); 3) without efficacy evaluation for
DLBCL patients after CAR-T treatment; 4) case report; 5)
non-human studies; 6) less than 10 patients.

PubMed, Embase, and the Cochrane Library were searched for
reports published from database inception up to July 2021 using
the MeSH terms of “Chimeric Antigen Receptor T Cells”,
“CD19”, and ‘B cell lymphoma”, as well as relevant keywords.
The search was performed independently by two investigators (Z.
Ying and Y. Song). Discrepancies in the search were solved by a
discussion with a third investigator (J. Zhu).

Data Extraction

Study characteristics (author, publication year, study type,
country where the study was performed, and study design),
patients’ characteristics (sex, sample size, age, and histological
type), CAR-T cell type, and manufacturing process (T-cell
origine, vector, dose, and co-stimulation domain), clinical
response outcomes (best overall response (BOR), best
complete response (BCR), 3-months complete response rate
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FIGURE 1 | Study selection process diagram.

(CRR)), survival outcomes (12-months OS rate, median OS,
median progression-free survival (PFS), and median duration
of response (DOR), and safety outcomes (any CRS events, severe
CRS events, any neurotoxicity events, and severe neurotoxicity
events) were extracted by two different investigators (Z Ying and
Y Song), independently, using a standardized form. Differences in
data extraction were solved by discussion among Z. Ying, Y. Song
and J. Zhu until a consensus was reached.

Quality of the Evidence

The level of evidence of the included articles was assessed
independently by two investigators (Yuqin Song and Jun Zhu)
according to the Methodological Index for Non-Randomized
Studies (MINORS) tool for clinical trials and the Newcastle-
Ottawa Scale (NOS) tool for observational studies (Slim et al.,
2003). Discrepancies in the assessment were resolved through
discussion among Z. Ying, Y. Song and J. Zhu until a consensus
was reached.

Statistical Analysis

The statistical analysis was conducted using R version 4.1.0.
Because of the diversity among the included studies, the
random-effects model was used regardless of heterogeneity.
Heterogeneity was determined using forest plots and the I°

index. Results were reported as proportions with 95%
confidence intervals (CIs). For qualitative analysis such as
median OS, median PFS, and median DOR, the data were
presented in a tabular form. The subgroup analyses were
preplanned and were performed according to study design,
generic name, and costimulatory domain. The potential
publication bias was evaluated using funnel plots.

RESULTS

Study Characteristics and Quality

Assessment
The literature search process is illustrated in Figure 1. The initial
search yielded 2054 records. Then, among the 1,364 left after
removing the duplicates, 527 records were excluded, and 837 full-
text articles were assessed for eligibility. After excluding 810
studies (319 for study aim or design, 165 for the population,
104 for the intervention, 88 for the outcomes, 97 for reporting
previously reported data, 20 for non-English full text, and 17 for
being in vivo studies), 13 full-text articles and 14 conference
abstracts were included.

The characteristics of the 27 included studies are presented in
Table 1. The studies included a total of 1,687 patients with
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TABLE 1 | (Continued) Baseline characteristics of included studies.

Author Study Registration Start Country Sample Age, Sex, Histological CAR Mode Co- Dose Original Lymphodepletion Does
Design number of Size years % type, n T of stimulatory T Cell
data (Mean/ (male) Transduction Domain Sources
Median)
Jaglowski et al RWS, CA - - United States of 70 65.11 61.4 high-grade BCL tisa- lentiviral vector 4-1BB - autologous - -
(2019) America (18.5-88.9) 22/DLBCL 21/ cel
GCBC 13/
ABC 10
lacoboni et al RWS — Dec- Spain 75 60 (52-67) 59 DLBCL-NOS 44/ tisa- lentiviral vector 4-1BB 35 x 10° autologous  fludarabine + fludarabine: 25 mg/m?/day, for
(2021) 18 DHTH 11/ cel cyclophosphamide 3 days; cyclophosphamide:
TFL 17 250 mg/m?/day, for 3 days
Faramand et al Prospective,CA - - United States of 20 64 (43-73) - r/r DLBCL 20 axi-cel retroviral vector CD28 - autologous — -
(2019) America
Dean et al Retrospective, - Jun- United States of 48 63 (28-76) 64.6 - axi-cel retroviral vector CD28 - autologous - -
(2019) CA 15 America
Grana et al. Retrospective — Jan- United States of 37 59 (23-75) 59.5 DLBCL 22/ axi-cel retroviral vector CD28 - autologous — -
(2021) 18 America PMBCL 4/High
grade BCL 2/
TFL9
Melody et al Retrospective, - Jun- United States of 50 53 (26-67) 74 DLBCL 27/ axi-cel retroviral vector CD28 - autologous - -
(2019) CA 18 America PMBCL 5/TFL 8/
High grade
BCL 7
Mian et al Retrospective, — May- 27 63 (48-68) 67 r/r BCL 27 axi-cel retroviral vector CD28 — autologous — -
(2020) CA 18
Panaite et al Retrospective, - Feb- United States of 53 63 (25-79) 68 DLBCL 41/ axi-cel retroviral vector CD28 - autologous - -
(2020) CA 18 America PMBCL 1/
TFL 11
Pennisi et al. Retrospective - Feb- United States of 49 64 (20-85) 69 DLBCL 49 axi- retroviral CD28, 4-1BB - autologous - —
(2020) 18 America cel, vector, lentiviral
tisa- vector
cel
Strati et al. Retrospective, - Jan- United States of 95 60 (18-85) al DLBCL 71/TFL axi-cel retroviral vector CD28 - autologous - -
(2019) CA 18 America 17/PMLBCL 6
lacoboni et al Retrospective, - Dec- Spain 45 53 (23-72) 64 r/r DLBCL 45 tisa- lentiviral vector 4-1BB - autologous - -
(2020) CA 18 cel
Lee et al. Retrospective, - Jan- United States of 37 60, SD 18 65 DLBCL 37 tisa- lentiviral vector 4-1BB - autologous - -
(2020) CA 19 America cel

Abbreviation; DLBCL-NOS, DLBCL, not otherwise specified; PMBCL, primary mediastinal B-cell lymphoma; FL, Follicular lymphoma; DHL/THL, double-/triple-hit lymphomay; liso-cel, Lisocabtagene maraleucel; tisa-cel, Tisagenlecleucel;
relma-cel, Relmacabtagene autoleucel; axi-cel, Axicabtagene ciloleucel

e 18 BUIA

70971Q /4 40} S1-HvO 61aD-huy sisAeuy-elep


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Ying et al.

Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

Study Generic name Event Sample size Proportion  95%-Cl Weight
clinical trial i
Abramson, 2020 iso-cel 186 256 - 073 [067.078] 7.8%
Jacobson, 2019 axi-cel 9 10 —— 090 [055100] 29%
Jacobson, 2020 (C1) ai-cel 19 25 —— 076 [055091] 47%
Locke, 2019 ax-cel 84 101 i 083 [074,090] 7.0%
Ying, 2021 reima.cel 44 58 — 076 [063,086] 6.3%
Chavez, 2020 tisa-cel 7 10 — 070 [035093] 29%
Schuster, 2019 tisa-cel 48 93 - 052 [041,062] 69%
Huang, 2020 non-commercial 11 1 —a 100 [072,1.00) 31%
Kochenderfer, 2017 non-commercial 13 19 —— 068 [043087) 42%
Yan, 2019 non-commercial 9 9 - 100 [066;1.00] 27%
Zhou, 2020 non-commercial 7 12 —e—— 058 [028,085 33%
Random effects model o 077 [0.68;0.85] 520%
Heterogenetty. I" = 75%, p <0.01
observational study
Nastoupil, 2020 axi-cel 226 275 | 082 [077.087] 78%
Jaglowski, 2019 tisa-cel 28 47 —.— 060 [044,074] 59%
lacoboni, 2021 tisa-cel 45 75 - 060 [048,071] 67%
Dean, 2019 axi-cel 39 48 - 081 [067.091] 60%
Melody, 2019 axi-cel 38 48 —— 079 [065090] 6.0%
lacoboni, 2020 tisa-cel 2 36 —a— 061 [043,077] 55%
Sesques, 2020a axi-cel 18 28 —a 064 [0.44,081] 50%
Sesques, 2020b tisa-cel 19 31 —a— 061 [042.078] 52%
Random effects model - 070 [0.61;0.78] 48.0%
Heterogeneity: I = 77%, p <0.01 H
Random effects model e 074 [0.67;0.79] 100.0%
2 I B B B |

Heterogenetty. I* = 75%, p < 0,01

Test for subgroup differences: 7 = 1.03,df =1 (p = 0.31) 0 02 04 06 08 1

(o

Heterogeneity. I° = 76%, p < 0.01

Random effects model
Heterogenety: I° = 75%, p < 0.01

Study Event Sample size
liso-cel

Abramson, 2020 186 256
Random effects model

Heterogenety: not applicable

axi-cel

Jacobson, 2019 9 10
Jacobson, 2020 (C1) 19 25
Locke, 2019 84 101
Nastoupil, 2020 226 275
Dean, 2019 39 48
Melody, 2019 38 48
Sesques, 2020a 18 28
Random effects model

Heterogenety. I = 0%, p = 0.46

relma-cel

Ying, 2021 44 58
Random effects model

Heterogenety: not applicable

tisa-cel

Chavez, 2020 7 10
Schuster, 2019 48 3
Jaglowski, 2019 28 47
lacoboni, 2021 45 75
lacoboni, 2020 2 36
Sesques, 2020b 19 31
Random effects model

Heterogenety. I° = 0%, p =079
non-commercial

Huang, 2020 " 1"
Kochenderfer, 2017 13 19
Yan, 2019 9 9
2Zhou, 2020 7 12
Random effects model

Test for subgroup diferences 72 =4979,df=4(p<001) 0 02 04 06 08 1

FIGURE 2| Subgroup analyses of best objective response rate (BOR) of patients with diffuse large B-cell lymphoma (DLBCL) treated with chimeric antigen receptor
T cells (CAR-Ts) according to (A) study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).
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DLBCL. Sixteen studies were from the United States, five from
Europe, four from China, and two were multicenter studies
performed in multiple countries. Eight studies reported data
about tisagenlecleucel, fourteen about axicabtagene ciloleucel,
one about relmacabtagene autoleucel, two about lisocabtagene
maraleucel, and four about non-commercial preparations.

The quality assessment of the included studies is presented in
Supplementary Table S1 (NOS) and Supplementary Table S2
(MINORS). Among the observational studies, two scored five
stars on the NOS, one scored six stars, one scored seven stars, and
one scored eight stars. The clinical trials scored 19-24 points on
the MINORS.

Response Rate

A total of 1,192 patients were evaluable for the BOR. The pooled
BOR was 74.0% (95%CI: 67-79%) (Figure 2). Subgroup analyses
by study design did not show statistically significant differences

(p = 0.31) (Figure 2A). The subgroup analysis by costimulatory
domain suggested the presence of a significant difference between
CD287and 4-1BB-based CAR-T cell therapies (p = 0.01)
(Figure 2B). Among these CAR-T cell products, the subgroup
analysis by generic name showed that the BORs for
tisagenlecleucel,  axicabtagene  ciloleucel,  lisocabtagene
maraleucel, and relmacabtagene autoleucel were 58% (95%CI:
52-64%), 82% (95%CIL: 78-85%), 73% (95%CIL: 67-78%), and
76% (95%CI: 64-86%), respectively, and 86% (95%CI: 60-100%)
for non-commercial CAR-T cell products (Figure 2C).

The BCR was reported for 1,209 patients. The pooled BCR was
48% (95%CI: 42-54%) (Figure 3). The study design was not
related to a better BCR (p = 0.55) (Figure 3A). However, we
observed a statistically significant difference in the subgroup
analysis by the costimulatory domain (p < 0.01) (Figure 3B).
Regarding the subgroup analysis by generic name, the results
suggested a difference between each CAR-T product. The BCR
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FIGURE 3 | Subgroup analyses of best complete response (BCR) rate of patients with diffuse large B-cell lymphoma (DLBCL) treated with chimeric antigen
receptor T cells (CAR-Ts) according to (A) study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).
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was 53% (95%CIL: 47-59%) for lisocabtagene maraleucel, 57%
(95%CI: 50-64%) for axicabtagene ciloleucel, 52% (95%CI:
39-65%) for relmacabtagene autoleucel, 36% (95%CI: 31-42%)
for tisagenlecleucel, and 43% (95%CIL: 28-58%) for non-
commercial products (Figure 3C).

The 3-months CRR was evaluable in 493 patients, and the
pooled 3-months CRR was 41% (95%CI: 35-47%) (Figure 4).
The subgroup analyses suggested that the 3-months CRRs were
similar between study designs (p = 0.89) (Figure 4A),
costimulatory domains (p = 0.60) (Figure 4B), and generic
names (p = 0.12) (Figure 4C).

Survival Outcome

Five studies reported the median OS (Schuster et al., 2019;
Abramson et al., 2020; Jacobson et al., 2020; Zhou et al., 2020;
Tacoboni et al., 2021). The median survival varied from 12.0 (95%

CI: 7.0-Not reached) months to 27.3 (95%CI: 16.2-45.6) months.
The longest median OS was 27.3 (95%CI: 16.2-45.6) months with
29.3 months of median follow-up in patients treated with
lisocabtagene maraleucel (Table 2). The 12-months OS rate
was 63% (95%CIL: 56-70%) (Figure 5). The subgroup analyses
indicated that the 12-months OS rates were similar between study
designs (p = 0.40) (Figure 5A) and costimulatory domains (p =
0.61) (Figure 5B). The 12-months OS rates with axicabtagene
ciloleucel, relmacabtagene autoleucel, lisocabtagene maraleucel,
and tisagenlecleucel were 65% (95%CI: 58-71%), 78% (95%CI:
66-88%), 58% (95%CI: 52-64%), and 49% (95%Cl: 39-58%),
respectively (Figure 5C).

Six studies reported the median PFS (Locke et al, 2019;
Abramson et al, 2020; Nastoupil et al., 2020; Grana et al,
2021; Tacoboni et al,, 2021; Ying et al., 2021). The median PES
varied from 3.0 (95%CI: 2.6-4.7) to 8.3 (95%CI: 6.0-15.1)
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FIGURE 4 | Subgroup analyses of 3-months complete response (CR) rate of patients with diffuse large B-cell lymphoma (DLBCL) treated with chimeric antigen
receptor T cells (CAR-Ts) according to (A) study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).

Heterogeneity: I* = 22%, p = 0.27
Test for subgroup differences: z; = 0.28,df=1(p=060) 02 04 06 08 1

TABLE 2 | Survival outcome of OS.

Study CART
Jacobson et al. (2020) axi-cel
Abramson et al. (2020) liso-cel
Schuster et al. (2019) tisa-cel

Zhou et al. (2020) lab
lacoboni et al. (2021) tisa-cel

CAR T: chimeric antigen receptor T cells; NR: not reached

months. The longest median PFS was 8.3 (95%CI: 6.0-15.1)
months at a median follow-up of 12.9 months in patients
treated with axicabtagene ciloleucel (Table 3).

The median DOR was reported in five studies (Locke et al.,
2019; Abramson et al., 2020; Zhou et al., 2020; Iacoboni et al.,
2021; Ying et al., 2021). The median DOR varied from 6.8 to 23.1
months. The longest median DOR was 23.1 (95%CI: 8.6-NR)
months at a median follow-up of 23 months in patients treated
with lisocabtagene maraleucel (Table 4).

Safety Analyses

Among the 1,486 patients evaluable for safety, 78% (95%CI:
68-87%) experienced any-grade CRS (Figure 6). In the
subgroup analyses, we didn’t observe the statistically
significant difference regarding the study design (p = 0.11)
(Figure 6A). Figure 6B shows that the occurrence of any-
grade CRS was higher for the CD28 CAR-T cell products

Median Overall Survival, Median Follow up,

months months
23.8 (13.5-NR) 27.1
27.08 (16.2-45.6) 29.3
12.0 (7.0-NR) 14.0
23.8 13.7
10.7 (7.4-NR) 144

(92%, 95%CI: 89-95%) than for the 4-1BB CAR-T cell
products (60%, 95%CI: 50-70%) (p < 0.01). On the other
hand, considerable differences could be observed in the CRS
rates among the different preparations, with 92% (95%CI:
89-95%) for axicabtagene ciloleucel, 42% (95%CI: 36-47%) for

lisocabtagene maraleucel, 47% (95%CL  35-60%) for
relmacabtagene autoleucel, 61% (95%CIL: 51-70%) for
tisagenlecleucel, and 97% (95%CIL: 82-100%) for non-

commercial preparations (Figure 6C).

Severe CRS (i.e., grade >3) occurred in 6% of 1,485 evaluable
patients (95%CI: 3-10%) (Figure 7). There were no apparent
differences between study designs (p = 0.50) (Figure 7A), whereas
the differences was observed between costimulatory domains (p =
0.04) (Figure 7B). The occurrence of grade >3 CRS rates were 10,
1, 5 5 and 0% for axicabtagene ciloleucel, lisocabtagene
maraleucel, relmacabtagene autoleucel, tisagenlecleucel, and
non-commercial products, respectively (Figure 7C).
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Locke, 2019 63 108 —— 0.58 [0.48;068] 15.4%
Nastoupil, 2020 187 275 - 068 [062,0.73] 18.4%
Melody, 2019 29 48 —— 060 [0.45,0.74] 11.6%
Random effects model 456 o~ 0.65 [0.58;0.71] 53.7%

Heterogeneity: I° = 38%, p = 0.18

relma-cel
Ying, 2021 45 58
Random effects model 58

Heterogeneity: not applicable

liso-cel

Abramson,2020 148 256
Random effects model 256
Heterogeneity: not applicable

tisa-cel

Schuster, 2019 54 111
Random effects model 1

Heterogeneity: not applicable

Random effects model 881
Heterogeneity: /* = 74%, p < 0.01

type of chimeric antigen receptor T cells (CAR-T).

<~ 049 [0.39,0.58] 15.5%
e 049 [0.39;0.58] 16.5%

- 0.63 [0.56;0.70] 100.0%
LN IR R I B B |

Test for subgroup differences: 7> = 16.34,df =3 (p <0.01) 0.4 0.5 06 0.7 0.8 0.9 1

FIGURE 5 | Subgroup analyses of 12-months OS rate by type of chimeric antigen receptor T cells (CAR-T) (A) study design, (B) the costimulatory domain, and (C)

—i— 078 [0.65,087) 126%
- 0.78 [0.66;0.88] 12.6%

058 [0.52,064] 182%
0.58 [0.52;0.64] 18.2%

TABLE 3 | Survival outcome of PFS.

Study CART Median Progression-free Survival, Median Follow-Up, months
months
Locke et al. (2019) axi-cel 5.9 (8.3-15.0) 271
Abramson et al. (2020) liso-cel 6.8 (3.3-12.7) 23.9
Ying et al. (2021) relma-cel 7.0 (4.8-NR) 17.9
Nastoupil et al. (2020) axi-cel 8.3 (6.0-15.1) 12.9
lacoboni et al. (2021) tisa-cel 3.0 2.6-4.7) 141
Grana et al. (2021) axi-cel 5.8 6.0
CAR T: chimeric antigen receptor T cells; NR: not reached.
TABLE 4 | Clinical outcome of the duration of response (DOR).
Study CART Median Duration of Median Follow up,
Response, months months
Locke et al. (2019) axi-cel 11.1 (4.2-NE) 271
Ying et al. (2021) relma-cel 8.0 (6.0-NR) 8.9
Zhou et al. (2020) lab 6.8 13.7
lacoboni et al. (2021) tisa-cel 8.9 (2.2-NF) 141
Abramson et al. (2020) Liso-cel 23.1 (8.6-NR) 23.0
CAR T: chimeric antigen receptor T cells; NE: not estimated; NR: not reached.
The pooled incidence of any-grade neurotoxicity was 41% design regarding incidence of any-grade neurotoxicity events

(95%CI: 31-52%) among 1,456 patients, with a considerable

variation among the included studies (Figure 8).

No

differences was observed in the subgroup analyses of study

(p = 0.09) (Figure 8A). The statistically significant differences
were observed between the co-stimulatory domains, with 23%
(95%CI: 19-27%) for 4-1BB and 64% (95%CI: 59-70%) for CD28
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Study Generic name Event Sample size Proportion 95%-Cl  Weight Study Event Sample size Proportion 95%-Cl Weight
clinical trial 41BB
Abramson, 2020 liso-cel 13 269 E = 042 [0.36,048)  48% Abramson, 2020 113 269 E = 042 [0.36;0.48)  4.8%
Locke, 2019 axi-cel 100 108 = 093 [0.86,097] 47% Godwin, 2021 19 46 —.— 041 [027.057]  45%
Godwin, 2021 liso-cel 19 46 —_— 041 [027,057)  45% Ying, 2021 28 59 —— 047 [034,061]  46%
Ying, 2021 relmacel 28 59 —— 047 [0.34:061]  46% Chavez, 2020 6 10 —.—— 060 [026,088] 36%
Chavez, 2020 tisa-cel 6 10 —a— 060 [0.26,0.88] 36% Schuster, 2019 64 111 - 058 [048,067] 47%
Schuster, 2019 tisa-cel 64 11 4 058 [048,067] 47% Sesques, 2020b 2 33 —— 079 [061,091]  44%
Huang, 2020 non-commercial 10 1 — 091 [059,1.00]  37% lacoboni, 2021 53 75 — 071 [059,081] 46%
Yan, 2019 non-commercial 10 10 —— 1.00 [0.69; 1.00] 36% Pennisi, 2020b 7 13 —— 054 [0.25,0.81] 3.8%
Random effects model e 068 [0.48;0.85] 34.0% lacoboni, 2020 17 38 —.— 045 [029,062] 44%
Heterogeneity: I° = 95%, p < 0.01 Lee, 2020 19 37 —a— 051 [034,068] 4.4%
Huang, 2020 10 1 — 091 [059,1.00] 37%

observational study Yan, 2019 10 10 ——® 100 [069,100] 36%
Nastoupil, 2020 axi-cel 251 275 | | 091 [0.87,094]  48% Random effects model ——— 060 [0.50;0.70] 50.9%
Sesques, 2020a axi-cel 26 28 —l 093 [076;099] 43% Heterogeneity: I° = 82%, p < 0.01
Sesques, 2020b tisa-cel 26 33 —u— 079 [061,091] 44%
lacoboni, 2021 tisa-cel 53 75 071 [059,081]  46% cD28
Faramand, 2019 axi-cel 18 20 — 090 [068,099]  41% Locke, 2019 100 108 = 093 [086,097] 47%
Dean, 2019 axi-cel 43 47 — 091 [0.80;098]  45% Nastoupil, 2020 251 275 ] 091 [087,094]  48%
Grana, 2021 axi-cel 36 37 —a 097 [0.86;1.00]  4.4% Sesques, 2020a 2 28 —i- 093 [076,099]  43%
Melody, 2019 axi-cel 45 48 — 094 [0.83,099] 45% Faramand, 2019 18 20 —a 090 [068099] 4.1%
Mian, 2020 axi-cel 22 27 —— 081 (062,094  43% Dean, 2019 43 47 — 091 [080,098]  45%
Panaite, 2020 axi-cel 45 53 —- 085 (072,093 45% Grana, 2021 36 37 — 097 [086,100]  4.4%
Pennisi, 20202 axi-cel 31 36 — 086 [0.71;095]  4.4% Melody, 2019 45 48 — 094 [083,099]  45%
Pennisi, 2020b tisa-cel 7 13 —— 054 [025081] 38% Mian, 2020 22 27 —— 081 [062,094] 43%
Strati, 2019 axi-cel 93 95 - 098 [0.93;1.00] 47% Panaite, 2020 45 53 —- 085 [072,093]  45%
lacoboni, 2020 tisa-cel 17 38 —— 045 [0.20,062]  4.4% Pennisi, 2020a 31 36 — 086 [0.71,095  4.4%
Lee, 2020 tisa-cel 19 37 —— 051 [0.34,068]  4.4% Strati, 2019 93 95 | 098 [093,100] 47%
Random effects model - 083 [0.75;091] 66.0% Random effects model R 092 [0.89;0.95] 49.1%
Heterogeneity: /* = 87%, p < 0.01 Heterogeneity: I° = 37%, p = 0.10 i
Random effects model et 0.78 [0.68;0.87] 100.0% Random effects model ot 0.78 [0.68;0.87] 100.0%
Heterogeneity I° = 94%, p <0.01 Heterogeneity' I° = 94%, p < 0.01
Test for subgroup differences: 3> =263, df =1 (p = 0.11) 02 04 06 08 1 Test for subgroup differences: z; = 48.55,df=1(p<001) 02 04 06 08 1

Study Event Sample size Proportion 95%-Cl Weight

liso-cel

Abramson, 2020 13 269 -+ 042 [0.36;048] 4.8%

Godwin, 2021 19 46 —— 041 [027,057)  45%

Random effects model - 042 [0.36;047] 9.2%

Heterogeneity. I* = 0%, p = 0.94

axi-cel

Locke, 2019 100 108 = 093 [086,097) 47%

Nastoupil, 2020 251 275 L ] 091 [087:094]  48%

Sesques, 20202 2 28 — 093 [076,099]  4.3%

Faramand, 2019 18 20 —— 090 [068,099] 41%

Dean, 2019 43 47 — 091 [080,098]  45%

Grana, 2021 36 37 —a 097 [0.86,1.00]  4.4%

Melody, 2019 45 48 — 094 (083,099  45%

Mian, 2020 2 27 —— 081 (062,094 43%

Panaite, 2020 45 53 —i- 085 [0.72,093] 45%

Pennisi, 2020a 31 36 —— 086 [071;095  4.4%

Strati, 2019 93 95 L 098 [093,1.00] 47%

Random effects model - 092 [0.89;095] 49.1%

Heterogeneity: /* = 37%, p = 0.10

relma-cel

Ying, 2021 28 59 —— 047 (034,061  46%

Random effects model e 047 [0.35;0.60] 4.6%

Heterogeneity: not applicable

tisa-cel

Chavez, 2020 6 10 — 060 (026,088  3.6%

Schuster, 2019 64 111 — 058 [048,067] 47%

Sesques, 2020b 26 33 —— 079 [061,091]  44%

lacoboni, 2021 53 75 —- 071 [059,081] 46%

Pennisi, 2020 i 13 ——t 054 [025081] 38%

lacoboni, 2020 17 38 —a— 045 [029,062]  4.4%

Lee, 2020 19 37 —— 051 [0.34,068] 44%

Random effects model —— 061 [051;0.70] 29.9%

Heterogeneity: I° = 57%, p = 0.03

non-commercial

Huang, 2020 10 1 —a 091 [059,100]  37%

Yan, 2019 10 10 ——® 100 [069,100] 36%

Random effects model — 097 [0.82;1.00] 7.3%

Heterogeneity: 1° = 0%, p = 0.34

Random effects model e 078 [0.68;0.87] 100.0%

Heterogeneity. /* = 94%, p < 0.01

Test for subgroup differences: ;- = 256.78,df =4 (p <001) 02 04 06 08 1

FIGURE 6 | Any-grade cytokine release syndrome (CRS) of patients with diffuse large B-cell lymphoma (DLBCL) treated with chimeric antigen receptor T cells
(CAR-Ts) according to (A) study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).

(p < 0.01) (Figure 8B). The neurotoxicity rates were 64% (95%CI:
59-70%) for axicabtagene ciloleucel, 30% (95%CI: 25-35%) for
lisocabtagene maraleucel, 20% (95%CIL: 11-32%) for
relmacabtagene autoleucel, 19% (95%CL  14-23% for
tisagenlecleucel, and 27% (95%CI: 4-58%) for non-commercial
products (Figure 8C).

Severe neurotoxicity (grade >3) occurred in 16% (95%CI:
10-24%) of 1,460 patients (Figure 9). We did not observe
statistically significant differences between study designs (p =
0.75) (Figure 9A). The subgroup analysis by co-stimulatory
domain suggested a lower incidence of severe neurotoxicity for
4-1BB-based CAR-T cells [5% (95%CIL: 2-8%)] compared with
CD28-based CAR-T cells [33% (95%CIL: 26-40%)] (p < 0.01)
(Figure 9B). Finally, the incidence of severe neurotoxicity

appeared to be higher with axicabtagene ciloleucel [32% (95%
I 25-39%)] and non-commercial products [24% (95%CI:
1-59%)], but lower with lisocabtagene maraleucel [9% (95%CI:
6-13%)], relmacabtagene autoleucel [5% (95%CI: 1-12%)], and
tisagenlecleucel [3% (95%CI: 0-8%)] (Figure 9C).

The subgroup analyses of the proportions of patients who
received systemic anti-cytokine therapy by study design and
costimulatory domain are shown in Supplementary Figures
S1, S2.

Publication Bias

Potential publication bias was assessed. The funnel plot did not
show asymmetry. Therefore, there was no evidence of
publication bias for the pooled analysis of BOR, BCR,
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Study Generic name Event Sample size Proportion 95%-Cl  Weight
Study Event Sample size Proportion 95%-Cl Weight
clinical trial
Abramson, 2020 liso-cel 6 269 | 3 0.02 [0.01;0.05] 6.0% 41BB
Jacobson, 2019 axi-cel 3 12 —— 025 [005057] 26% Abramson, 2020 6 269 | 3 002 [001,005] 60%
Jacobson, 2020 (C1) axi-cel 0 25 - 000 [0.00;0.14]  38% Godwin, 2021 0 46 | = 0.00 [0.00;0.08]  4.6%
Locke, 2019 axi-cel 12 108 —— 011 [006,0.19]  55% Ying, 2021 3 59 - 005 [001,014]  49%
Godvwin, 2021 liso-cel 0 46 — 000 [0.00,0.08]  4.6% Chavez, 2020 0 10 - 000 [000,031] 24%
Ying, 2021 relma-cel 3 59 4 005 [0.01,0.14]  4.9% Schuster, 2019 24 111 SR 022 [0.14,030]  55%
Chavez, 2020 tisa-cel 0 10 - 000 [000,0.31]  24% Sesques, 2020b 3 33 — 009 [002,024] 42%
Schuster, 2019 tisa-cel 24 11 —— 022 [0.14,0.30]  55% Jaglowski, 2019 2 47 - 004 [001;0.15]  46%
Huang, 2020 non-commercial 0 1 [ 000 [000,028] 25% lacoboni, 2021 4 75 - 005 [001,013]  52%
Random effects model ~— 0.05 [0.00;0.11] 37.8% Pennisi, 2020b 0 13 — 0.00 [0.00;0.25] 28%
Heterogenety. /* = 85%, p <0.01 lacoboni, 2020 2 38 —— 005 [001,018]  4.4%
Lee, 2020 0 37 - 000 (000,009  43%
observational study Huang, 2020 0 1 -— 000 [000,028] 25%
Nastoupil, 2020 axi-cel 19 275 007 [0.04,011  60% Random effects model - 0.03 [0.01;0.08] 51.3%
Sesques, 2020a axi-cel 2 28 007 [001,024] 39% Heterogeneity: /* = 76%, p < 0.01
Sesques, 2020b tisa-cel 3 33 009 [0.02;024] 42%
Jaglowski, 2019 tisa-cel 2 47 004 (001,015  4.6% cD28
lacoboni, 2021 tisa-cel 4 75 005 [0.01;013] 52% Jacobson, 2019 3 12 - 025 [0.05;0.57] 26%
Faramand, 2019 axi-cel 1 20 005 [000;0.25]  34% Jacobson, 2020 (C1) 0 25 — 000 [000;0.14] 38%
Dean, 2019 axi-cel 2 47 0.04 [0.01;0.15) 46% Locke, 2019 12 108 —— 0.11  [0.06;0.19] 55%
Grana, 2021 axi-cel 6 37 016 [006,0.32]  4.3% Nastoupil, 2020 19 215 L5 007 [0.04;0.11]  60%
Panaite, 2020 axi-cel 5 53 = 009 [003,021) 48% Sesques, 2020a 2 28 - 007 [001,024]  39%
Pennisi, 2020a axi-cel 5 36 B 014 [005029  43% Faramand, 2019 1 20 - 005 [0.00;0.25]  34%
Pennisi, 2020b tisa-cel 0 13 - 000 (000,025  28% Dean, 2019 2 47 - 004 [001,015]  46%
Strati, 2019 axi-cel 27 9% 028 [020,0.39] 54% Grana, 2021 6 37 —.— 016 [0.06,0.32]  4.3%
lacoboni, 2020 tisa-cel 2 38 —— 005 [001,0.18]  4.4% Panaite, 2020 5 53 ——— 009 [003,021] 48%
Lee, 2020 tisa-cel 0 37 -— 0.00 [0.00;0.09] 43% Pennisi, 2020a 5 36 —— 014 [0.05029] 43%
Random effects model - 007 [0.04;0.12] 622% Strati, 2019 27 95 —— 028 [020,039] 54%
Heterogeneity: I = 70%, p < 0.01 Random effects model ~— 0.10 [0.06;0.16] 48.7%
Heterogeneity: 1 = 73%, p < 0.01
Random effects model - 006 [0.03;0.10] 100.0%
Heterogeneity: /* = 78%, p < 0.01 — Random effects model - 0.06 [0.03;0.10] 100.0%
Test for subgroup differences: 7 = 0.45,df = 1 (p = 0.50) 0 01 02 03 04 Heterogeneity: I° = 78%, p < 0.01 —
Test for subgroup differences: 2 =4.24,df=1(p=004) 0 01 02 03 04
Study Event Sample size Proportion 96%-Cl Weight
liso-cel
Abramson, 2020 6 269 | 3 002 [001,005] 60%
Godwin, 2021 0 46 L= 000 [0.00,008]  4.6%
Random effects model - 001 [0.00;0.03] 106%
Heterogeneity: /2 = 7%, p = 0.30
axi-cel
Jacobson, 2019 3 12 —— 025 [0.05;057] 26%
Jacobson, 2020 (C1) 0 25 -— 000 [000,0.14]  38%
Locke, 2019 12 108 il — 011 [006;019]  55%
Nastoupil, 2020 19 275 L 007 [004,0.11]  60%
Sesques, 2020a 2 28 o= 007 [001,024] 39%
Faramand, 2019 1 20 - 005 [000,025]  34%
Dean, 2019 2 47 - 004 (001,015  4.6%
Grana, 2021 6 37 —-— 016 [006,0.32]  4.3%
Panaite, 2020 5 53 —— 009 [003;021]  4.8%
Pennisi, 2020a 5 36 - 014 [005,029]  4.3%
Strati, 2019 27 95 B 028 [020;039] 54%
Random effects model re_— 0.10 [0.06;0.16] 48.7%
Heterogeneity: /% = 73%, p < 0.01
relma-cel
Ying, 2021 3 59 005 [001,0.14]  4.9%
Random effects model ———— 0.05 [0.01;0.12] 4.9%
Heterogeneity: not applicable
tisa-cel
Chavez, 2020 0 10 L 000 [000,031]  24%
Schuster, 2019 24 11 —— 022 [0.14,030]  55%
Sesques, 2020b 3 33 — - 009 [002,024] 4.2%
Jaglowski, 2019 2 a7 - 004 [001,0.15]  46%
lacoboni, 2021 4 75 - 005 [001,043] 52%
Pennisi, 2020b 0 13 -— 000 (000,025 28%
lacoboni, 2020 2 38 —— 005 [001,0.18]  4.4%
Lee, 2020 0 7 — 000 [000,0.09]  4.3%
Random effects model ——— 0.05 [0.01;0.11] 33.3%
Heterogeneity: /° = 74%, p < 0.01
non-commercial
Huang, 2020 0 1 -— 000 [000,028] 25%
Random effects model — 0.00 [0.00; 0.15) 25%
Heterogeneity: not applicable
Random effects model 0.06 [0.03;0.10] 100.0%
Heterogeneiy: I° = 78%, p < 0.01 —
Test for subgroup differences: y; = 16.30, df =4 (p <0.01) 0 01 02 03 04
FIGURE 7 | Severe (grade >3) cytokine release syndrome (CRS) of patients with diffuse large B-cell lymphoma (DLBCL) treated with chimeric antigen receptor
T cells (CAR-Ts) according to (A) study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).

3-months CRR, 12-months OS, any-grade CRS, severe CRS,

any-grade  neurotoxicity, —and  severe  neurotoxicity
(Supplementary Figures S3A-H).

DISCUSSION

CAR-T cell immunotherapy demonstrates remarkable

achievements in B-cell malignancies. This meta-analysis aimed
to summarize and compare current efficacy and safety data of
using CAR-T cells targeting CD19 in patients with r/r DLBCL.
The present meta-analysis showed a highly favorable clinical
response rate in patients with DLBCL treated with anti-CD19
CAR-T cells.

In the present meta-analysis, the pooled 12-months OS rate
was 63% (95%CI:56-70%). The subgroup analyses suggested that
4-1BB- [61% (95%CI:47-74%)] and CD28-based products [65%
(95%CI:58-71%)] had similar efficacy (p = 0.61). Although no
statistically significant differences in 12-months OS rates were
observed between costimulatory domains, among 4-1BB-based
products, relmacabtagene autoleucel appeared to have the highest
12-months OS rate [78% (95%Cl:66-88%)], while
tisagenlecleucel appeared to have the lowest 12-months OS
rate [49% (95%CI:39-58%)]. Significant heterogeneity in the
subgroup analyses by different CAR-T products was also
observed (I* = 74%, Pheterogeneity<0.01).

Best response of CAR-T cell therapies varied with different co-
stimulatory domains or brands. The result for 1,192 patients in 19
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Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

Study Generic name Event Sample size Proportion 95%-Cl  Weight Study Event Sample size Proportion 95%-Cl  Weight
clinical trial 41BB
Abramson, 2020 liso-cel 80 269 = 030 [0.24,036]  53% Abramson, 2020 80 269 i 3 030 (024,036 53%
Locke, 2019 axi-cel 72 108 - 067 [057,075] 5.1% Godwin, 2021 14 46 —- 030 [0.18,046]  49%
Godwin, 2021 liso-cel 14 46 —- 030 [018;046]  49% Ying, 2021 12 59 i 020 [0.11;033]  50%
Ying, 2021 relma-cel 12 59 i 020 [0.11,033]  50% Chavez, 2020 1 10 -~ 010 [0.00,045  37%
Chavez, 2020 tisa-cel 1 10 - 010 [0.00;045)  37% Schuster, 2019 23 11 E = 021 (014,029  51%
Schuster, 2019 tisa-cel 23 111 -+ 021 [014,029]  51% Sesques, 2020 [ 33 —— 024 [0.11;042] 47%
Huang, 2020 non-commercial 3 1 ——— 027 [0.06,061]  3.8% lacoboni, 2021 1 75 L = 015 [0.08;025 5.1%
Random effects model - 030 [0.17;045) 32.9% Pennisi, 2020b 2 13 ——— 015 [0.02,045)  40%
Heterogeneity: I = 91%, p < 0.01 lacoboni, 2020 7 38 - 018 [0.08,034]  48%
Lee, 2020 9 37 —— 024 [0.12;041 48%
observational study Huang, 2020 3 1 —a—— 027 [0.06,061] 38%
Nastoupil, 2020 axi-cel 189 275 = 069 [063,074)  53% Random effects model - 023 [0.19;027] 511%
Sesques, 2020a axi-cel 9 28 ——— 032 [016,052]  4.6% Heterogeneity: I = 19%, p = 0.27
Sesques, 2020b tisa-cel 8 33 —_— 024 [011;042] 47%
lacoboni, 2021 tisa-cel 1 75 - 015 [008,025] 5.1% cD28
Dean, 2019 axi-cel 32 47 —- 068 [053,081]  49% Locke, 2019 72 108 B 067 [057,075 51%
Grana, 2021 axi-cel 27 37 —— 073 [056,086]  4.8% Nastoupil, 2020 189 275 = 069 (063,074  53%
Melody, 2019 axi-cel 31 48 —— 065 [049,078]  4.9% Sesques, 2020a 9 28 —.-— 032 (016,052  46%
Mian, 2020 axi-cel 20 27 —— 074 [0.54,0.89] 4.6% Dean, 2019 32 47 —— 068 [053,081] 49%
Panaite, 2020 axi-cel 31 53 —— 058 [044;072] 49% Grana, 2021 27 37 —— 073 [056,0.86] 48%
Pennisi, 2020a axi-cel 20 36 i 056 [038,072]  48% Melody, 2019 31 48 —— 065 (049,078  49%
Pennisi, 20200 tisa-cel 2 13 - 015 [002,045]  4.0% Mian, 2020 20 27 —— 074 [054,089] 46%
Strati, 2019 axi-cel 65 95 - 068 [058,078]  5.1% Panaite, 2020 31 53 —— 058 [044,072]  49%
lacoboni, 2020 tisa-cel 7 38 - 018 [0.08,034]  4.8% Pennisi, 2020a 20 36 —— 056 [0.38,0.72] 48%
Lee, 2020 tisa-cel 9 a7 —— 024 [012,041)  48% Strati, 2019 65 95 B 068 [0.58,0.78]  5.1%
Random effects model - 047 [0.34;060] 67.1% Random effects model - 064 [0.59;0.70] 489%
Heterogeneity: I = 92%, p < 0.01 Heterogeneity: /> = 52%, p = 0.03
Random effects model et 0.41 [0.31;0.52] 100.0% Random effects model . 041 [0.31;0.52] 100.0%
Heterogeneity I° = 93%, p < 0.01 Heterogeneity: I = 93%, p < 0.01
Test for subgroup differences: 1; = 2.96, df = 1 (p = 0.09) 0 02 04 06 08 1 Test for subgroup differences: 7 = 131.25,df=1(p<001) 0 02 04 06 08 1
C Study Event Sample size Proportion  95%-Cl Weight
liso-cel
Abramson, 2020 80 269 3 030 [024036] 53%
Godwin, 2021 14 46 — 030 [0.18;046] 4.9%
Random effects model - 0.30 [0.25;0.35] 10.1%
Heterogeneity: /> = 0%, p = 0.89
axi-cel
Locke, 2019 72 108 s 067 [057,075 51%
Nastoupil, 2020 189 275 = 069 (063074 53%
Sesques, 2020a 9 28 —— 032 [0.16,052]  46%
Dean, 2019 32 a7 —— 068 (053081 49%
Grana, 2021 27 37 —— 073 [056,0.86]  4.8%
Melody, 2019 31 48 —— 065 [049,078]  49%
Mian, 2020 20 27 —— 074 (054,089  46%
Panaite, 2020 31 53 —— 058 [044,072]  49%
Pennisi, 2020a 20 36 i 056 [038,072] 48%
Strati, 2019 65 95 B3 068 [058,078]  51%
Random effects model - 064 [0.59;0.70] 48.9%
Heterogeneity: /> = 52%, p = 0.03
relma-cel
Ying, 2021 12 59 - 020 [0.11,0.33] 0%
Random effects model ~— 020 [0.11;032] 5.0%
Heterogeneity: not applicable
tisa-cel
Chavez, 2020 1 10 - 010 [0.00,045]  37%
Schuster, 2019 23 11 L5 021 [0.14029]  51%
Sesques, 2020 8 33 —— 024 [0.11,042] 47%
lacoboni, 2021 1 75 L = 015 [0.08,025] 51%
Pennisi, 2020b 2 13 —— 015 [0.02;045  4.0%
lacoboni, 2020 7 38 - 018 [008,0.34]  48%
Lee, 2020 9 37 —— 024 [0.12,041]  48%
Random effects model - 019 [0.14;0.23] 321%
Heterogeneity: 1> = 0%, p = 0.84
non-commercial
Huang, 2020 3 " —— 027 (006,061  38%
Random effects model o 027 [0.04;058] 38%
Heterogeneity: not applicable
Random effects model - 0.41 [0.31;052] 100.0%
Heterogeneity: 1 = 93%, p < 0.01
Test for subgroup differences: 73 = 15221, df =4 (p<001) 0 02 04 06 08 1
FIGURE 8| Any-grade neurotoxicity of patients with diffuse large B-cell ymphoma (DLBCL) treated with chimeric antigen receptor T cells (CAR-Ts) according to (A)
study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).

studies showed a BOR estimate of 74% (95%CI: 67-79%) with an
estimated 48% (95%CI: 42-54%) BCR among 1,209 patients in 20
studies. Among the included studies, some reported high BCR
rates (>60%) (Dean et al., 2019; Jacobson et al., 2020; Nastoupil
et al., 2020), while others reported low BCR rates (Kochenderfer
et al.,, 2017; Jacobson et al., 2019; Jaglowski et al., 2019; Locke
et al., 2019; Melody et al., 2019; Schuster et al., 2019; Abramson
et al., 2020; Ghosh et al., 2020; Iacoboni et al., 2020; Iacoboni
etal., 2021; Ying et al., 2021). The reasons for these discrepancies
are unknown since the number of studies is too small to
determine patterns. Nevertheless, DLBCL is a heterogeneous
disease, and patient selection might play an important role in
the discrepancies. Different patient populations will have
different baseline characteristics. The subgroup analyses
suggested that CD28-based CAR-T cell therapies might have a
better BOR and BCR than 4-1BB-based therapies. Significant

heterogeneity was observed in the pooled results of the non-
commercial products since they use different manufacturing
technologies, and they included small numbers of patients. To
compare with non-commercial products, commercial products
have standardized manufacturing construct and stabilizing effect.

Many studies confirmed the high CR rate of CAR-T cell
therapies (Lee et al, 2015; Turtle et al, 2016; Locke et al,
2017). However, the higher BCR of CD28 based CAR-T cells
did not result in survival benefit than that of 4-1BB based CAR-T
cells in the present study. To exclude the impact of time frame, 3-
months CRR was analyzed. The pooled 3-months CRR was 41%
(95%CI: 35-47%) among 493 patients in six studies. We did not
observe the statistically significant differences between 4-1BB
[40% (95%CI: 30-51%)] and CD28 [44% (95%CI: 38-49%)] in
the subgroup analysis of the costimulatory domain, which is
different from the subgroup analyses of the BOR and BCR. This
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Study Generic name Event Sample size Proportion 956%-Cl  Weight
. Study Event Sample size Proportion 95%-Cl  Weight
clinical trial
Abramson, 2020 liso-cel 27 269 |} 010 [0.07,0.14]  51% 4188 ;
Jacobson, 2019 axi-cel 6 12 —— 050 [021,079]  34% Abramson, 2020 27 269 | & 010 [0.07,0.14]  5.1%
Jacobson, 2020 (C1) axi-cel 9 25 —.— 036 [0.18,057]  42% Godwin, 2021 3 46 | 3 007 [001,0.18]  46%
Locke, 2019 axi-cel 35 108 - 032 [0.24,0.42] 5.0% Ying, 2021 3 59 | 005 [001;014]  47%
Godwin, 2021 liso-cel 3 46 L = 007 [0.01,0.18]  46% Chavez, 2020 0 10 - 000 [0.00;0.31]  32%
Ying, 2021 reima-cel 3 59 | 3 005 [0.01,0.14]  47% Schuster, 2019 13 1 | 3 012 [0.06,0.19]  50%
Chavez, 2020 tisa-cel 0 10 —— 0.00 [0.00;0.31 32% Sesques, 2020b 3 33 - 009 [0.02,024] 44%
Schuster, 2019 tisa-cel 13 111 | 3 012 [0.06,0.19]  50% Jaglowski, 2019 2 47 | & 004 [0.01,015]  46%
Huang, 2020 non-commercial 1 1 - 009 [0.00,041]  33% lacoboni, 2021 1 75 | 3 001 [0.00;0.07]  4.8%
Kochenderfer, 2017 non-commercial 12 22 —a— 055 [0.32,076]  4.0% Pennisi, 2020b 0 13 -— 000 [0.00;0.25] 35%
Yan, 2019 non-commercial 1 10 - 010 [0.00,045]  32% lacoboni, 2020 0 38 - 000 [0.00,009]  45%
Random effects model - 017 [0.09;027] 45.7% Huang, 2020 1 1 - 009 [0.00,041]  33%
Heterogeneity: /* = 85%, p < 0.01 Yan, 2019 1 10 - 010 [0.00,045]  32%
Random effects model * 0.05 [0.02;0.08] 50.9%
observational study Heterogeneity: I° = 46%, p = 0.04
Nastoupil, 2020 axi-cel 85 275 031 [025037] 51%
Sesques, 2020a axi-cel 3 28 011 [0.02,028]  43% cD28
Sesques, 20200 tisa-cel 3 33 009 [0.02,024]  44% Jacobson, 2019 6 12 —— 050 [021,079)  3.4%
Jaglowski, 2019 tisa-cel 2 47 004 [001,015]  46% Jacobson, 2020 (C1) 9 25 —.— 036 [0.18,057]  42%
lacoboni, 2021 tisa-cel 1 75 001 [0.00,007]  4.8% Locke, 2019 35 108 . B 032 [0.24;042]  50%
Dean, 2019 axi-cel 12 47 0.26 [0.14;0.40} 46% Nastoupil, 2020 85 275 L 031 [025037]  51%
Grana, 2021 axi-cel 16 37 043 [027,061]  45% Sesques, 2020a 3 28 - 011 [0.02,028]  43%
Panaite, 2020 axi-cel 9 53 017 [0.08,0.30]  47% Dean, 2019 12 a7 Hil— 026 [0.14;040]  46%
Pennisi, 2020a axi-cel 12 36 033 [0.19,051 4.4% Grana, 2021 16 37 B 043 [027,061] 45%
Pennisi, 2020b tisa-cel 0 13 0.00 [0.00; 0.25] 35% Panaite, 2020 9 53 - 017 [0.08,030] 4.7%
Strati, 2019 axi-cel 46 95 048 [0.38,059]  49% Pennisi, 2020a 12 36 —— 033 [0.19;051]  4.4%
lacoboni, 2020 tisa-cel 0 38 000 [0.00,0.09]  45% Strati, 2019 46 95 . 048 [0.38,059]  4.9%
Random effects model 016 [0.07;027] 54.3% Kochenderfer, 2017 12 22 P — 055 [0.32,076]  4.0%
Heterogeneity: I° = 92%, p < 0.01 Random effects model - 0.33 [0.26;0.40]) 491%
Heterogeneity: 1 = 70%, p < 0.01 i
Random effects model 0.16 [0.10; 0.24] 100.0% H
Heterogeneity. /* = 90%, p < 0.01 Random effects model -> 0.16 [0.10; 0.24] 100.0%
Test for subgroup diferences: 2 = 010, df = 1 (p = 0.75) 0 02 04 06 08 1 Heterogeneity. /= 90%, p < 0.01
Test for subgroup differences: 73 = 57.78,df=1(p <001) 0 02 04 06 08 1
c Study Event Sample size Proportion  95%-Cl Weight
liso-cel
Abramson, 2020 27 269 | ] 010 [0.07,0.14]  51%
Godwin, 2021 3 46 - 007 [001,018]  46%
Random effects model - 009 [0.06;0.13]  9.7%
Heterogeneity: I = 0%, p = 0.54
axi-cel
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Locke, 2019 35 108 - 032 [0.24;042]  50%
Nastoupil, 2020 85 275 t 3 031 [0.25,037] 51%
Sesques, 2020a 3 28 - 011 [0.02,028] 43%
Dean, 2019 12 a7 i 026 [0.14,040]  46%
Grana, 2021 16 37 —— 043 [027,061]  45%
Panaite, 2020 9 53 - 017 [0.08;0.30]  47%
Pennisi, 2020a 12 36 —— 033 [019,051]  44%
Strati, 2019 46 95 —— 048 [0.38,0.50]  4.9%
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Heterogeneity: /° = 69%, p < 0.01
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Pennisi, 2020b 0 13 - 000 [000,025]  35%
lacoboni, 2020 0 38 " 000 [0.00,0.09]  45%
Random effects model - 0.03 [0.00;0.08] 30.0%
Heterogeneity: /° = 59%, p = 0.02
non-commercial
Huang, 2020 1 1 - 009 [0.00;041]  33%
Kochenderfer, 2017 12 22 —a— 055 [0.32,0.76]  4.0%
Yan, 2019 1 10 - 010 [0.00;045]  32%
Random effects model | ——— 0.24 [0.01;0.69] 10.6%
Heterogeneity: I* = 79%, p < 0.01
Random effects model — 016 [0.10;0.24] 100.0%
Heterogeneity: /* = 90%, p < 0.01
Test for subgroup differences: 75 =56.95,df =4(p<001) 0 02 04 06 08
FIGURE 9 | Severe (grade >3) neurotoxicity of patients with diffuse large B-cell lymphoma (DLBCL) treated with chimeric antigen receptor T cells (CAR-Ts)
according to (A) study design, (B) the costimulatory domain, and (C) type of chimeric antigen receptor T cells (CAR-T).

difference could be caused by the inconsistent time frame of the
included studies. Hence, the BCR may not be an ideal surrogate
outcome of OS to predict the clinical benefit in DLBCL patients.
Therefore, it is necessary for future studies to simultaneously
report 3-months CRR and 6-months CRR or even 12-months
CRR; and then, the ideal endpoint could be determined. Large
long-term follow-up studies are necessary to confirm this
observation.

CAR-T cell immunotherapy is rapidly developing, but unlike
traditional anticancer treatments, they rely on genetically
modified cells that require manufacturing processes with a risk
of failure (Neelapu et al., 2017; Schuster et al., 2019; Abramson
et al., 2020). How to improve efficacy and reduce treatment
toxicity remain the most concerning issues. Therefore, CAR

design, gene transfection method, cytokine support, expansion
and persistence of T cells, preconditioning regimens, infusion
dose of T-cells, and types remain to be improved (Feins et al.,
2019; Subklewe et al., 2019; Rafiq et al., 2020; Zhang et al., 2020;
Sterner and Sterner, 2021). CAR-T cell constructs are complex,
and the manufacturing processes will play important roles in the
efficacy and safety of the products. After infusion of CAR-Ts, the
cells will expand, play their anticancer role, and then go to
apoptosis. Thus, the degree of expansion and duration of
persistence is often considered to correlate with efficacy (Louis
et al,, 2011; Porter et al., 2015). The following reasons should be
considered when examining CAR-T efficacy. First, a previous
study observed that the costimulatory domain could increase
persistence (Louis et al., 2011). Indeed, CD28-based CAR-T cells
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show greater functionality, while 4-1BB-based CAR-T cells
display a higher persistence (Kowolik et al., 2006; Brentjens
et al., 2007; Plunkett et al., 2007; Milone et al, 2009; Zhong
et al., 2010; Santoro et al., 2015; Kawalekar et al., 2016; Guedan
et al., 2020; Jafarzadeh et al., 2020). The 12-months PFS rate of 4-
1BB products (liso-cel:65%; relma-cel:69.2%; tisa-cel:79%) among
patients who had complete response may suggest that longer cell
persistence is correlated with better PFS rate, but we didn’t find
evidence in CD28 products such as axicabtagene ciloleucel. In
addition, lymphodepletion using preconditioning regimens is
beneficial to T cell persistence and expansion in vivo (Cui
et al., 2009; Kohn et al,, 2011). All these factors can influence
efficacy. Consequently, more attention must be paid to these
factors when designing a CAR-T treatment strategy.

Notably, the BOR, BCR and 12-months OS rate of
lisocabtagene maraleucel and relmacabtagene autoleucel were
numerically higher than those of tisagenlecleucel, even though
all the three CAR-T cells were 4-1BB based. CD28 is a
transmembrane protein that is constitutively expressed on
T cells (Boomer and Green, 2010). 4-1BB is a transmembrane
protein that belongs to the tumor necrosis factor receptor
superfamily (Pollok et al., 1993). Besides the two costimulatory
domains themselves, many pathways are involved in the function
and survival of CAR-T cells after infusion (Cappell and
Kochenderfer, 2021), leading to different characteristics
(Weinkove et al, 2019; Ying et al, 2019; Zhao et al., 2020;
Zheng et al., 2020). Indeed, the 4-1BB domain promotes CAR-
T survival through the noncanonical NF-kB signaling (Li et al.,
2018; Philipson et al., 2020) and tumor necrosis factor receptor-
associated factors (TRAFs) (Li et al., 2018). Future studies should
examine the influence of these other pathways on the outcomes
and whether external factors could be modulated to enhance the
efficacy and decrease the toxicity of CAR-T cells.

Nevertheless, the high response rates from CAR-T cell
immunotherapy observed in the present analysis come with
challenges posed by the adverse events and toxicities. Indeed,
in the present analysis, the pooled rates of any-grade CRS, grade
>3 CRS, any-grade neurotoxicity events, and severe neurotoxicity
events were estimated at 78, 6, 41, and 16% of the patients,
respectively. Still, the incidence of CRS and neurotoxicity varied
greatly among trials. The ZUMA-1 trial reported that any-grade
CRS occurred in 93% of the patients, grade >3 CRS in 11% of the
patients, and severe neurotoxicity in 32% (Locke et al., 2019). The
Juliet trial reported 58% of CRS events, 22% of grade 3-4 CRS
events, and 12% of grade 3-4 neurotoxicity events (Schuster et al.,
2019). The TRANSCEND trial reported that any-grade CRS,
grade >3 CRS, and grade >3 neurotoxicity occurred in 42, 2, and
10% of the patients, respectively (Abramson et al., 2020).
Differences in preconditioning regimens, CAR-T cell nature
and dose, patient selection, assessment criteria, and sample
size will inevitably lead to differences among trials, but the
usefulness of a meta-analysis is to pool the results of multiple
studies to find patterns. Our analysis suggested that the incidence
of any-grade CRS events was higher in anti-CD19 CAR-T cells
based on the CD28 costimulatory domain (92%, 95%CI: 89-95%)
than with the 4-1BB domain (57%, 95%CI: 47-67%), as well as
severe CRS (p = 0.04). The difference was also observed for

Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

neurotoxicity events (22% for 4-1BB and 64% for CD28) and
severe neurotoxicity (p < 0.01). These findings suggest that the
manufacturing  technology might influence CRS and
neurotoxicity. In addition, the non-commercial products might
have added instability to the analyses. Consistently, the rates of
CRS and neurotoxicity were higher with axicabtagene ciloleucel
than with relmacabtagene autoleucel, tisagenlecleucel, and
lisocabtagene maraleucel. An important factor influencing the
clinical outcomes and adverse events is the treatments used to
manage the immunological adverse events, including
corticosteroids, anti-IL-6 therapy, and anti-seizures drugs
(Neelapu et al., 2017; Neelapu et al.,, 2018). These effects are
very complex and study- or practice-dependent. The subgroup
analyses of corticosteroid management by costimulatory domain
suggested a higher rate of corticosteroid use with CD28 products
than with 4-1BB-based CAR-T cells, consistent with the previous
safety analyses. A similar tendency was also observed in the
subgroup analyses of tocilizumab management by co-stimulatory
domain. The influence of such drugs on the prognostic outcomes
could not be analyzed in the present meta-analysis.

Limitations

This meta-analysis has limitations. As for all reviews and meta-
analyses, this study inherits the combination of the limitations of
the included studies. Therefore, care must be taken when
extrapolating and generalizing the results. All patients received
CAR-T cells, and no comparison with traditional treatments
could be made. The random-effects model was used because
heterogeneity among trials was expected due to the differences in
design, drugs, doses, outcomes, and methods for measuring the
outcomes, while this statistical model cannot completely abolish
the actual heterogeneity. The heterogeneity among studies further
complicates the comparisons between the reported outcomes in
the studies included in the present study, including differences in
patient populations, B-cell NHL subtypes disease-specific
variables, CAR-T methods, follow-up times, and duration of
treatment. Consequently, statistical heterogeneity was observed
in many analyses. The CRS and ICANS grading scales used in the
included studies were not consistent. Only the two most common
but harmful adverse events were considered, but CAR-T cells can
have many other safety issues affecting their use, including
infections, cytopenia, hypogammaglobulinemia and B-cell
aplasia. Finally, the DOR and PFS rates could not be formally
analyzed since no available data in CD28-based CAR-T cell
studies.

CONCLUSION

The present meta-analysis demonstrated excellent effectiveness and
manageable safety profile of CD19-targeting CAR-T cells in patients
with r/r DLBCL. The subgroup analyses suggested that 4-1BB- and
CD28-based CAR-T cells have similar 12-months OS rates and 3-
months CRR in patients with r/r DLBCL, but 4-1BB-based CAR-T
cells have a better safety profile. Among the 4-1BB products,
relmacabtagene autoleucel might have better efficacy than
tisagenlecleucel. However, as a newly approved product,
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relmacabtagene autoleucel lacks real-world data to confirm its long-
term clinical benefits. Furthermore, CAR-T cell manufacturing is
complex, and discrepancies exist between products using the same
costimulatory domain. We suggest future studies to report detailed
information about the CAR-T constructs.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YS and JZ contributed to the conception and design of the study.
ZY and YS searched the database. ZY and YS extracted data. ZY,

REFERENCES

Abid, M. B., Nasim, F., Anwar, K., and Pervez, S. (2005). Diffuse Large B Cell
Lymphoma (DLBCL) in Pakistan: an Emerging Epidemic? Asian Pac. J. Cancer
Prev. 6 (4), 531-534.

Abramson, J. S., Palomba, M. L., Gordon, L. I, Lunning, M. A., Wang, M., Arnason,
J., et al. (2020). Lisocabtagene Maraleucel for Patients with Relapsed or
Refractory Large B-Cell Lymphomas (TRANSCEND NHL 001): a
Multicentre Seamless Design Study. Lancet 396 (10254), 839-852. doi:10.
1016/50140-6736(20)31366-0

Ayuk, F., Badbaran, A., Berger, C., Sonntag, T., Riecken, K., Geffken, M., et al.
(2020). The 46(th) Annual Meeting of the European Society for Blood and
Marrow Transplantation: Physicians Poster Session (P001-P706). Bone Marrow
Transpl., 55(Suppl. 1): 181-714. doi:10.1038/s41409-020-01120-w

Boomer, J. S., and Green, J. M. (2010). An Enigmatic Tail of CD28 Signaling. Cold
Spring Harb Perspect. Biol. 2 (8), a002436. doi:10.1101/cshperspect.a002436

Brentjens, R. J., Santos, E.,, Nikhamin, Y., Yeh, R., Matsushita, M., La Perle, K., et al.
(2007). Genetically Targeted T Cells Eradicate Systemic Acute Lymphoblastic
Leukemia Xenografts. Clin. Cancer Res. 13 (18 Pt 1), 5426-5435. doi:10.1158/
1078-0432.CCR-07-0674

Cappell, K. M., and Kochenderfer, J. N. (2021). A Comparison of Chimeric Antigen
Receptors Containing CD28 versus 4-1BB Costimulatory Domains. Nat. Rev.
Clin. Oncol. 18 (11), 715-727. doi:10.1038/s41571-021-00530-z

Chavez, J. C., Locke, F. L., Napier, E., Simon, C., Lewandowski, A., Awasthi, R., et al.
(2020). Ibrutinib before Apheresis May Improve Tisagenlecleucel
Manufacturing in  Relapsed/refractory Adult Diffuse Large B-Cell
Lymphoma: Initial Results from a Phase 1b Study. Blood 136, 3-4. doi:10.
1182/blood-2020-134270

Cui, Y., Zhang, H., Meadors, ]., Poon, R., Guimond, M., and Mackall, C. L. (2009).
Harnessing the Physiology of Lymphopenia to Support Adoptive
Immunotherapy in Lymphoreplete Hosts. Blood 114 (18), 3831-3840.
doi:10.1182/blood-2009-03-212134

Dean, E.,, Lu, H., Lazaryan, A., Krivenko, G. S., Bachmeier, C. A., Chavez, J. C, et al.
(2019). Association of High Baseline Metabolic Tumor Volume with Response
Following Axicabtagene Ciloleucel in Refractory Large B-Cell Lymphoma. Jco
37 (15_Suppl. 1), 7562. doi:10.1200/jc0.2019.37.15_suppl.7562

Faramand, R., Kotani, H., Morrissey, D., Yu, B., Locke, F. L., Jain, M., et al.
(2019). Prediction of CAR T-Related Toxicities in R/R DLBCL Patients
Treated with Axicabtagene Ciloleucel Using point of Care Cytokine
Measurements. Biol. Blood Marrow Transplant. 25 (3), S408-S409.
doi:10.1016/j.bbmt.2018.12.827

Feins, S., Kong, W., Williams, E. F., Milone, M. C,, and Fraietta, J. A. (2019). An
Introduction to Chimeric Antigen Receptor (CAR) T-Cell Immunotherapy for
Human Cancer. Am. J. Hematol. 94 (S1), S3-S9. doi:10.1002/ajh.25418

Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

YS, and JZ conducted data analysis. ZY and YS wrote the
manuscript. All authors contributed to manuscript revision,
read, and approved the submitted version.

FUNDING

This study was supported by funds from Beijing Natural Science
Foundation (7202026), Capital’s Funds for Health Improvement
and Research (2020-2Z-2157), and Science Foundation of Peking
University Cancer Hospital (2020-5).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.834113/
full#supplementary-material

Ghosh, N, Sehgal, A., Hildebrand, G., Godwin, J., Wagner-Johnston, N., Hoda, D.,
et al. (2020). Lisocabtagene Maraleucel for Treatment of Second-Line
Transplant Noneligible Relapsed/Refractory Aggressive Large B-Cell Non-
hodgkin Lymphoma: Updated Results from the Pilot Study. HemaSphere 4, 82.

Godwin, J. E., Mattar, B. 1., Maris, M. B., Bachier, C. R,, Stevens, D. A., Hoda, D.,
et al. (2021). Outreach: Preliminary Safety and Efficacy Results from a Phase 2
Study of Lisocabtagene Maraleucel (Liso-cel) in the Nonuniversity Setting.
Blood 138.

Grana, A., Gut, N., Williams, K., Maakaron, J., Porter, K., William, B. M., et al.
(2021). Safety of Axicabtagene Ciloleucel for the Treatment of Relapsed or
Refractory Large B-Cell Lymphoma. Clin. Lymphoma Myeloma Leuk. 21 (4),
238-245. doi:10.1016/j.clm1.2020.10.005

Guedan, S., Madar, A., Casado-Medrano, V., Shaw, C., Wing, A, Liu, F,, et al.
(2020). Single Residue in CD28-Costimulated CAR-T Cells Limits Long-Term
Persistence and Antitumor Durability. J. Clin. Invest. 130 (6), 3087-3097.
doi:10.1172/JCI133215

Huang, C,, Wu, L, Liu, R,, Li, W., Li, Z,, Li, J., et al. (2020). Efficacy and Safety of
CD19 Chimeric Antigen Receptor T Cells in the Treatment of 11 Patients with
Relapsed/refractory B-Cell Lymphoma: a Single-center Study. Ann. Transl Med.
8 (17), 1048. doi:10.21037/atm-20-4363

Tacoboni, G., Villacampa, G., Martinez-Cibrian, N., Bailén, R., Lopez Corral, L.,
Sanchez, J. M, et al. (2021). Real-world Evidence of Tisagenlecleucel for the
Treatment of Relapsed or Refractory Large B-Cell Lymphoma. Cancer Med. 10
(10), 3214-3223. doi:10.1002/cam4.3881

Tacoboni, G., Catala, E., Bailen, R., Mussetti, A., Sancho, J. M., Ribera, ]. M., et al.
(2020). Real-World Evidence of the Use of Tisagenlecleucel for Patients with
Relapsed/Refractory Agressive B-Cell Lymphomas. The Spanish Experience.
Bone Marrow Transpl. 55, 22-174.

Jacobson, C. A., Locke, F. L., Miklos, D. B,, Vose, J. M,, Lin, Y., Budde, L. E., et al.
(2020). Outcomes of Patients (Pts) in ZUMA-9, a Multicenter, Open-Label
Study of Axicabtagene Ciloleucel (Axi-Cel) in Relapsed/Refractory Large B Cell
Lymphoma (R/R LBCL) for Expanded Access and Commercial Out-Of-
Specification (OOS) Product. Blood 136 (Suppl. 1), 2-3. doi:10.1182/blood-
2020-136136

Jacobson, C. A., Locke, F. L., Miklos, D. B., Herrera, A. F., Westin, J. R,, Lee, ], et al.
(2019). End of Phase 1 Results from Zuma-6: Axicabtagene Ciloleucel (Axi-Cel)
in Combination with Atezolizumab for the Treatment of Patients with
Refractory Diffuse Large B Cell Lymphoma. Biol. Blood Marrow Transplant.
25 (3Suppl. ment), S173. doi:10.1016/j.bbmt.2018.12.314

Jafarzadeh, L., Masoumi, E., Fallah-Mehrjardi, K., Mirzaei, H. R., and Hadjati, J.
(2020). Prolonged Persistence of Chimeric Antigen Receptor (CAR) T Cell in
Adoptive Cancer Immunotherapy: Challenges and Ways Forward. Front.
Immunol. 11, 702. doi:10.3389/fimmu.2020.00702

Jaglowski, S., Hu, Z.-H., Zhang, Y., Kamdar, M., Ghosh, M., Lulla, P., et al. (2019).
Tisagenlecleucel Chimeric Antigen Receptor (CAR) T-Cell Therapy for Adults

Frontiers in Pharmacology | www.frontiersin.org

April 2022 | Volume 13 | Article 834113


https://www.frontiersin.org/articles/10.3389/fphar.2022.834113/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.834113/full#supplementary-material
https://doi.org/10.1016/S0140-6736(20)31366-0
https://doi.org/10.1016/S0140-6736(20)31366-0
https://doi.org/10.1038/s41409-020-01120-w
https://doi.org/10.1101/cshperspect.a002436
https://doi.org/10.1158/1078-0432.CCR-07-0674
https://doi.org/10.1158/1078-0432.CCR-07-0674
https://doi.org/10.1038/s41571-021-00530-z
https://doi.org/10.1182/blood-2020-134270
https://doi.org/10.1182/blood-2020-134270
https://doi.org/10.1182/blood-2009-03-212134
https://doi.org/10.1200/jco.2019.37.15_suppl.7562
https://doi.org/10.1016/j.bbmt.2018.12.827
https://doi.org/10.1002/ajh.25418
https://doi.org/10.1016/j.clml.2020.10.005
https://doi.org/10.1172/JCI133215
https://doi.org/10.21037/atm-20-4363
https://doi.org/10.1002/cam4.3881
https://doi.org/10.1182/blood-2020-136136
https://doi.org/10.1182/blood-2020-136136
https://doi.org/10.1016/j.bbmt.2018.12.314
https://doi.org/10.3389/fimmu.2020.00702
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Ying et al.

with Diffuse Large B-Cell Lymphoma (DLBCL): Real World Experience from
the Center for International Blood & Marrow Transplant Research (CIBMTR)
Cellular Therapy (CT) Registry. Blood 134, 766. doi:10.1182/blood-2019-
130983

Kawalekar, O. U., O’connor, R. S,, Fraietta, J. A., Guo, L., Mcgettigan, S. E., Posey,
A. D, Jr, et al. (2016). Distinct Signaling of Coreceptors Regulates Specific
Metabolism Pathways and Impacts Memory Development in CAR T Cells.
Immunity 44 (2), 380-390. doi:10.1016/j.immuni.2016.01.021

Kersten, M. J., Spanjaart, A. M., and Thieblemont, C. (2020). CD19-directed CAR
T-Cell Therapy in B-Cell NHL. Curr. Opin. Oncol. 32 (5), 408-417. d0i:10.1097/
CC0.0000000000000668

Kochenderfer, J. N., Somerville, R. P. T, Lu, T., Shi, V., Bot, A., Rossi, J., et al.
(2017). Lymphoma Remissions Caused by Anti-CD19 Chimeric Antigen
Receptor T Cells Are Associated with High Serum Interleukin-15 Levels.
J. Clin. Oncol. 35 (16), 1803-1813. doi:10.1200/JC0O.2016.71.3024

Kohn, D. B,, Dotti, G., Brentjens, R., Savoldo, B., Jensen, M., Cooper, L. J., et al.
(2011). CARs on Track in the Clinic. Mol. Ther. 19 (3), 432-438. doi:10.1038/
mt.2011.1

Kowolik, C. M., Topp, M. S., Gonzalez, S., Pfeiffer, T., Olivares, S., Gonzalez, N.,
et al. (2006). CD28 Costimulation provided through a CD19-specific Chimeric
Antigen Receptor Enhances In Vivo Persistence and Antitumor Efficacy of
Adoptively Transferred T Cells. Cancer Res. 66 (22), 10995-11004. doi:10.1158/
0008-5472.CAN-06-0160

Kuo, H. P., Ezell, S. A., Hsieh, S., Schweighofer, K. J., Cheung, L. W., Wu, S,, et al.
(2016). The Role of PIM1 in the Ibrutinib-Resistant ABC Subtype of Diffuse
Large B-Cell Lymphoma. Am. J. Cancer Res. 6 (11), 2489-2501.

Lee, D. W., Kochenderfer, J. N., Stetler-Stevenson, M., Cui, Y. K., Delbrook, C.,
Feldman, S. A, et al. (2015). T Cells Expressing CD19 Chimeric Antigen
Receptors for Acute Lymphoblastic Leukaemia in Children and Young Adults: a
Phase 1 Dose-Escalation Trial. Lancet 385 (9967), 517-528. d0i:10.1016/S0140-
6736(14)61403-3

Lee, M., Rusibamayila, N., Casey, K. S., Gupta, S., Nephrol, J., Li, G., et al. (2020).
Clinical Features of AKI in Patients Receiving Tisagenlecleucel (CAR-T
Therapy), and Davila, M L (2018). 4-1BB Enhancement of CAR T Function
Requires NF-kappaB and TRAFs. JCI Insight 3 (18).

Locke, F. L., Ghobadi, A., Jacobson, C. A., Miklos, D. B., Lekakis, L. J., Oluwole, O.
0., et al. (2019). Long-term Safety and Activity of Axicabtagene Ciloleucel in
Refractory Large B-Cell Lymphoma (ZUMA-1): a Single-Arm, Multicentre,
Phase 1-2 Trial. Lancet Oncol. 20 (1), 31-42. doi:10.1016/S1470-2045(18)
30864-7

Locke, F. L., Neelapu, S. S., Bartlett, N. L., Siddiqi, T., Chavez, J. C., Hosing, C. M.,
et al. (2017). Phase 1 Results of ZUMA-1: A Multicenter Study of KTE-C19
Anti-CD19 CAR T Cell Therapy in Refractory Aggressive Lymphoma. Mol.
Ther. 25 (1), 285-295. doi:10.1016/j.ymthe.2016.10.020

Louis, C. U., Savoldo, B., Dotti, G., Pule, M., Yvon, E., Myers, G. D,, et al. (2011).
Antitumor Activity and Long-Term Fate of Chimeric Antigen Receptor-
Positive T Cells in Patients with Neuroblastoma. Blood 118 (23), 6050-6056.
doi:10.1182/blood-2011-05-354449

Martelli, M., Ferreri, A. J., Agostinelli, C., Di Rocco, A., Pfreundschuh, M., and
Pileri, S. A. (2013). Diffuse Large B-Cell Lymphoma. Crit. Rev. Oncol. Hematol.
87 (2), 146-171. doi:10.1016/j.critrevonc.2012.12.009

Melody, M., Gandhi, S., Abdel Rahman, Z., Lengerke Diaz, P. A., Gannon, N,,
Rosenthal, A. C, et al. (2019). Baseline Hypoalbuminemia Does Not Appear to
Be an Adverse Prognostic Factor in Patients with Relapse/Refractory B-Cell
Lymphomas Treated with Axicabtagene Ciloleucel (Axi-cel). Blood 134 (Suppl.
ment_1), 5343. doi:10.1182/blood-2019-126594

Mian, A., Wei, W., Hill, B. T., Hamilton, B. K., Winter, A. M., Khouri, J., et al.
(2020). Resource Utilization and Factors Prolonging Hospitalization for
Patients with Relapsed and Refractory Large B-Cell Lymphoma Receiving
Tisagenlecleucel versus Axicabtagene Ciloleucel. Blood 136, 38-39. doi:10.
1182/blood-2020-137801

Milone, M. C,, Fish, J. D., Carpenito, C., Carroll, R. G., Binder, G. K., Teachey, D.,
et al. (2009). Chimeric Receptors Containing CD137 Signal Transduction
Domains Mediate Enhanced Survival of T Cells and Increased Antileukemic
Efficacy In Vivo. Mol. Ther. 17 (8), 1453-1464. doi:10.1038/mt.2009.83

Moher, D, Liberati, A., Tetzlaff, J., Altman, D. G., and Group, P. (2009). Preferred
Reporting Items for Systematic Reviews and Meta-Analyses: the PRISMA
Statement. BMJ 339 (4), b2535W264-269. doi:10.1136/bmj.b2535

Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

Nastoupil, L. J., Jain, M. D., Feng, L., Spiegel, J. Y., Ghobadi, A., Lin, Y., et al. (2020).
Standard-of-Care Axicabtagene Ciloleucel for Relapsed or Refractory Large
B-Cell Lymphoma: Results from the US Lymphoma CAR T Consortium. J. Clin.
Oncol. 38 (27), 3119-3128. d0i:10.1200/JCO.19.02104

NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines) (2020). B-Cell
Lymphomas. Fort Washington: National Comprehensive Cancer Network.
Version 5.2021.

Neelapu, S. S., Locke, F. L., Bartlett, N. L., Lekakis, L. J., Miklos, D. B., Jacobson, C.
A., et al. (2017). Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory
Large B-Cell Lymphoma. N. Engl. J. Med. 377 (26), 2531-2544. doi:10.1056/
NEJMoal707447

Neelapu, S. S., Tummala, S., Kebriaei, P., Wierda, W., Gutierrez, C., Locke, F. L.,
et al. (2018). Chimeric Antigen Receptor T-Cell Therapy - Assessment and
Management of Toxicities. Nat. Rev. Clin. Oncol. 15 (1), 47-62. doi:10.1038/
nrclinonc.2017.148

Panaite, L., Gauthier, J., Perkins, P., Voutsinas, J., Wu, Q. V., Kirk, A., et al. (2020).
Predictors of Cytopenia after Treatment with Axicabtagene Ciloleucel in
Patients with Large Cell Lymphoma. Blood 136, 1-2. doi:10.1182/blood-
2020-134816

Pennisi, M., Jain, T., Santomasso, B. D., Mead, E., Wudhikarn, K, Silverberg, M.
L., et al. (2020). Comparing CAR T-Cell Toxicity Grading Systems:
Application of the ASTCT Grading System and Implications for
Management. Blood Adv. 4 (4), 676-686. doi:10.1182/bloodadvances.
2019000952

Philipson, B. I, O’connor, R. S., May, M. ], June, C. H., Albelda, S. M., and Milone,
M. C. (2020). 4-1BB Costimulation Promotes CAR T Cell Survival through
Noncanonical NF-Kb Signaling. Sci. Signal. 13 (625). doi:10.1126/scisignal.
aay8248

Plunkett, F. J., Franzese, O., Finney, H. M., Fletcher, J. M., Belaramani, L. L.,
Salmon, M., et al. (2007). The Loss of Telomerase Activity in Highly
Differentiated CD8+CD28-CD27- T Cells Is Associated with Decreased Akt
(Ser473) Phosphorylation. J. Immunol. 178 (12), 7710-7719. doi:10.4049/
jimmunol.178.12.7710

Pollok, K. E., Kim, Y. J., Zhou, Z., Hurtado, J., Kim, K. K., Pickard, R. T., et al.
(1993). Inducible T Cell Antigen 4-1BB. Analysis of Expression and Function.
J. Immunol. 150 (3), 771-781.

Porter, D. L., Hwang, W. T., Frey, N. V., Lacey, S. F., Shaw, P. A., Loren, A. W, et al.
(2015). Chimeric Antigen Receptor T Cells Persist and Induce Sustained
Remissions in Relapsed Refractory Chronic Lymphocytic Leukemia. Sci.
Transl Med. 7 (303), 303ral39. doi:10.1126/scitranslmed.aac5415

Rafig, S., Hackett, C. S., and Brentjens, R. J. (2020). Engineering Strategies to
Overcome the Current Roadblocks in CAR T Cell Therapy. Nat. Rev. Clin.
Oncol. 17 (3), 147-167. doi:10.1038/s41571-019-0297-y

Santoro, S. P., Kim, S., Motz, G. T., Alatzoglou, D., Li, C,, Irving, M,, et al. (2015).
T Cells Bearing a Chimeric Antigen Receptor against Prostate-specific
Membrane Antigen Mediate Vascular Disruption and Result in Tumor
Regression. Cancer Immunol. Res. 3 (1), 68-84. doi:10.1158/2326-6066.CIR-
14-0192

Sarkozy, C., and Sehn, L. H. (2018). Management of Relapsed/refractory DLBCL.
Best Pract. Res. Clin. Haematol. 31 (3), 209-216. doi:10.1016/j.beha.2018.07.014

Schuster, S. J., Bishop, M. R., Tam, C. S., Waller, E. K., Borchmann, P., Mcguirk,
J. P, et al. (2019). Tisagenlecleucel in Adult Relapsed or Refractory Diffuse
Large B-Cell Lymphoma. N. Engl. ]. Med. 380 (1), 45-56. doi:10.1056/
NEJMo0al804980

Sehn, L. H., and Gascoyne, R. D. (2015). Diffuse Large B-Cell Lymphoma:
Optimizing Outcome in the Context of Clinical and Biologic Heterogeneity.
Blood 125 (1), 22-32. doi:10.1182/blood-2014-05-577189

Sesques, P., Ferrant, E., Safar, V., Wallet, F., Tordo, J., Dhomps, A., et al. (2020).
Commercial Anti-CD19 CAR T Cell Therapy for Patients with Relapsed/
refractory Aggressive B Cell Lymphoma in a European center. Am.
J. Hematol. 95 (11), 1324-1333. doi:10.1002/ajh.25951

Slim, K., Nini, E., Forestier, D., Kwiatkowski, F., Panis, Y., and Chipponi, J. (2003).
Methodological index for Non-randomized Studies (Minors): Development
and Validation of a New Instrument. ANZ J. Surg. 73 (9), 712-716. doi:10.1046/
j.1445-2197.2003.02748.x

Sterner, R. C., and Sterner, R. M. (2021). CAR-T Cell Therapy: Current Limitations
and Potential Strategies. Blood Cancer J. 11 (4), 69. doi:10.1038/s41408-021-
00459-7

Frontiers in Pharmacology | www.frontiersin.org

16

April 2022 | Volume 13 | Article 834113


https://doi.org/10.1182/blood-2019-130983
https://doi.org/10.1182/blood-2019-130983
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1097/CCO.0000000000000668
https://doi.org/10.1097/CCO.0000000000000668
https://doi.org/10.1200/JCO.2016.71.3024
https://doi.org/10.1038/mt.2011.1
https://doi.org/10.1038/mt.2011.1
https://doi.org/10.1158/0008-5472.CAN-06-0160
https://doi.org/10.1158/0008-5472.CAN-06-0160
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1016/S1470-2045(18)30864-7
https://doi.org/10.1016/S1470-2045(18)30864-7
https://doi.org/10.1016/j.ymthe.2016.10.020
https://doi.org/10.1182/blood-2011-05-354449
https://doi.org/10.1016/j.critrevonc.2012.12.009
https://doi.org/10.1182/blood-2019-126594
https://doi.org/10.1182/blood-2020-137801
https://doi.org/10.1182/blood-2020-137801
https://doi.org/10.1038/mt.2009.83
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1200/JCO.19.02104
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1056/NEJMoa1707447
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1182/blood-2020-134816
https://doi.org/10.1182/blood-2020-134816
https://doi.org/10.1182/bloodadvances.2019000952
https://doi.org/10.1182/bloodadvances.2019000952
https://doi.org/10.1126/scisignal.aay8248
https://doi.org/10.1126/scisignal.aay8248
https://doi.org/10.4049/jimmunol.178.12.7710
https://doi.org/10.4049/jimmunol.178.12.7710
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1158/2326-6066.CIR-14-0192
https://doi.org/10.1158/2326-6066.CIR-14-0192
https://doi.org/10.1016/j.beha.2018.07.014
https://doi.org/10.1056/NEJMoa1804980
https://doi.org/10.1056/NEJMoa1804980
https://doi.org/10.1182/blood-2014-05-577189
https://doi.org/10.1002/ajh.25951
https://doi.org/10.1046/j.1445-2197.2003.02748.x
https://doi.org/10.1046/j.1445-2197.2003.02748.x
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1038/s41408-021-00459-7
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Ying et al.

Strati, P, Tummala, L. J., Westin, J. R., Fayad, L., Ahmed, S., Fowler, N. H,, et al.
(2019). Clinical and Radiological Correlates of Neurotoxicity after Standard of
Care Axicabtagene Ciloleucel in Patients with Relapsed/Refractory Large B-Cell
Lymphoma. Blood 134 (Suppl. ment_1), 765. doi:10.1182/blood-2019-125769

Subklewe, M., Von Bergwelt-Baildon, M., and Humpe, A. (2019). Chimeric
Antigen Receptor T Cells: A Race to Revolutionize Cancer Therapy.
Transfus. Med. Hemother 46 (1), 15-24. doi:10.1159/000496870

Tilly, H., Gomes Da Silva, M., Vitolo, U,, Jack, A., Meignan, M., Lopez-Guillermo,
A., et al. (2015). Diffuse Large B-Cell Lymphoma (DLBCL): ESMO Clinical
Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 26
Suppl 5 (Suppl. 5), v116-25. doi:10.1093/annonc/mdv304

Tilly, H., Vitolo, U., Walewski, J., Da Silva, M. G., Shpilberg, O., André, M., et al.
(2012). Diffuse Large B-Cell Lymphoma (DLBCL): ESMO Clinical Practice
Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. 23 Suppl 7
(Suppl. 7), vii78-82. doi:10.1093/annonc/mds273

Turtle, C.J., Hanafi, L. A, Berger, C., Gooley, T. A., Cherian, S., Hudecek, M., et al.
(2016). CD19 CAR-T Cells of Defined CD4+:CD8+ Composition in Adult
B Cell ALL Patients. J. Clin. Invest. 126 (6), 2123-2138. doi:10.1172/JCI85309

Van Den Neste, E., Schmitz, N., Mounier, N., Gill, D, Linch, D., Trneny, M., et al.
(2016). Outcome of Patients with Relapsed Diffuse Large B-Cell Lymphoma
Who Fail Second-Line Salvage Regimens in the International CORAL Study.
Bone Marrow Transpl. 51 (1), 51-57. doi:10.1038/bmt.2015.213

Weinkove, R, George, P, Dasyam, N, and Mclellan, A. D. (2019). Selecting
Costimulatory Domains for Chimeric Antigen Receptors: Functional and
Clinical Considerations. Clin. Transl Immunol. 8 (5), €1049. doi:10.1002/cti2.1049

Yan, Z. X,, Li, L., Wang, W., Ouyang, B. S., Cheng, S., Wang, L., et al. (2019).
Clinical Efficacy and Tumor Microenvironment Influence in a Dose-Escalation
Study of Anti-CD19 Chimeric Antigen Receptor T Cells in Refractory B-Cell
Non-hodgkin’s Lymphoma. Clin. Cancer Res. 25 (23), 6995-7003. doi:10.1158/
1078-0432.CCR-19-0101

Yin, Z., Zhang, Y., and Wang, X. (2021). Advances in Chimeric Antigen Receptor
T-Cell Therapy for B-Cell Non-hodgkin Lymphoma. Biomark Res. 9 (1), 58.
doi:10.1186/540364-021-00309-5

Ying, Z., He, T., Wang, X., Zheng, W., Lin, N,, Tu, M., et al. (2019). Parallel
Comparison of 4-1BB or CD28 Co-stimulated CD19-Targeted CAR-T Cells for
B Cell Non-hodgkin’s Lymphoma. Mol. Ther. Oncolytics 15, 60-68. doi:10.
1016/j.0mt0.2019.08.002

Ying, Z., Yang, H., Guo, Y., Li, W., Zou, D., Zhou, D., et al. (2021). Relmacabtagene
Autoleucel (Relma-cel) CD19 CAR-T Therapy for Adults with Heavily

Meta-Analysis: Anti-CD19 CAR-Ts for r/r DLBCL

Pretreated Relapsed/refractory Large B-Cell Lymphoma in China. Cancer
Med. 10 (3), 999-1011. doi:10.1002/cam4.3686

Zhang, H., Zhao, P., and Huang, H. (2020). Engineering Better Chimeric Antigen
Receptor T Cells. Exp. Hematol. Oncol. 9 (1), 34. doi:10.1186/s40164-020-
00190-2

Zhao, X., Yang, J., Zhang, X,, Lu, X. A, Xiong, M., Zhang, J., et al. (2020). Efficacy
and Safety of CD28- or 4-1bb-Based CD19 CAR-T Cells in B Cell Acute
Lymphoblastic Leukemia. Mol. Ther. Oncolytics 18, 272-281. doi:10.1016/j.
omt0.2020.06.016

Zheng, X. H,, Zhang, X. Y., Dong, Q. Q., Chen, F., Yang, S. B., and Li, W. B. (2020).
Efficacy and Safety of Chimeric Antigen Receptor-T Cells in the Treatment of
B Cell Lymphoma: a Systematic Review and Meta-Analysis. Chin. Med. J. (Engl)
133 (1), 74-85. doi:10.1097/CM9.0000000000000568

Zhong, X. S., Matsushita, M., Plotkin, J., Riviere, I, and Sadelain, M. (2010).
Chimeric Antigen Receptors Combining 4-1BB and CD28 Signaling
Domains Augment PI3kinase/AKT/Bcl-XL Activation and CD8+ T
Cell-Mediated Tumor Eradication. Mol. Ther. 18 (2), 413-420. doi:10.
1038/mt.2009.210

Zhou, X,, Tu, S., Wang, C., Huang, R, Deng, L., Song, C., et al. (2020). Phase I Trial
of Fourth-Generation Anti-CD19 Chimeric Antigen Receptor T Cells against
Relapsed or Refractory B Cell Non-hodgkin Lymphomas. Front. Immunol. 11,
564099. doi:10.3389/fimmu.2020.564099

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ying, Song and Zhu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

17

April 2022 | Volume 13 | Article 834113


https://doi.org/10.1182/blood-2019-125769
https://doi.org/10.1159/000496870
https://doi.org/10.1093/annonc/mdv304
https://doi.org/10.1093/annonc/mds273
https://doi.org/10.1172/JCI85309
https://doi.org/10.1038/bmt.2015.213
https://doi.org/10.1002/cti2.1049
https://doi.org/10.1158/1078-0432.CCR-19-0101
https://doi.org/10.1158/1078-0432.CCR-19-0101
https://doi.org/10.1186/s40364-021-00309-5
https://doi.org/10.1016/j.omto.2019.08.002
https://doi.org/10.1016/j.omto.2019.08.002
https://doi.org/10.1002/cam4.3686
https://doi.org/10.1186/s40164-020-00190-2
https://doi.org/10.1186/s40164-020-00190-2
https://doi.org/10.1016/j.omto.2020.06.016
https://doi.org/10.1016/j.omto.2020.06.016
https://doi.org/10.1097/CM9.0000000000000568
https://doi.org/10.1038/mt.2009.210
https://doi.org/10.1038/mt.2009.210
https://doi.org/10.3389/fimmu.2020.564099
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Effectiveness and Safety of Anti-CD19 Chimeric Antigen Receptor-T Cell Immunotherapy in Patients With Relapsed/Refractory L ...
	Introduction
	Methods
	Literature Search
	Data Extraction
	Quality of the Evidence
	Statistical Analysis

	Results
	Study Characteristics and Quality Assessment
	Response Rate
	Survival Outcome
	Safety Analyses
	Publication Bias

	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


