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Simple Summary: Successful treatment of hematological malignancies with chimeric antigen recep-
tors T (CAR-T) cells has led to much enthusiasm for the wide clinical usage and development of
novel CAR-T therapies. However, it also challenges physicians and investigators to recognize and
deal with treatment-associated toxicities. We conducted a systematic review and meta-analysis from
84 eligible study and a total of 2592 patients to identify the comprehensive incidences and severity of
CRS and neurological symptoms (NS) as well as the potential differences in AEs across a variety of
cancer types, CAR-T targets, and other factors, thereby offering a significant implication on its future
application and research.

Abstract: Chimeric antigen receptors T (CAR-T) cell therapy of cancer is a rapidly evolving field. It
has been shown to be remarkably effective in cases of hematological malignancies, and its approval by
the FDA has significantly increased the enthusiasm for wide clinical usage and development of novel
CAR-T therapies. However, it has also challenged physicians and investigators to recognize and deal
with treatment-associated toxicities. A total of 2592 patients were included from 84 eligible studies
that were systematically searched and reviewed from the databases of PubMed, de, the American
Society of Hematology and the Cochrane Library. The meta-analysis and subgroup analysis by a
Bayesian logistic regression model were used to evaluate the incidences of therapy-related toxicities
such as cytokine release syndrome (CRS) and neurological symptoms (NS), and the differences
between different targets and cancer types were analyzed. The pooled all-grade CRS rate and grade
> 3 CRS rate was 77% and 29%, respectively, with a significantly higher incidence in the hematologic
malignancies (all-grade: 81%; grade > 3: 29%) than in solid tumors (all-grade: 37%; grade > 3: 19%).
The pooled estimate NS rate from the individual studies were 40% for all-grade and 28% for grade
> 3. It was also higher in the hematologic subgroup than in the solid tumors group. The subgroup
analysis by cancer type showed that higher incidences of grade > 3 CRS were observed in anti-
CD19 CAR-T therapy for ALL and NHL, anti-BCMA CAR-T for MM, and anti-CEA CAR-T for
solid tumors, which were between 24-36%, while higher incidences of grade > 3 NS were mainly
observed in CD19-ALL/NHL (23-37%) and BCMA-MM (12%). Importantly, subgroup analysis on
anti-CD19 CAR-T studies showed that young patients (vs. adult patients), allologous T cell origin
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(vs. autologous origin), gamma retrovirus vector, and higher doses of CAR-T cells were associated
with high-grade CRS. On the other hand, the patients with NHL (vs ALL), administered with higher
dose of CAR-T, and adult patients (vs. young patients) had an increased incidence of grade > 3 NS
events. This study offers a comprehensive summary of treatment-related toxicity and will guide
future clinical trials and therapeutic designs investigating CAR T cell therapy.

Keywords: CAR-T; treatment-related adverse events; clinical trial; systematic review

1. Introduction

Chimeric antigen receptor T (CAR-T) cell therapy employs autologous or allogeneic
genetically engineered T cells for combatting cancer. It has demonstrated unexpected
success in treatment-refractory patients. CAR-engineered T cells targeting CD19 has shown
remarkable efficacy in patients with recurrent/refractory CD19" B-cell malignancies in
recent years [1-5]. Phase I and II trials that study the effect of CAR-T on B-cell maturation
antigen (BCMA) or CD22 have shown potent antitumor activity for multiple myeloma
(MM) and acute lymphoblastic leukemia (ALL), respectively [6-12]. Although the efficacy
of CAR-T in solid tumors has been limited, an unprecedented number of CAR-T cells trials
on solid tumors have been finished or are ongoing [13-17].

CAR-T cell therapy has a unique set of toxicities related to the activation of the immune
system. Thus, it is distinct from chemotherapies, targeted small molecule drugs, and other
immunotherapies. Cytokine-release syndrome (CRS), CAR-T-cell-related encephalopathy
syndrome (CRES), and other adverse events (AEs) occurring after CAR-T cell treatment
should be considered in clinical practice. Although safety levels of CAR-T therapy are
generally acceptable, the variability in incidences and severity of AEs in different clinical
trials employing commercially and locally produced CAR-T cells may be attributed to
the difference in the construct, dosage, intensive lymphodepletion, tumor burden, and
clinical practices at various centers [2,18,19]. Due to the specific toxicity profiles and the
life-threatening potential of CAR-T therapy found on clinical trials, a systematic review is
needed to evaluate its variable safety profiles. In this study, we performed a systematic
review and meta-analysis of published clinical trials on the treatment-related AEs that
occurred early after CAR T-cell infusion. Using the rate meta-merge and the novel Bayesian
approach, we investigated the comprehensive incidences and severity of CRS and neuro-
logical symptoms (NS). Further, we quantified potential differences in AEs across a variety
of cancer types, CAR-T targets, and other factors, thereby offering a significant implication
on its future application and research.

2. Materials and Methods

This systematic review was conducted with adherence to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidance [20].

2.1. Data Sources

A systematic search of the literature was conducted to identify published clinical
trials on the treatment-related AEs of CAR-T therapy. The PubMed, the EMBASE, and
the American Society of Hematology and Cochrane Library databases were systemati-
cally searched for eligible studies. The search time was from database inception to Oc-
tober 1, 2020. A combination of free-text words and MeSH terms was used as follows:
(Chimeric Antigen Receptor/CAR-T/engineered T cell/modified T cell) AND (adop-
tive/therapy/treat/immunity /immunotherapy). Reference lists from eligible studies were
thoroughly searched for potentially relevant studies.
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2.2. Study Selection, Meta-Analysis Inclusion Criteria, and Data Extraction

Identified publications were carefully screened. Two reviewers (Qi Jiang and Mixue
Xie) screened all identified publications based on our inclusion criteria. In the event of
disagreement between the two reviewers, we obtained and inspected the full-text article in-
dependently. The references of relevant published trials, case reports, and meeting abstract
were included for meta-analysis. In total, 84 studies were included in the final analysis. The
inclusion criteria were as follows: (1) cancer therapy clinical trials or researches that involve
more than three patients; (2) trials or researches that focus on CAR-T (NK) therapy; (3) stud-
ies reporting data on treatment-related AEs; and (4) studies published in English. Extracted
data included the following: (1) study characteristics (author, publication time, research
region, and study type); (2) patient characteristics (number, age, gender, and disease);
(3) CAR-T type and manufacturing process (T-cell original, vector, dose, and co-stimulation
domain); and (4) outcome measures (number of AEs and criteria for AE reporting in the
publication; all-grade AE and grade 3 or higher AE data were both extracted). When there
were multiple publications reporting on the same study population, the one with the most
updated and/or comprehensive AE data was selected.

2.3. Statistical Analyses

Pooled estimates of treatment-related AEs were computed when there was sufficient
reporting of these measures. The overall pooled effects assessment was conducted using
a fixed-effects model. In the case of significant heterogeneity, a random-effects model
was used. Heterogeneity in the results of the trials was assessed using the x? test of
heterogeneity and the I> measure of inconsistency. Heterogeneity was considered present
when the p value of the Cochran Q test was <0.05 and the I? statistic was >50%. The rate
meta-merger method was also applied to the subgroup analysis, including the cancer type
and the CAR-T type, by study-level moderators.

The Bayesian logistic regression model was applied for subsequent subgroup analysis
of anti-CD-19 CAR-T studies based on the type of cancer (ALL and Non-Hodgkin Lym-
phoma [NHLY]), age group (child, young adult, and adult), T-cell origin (autologous and
allogeneic), and construct type (vector and co-stimulatory domain types) to investigate the
potential underlying relationships that may explain some of the variability in AE rates. We
categorized variables such as cancer type and construct type among others according to
sub-group definitions and transformed the dependent variable (incidence of CRS and NS)
into a binary variable (occur = 1, not occur = 0). All of the included research data, including
the Bayesian logistic regression model with a non-informative prior, became a patient-level
dataset. With a logit transformation (logit(z) = log(z) — log(1 — z)) on the incidence proba-
bility, we assumed normal distributions for the patient-level effects. A non-informative
prior distribution was proposed for the mean parameters of normal distributions. Based
on sufficient information in the dataset, we set the standard deviation of the priors to 10 for
all variables. The estimate of the parameters of the posterior distribution was used by the
Markovchain Monte Carlo algorithm. Before the operation, the burning of the annealing
number was set to 5000 times. The number of iterations of McMcsize was set to 50,000.
Due to the large number of iteration sets, the adaptation was also set for the number of
updates and simulations. Using the Bayesian logistic regression, the odds ratios (ORs)
value of the comparison between the subgroup parameters, one of which was the control
parameter, was obtained. When the OR value was >1, it indicated that the test parameters
were correlated with the high incidence of AE and vice versa. All statistical analyses were
performed using the meta-analysis command in the STATA (version 14.0 for Windows;
Stata Corp LP, College Station, TX, USA).

3. Results
3.1. Eligible Studies and Characteristics

The procedure for the systematic literature review is shown in the PRISMA flow
diagram (Figure 1). After screening and eligibility assessment, our study included 84 clin-
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ical trials with a total of 2592patients (Table 1). There were 19 kinds of CAR-T cells
targeting different tumor-cell antigens. The kinds of CAR-T cells included the follow-
ing: CD19, CD20, CD22, CD30, CD33, LeY Antigen, BCMA, and natural killer group 2D
(NKG2D) for hematological malignancies, and carcinoembryonic antigen (CEA), epidermal
growth factor receptor (EGFR), GD2, IL13 receptor «2, epidermal growth factor receptor 2
(HER2), mesothelin, prostate specific membrane antigen (PSMA), and tumor-associated
glycoprotein-72 (TAG?72) for solid tumors.

Table 1. Characteristics of the included studies and participants.

First Author Year Cancer Type(s) Patlzr:ﬁ/su ]f\)[/:llz)ated szfr?’(IY{?:;e) Country CAR-T Type
Hematologic Malignancies
Brentjens [21] 2011 CLL/ALL 8 (80) 63.9 (51-73) USA CD19
Brentjens [22] 2013 ALL 5 (80) 52.4 (23-66) USA CD19
Kochenderfer [23] 2013 CLL/DLBCL/MCL 10 (80) 52.4 (44-66) USA CD19
Dai [24] 2015 ALL 9 (44) 38.9 (15-65) China CD19
Brudno [25] 2016 CLL/DLBCL/MCL/ALL 20 (55) 48 (20-68) USA CD19
Locke [5] 2016 NHL 7 (NR) NR USA CD19
Chen [26] 2017 ALL 6 (17) 26.5 (8-44) China CD19
Fitzgerald [27]* 2017 ALL 39 (51) 11 (5-22) USA CD19
Gardner [28] 2017 ALL 45 (51) 12.2 (1.3-25.3) USA CD19
Hay [18] 2017 ALL/CLL/NHL 133 (70) 54 (20-73) USA CD19
Kochenderfer [29] ** 2017 DLBCL/MCL/FL 22 (NR) 47.4 (38-64) USA CD19
Neelapu [30] ** 2017 NHL 110 (64) 58 (23-76) USA CD19
Pan [31] 2017 ALL 51 (63) NR (2-68) China CD19
Schuster [32] * 2017 DLBCL/FL 28 (61) NR (25-77) USA CD19
Lee [3] 2015 ALL/NHL 21 (66) 14.7 (5-27) USA CD19
Wei [33] 2018 ALL 23 (43) 35.8 (8-57) China CD19
Kochenderfer [4] 2015 NHL/CLL 15 (53) 56 (30-68) USA CD19
Park [34] 2018 ALL 53 (NR) 44 (23-74) USA CD19
Jin [35] 2019 ALL 8 (NR) NR (30-81) China CD19
Ruark [36] 2019 ALL/NHL/CLL 40 (63) 54 (22-74) USA CD19
Ma [37] 2019 ALL 19 (40) NR (3-13) China CD19
Yan [38] 2019 NHL 10 (80) 47 (32-59) China CD19
Nastoupil [39] ** 2018 NHL 274 (NR) 60 (21-82) NR CD19
Jacobson [40] ** 2018 NHL 104 (NR) 64 (21-84) NR CD19
Sano [41] ** 2018 NHL 52 (NR) 42 (23-64) NR CD19
Spiegel [42] ** 2018 DLBCL 22 (NR) NR NR CD19
Jiang [43] 2019 ALL 58 (53) NR China CD19
Bao [44] 2019 DLBCL 5 (NR) NR (31-67) China CD19
Hu [45] 2018 ALL 31 (64) 31.6 (8-57) China CD19
Turtle [46] 2017 CLL 24 (NR) 61 (40-73) USA CD19
Maude [47] * 2018 ALL 75 (NR) 11 (3-23) USA CD19
Jacoby [48] 2018 ALL 20 (60) 11 (5-48) Israel CD19
Santomasso [19] 2018 ALL 53 (75) NR USA CD19
Hirayama [49] 2019 FL 21 (67) 56 (51-62) USA CD19
Geyer [50] 2019 CLL/NHL 20 (70) 63 (43-75) USA CD19
Enblad [51] 2018 NHL/ALL 15 (46) 61 (24-71) Sweden CD19
Wang [52] 2019 ALL 5 (40) 31 (14-54) China CD19
Wang [53] 2016 DLBCL/MCL 16 (56) 60 (23-75) USA CD19
Turtle [1] 2016 ALL 30 (NR) 40 (20-73) USA CD19
Turtle [2] 2016 NHL 32 (84) 57 (22-70) USA CD19
Weng [54] 2018 ALL 3 (66) 20 (15-34) China CD19
. CD19 +
Yan [55] 2019 MM 21 (48) 58 (49.5-61) China BCMA
Hay [56] 2019 ALL 53 (57) 39 (20-76) USA CD19
Garfall [57] 2018 MM 12 (33) 61 (48-68) USA CD19
Ying [58] 2019 FL/DLBCL 25 (52) NR (24-76) China CDS;&?BZ

Cao [59] 2019 NHL 11 (NR) 65 (26-75) China CD19
Rossi [60] 2018 HL/NHL 22 (77) NR (28-67) USA CD19
Rossig [61] 2017 ALL 11 (83) 9 (2-12) Germany CD19
Svoboda [62] 2018 HL 4 (NR) NR (21-42) USA CD19
Kebriaei [63] 2016 NHL/ALL 26 (NR) 40 (21-61) USA CD19
Frey [64] 2019 ALL 35 (69) 34 (21-70) USA CD19




Cancers 2021, 13, 3912

5of 25

Table 1. Cont.

First Author Year Cancer Type(s) Patlzr:ﬁ/su ]f\)[/:llz)ated szfr?’(IY{?:;e) Country CAR-T Type
Hiramatsu [65] * 2019 ALL 6 (66) (5-24) Japan CD19
CD19 (Hul9-
Brudno [66] 2019 NHL 20 (NR) NR USA CD8287)
Wang [67] 2020 ALL/NHL 89 36 (9-71) China CD19/22
Abramson [68] *** 2020 DLBCL 269 (65) 63 (54-70) USA CD19
. CD19
Liu [69] 2020 CLL/NHL 11 (63) 60 (47-70) USA CAR-NK
Till [70] 2008 idon-NHL 9 (89) 60.2 (43-77) USA CD20
Till [71] 2011 idon-NHL 4 (100) 59.2 (28-80) USA CD20
Wang [72] 2014 DLBCL 7 (85) 62.4 (37-85) China CD20
Curran [73] 2019 ALL 25 (NR) (1-22.5) USA CD20
Fry [6] 2017 ALL 21 (62) 19 (7-30) USA CD22
Shalabi [7] 2018 ALL/DLBCL 22 (63) 17.9 (7.3-30.5) USA CD22
Ramos [74] 2017 HL 9(67) 34.6 (20-65) USA CD30
Wang [75] 2017 HL 18 (72) 33 (13-77) China CD33
Ritchie [76] 2013 AML 5(33) 70.6 (64-78) Australia LeY
Zhao [8] 2018 MM 57 (60) 54 (27-72) China LCAR-B38M
Ali [9] 2016 MM 12 (NR) NR USA BCMA
Brudno [10] 2018 MM 16 (NR) NR USA BCMA
Raje [11] 2019 MM 33 (64) 60 (37-75) USA BCMA
Cohen [12] 2019 MM 25 (68) 58 (44-75) USA BCMA
Baumeister [77] 2018 AML/MDS/MM 12 (75) 70 (44-79) USA NKG2D
Solid Malignancies
Katz [78] 2015 Liver Cancer 6 (67) 57 (51-66) USA CEA
Zhang [79] 2017 Colorectal Cancer 10 (70) 58 (48.8-67) China CEA
Feng [15] 2016 Non S‘gﬂi‘in Lung 11 (45) 58 (40-66) China EGFR
Guo [80] 2017 Biliary Tract Cancer 19 (53) 57 (39-70) China EGFR
Goff [81] 2019 Glioblastoma 18 (83) NR (43-64) USA EGFRvIII
Louis [16] 2011 Neuroblastoma 19 (47) 7 (3-20) USA GD2
Ahmed [82] 2015 Sarcoma 19 (47) 17 (7.7-29.6) USA HER2
Feng [17] 2017 %;arfcyrgis CC;I?CC:; 11 (82) 60.5 (50-75) China HER2
Brown [13] 2015 Glioblastoma 3 (NR) NR USA IL13-zetakine
O’Rourke [14] 2017 Glioblastoma 10 (50) 59.5 (45-76) USA Mesothelin
Pleural Mesothelioma
Haas [83] 2019 /Ovarian Carcinoma 15 (67) 69 (48-75) USA Mesothelin
/Pancreatic Cancer
Junghans [84] 2016 Prostate Cancer 5 (100) 61 (51-75) USA PSMA
Hege [85] 2017 Colorectal Cancer 14 (NR) NR USA TAG-72

* The CAR-T is tisagenlecleucel (CTL-019, Kymriah) from Novartis Pharma (approved by FDA); ** The CAR-T is axicabta geneciloleucel
(KTE-C19, Yescarta) from Kite Pharma (approved by FDA); *** The CAR-T is lisocabtagene maraleucel (a novel CD19-directed CAR T-cell
with a 4-1BB co-stimulatory domain administered as sequential infusions of equal target doses of CD8+ and CD4+ CAR+ T cells) from
Bristol-Myers Squibb. FL, follicular lymphoma; DLBCL, diffuse large B lymphoma; NHL, non-Hodgkin’s lymphoma; HL, Hodgkin’s
lymphoma; ALL, acute lymphoblastic leukemia; MM, multiple myeloma; CLL, chronic lymphocytic leukemia; idon-NHL, indolent
non-Hodgkin’s lymphoma; and MDS, myelodysplastic syndrome.

The identified clinical trials involved treatment of seven categories of hematologic
malignancies, including ALL (n = 24), B-cell NHL (n = 21), MM (n = 7), Hodgkin lymphoma
(HL) (n = 3), acute myeloid leukemia (AML) (n = 1), chronic lymphocytic leukemia (CLL)
(n=1), and mixed cancer types (1 = 14). The identified clinical trials also involved treatment
of 11 types of solid tumors, including colorectal cancer (CRC) (n = 2), liver cancer, NSCLC
(n = 1), biliary tract cancer (n = 1), glioblastoma (1 = 3), neuroblastoma (n = 1), sarcoma
(n=1), pancreatic cancer (n = 1), prostate cancer (1 = 1), and mixed cancer types (1 = 2). Most
of these studies were performed in either the United States (46 studies, 52.8%) or China
(17 studies, 29.5%).
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Figure 1. Flow diagram of the study selection process.

3.2. Overall Incidence of CRS and Non-Hematological AEs

The lympho-depletion protocol was generally required in most CAR-T therapies lead-
ing to subsequent hematological toxicity. Therefore, the data on treatment regarding the
hematological toxicity reported in these trials were not analyzed in this review. Conse-
quently, we analyzed the incidences of NS and non-hematological AEs that were likely
CAR-T cell therapy-related. Among the 84 included literatures, CRS classification criteria
were varied: 45 studies adopted the 2014 Lee criteria, 1 study adopted the American Society
for Transplantation and Cellular Therapy (ASTCT) criteria, also known as 2019 Lee criteria,
15 studies adopted the Common Terminology Criteria for Adverse Events version (CTCAE)
criteria, 8 studies adopted the Penn criteria, and 2 studies adopted the Memorial Sloan
Kettering Cancer Center (MSKCC) criteria. The remaining 17 literatures did not clarify the
CRS grading criteria. A total of 1244 of 1700 patients from 55 studies developed CRS of
any grade, with a pooled prevalence of 77% (95% CI: 74-80%), while 567 of 2239 patients
reported from 58 studies suffered a CRS grade of 3 or higher, with a pooled prevalence of
29% (95% CI: 24-34%). We observed that all grade CRS toxicities occurred as frequently
as 81% (95% CI: 78-85%) in patients with hematologic malignancies, whereas it occurred
as frequently as 37% (95% CI: 0-91%) in solid tumor patients. Similarly, the CRS rate
(grade > 3) was higher for blood cancer patients (29%, 95% CI: 24-34%) as compared with
patients with solid tumors (19%, 95% CI: 8-31%).

For the non-hematological AEs, the most common grade 1-2 AEs were pyrexia (44%;
95% CI, 28-60%), hypohepatia (34%; 95% CI, 25—42%), electrolyte imbalance (33%; 95%
CI, 19-47%), fatigue (30%; 95% CI, 20-40%), and capillary leak syndrome (23%; 95% ClI,
14-32%) (Figure 2A). The most common > 3 grade AEs were electrolyte imbalance (29%;
95% CI, 13-46%), pyrexia (28%; 95% ClI, 23-33%), hypohepatia (21%; 95% CI, 14-28%),
hypotension (18%; 95% CI, 15-21%), and coagulation disorder (17%; 95% CI, 12-23%)
(Figure 2B).
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Grade 1 or 2 adverse event Incidence (95%Cl) n (No. of references) Grade 3 or higher adverse event Incidence (95% ClI) n (No. of references)
Pyrexia - ——@—— 0:44(0.28-0.60) 483 (23) Electrolyte imbalance - ———e—— 0.29(0.13-046) 241 (12)
Hypohepatia —e— 0.34(0.25-0.42) 318 (13) Pyrexia | o 0.28(0.23-0.33)  622(24)
Electrolyte imbalance - —e— 0.33(0.19-0.47) 235(6) Hypohepatia —e— 0.21(0.14-0.28) 665 (26)
Fatigue —e— 0.30 (0.20-0.40) 341 (13) Hypotension [ 018(0.15-0.21) 709 (25)
Capillary leak syndrome = 0.23(0.14-0.32) 354 (12) COaQUIa!i?n disorder o g:: (g:i-gf;&) 2:: (;:)
Nausea] @ 022(0.14030)  395(13) HypoxialDyspnea | ol 15 (012-047) (26)
Tachycardia - e 0.14 (0.08-0.19) 231(9)
Coagulation disorder{ ——@—— 0.22(0.05-0.39) 197 (8) ’
) 0.21(0.10-0.32) 420 (15 Capillary leak syndrome 4 2 2| 0.12 (0.09-0.15) 335(12)
Hypotension | ® 21(010032) a9 Heart failure | H@H 0.410(0.07-0.13) 380 (15)
Vomit{ @ Setetamy 68 (12 Diarrhea| —@— 0.09(0.04-0.14) 154 (4)
Diarrheay H—@— 0.20(010:031) 338 (12) Acute kidney injury{ 1@} 0.08(0.06-0.09) 502 (21)
Tachycardia{ |—@—| 0.19 (0.09-0.30) 338 (1) Myalgia/CPK increase{ @+ 0.08 (0.05-0.11) 263 (11)
Hypoxia/Dyspneaq{ H@®H 0.14(0.09-0.18) 384 (14) Nausea- @ 0.06 (0.04-0.07) 35(2)
Myalgia/CPK increase- @ 0.11(0.05-0.17) 145 (5) Fatigue- 0.05 (0.04-0.06) 622 (24)
Heart failure | H®} 0.06 (0.02-0.09) 165 (3) Vomit —O—I . . . 0.05(0-012) 133(2)
00 02 04 06 08 00 01 02 03 04 05
Grade 1 or 2 Neurologic Event Incidence (95% Cl) n (No. of references) Grade 3 or higher Neurologic Event Incidence (95% Cl) n (No. of references)
Total ] —8—025(020-031) 1101 (35) Total ] —e—1 0.30(0.21-0.38) 1746 (44)
Headache o (25 (0.20-0.29) Encephalopathy 4 —o— 0.28(0.22-0.34)
Tremor =1 0.13 (0.10-0.17) Dysphasia o 0.17 (0.13-0.22)
Confusion (] 0.10(0.07-0.13) 59'15"9' = o 0.11 (0.07-0.15)
E lialoathy s Confusion{ @+ 0.08 (0.04-0.11)
noSPIaopatty 0.10{0.07-0.13) Mental-status change4{ H@®— 0.07 (0.04-0.11)
Dysphasia{ H@- 0.06 (0.04-0.09) Somnolence H@H 0.06 (0.03-0.09)
Seizure HH 0.05 (0.03-0.07) Headache { H@H 0.05 (0.02-0.08)
Mental-status change 4{ H8H 0.04 (0.02-0.06) Agitation @] 0.03 (0.01-0.05)
Sensory4{ K4 0.04 (0.02-0.06) Cognitive disturbance 181 0.02 (0.00-0.04)
Dizziness{ H®H 0.04 (0.02-0.06) D:llr""“ 1o 0.02 (0.00-0.04)
Dysgcusia{ MO 0.03 (0.01-0.05) remor @] 0.02 (0.00-0.04)
Dyskinesia 1@ 0.02 (0.00-0.04)
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Figure 2. Overall incidence of non-hematological AEs and NS-related AEs. (A). Grade 1 or 2 adverse event; (B). Grade 3 or
higher adverse event; (C). Grade 1 or 2 Neurologic Events; (D). Grade 3 or higher Neurologic Event.

3.3. Overall Incidence of NS-Related AEs

A total of 544 of 1456 patients from 39 studies and 611 of 2044 patients from 45 studies
developed at least one NS of any grade and grade 3 and above, respectively. The pooled
estimate NS rate and 95% CI from the individual studies were 40% (95% CI, 26-53%) for
any grade and 28% (95% CI, 21-35%) for grade 3 and above. The subgroup-analysis result
confirmed that the any NS rate was higher for patients with hematologic malignancies (any
grade 40%, 95% CI, 25-54%) as compared with patients with solid tumors (any grade 32%,
95% CI, 24-41%).

There were 35 trials, including 1101 patients, that had grade 1-2 NS of AEs. As shown
in Figure 2C, the overall estimate of grade 1-2 NS rate and the 95% CI were 25% (95%
CI, 20-31%). The most frequent grade 1-2 NS were headache (25%; 95% CI, 20-29%),
tremor (13%; 95% CI, 10-17%), confusion (10%; 95% CI, 7-13%), encephalopathy (10%; 95%
CI, 7-13%), dysphasia (6%; 95% CI, 4-9%), and seizure (5%; 95% CI, 3-7%) (Figure 2C).
A total of 44 studies with 1,746 patients reported grade 3 or higher NS of AEs. The overall
estimate of NS rate and 95% CI from the individual studies was 30% (95% CI, 21-38%).
The most common grade 3 or higher AEs were encephalopathy (28%; 95% CI, 22-34%),
dysphasia (17%; 95% CI, 13-22%), seizure (11%; 95% CI, 7-15%), confusion (8%; 95% ClI,
4-11%), mental-status change (7%; 95% CI, 4-11%), somnolence (6%; 95% CI, 3-9%), and
headache (5%; 95% CI, 2-8%) (Figure 2D).

3.4. Incidence of Treatment-Related Deaths

Among the 84 studies, 62 hematological studies and 13 non-hematological studies
reported whether any CAR-T-related deaths occurred. Among these, 29 studies reported
at least one treatment-related death, with a total of 53 such deaths reported. The overall
pooled incidence of treatment-related deaths was 1%, which was higher in patients with
hematologic malignancies (1%, 95% CI: 1-1%) than that of patients with solid tumors (0%,
95% CI: 0-0%) (Figure A1).
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As shown in Table A1, the most common cause of treatment-related death (1 = 53)
was CRS (23, 43.4%. Other common causes were neurological symptoms (8, 15.1%), sepsis
(5, 9.4%), and hemorrhage (8, 15.1%). Respiratory causes (5, 9.4%), cardiovascular (3, 5.6%),
and aGVHD (1, 1.9%) were the other common causes.

3.5. Subgroup Analysis of AE Incidence by Cancer Type

Based on cancer type and CAR-T type, we classified the 84 identified studies into
18 different categories: 12 for hematological malignancies including CD19-NHL, CD19-
ALL,CD19-ALL/NHL, CD20-NHL, CD22-ALL, CD30-HL, CD33-HL, leY-AML, LCAR-B28-
MM, BCMA-MM, NKG2D-MM/AML/MDS, and specific CD19; and 6 for solid tumors
including CEA, EGFR, GD2, HER2, methesolin, and TAG-72. As shown in Figure A2,
higher any grade CRS event incidences were observed in CD19-ALL (88%; 95% CI, 86—
89%), CD19-NHL (78%; 95% CI, 62-94%), CD20-NHL (79%; 95% CI, 37-121%), CD20-ALL
(80%; 95% CI, 77-83%), CD22-ALL (76%; 95% CI, 72-80%), BCMA-MM (74%; 95% CI,
56-91%), and CEA (50%; 95% CI, 48-148%). Relatively lower CRS event rates of any grade
(less than 20%) were observed in CD30-HL, NKG2D-MM/AML/MDS, EGFR, GD2, HER2,
and mesothelin. As shown in Figure 3, higher mean > 3 grade CRS event incidences
were observed in the anti-CD19 CAR-T treatment of ALL and NHL, and anti-BCMA
CAR-T of MM, which ranged between 25% and 36%. There were rarely no CRS events of
grade 3 or higher observed in CD22-ALL, CD30-HL, leY-AML, NKG2D-MM/AML/MDS,
and in solid tumor-related CAR-T treatment, including targets of EGFR, GD2, HER?2,
mesothelin, and TAG-72. These data suggest that the mean incidences of all-grade and
grade 3 or worse CRS events were higher in hematologic malignancies compared to solid
tumors. In hematologic malignancies, the highest incidence and the most severe CRS
were observed in the anti-CD19 CAR-T treatment of ALL and NHL. Recently, a number of
studies have made a methodological breakthrough in the study of alternative anti-CD19
CAR-T therapy to reduce serious AEs. The methodological breakthroughs included origin
selecting from EBV-specific CTL cells [61], vector selecting non-viral RNA [62], CAR-T
combing with SB transposon/transposase system [63], and CAR-T targeting CD19-BBz (84)
or CAR-NK targeting CD19 [69]. As shown in Figures A2 and A3, the incidence of CRS in
either > grade 3 or any grade was significantly decreased in alternative CD19-CAR-T
treatment compared with the traditional second generation CD19 CAR-T therapy.

Grade 3 or higher CRS based on cancer types Incidence (95%CI) No. of references

CD19-ALL - |—8— 0.36(0.30-0.42) 22

CD19-NHL - —eo— 0.26 (0.20-0.32) 19
BCMA-MM-{ | - { 0.25(0.07-0.43) 4
CD20-ALL - e 0.16 (0.13-0.19) 1
CD33-HL - 3 = 0.11(0.08-0.15) 1
CD20-NHL +—@— 0.10 (0.00-0.24) 3
LCAR-B28M-MM- @ 0.07 (0.06-0.08) 1
EGFR-non hema 1-@—| 0.03 (0.00-0.08) 3
leY-AML 0 1
CD22-ALL 0 2
CD30-HL 0 1
NKG2D-MM/AML/MDS 0 1
Specific CD19 0 5
EGFR/GD2/HRE2/mesothelin 0 /

00 01 02 03 04 05

Figure 3. Rank of the incidence of grade 3 or higher CRS based on cancer types.
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NS of any grade and grade 3 or higher also conducted a subgroup analysis by cancer
type. As shown in Figure A4, higher any grade NS event incidences were observed in
CD19-ALL (44%; 95% Cl1, 23-65%), CD19-NHL (49%; 95% CI, 18-80%), CD20-ALL (72%;
95% Cl, 68-76%), CD22-ALL (45%; 95% CI, 41-50%) and BCMA-MM (34%; 95% CI, 24-43%).
Higher grade 3 or higher NS event incidences were also observed in CD19-NHL (37%;
95% CI, 23-52%), CD20-ALL (28%; 95% Cl, 24-32%), CD19-ALL (23%; 95% CI, 16-29%),
CD22-ALL (18%; 95% CI, 15-22%), BCMA-MM (12%; 95% CI, 4-20%) and anti EGFR CAR
T of solid tumors (15%; 95% CI, 10-21%) (Figures 4 and A5). There were no NS events
reported in solid tumors.

Grade 3 or higher NS based on cancer types Incidence (95%CIl) No. of references

CD19-NHL 4 ——&— 0.37(0.23-0.52) 17
CD20-ALL = = 0.28 (0.24-0.32) 1

CD19-ALL = 0.23 (0.16-0.29) 16
CD22-ALL - [ 0.18 (0.15-0.22) 1
EGFR-non hema - == 0.15 (0.10-0.21) 3
BCMA-MM- |—@— 0.12 (0.04-0.20) 4
CD30-HL 0 1
CD33-HL 0 1
leY-AML 0 1
LCAR-B28M-MM 0 1
NKG2D-MM/AML/MDS 0 1
Specific CD19 0 4
PSMA-non hema 0 1
CEA/GD2/HRE2/mesothelin 0 /

0.0 0.2 04 0.6
Figure 4. Rank of the incidence of grade 3 or higher NS based on cancer types.

3.6. Subgroup Analysis of Anti-CD19 CAR-T-Related AE Incidence

Due to the great heterogeneity of CAR-T-related AEs in different tumors and ther-
apeutic targets, we conducted further subgroup analysis on anti-CD19 CAR-T studies
with the most sufficient data (1 = 51). The subgroup analysis factors included cancer
types (ALL vs. NHL), region (China vs. USA), age (adult > 20 years old vs. child and
young < 30), T-cell origin (autologous vs. allologous), co-stimulation domain (4-1BB vs.
CD28 vs. 4-1BB combined with CD28), vector (gammaretrovirus vs. lentivirus vs. retro-
virus), lympho-depletion protocol (Cy vs. Cy + Flu), and dose (10°~10°/kg vs. 10° /kg vs.
10°-108/kg).

The subgroup analysis using the Bayesian logistic regression showed that the higher
mean incidences of all-grade CRS events were observed in the following subgroups: ALL
patients (OR 2.747; 95% CI, 1.980-3.802), patients in the China region (OR 2.132; 95%
CI, 1.383-3.378), young patients (OR 1.725; 95% CI, 1.143-2.683), patients treated with
allologous CAR-T cell (OR 7.389; 95% CI, 2.188-34.192), and patients treated with higher
CAR-T cell infusion dose (10°/kg vs. 10°/kg, OR 2.001; 95% CI, 1.119-3.483; 10° /kg vs.
1058 /kg, OR 4.879; 95% CI, 2.155-12.146) (Figure A6). When performing subgroup analysis
on >3 grade CRS, young patients (OR 1.84; 95% CI, 1.303-2.606), allologous T cell sources
(OR 2.29; 95% CI, 1.342-3.857), and CAR-T cell infusion doses were associated with higher
incidences. In addition, the gammaretrovirus vector increased > 3 grade CRS incidence
as compared with the lentivirus or retrovirus. The third-generation CAR-T treatment
with CD28 in combination with 4-1BB co-stimulation domains can significantly reduce the
incidence of >3 grade CRS as compared with CD28 or 4-1BB co-stimulation (Figure 5).
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No. of
hacton studies
Cancer type(s)
NHL 16
ALL 19
Region
USA 23
China 12
Age
Adult (220y) 24
Young (s30y) 5
T-cell origin
Autologous 29
Allogeneic 7
Co-stim domain
4-1BB+CD28 4
CD28 14
4-1BB 15
Vector
Gammaretrovirus 5
Lentivirus 16
Retrovirus 6
Lympho-depletion
Cy 3
Cy+Flu 19
Dose
105-10%/Kg 4
108/Kg 20
10%-10%/Kg 6

Mean Incidence Odds Ratios (95%Cl)
(95%CI) (by Bayes regression)

0.30 (0.22-0.39)

0.32 (0.26-0.37) HO- 1.196 (0.943-1.522)
0.31 (0.25-0.36)

0.27 (0.17-0.36) Lo 1.168 (0.834-1.642)
0.29 (0.23-0.35)

0.36 (0.24-0.47) —eo—i 1.840 (1.303-2.606)
0.26 (0.22-0.31)

0.39 (0.25-0.53) —e— 2.290 (1.342-3.857)
0.15 (0.07-0.22)

0.33 (0.25-0.41) —e— 1.826 (1.069-3.199)
0.28 (0.16-0.39) —e— 2.141 (1.258-3.690)
0.52 (0.26-0.78)

0.23 (0.15-0.32) [ ] 0.337 (0.201-0.562)
0.20 (0.08-0.32) H 0.204 (0.113-0.369)
0.35 (0.13-0.57)

0.32 (0.25-0.38) o— 0.758 (0.303-2.149)
0.14 (0.00-0.28)

0.28 (0.21-0.35) —e— 1.864 (1.052-3.476)
0.35 (0.27-0.42) . t & i 3.193 (1.627-6.560)

0 2 4 6

Figure 5. Subgroup analysis of anti-CD19 CAR-T-related > 3 Grade CRS Event Incidence.

As shown in Figure A7, higher mean incidences of all-grade NS events were observed
in the following subgroups: NHL patients (OR 1.639; 95% CI, 1.181-2.284), adult patients
(OR 1.631; 95% CI, 1.122-2.381), patients treated with the CAR-T with CD-28 co-stimulation
domain (OR 2.232; 95% ClI, 1.634-3.065), and patients treated with higher a CAR-T cell
infusion dose (10°/kg vs. 10° /kg, OR 2.046; 95% CI, 1.306-3.238). For grade 3 or higher
NS events, in addition to the above factors, the patients in the United States region had
higher > grade 3 NS rate (OR, 2.686; 95% CI, 1.50-5.033) as compared with patients in
China (Figure 6).

Factor No. of Mean Incidence Odds Ratios (95%CI)
studies (95%Cl) (by Bayes regression)
Cancer type(s)
ALL 15 0.24 (0.17-0.31)
NHL 15 0.41 (0.23-0.59) —e— 3.186 (2.486-4.108)
Region
China 6 0.13 (0.07-0.18)
USA 21 0.28 (0.23-0.32) —— 2.686 (1.505-5.033)
Age
Young (£30y) 4 0.13 (0.08-0.18)
Adult (220y) 20 0.32 (0.22-0.43) | @ |  4.717 (2.985-7.752)
T-cell origin
Autologous 23 0.27 (0.22-0.32)
Allogeneic 4 0.14 (0.09-0.19) o—— 0.469 (0.195-1.721)
Co-stim domain
4-1BB 11 0.19 (0.12-0.25)
CD28 12 0.29 (0.21-0.37) —e— 2.017 (1.411-2.892)
Vector
Gammaretrovirus 5 0.23 (0.12-0.34)
Lentivirus 5 0.34 (0.14-0.54) —e— 1.542 (0.814-2.989)
Retrovirus 11 0.22 (0.15-0.29) He— 0.834 (0.470-1.522)
Lympho-depletion
Cy 2 0.12 (0.04-0.20)
Cy+Flu 14 0.23 (0.17-0.28) I & 2.330 (0.723-9.650)
Dose
105-108/Kg 4 0.16 (0.03-0.28)
10%/Kg 16 0.27 (0.20-0.33) —e— 2.252 (1.356-3.702)
105-10%/Kg 2 0.38 (0.27-0.49) } — | 3.487 (1.674-7.279)
0 2 4 6 8

Figure 6. Subgroup analysis of anti-CD19 CAR-T-related > 3 grade NS event incidence.
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4. Discussion

CAR-T therapy, one of the most promising tumor treatments, has been approved
by the Food and Drug Administration (FDA) for the treatment of patients with ALL and
large B-cell lymphoma (Tisagenlecleucel and Yescarta) in 2017 [27,30]. This means that
CAR-T therapy has been affirmed as an official and clinical treatment option for tumor. The
number of CAR-T studies investigating different cancer-specific target has been rapidly
increasing. As of January 2021, the information from Clinicaltrails.gov has showed that
more than 500 clinical studies on CAR-T therapy have been conducted globally. However,
promising results have been threatened by safety considerations. A comprehensive analysis
of common CAR-T-related AEs reported in clinical trials is needed. The results of such a
comprehensive analysis provide important references for clinicians. Previous meta-analysis
focused on certain AEs such as incidence of CRS and NS, but most of them focused on
the summary of a single target or disease such as CD19 CAR-T and B-ALL. There was
no systematic summary based on different tumor types and targets [86,87]. In addition,
previous meta-analysis did not show the incidence of common adverse reactions of CRS
and NS such as coagulation dysfunction and encephalopathy of CRS and NS. There was
also lack of large sample studies to explore the factors that potentially influence CAR-
T adverse reactions. We performed this systematic review, which aimed to summarize
CAR-T associated AEs in patients with hematological malignancies and solid tumors from
published clinical trials. To our knowledge, this is the largest and most comprehensive
meta-analysis of treatment-related AEs observed and encountered in CAR-T therapy. In
our meta-analysis, we used common CRS and NS as the endpoints for data collection
and combined traditional meta-analysis methods and Bayesian statistical methods for
analysis. Based on study-level data, the meta-merging method was used to summarize the
incidence of CAR-T AEs and for subsequent subgroup analysis by different tumor types
and CAR-T targets. For the exploration of potential related factors in AEs, we used the
Bayesian logistic regression model based on the individual-level data to provide a more
realistic statistical estimate.

From the perspective of patient consultation, there were several findings from our
study that deserve attention. As the most common event after CAR-T cell immunotherapy,
CRS occurred in over 70% of patients. CRS occurred in 80% of hematological malignancies
and in 40% of solid tumors. In more than half of the patients, it was mild to moderate and
resolved within a few days. Eventually, nearly 30% of patients developed severe CRS (more
than grade 3) and received tocilizumab or dexamethasone. Although pyrexia was the most
common non-hematological manifestation, serious AEs included electrolyte imbalances,
hypohepatia, hypotension, coagulation dysfunction, and hypoxia, which required more
attention from clinicians. For grade 3 or more electrolyte imbalance, as many as 207 cases
provided the specific electrolyte data, of which 50.2% were hypophosphatemia, followed
by hyponatremia and hypokalemia, each accounting for 19.3% and 18.8%. Of the 82 cases
providing specific manifestations of liver damage, more than half of the patients had an
increase in aspartate aminotransferase. On the other hand, those with elevated alanine
aminotransferase and bilirubin accounted for only 26.8% and 17.1%, respectively. The other
most common specific manifestations associated with CRS were coagulation dysfunction,
hypotension, hypoxia, and capillary leakage syndrome, all with incidences of more than
10%. It was worth noting that coagulation dysfunction, as a common manifestation of
CRS, might develop into DIC in severe cases and was one of the important causes of
CAR-T-related deaths, accounting for approximately 10% in our report. Of the 369 patients
from 17 trails, we reported 22% of patients with grade 1 to 2 coagulation dysfunction
and 17% of patients with grade 3 or more coagulation dysfunction. Prolonged APTT
and hypofibrinemia were main clinical manifestations. Our data were consistent with
those reported by Jiang et al. [88]. Their data showed that 56% (30/53) of patients with
r/r B-cell acute lymphoblastic leukemia (B-ALL) developed coagulopathy after receiving
split infusions of anti-CD19 CAR-T cells. Half of them should have been diagnosed with
DIC. A total of 14 patients successfully recovered from DIC through replacement and
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anticoagulation treatment. The study also clarified the changes in plasma concentrations
of tissue factor (TF) and platelet endothelial cell adhesion molecule-1 (PECAM-1), and
suggested that these have important significance in the etiology and pathogenesis of CAR-T
related coagulopathy.

NS, another common AE of CAR-T therapy, is also worth disclosing to patients.
Approximately one-third of patients treated with CAR-T in clinical trials developed at least
one NS of any grade. In hematologic malignancies, the incidence (40%) was slightly higher
than in solid tumors (32%). According to our meta-analysis, the most common mild to
moderate NS symptoms were headache, tremor, and confusion. The most common severe
NS symptoms were encephalopathy, dysphasia, and seizure. Rubin et al. characterized NS
associated with CAR-T therapy in a consecutive series of 100 patients up to t months post
transfusion [89], and found that focal neurological deficits were frequently observed after
CAR-T therapy and were associated with regional EEG abnormalities, fluorodeoxyglucose-
positron emission tomography hypometabolism, and elevated velocities on transcranial
Doppler ultrasound. In contrast, structural imaging was typically normal. Although
CAR-T therapy resulted in common CRS and NS, which were life-threatening in severe
cases, the mortality rate associated with CAR-T therapy in our study was relatively low
(not exceeding 1%) due to early pharmacological intervention.

Although previous studies in the literature have reported the efficacy, including the
overall response rate and the complete response rate, of CAR-T therapy for different tumors
with different targets, there are few comprehensive analyses for the incidences of CRS
and NS based on different tumors and targets of the therapy. A previous meta-analysis
suggested that the CRS rate was significantly higher in patients with hematologic malig-
nancies than that in patients with solid tumors (any grade 67% vs. 35%) [86]. Furthermore,
the NS rate was slightly higher in patients with hematologic malignancies than that in
patients with solid malignancies (any grade 9% vs. 6%). The incidence of any grade CRS in
our study was 81% in hematological malignancies and 37% in solid tumors, which was
consistent with the result of the above study [86]. However, the incidences of any grade NS
in our study (40% in hematologic and 32% in solid tumor) were significantly higher than in
previous meta-analysis. The reason may be due to the addition of studies published in 2019.
NS, as common AEs of CAR-T, have gradually been valued and recorded by researchers
since then. The reason why CRS rate of hematologic malignancies was significantly higher
than that of solid tumors has not yet been clearly elucidated. It has been previously re-
ported the ORR was significantly higher in patients with hematologic malignancies (about
71%) than in patients with solid tumors (about 20%) [86]. We believed that the incidence
of CRS was likely to be related to the efficacy of CAR-T therapy. The mechanism of CRS
generation was derived from the mechanism of CAR-T treatment. Since it was difficult
to unify the efficacy criterions for different solid tumors and hematological malignancies,
our study did not analyze the correlation between CRS and efficacy. However, Grigor
et al. conducted a post-hoc analysis using the scatter plot to visually investigate a possible
relationship between CRS and complete response in B-cell malignancies, which demon-
strated no relationship [87]. Similar to the efficacy, the evaluation criteria for tumor burden
were difficult to unify in different hematological and solid tumors. However, in B-cell
malignancies, studies have confirmed that the high incidence of CRS was associated with
higher tumor burden [18,19]. We then focus on different CAR-T targets. It can be seen that
the higher incidences of CRS and NS were observed in patients receiving anti-CD19 CAR-T
therapy compared to patients treated with other targets of CAR-T therapies. It was also
worth noting that patients with B-ALL had a higher incidence of CRS than patients with
B-lymphoma, while patients with B-lymphoma had a higher incidence of NS, followed
by MM patients treated with BCMA-targeted CAR-T therapy. In most patients with solid
tumors, grade 3 or higher CRS and NS were rare. The CEA target study [78] (n = 6), EGFR
target study [81] (n = 18), and IL13 target study [13] (1 = 3) failed to draw valid conclusions
due to the small number of included cases.
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The Bayesian logistic regression models were applied for further subgroup analysis to
investigate the potential factor affecting CAR-T related AEs. Due to the great heterogeneity
among different tumors and therapeutic targets, we conducted the subgroup analysis only
on anti-CD19 CAR-T studies. The subgroup analysis factors included patients’ characteris-
tics such as cancer types (ALL vs. NHL), region (China vs. USA), age (adult > 20 years
old vs. child and young < 30 years old), and factors related to the process of CAR-
T production such as T-cell origin (autologous vs. allologous), co-stimulation domain
(4-1BB vs. CD28 vs. 4-1BB combined with CD28), vector (gammaretrovirus vs. lentivirus
vs. retrovirus), lympho-depletion protocol (Cy vs. Cy+Flu), and dose (10°-10°/kg vs.
10°/kg vs. 10°~10% /kg). Hay et al. [18] identified biomarkers of severe CRS in 133 adult
patients who received CD19 CAR-T cells and found high tumor burden in bone marrow,
lymphodepletion with cyclophosphamide and fludarabine, higher CAR-T cell dose, throm-
bocytopenia before lymphodepletion, and CAR-T cell manufacturing without selection of
CD8* central memory T-cells as independent predictors of CRS. Consistent with the above
results, we found that a higher CAR-T cell infusion dose was an important factor increasing
the incidences of CRS and NS. Contrary to the above results, the lymphodepletion regimen,
which either included fludarabine or not, did not affect the occurrence of CRS or NS. The
Bayesian logistic analysis also found that CRS had a higher incidence in B-ALL patients
than in B-lymphoma patients, in which any grade was statistically significant. NS had a
higher incidence in B-lymphoma patients than in B-ALL patients, in which any grade and
grade 3 or higher were statistically significant. In addition, in our meta-analysis, child and
young patients were at risk for CRS while adults had a higher risk for NS. The ethnic or
geographic differences affected CAR-T related toxicity. A higher NS incidence and a lower
CRS rate were observed more in the USA than in China. In terms of factors related to the
production process of CAR-T cells, we found that allologous T-cell origin was an important
factor in the occurrence of CRS. Moreover, the third generation of CAR-T by using CD28
combined with 4-1BB co-stimulations significantly decreased CRS rate as compared to
CD28 or 4-1BB co-stimulation. The findings of our subgroup analyses, especially on factors
such as age, region, and co-stimulations, need to be validated prospectively in large scale
studies. Additional understanding of the mechanisms that resulted to severe CRS would
have facilitated testing of interventions to prevent or reverse toxicity and improve the
safety of CAR-T cells.

It’s worth noting that 84 clinical trials analyzed in our study had used different
grading scales to evaluate CRS and NS, which included 2014 Lee criteria (45 studies), the
CTCAE criteria (15 studies), Penn criteria (8 studies), MSKCC criteria (2 studies), ASTCT
(1 study), and unknown criteria used in the remaining 17 studies. However, there are some
critical differences between these grading scales. For example, CTCAE were not adequately
designed for evaluating CRS onset and severity while the ASTCT criteria address both
CAR-T-cell-related CRS and NT. Assessment by the different grading systems will result in
discordance in the incidences and severity of CAR-T therapy-associated CRS and NS [90].

This meta-analysis has a few limitations. First, the sample size of the studies we
included varied greatly. A total of 19 out of 84 studies included less than 10 individuals,
which resulted in small effect values and broad Cls. Second, we only performed subgroup
analysis on factors that could be unified, such as age, region, and production process
of CAR-T cells, to explore their potential impact on AEs. The tumor burden or efficacy
that might be valuable but cannot be unified was not analyzed. In addition, the publica-
tion bias mainly focused on index text and patient selection. Since our study included
various tumors, it was difficult to consider the identified reference standard as the best
reference standard

5. Conclusions

The growing clinical trial and application of CAR-T therapy highlight the importance
of the recognition and management of its unique toxicity profile. This study used meta-
analysis to confirm that the incidences of common CAR-T related AEs such as CRS and
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NS were higher in patients with hematologic malignancies than in patients with solid
malignancies, especially in patients with ALL and NHL. The major cause of CAR-T-related
death was severe CRS due to early drug intervention, and the mortality rate was less than
1%. Common non-hematological toxicity including electrolyte imbalance, hyperpathia,
capillary leak syndrome, coagulation dysfunction, and common NS manifestations in-
cluding encephalopathy, dysphasia, and seizure were worthy of concern. Tumor type,
CAR-T target, and dose infusion affect the occurrence of AEs. Patients’ age, race, and
factors associated with production process of CAR-T such as vector were also potentially
related to the occurrence of AEs. This global overview of CAR-T-related AEs can be used
by clinicians as a reference that could guide clinical practice.
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factor receptor 2; PSMA: prostate specific membrane antigen; TAG72: tumor-associated
glycoprotein-72; TF: tissue factor; PECAM-1: platelet endothelial cell adhesion molecule-1.

Appendix A

Table A1. Causes of 53 treatment-related deaths in clinical trials of CAR-T.

Cause of Death No. (%)
Cytokine release syndrome 23 (43.4)
Neurological symptoms 8(15.1)
Respiratory
pneumonia 3(5.6)
Pulmonary embolism 2 (3.7)
Cardiovascular
Cardiac arrhythmia 1(1.9)
Heart failure 2(3.7)
Infectious
Sepsis 5(9.4)
Coagulation dysfunction
Hemorrhage 8 (15.1)

aGVHD 1(1.9)
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Figure A1. Overall incidence of CAR-T-related mortality.
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Figure A2. Subgroup analysis of any grade CRS event incidence by cancer type.
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Figure A3. Subgroup analysis of >3 grade CRS event incidence by cancer type.



Cancers 2021, 13, 3912

18 of 25

Stud
D ¥

CD18-ALL
Brgn%ens (2013)
Dai (2015

017)

Jacoby (2018

Mau ei20)18}
Santomasso (2018)
Turtle (2016)

Frey (2019)
Subtotal (I-squared = 99.9%, p = 0.000)

CD19-NHL
Locke (2016)
Kochenderfer (2017)

Neelapu (21
$chusp£er (1201'})

Gevyer (2019

Yan (2019)

Abramson (2020)
Subtotal (I-squared = 1

CD192ALLINHL

Ruark (2019

)
Subtotal (l-squared = 98.2%, p = 0.000)

CD20-ALL

Curran (2019)
Subtota (I-squared =%,p=.)

TI” (201 1
Wan 14

g (2014)
Subtotal (I-squared = 0.0%, p = 0.369)

CD22-ALL
Shalabi (2018

Subtotal (I—sqLared =%, p=.)

CD30-HL
Ramos (2017

D33-HL

Wang (2017
Subtotar (I- s)quared =%.p=.) 8

LCAR-B28M-MM
Zhao E201
Subto!

BCMA-MM
Ali (2016
Raje (2019
Cohen

ﬁ20 9)
Subtotal (I-squared = 93.6%, p = 0.000)
NKG2D-MM/AML/MDS

Baumeister (2018)

Subtotal (I- squared =%, p=.)
non hema-C

Katz (liver cancer? ézo 5)

Zhang (Colorectal Cancers) (2017)

Subtotal (l-squared = 0.0%, p = 1.000)

non hema-EGFR
Feng (NSCLC)

Guo (Biliary Trag:t Cancerg (2017)
Subtotal (I-squared = 0.0%

non hema-GD2

Louis (Neuroblastoma) (2011)
Subtotal (I-squared =.%, p=.)

hon hema-HER2
Ahmed (Sarcoma) (201

Subf
non hema-IL13-zetakin
Brown fGI\ob\astoma)
Subtotal (I-squared
non hema-Mesothelin
Haas (Pleural mesothe\
Subtotal (I-squared =

non hema-PSMA

Junghans (Prostate Cal}cer) (2;‘)16)

Subtotal (l-squared
non hema-TAG-72

Hege( Colorectal Cancers) (20;7)

Subtotal (I-squared =

Ying

Subtotal (I-squared = 0.0%, p = 1.000)

Overall (I-squared = 100.0%, p = 0.000)
N .

I

|

|

|

|

) |

Subtotal (l-squared = .%, p=.) |
. |
|

|

|

I

|

Fen: EB\Ilary tract cancer/Pancreatic cancer) (2017)
ofal (l-squared = 99.4%, p = 0.000)

e
2015)

00.0%, p = 0.000)

al (I-squared = %, p=.) ?

1.000)

5)

p=)

\/pmafcvar\anfpancreahc Cancers) (2019)
o, p=.

Any grade Y%
NS (85% CI) Weight

SO00000-~00000000
ESRAOONEOOWUIAWLWWWNG
RWONOOHONONO2WNG
OO00000-00000000
NELAOUNWOONWRANWW A
WONOOORO~NBWO AW
OO00000~00000000
DBOIOD RO B LI LW
MBRBEOSROONNALO=O
e e e e T
P00 DDOVONODD0On
WOREBEERQOORNE BN

0000000 ==
BPW=hW=000
©OONMRNGOO
e
Do oo
BEOWREEEE

o000
[ I
RGBS
0000 0O00O00C-O
e L 2NORNOOWO
DOOE  POROOEO0
CO00 OOC0O0O-=—
BRNE RWINWIn 00
Soho  SomouRSS=
vt
oo
2EGE

NN
oo
o]
E-1-]
co
~=
B0

=

©

53

oo
~~

Qoo
S
Y
Qoo
coo
~EE
ottt
[NINFS
G
PR
~w©w
138

-
w

oo
'y
oo
oo
N
=i
oo
Qo
=1=]
=

©

It

THET
oo

oo
oo
=11
as

oo
oo
D
oo
oo
Lw

o0
oo
o®
-
©
E e

oo
[=]=]
R
oo
f=]=]
2=
oo
o0
KR
N
0o
BB

oooo
[ TSVE NN
o000
NI W —
ARo®
cocoo o
TR
WRHUIN

[T P
~NWOWY
OWWR

coo oo
coo oo
o000 0o ARNO

200
coo
[s1=1<3

o ———o000————o0—¢

Figure A4. Subgroup analysis of any grade NS event incidence by cancer type.
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Figure A5. Subgroup analysis of >3 grade NS event incidence by cancer type.



Cancers 2021, 13, 3912 20 of 25

Factor No. of Mean Incidence Odds Ratios (95%CI)
studies (95%Cl) (by Bayes regression)
Cancer type(s)
NHL 10 0.79 (0.61-0.98)
ALL 19 0.87 (0.86-0.89) —e—— 2.747 (1.980-3.802)
Region
USA 18 0.80 (0.75-0.85)
China 13 0.92 (0.90-0.94) —— 2.132(1.383-3.378)
Age
Adult (220y) 17 0.79 (0.70-0.88)
Young (£30y) 5 0.80 (0.66-0.94) —e— 1.725 (1.143-2.683)
T-cell origin
Autologous 27 0.79 (0.75-0.83)
Allogeneic 5 1.00 (0.99-1.00) | @ — 7.389(2.188-34.192)
Co-stim domain
4-1BB+CD28 3 0.59 (0.34-0.85)
CcD28 1 0.84 (0.77-0.90) S 0.527 (0.312-0.888)
4-1BB 16 0.83 (0.78-0.88) = 0.793 (0.486-1.307)
Vector
Lentivirus 16 0.86 (0.85-0.91)
Gammaretrovirus 2 0.90 (0.71-1.0) ——e—— 1.368 (0.472-4.740)
Retrovirus 5 0.73 (0.61-0.86) L & 0.658 (0.421-1.028)
Lympho-depletion
Cy 3 0.90 (0.85-0.96)
Cy+Flu 19 0.84 (0.80-0.88) = 0.776 (0.259-1.962)
Dose
105-10%/Kg 2 0.61 (0.34-0.89)
105/Kg 17 0.83 (0.79-0.87) - 2.001 (1.119-3.483)
105-10%/Kg 7/ 0.96 (0.95-0.98) | — 4.879 (2.155-12.146)
0 2 a 6 8
Figure A6. Subgroup analysis of anti-CD19 CAR-T-related any grade CRS event incidence.
Factor No. of Mean Incidence Odds Ratios (95%CD
studies (95%Cl) (by Bayes regression)
Cancer type(s)
ALL 14 0.44 (0.22-0.66)
NHL 6 0.58 (0.23-0.94) —e— 1.639 (1.181-2.284)
Region
China 6 0.44 (0.06-0.83)
USA 15 0.51 (0.34-0.68) —e— 1.288 (0.881-1.919)
Age
Young (<30y) 5 0.45 (0.17-0.73)
Adult (220y) 12 0.47 (0.26-0.68) —e— 1.631 (1.122-2.381)
T-cell origin
Autologous 21 0.47 (0.35-0.59)
Allogeneic 2 0.36 (0.09-0.63) | ® { 1.447 (0.514-4.319)
Co-stim domain
4-1BB 12 0.37 (0.11-0.63)
cD28 9 0.61 (0.44-0.77) —e— 2.232 (1.634-3.065)
Vector
Gammaretrovirus 2 0.55 (0.51-0.60)
Lentivirus 10 0.41 (0.16-0.67) -o— 0.506 (0.218-1.148)
Retrovirus 5 0.61(0.41-0.81) —e— 0.850 (0.344-1.979)
Lympho-depletion
Cy 3 0.41 (0.22-0.60)
Cy+Flu 12 0.50 (0.35-0.66) —— 1.268 (0.637-2.732)
Dose
105-108/Kg 3 0.38 (0.25-0.50)
108/Kg 12 0.58 (0.47-0.69) —e— 2.046 (1.306-3.238)
0 1 2 3 4 5

Figure A7. Subgroup analysis of anti-CD19 CAR-T-related any grade NS event incidence.

References

1. Turtle, C.J.; Hanafi, L.A.; Berger, C.; Gooley, T.A.; Cherian, S.; Hudecek, M.; Sommermeyer, D.; Melville, K.; Pender, B.; Budiarto,
T.M.; et al. CD19 CAR-T cells of defined CD4+: CD8+ composition in adult B cell ALL patients. J. Clin. Investig. 2016, 126,
2123-2138. [CrossRef]

2. Turtle, C.J.; Hanafi, L.A.; Berger, C.; Hudecek, M.; Pender, B.; Robinson, E.; Hawkins, R.; Chaney, C.; Cherian, S.; Chen, X,;
et al. Immunotherapy of non-Hodgkin’s lymphoma with a defined ratio of CD8+ and CD4+ CD19-specific chimeric antigen
receptor-modified T cells. Sci. Transl. Med. 2016, 8, 116r-355r. [CrossRef] [PubMed]

3. Lee, D.W,; Kochenderfer, J.N.; Stetler-Stevenson, M.; Cui, Y.K.; Delbrook, C.; Feldman, S.A; Fry, T'J.; Orentas, R.; Sabatino, M.;
Shah, N.N.; et al. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young
adults: A phase 1 dose-escalation trial. Lancet 2015, 385, 517-528. [CrossRef]


http://doi.org/10.1172/JCI85309
http://doi.org/10.1126/scitranslmed.aaf8621
http://www.ncbi.nlm.nih.gov/pubmed/27605551
http://doi.org/10.1016/S0140-6736(14)61403-3

Cancers 2021, 13, 3912 21 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kochenderfer, ].N.; Dudley, M.E.; Kassim, S.H.; Somerville, R.P.; Carpenter, R.O.; Stetler-Stevenson, M.; Yang, ].C.; Phan, G.Q.;
Hughes, M.S,; Sherry, RM.; et al. Chemotherapy-refractory diffuse large B-cell lymphoma and indolent B-cell malignancies can
be effectively treated with autologous T cells expressing an anti-CD19 chimeric antigen receptor. J. Clin. Oncol. 2015, 33, 540-549.
[CrossRef]

Locke, FL.; Neelapu, S.S.; Bartlett, N.L.; Siddiqi, T.; Chavez, ].C.; Hosing, C.M.; Ghobadi, A.; Budde, L.E.; Bot, A.; Rossi, ].M.;
et al. Phase 1 Results of ZUMA-1: A Multicenter Study of KTE-C19 Anti-CD19 CAR T Cell Therapy in Refractory Aggressive
Lymphoma. Mol. Ther. 2017, 25, 285-295. [CrossRef] [PubMed]

Fry, T].; Shah, N.N.; Orentas, R.J.; Stetler-Stevenson, M.; Yuan, C.M.; Ramakrishna, S.; Wolters, P.; Martin, S.; Delbrook, C.; Yates,
B.; et al. CD22-targeted CAR T cells induce remission in B-ALL that is naive or resistant to CD19-targeted CAR immunotherapy.
Nat. Med. 2018, 24, 20-28. [CrossRef]

Shalabi, H.; Wolters, P.L.; Martin, S.; Toledo-Tamula, M.A.; Roderick, M.C.; Struemph, K.; Kane, E.; Yates, B.; Delbrook, C.;
Mackall, C.L.; et al. Systematic Evaluation of Neurotoxicity in Children and Young Adults Undergoing CD22 Chimeric Antigen
Receptor T-Cell Therapy. J. Immunother. 2018, 41, 350-358. [CrossRef]

Zhao, WH,; Liu, J.; Wang, B.Y.; Chen, Y.X,; Cao, XM,; Yang, Y.; Zhang, Y.L.; Wang, FX.; Zhang, P.Y.; Lei, B.; et al. A phase 1,
open-label study of LCAR-B38M, a chimeric antigen receptor T cell therapy directed against B cell maturation antigen, in patients
with relapsed or refractory multiple myeloma. ]. Hematol. Oncol. 2018, 11, 141. [CrossRef]

Ali, S.A.; Shi, V.; Maric, I.; Wang, M.; Stroncek, D.E; Rose, ].J.; Brudno, ].N.; Stetler-Stevenson, M.; Feldman, S.A.; Hansen, B.G.;
et al. T cells expressing an anti-B-cell maturation antigen chimeric antigen receptor cause remissions of multiple myeloma. Blood
2016, 128, 1688-1700. [CrossRef]

Brudno, ].N.; Maric, I.; Hartman, S.D.; Rose, ].J.; Wang, M.; Lam, N.; Stetler-Stevenson, M.; Salem, D.; Yuan, C.; Pavletic, S.; et al.
T Cells Genetically Modified to Express an Anti-B-Cell Maturation Antigen Chimeric Antigen Receptor Cause Remissions of
Poor-Prognosis Relapsed Multiple Myeloma. J. Clin. Oncol. 2018, 36, 2267-2280. [CrossRef]

Raje, N.; Berdeja, J.; Lin, Y.; Siegel, D.; Jagannath, S.; Madduri, D.; Liedtke, M.; Rosenblatt, J.; Maus, M.V.; Turka, A.; et al.
Anti-BCMA CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. N. Engl. ]. Med. 2019, 380, 1726-1737.
[CrossRef]

Cohen, A.D.; Garfall, A.L.; Stadtmauer, E.A.; Melenhorst, ].J.; Lacey, S.F,; Lancaster, E.; Vogl, D.T.; Weiss, B.M.; Dengel, K.; Nelson,
A.; et al. B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. . Clin. Investig. 2019, 129,
2210-2221. [CrossRef]

Brown, C.E.; Badie, B.; Barish, M.E.; Weng, L.; Ostberg, ]J.R.; Chang, W.C.; Naranjo, A.; Starr, R.; Wagner, J.; Wright, C.;
et al. Bioactivity and Safety of IL13Ralpha2-Redirected Chimeric Antigen Receptor CD8+ T Cells in Patients with Recurrent
Glioblastoma. Clin. Cancer Res. 2015, 21, 4062—4072. [CrossRef]

O’Rourke, D.M.; Nasrallah, M.P,; Desai, A.; Melenhorst, J.J.; Mansfield, K.; Morrissette, J.J.D.; Martinez-Lage, M.; Brem, S.;
Maloney, E.; Shen, A.; et al. A single dose of peripherally infused EGFRvIII-directed CAR T cells mediates antigen loss and
induces adaptive resistance in patients with recurrent glioblastoma. Sci. Transl. Med. 2017, 9, eaaa0984. [CrossRef]

Feng, K.; Guo, Y.; Dai, H.; Wang, Y,; Li, X,; Jia, H.; Han, W. Chimeric antigen receptor-modified T cells for the immunotherapy of
patients with EGFR-expressing advanced relapsed/refractory non-small cell lung cancer. Sci. China Life Sci. 2016, 59, 468-479.
[CrossRef]

Louis, C.U.; Savoldo, B.; Dotti, G.; Pule, M.; Yvon, E.; Myers, G.D.; Rossig, C.; Russell, H.V.; Diouf, O.; Liu, E.; et al. Antitumor
activity and long-term fate of chimeric antigen receptor-positive T cells in patients with neuroblastoma. Blood 2011, 118, 6050-6056.
[CrossRef]

Feng, K.; Liu, Y.; Guo, Y,; Qiu, J.; Wu, Z.; Dai, H.; Yang, Q.; Wang, Y.; Han, W. Phase I study of chimeric antigen receptor modified
T cells in treating HER2-positive advanced biliary tract cancers and pancreatic cancers. Protein Cell 2018, 9, 838-847. [CrossRef]
[PubMed]

Hay, K.A; Hanafi, L.A.; Li, D.; Gust, J.; Liles, W.C.; Wurfel, M.M.; Lopez, J.A.; Chen, J.; Chung, D.; Harju-Baker, S.; et al. Kinetics
and biomarkers of severe cytokine release syndrome after CD19 chimeric antigen receptor-modified T-cell therapy. Blood 2017,
130, 2295-2306. [CrossRef]

Santomasso, B.D.; Park, J.H.; Salloum, D.; Riviere, I.; Flynn, J.; Mead, E.; Halton, E.; Wang, X.; Senechal, B.; Purdon, T.;
et al. Clinical and Biological Correlates of Neurotoxicity Associated with CAR T-cell Therapy in Patients with B-cell Acute
Lymphoblastic Leukemia. Cancer Discov. 2018, 8, 958-971. [CrossRef]

Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; PRISMA Group. Preferred reporting items for systematic reviews and
meta-analyses: The PRISMA statement. Ann. Intern. Med. 2009, 151, 264-269. [CrossRef]

Brentjens, R.J.; Riviere, I; Park, ].H.; Davila, M.L.; Wang, X.; Stefanski, J.; Taylor, C.; Yeh, R.; Bartido, S.; Borquez-Ojeda, O.; et al.
Safety and persistence of adoptively transferred autologous CD19-targeted T cells in patients with relapsed or chemotherapy
refractory B-cell leukemias. Blood 2011, 118, 4817-4828. [CrossRef] [PubMed]

Brentjens, R.J.; Davila, M.L.; Riviere, I; Park, J.; Wang, X.; Cowell, L.G.; Bartido, S.; Stefanski, J.; Taylor, C.; Olszewska, M.; et al.
CD19-targeted T cells rapidly induce molecular remissions in adults with chemotherapy-refractory acute lymphoblastic leukemia.
Sci. Transl. Med. 2013, 5, 138r-177r. [CrossRef]


http://doi.org/10.1200/JCO.2014.56.2025
http://doi.org/10.1016/j.ymthe.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/28129122
http://doi.org/10.1038/nm.4441
http://doi.org/10.1097/CJI.0000000000000241
http://doi.org/10.1186/s13045-018-0681-6
http://doi.org/10.1182/blood-2016-04-711903
http://doi.org/10.1200/JCO.2018.77.8084
http://doi.org/10.1056/NEJMoa1817226
http://doi.org/10.1172/JCI126397
http://doi.org/10.1158/1078-0432.CCR-15-0428
http://doi.org/10.1126/scitranslmed.aaa0984
http://doi.org/10.1007/s11427-016-5023-8
http://doi.org/10.1182/blood-2011-05-354449
http://doi.org/10.1007/s13238-017-0440-4
http://www.ncbi.nlm.nih.gov/pubmed/28710747
http://doi.org/10.1182/blood-2017-06-793141
http://doi.org/10.1158/2159-8290.CD-17-1319
http://doi.org/10.7326/0003-4819-151-4-200908180-00135
http://doi.org/10.1182/blood-2011-04-348540
http://www.ncbi.nlm.nih.gov/pubmed/21849486
http://doi.org/10.1126/scitranslmed.3005930

Cancers 2021, 13, 3912 22 of 25

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kochenderfer, ].N.; Dudley, M.E.; Carpenter, R.O.; Kassim, S.H.; Rose, ].].; Telford, W.G.; Hakim, E.T.; Halverson, D.C.; Fowler,
D.H.; Hardy, N.M.; et al. Donor-derived CD19-targeted T cells cause regression of malignancy persisting after allogeneic
hematopoietic stem cell transplantation. Blood 2013, 122, 4129-4139. [CrossRef]

Dai, H.; Zhang, W.; Li, X,; Han, Q.; Guo, Y.; Zhang, Y.; Wang, Y.; Wang, C.; Shi, F.; Zhang, Y.; et al. Tolerance and efficacy of
autologous or donor-derived T cells expressing CD19 chimeric antigen receptors in adult B-ALL with extramedullary leukemia.
Oncoimmunology 2015, 4, €1027469. [CrossRef] [PubMed]

Brudno, J.N.; Somerville, R.P,; Shi, V.; Rose, ].J.; Halverson, D.C.; Fowler, D.H.; Gea-Banacloche, ].C.; Pavletic, S.Z.; Hickstein,
D.D,; Lu, T.L; et al. Allogeneic T Cells That Express an Anti-CD19 Chimeric Antigen Receptor Induce Remissions of B-Cell
Malignancies That Progress After Allogeneic Hematopoietic Stem-Cell Transplantation Without Causing Graft-Versus-Host
Disease. J. Clin. Oncol. 2016, 34, 1112. [CrossRef]

Chen, Y,; Cheng, Y.; Suo, P; Yan, C.; Wang, Y.; Chen, Y.; Han, W,; Xu, L.; Zhang, X,; Liu, K,; et al. Donor-derived CD19-targeted
T cell infusion induces minimal residual disease-negative remission in relapsed B-cell acute lymphoblastic leukaemia with no
response to donor lymphocyte infusions after haploidentical haematopoietic stem cell transplantation. Br. J. Haematol. 2017, 179,
598-605. [CrossRef]

Fitzgerald, J.C.; Weiss, S.L.; Maude, S.L.; Barrett, D.M.; Lacey, S.F.; Melenhorst, ].J.; Shaw, P; Berg, R.A.; June, C.H.; Porter, D.L.;
et al. Cytokine Release Syndrome After Chimeric Antigen Receptor T Cell Therapy for Acute Lymphoblastic Leukemia. Crit. Care
Med. 2017, 45, e124—e131. [CrossRef] [PubMed]

Gardner, R.A.; Finney, O.; Annesley, C.; Brakke, H.; Summers, C.; Leger, K.; Bleakley, M.; Brown, C.; Mgebroff, S.; Kelly-Spratt,
K.S,; et al. Intent-to-treat leukemia remission by CD19 CAR T cells of defined formulation and dose in children and young adults.
Blood 2017, 129, 3322-3331. [CrossRef]

Kochenderfer, ].N.; Somerville, R.P.T,; Lu, T.; Shi, V.; Bot, A.; Rossi, J.; Xue, A.; Goff, S.L.; Yang, ].C.; Sherry, RM.; et al. Lymphoma
Remissions Caused by Anti-CD19 Chimeric Antigen Receptor T Cells Are Associated With High Serum Interleukin-15 Levels.
J. Clin. Oncol. 2017, 35, 1803-1813. [CrossRef] [PubMed]

Neelapu, S.S.; Locke, EL.; 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. ]. Med. 2017, 377,
2531-2544. [CrossRef]

Pan, J.; Yang, ].E; Deng, B.P; Zhao, X.J.; Zhang, X.; Lin, Y.H.; Wu, Y.N.; Deng, Z.L.; Zhang, Y.L.; Liu, S.H.; et al. High efficacy
and safety of low-dose CD19-directed CAR-T cell therapy in 51 refractory or relapsed B acute lymphoblastic leukemia patients.
Leukemia 2017, 31, 2587-2593. [CrossRef]

Schuster, S.J.; Svoboda, J.; Chong, E.A ; Nasta, S.D.; Mato, A.R.; Anak, O.; Brogdon, ].L.; Pruteanu-Malinici, I.; Bhoj, V.; Landsburg,
D.; et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N. Engl. ]. Med. 2017, 377, 2545-2554. [CrossRef]
[PubMed]

Wei, G.; Hu, Y,; Pu, C,; Yu, J.; Luo, Y.; Shi, J.; Cui, Q.; Wu, W.; Wang, J.; Xiao, L.; et al. CD19 targeted CAR-T therapy versus
chemotherapy in re-induction treatment of refractory/relapsed acute lymphoblastic leukemia: Results of a case-controlled study.
Ann. Hematol. 2018, 97, 781-789. [CrossRef]

Park, J.H.; Riviere, I.; Gonen, M.; Wang, X.; Senechal, B.; Curran, K.J.; Sauter, C.; Wang, Y.; Santomasso, B.; Mead, E.; et al.
Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N. Engl. ]. Med. 2018, 378, 449-459. [CrossRef]
[PubMed]

Jin, X.; Cao, Y.; Wang, L.; Sun, R.; Cheng, L.; He, X.; Xiao, X,; Jiang, Y.; Li, Q.; Zhang, H.; et al. HLA-matched and HLA-
haploidentical allogeneic CD19-directed chimeric antigen receptor T-cell infusions are feasible in relapsed or refractory B-cell
acute lymphoblastic leukemia before hematopoietic stem cell transplantation. Leukemia 2019, 34, 909-913. [CrossRef]

Ruark, J.; Mullane, E.; Cleary, N.; Cordeiro, A.; Bezerra, E.D.; Wu, V.; Voutsinas, J.; Shaw, B.E.; Flynn, K.E.; Lee, S.J.; et al.
Patient-Reported Neuropsychiatric Outcomes of Long-Term Survivors after Chimeric Antigen Receptor T Cell Therapy. Biol.
Blood Marrow Transplant. 2020, 26, 34—43. [CrossRef]

Ma, F; Ho, ].Y.; Du, H,; Xuan, E; Wu, X,; Wang, Q.; Wang, L.; Liu, Y.; Ba, M.; Wang, Y.; et al. Evidence of long-lasting anti-
CD19 activity of engrafted CD19 chimeric antigen receptor-modified T cells in a phase I study targeting pediatrics with acute
lymphoblastic leukemia. Hematol. Oncol. 2019, 37, 601-608. [CrossRef]

Yan, Z.X.; Li, L.; Wang, W,; OuYang, B.S.; Cheng, S.; Wang, L.; Wu, W.; Xu, P.P; Muftuoglu, M.; Hao, M.; et al. 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. 2019, 25, 6995-7003. [CrossRef]

Nastoupil, L.J.; Jain, M.D.; Spiegel, ].Y.; Ghobadi, A.; Lin, Y.; Dahiya, S.; Lunning, M. A.; Lekakis, L.J.; Reagan, PM.; Oluwole,
0.0.; et al. Axicabtagene ciloleucel (Axi-cel) CD19 Chimeric Antigen Receptor (CAR) T-cell therapy for relapsed/refractory large
B-cell lymphoma: Real world experience. Blood 2018, 131 (Suppl. 1), 91, (abstract). [CrossRef]

Jacobson, C.A.; Hunter, B.; Armand, P; Kamihara, Y.; Ritz, J.; Rodig, S.J.; Wright, K.; Lipschitz, M.; Redd, R.A.; Maus, M.V,; et al.
Axicabtagene ciloleucel in the real world: Outcomes and predictors of response, resistance and toxicity. Blood 2018, 132 (Suppl. 1),
92, (abstract). [CrossRef]

Sano, D.; Nastoupil, L.].; Fowler, N.H.; Fayad, L.; Hagemeister, F.B.; Lee, H.].; Samaniego, F.; Wang, M.; Rodriguez, M.A ; Iyer,
S.P; et al. Safety of Axicabtagene ciloleucel CD19 CAR T-cell therapy in elderly patients with relapsed or refractory large B-cell
lymphoma. Blood 2018, 132 (Suppl. 1), 96, (abstract). [CrossRef]


http://doi.org/10.1182/blood-2013-08-519413
http://doi.org/10.1080/2162402X.2015.1027469
http://www.ncbi.nlm.nih.gov/pubmed/26451310
http://doi.org/10.1200/JCO.2015.64.5929
http://doi.org/10.1111/bjh.14923
http://doi.org/10.1097/CCM.0000000000002053
http://www.ncbi.nlm.nih.gov/pubmed/27632680
http://doi.org/10.1182/blood-2017-02-769208
http://doi.org/10.1200/JCO.2016.71.3024
http://www.ncbi.nlm.nih.gov/pubmed/28291388
http://doi.org/10.1056/NEJMoa1707447
http://doi.org/10.1038/leu.2017.145
http://doi.org/10.1056/NEJMoa1708566
http://www.ncbi.nlm.nih.gov/pubmed/29226764
http://doi.org/10.1007/s00277-018-3246-4
http://doi.org/10.1056/NEJMoa1709919
http://www.ncbi.nlm.nih.gov/pubmed/29385376
http://doi.org/10.1038/s41375-019-0610-x
http://doi.org/10.1016/j.bbmt.2019.09.037
http://doi.org/10.1002/hon.2672
http://doi.org/10.1158/1078-0432.CCR-19-0101
http://doi.org/10.1182/blood-2018-99-114152
http://doi.org/10.1182/blood-2018-99-117199
http://doi.org/10.1182/blood-2018-99-120013

Cancers 2021, 13, 3912 23 of 25

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Spiegel, ].Y,; Sahaf, B.; Hossain, N.; Frank, M.J.; Claire, G.; Abramian, M.; Latchford, T.; Villa, B.; Cancilla, J.; Oak, J.; et al. Elevated
Axicabtagene ciloleucel (CAR-19) expansion by immunophenotyping is associated with toxicity in diffuse large B-cell lymphoma.
Blood 2018, 132 (Suppl. 1), 576, (abstract). [CrossRef]

Jiang, H.; Li, C,; Yin, P; Guo, T; Liu, L.; Xia, L.; Wu, Y.; Zhou, E; Ai, L.; Shi, W,; et al. Anti-CD19 chimeric antigen receptor-modified
T-cell therapy bridging to allogeneic hematopoietic stem cell transplantation for relapsed/refractory B-cell acute lymphoblastic
leukemia: An open-label pragmatic clinical trial. Am. J. Hematol. 2019, 94, 1113-1122. [CrossRef]

Bao, F; Wan, W,; He, T.; Qi, F; Liu, G.; Hu, K.; Lu, X.A,; Yang, P.; Dong, F.; Wang, ].; et al. Autologous CD19-directed chimeric
antigen receptor-T cell is an effective and safe treatment to refractory or relapsed diffuse large B-cell lymphoma. Cancer Gene Ther.
2019, 26, 248-255. [CrossRef] [PubMed]

Hu, Y,; Wang, J.; Wei, G.; Yu, ].; Luo, Y.; Shi, ].; Wu, W.; Zhao, K,; Xiao, L.; Zhang, Y.; et al. A retrospective comparison of allogenic
and autologous chimeric antigen receptor T cell therapy targeting CD19 in patients with relapsed/refractory acute lymphoblastic
leukemia. Bone Marrow Transplant. 2019, 54, 1208-1217. [CrossRef] [PubMed]

Turtle, C.J.; Hay, K.A.; Hanafi, L.A.; Li, D.; Cherian, S.; Chen, X.; Wood, B.; Lozanski, A.; Byrd, ].C.; Heimfeld, S.; et al. Durable
Molecular Remissions in Chronic Lymphocytic Leukemia Treated With CD19-Specific Chimeric Antigen Receptor-Modified T
Cells After Failure of Ibrutinib. J. Clin. Oncol. 2017, 35, 3010-3020. [CrossRef] [PubMed]

Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P; Verneris, M.R.; Stefanski, H.E.; Myers, G.D.;
et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N. Engl. ]. Med. 2018, 378, 439-448.
[CrossRef]

Jacoby, E.; Bielorai, B.; Avigdor, A.; Itzhaki, O.; Hutt, D.; Nussboim, V.; Meir, A.; Kubi, A.; Levy, M.; Zikich, D.; et al. Locally
produced CD19 CAR T cells leading to clinical remissions in medullary and extramedullary relapsed acute lymphoblastic
leukemia. Am. |. Hematol. 2018, 93, 1485-1492. [CrossRef] [PubMed]

Hirayama, A.V.; Gauthier, J.; Hay, K.A.; Voutsinas, ].M.; Wu, Q.; Pender, B.S.; Hawkins, R.M.; Vakil, A.; Steinmetz, R.N.; Riddell,
S.R.; et al. High rate of durable complete remission in follicular lymphoma after CD19 CAR-T cell immunotherapy. Blood 2019,
134, 636—640. [CrossRef]

Geyer, M.B,; Riviere, I.; Senechal, B.; Wang, X.; Wang, Y.; Purdon, T.J.; Hsu, M.; Devlin, S.M.; Palomba, M.L.; Halton, E.; et al.
Safety and tolerability of conditioning chemotherapy followed by CD19-targeted CAR T cells for relapsed /refractory CLL. JCI
Insight 2019, 5, €122627. [CrossRef]

Enblad, G.; Karlsson, H.; Gammelgard, G.; Wenthe, J.; Lovgren, T.; Amini, R.M.; Wikstrom, K.I.; Essand, M.; Savoldo, B.; Hallbook,
H.; et al. A Phase I/Ila Trial Using CD19-Targeted Third-Generation CAR T Cells for Lymphoma and Leukemia. Clin. Cancer Res.
2018, 24, 6185-6194. [CrossRef]

Wang, T.; Gao, L.; Hu, X; Liu, B.; Chen, J.; Zhang, W.; Wang, J.; Yu, X.; Feng, D.; Chang, A.E.; et al. Chimeric Antigen Receptor-
modified Donor Lymphocyte Infusion Improves the Survival of Acute Lymphoblastic Leukemia Patients With Relapsed Diseases
After Allogeneic Hematopoietic Stem Cell Transplantation. J. Immunother. 2019, 42, 81-88. [CrossRef] [PubMed]

Wang, X.; Popplewell, L.L.; Wagner, ].R.; Naranjo, A.; Blanchard, M.S.; Mott, M.R,; Norris, A.P.; Wong, C.W.; Urak, R.Z.; Chang,
W.C.; et al. Phase 1 studies of central memory-derived CD19 CAR T-cell therapy following autologous HSCT in patients with
B-cell NHL. Blood 2016, 127, 2980-2990. [CrossRef] [PubMed]

Weng, J.; Lai, P; Qin, L,; Lai, Y,; Jiang, Z.; Luo, C.; Huang, X.; Wu, S.; Shao, D.; Deng, C.; et al. A novel generation 1928zT2 CAR T
cells induce remission in extramedullary relapse of acute lymphoblastic leukemia. J. Hematol. Oncol. 2018, 11, 25. [CrossRef]
Yan, Z.; Cao, J.; Cheng, H.; Qiao, J.; Zhang, H.; Wang, Y.; Shi, M.; Lan, J.; Fei, X,; Jin, L.; et al. A combination of humanised
anti-CD19 and anti-BCMA CAR T cells in patients with relapsed or refractory multiple myeloma: A single-arm, phase 2 trial.
Lancet Haematol. 2019, 6, €521-e529. [CrossRef]

Hay, K.A.; Gauthier, J.; Hirayama, A.V.; Voutsinas, ] M.; Wu, Q.; Li, D.; Gooley, T.A.; Cherian, S.; Chen, X.; Pender, B.S.; et al.
Factors associated with durable EFS in adult B-cell ALL patients achieving MRD-negative CR after CD19 CAR T-cell therapy:.
Blood 2019, 133, 1652-1663. [CrossRef]

Garfall, A.L.; Stadtmauer, E.A.; Hwang, W.T.; Lacey, S.F.; Melenhorst, J.J.; Krevvata, M.; Carroll, M.P,; Matsui, W.H.; Wang, Q.;
Dhodapkar, M.V,; et al. Anti-CD19 CAR T cells with high-dose melphalan and autologous stem cell transplantation for refractory
multiple myeloma. JCI Insight 2019, 4, e127684. [CrossRef] [PubMed]

Ying, Z.; Huang, X.F,; Xiang, X,; Liu, Y.; Kang, X; Song, Y.; Guo, X,; Liu, H.; Ding, N.; Zhang, T.; et al. A safe and potent anti-CD19
CART cell therapy. Nat. Med. 2019, 25, 947-953. [CrossRef]

Cao, Y,; Lu, W.; Sun, R;; Jin, X,; Cheng, L.; He, X.; Wang, L.; Yuan, T.; Lyu, C.; Zhao, M. Anti-CD19 Chimeric Antigen Receptor T
Cells in Combination With Nivolumab Are Safe and Effective Against Relapsed/Refractory B-Cell Non-hodgkin Lymphoma.
Front. Oncol. 2019, 9, 767. [CrossRef] [PubMed]

Rossi, J.; Paczkowski, P; Shen, YYW.; Morse, K.; Flynn, B.; Kaiser, A.; Ng, C.; Gallatin, K.; Cain, T.; Fan, R.; et al. Preinfusion
polyfunctional anti-CD19 chimeric antigen receptor T cells are associated with clinical outcomes in NHL. Blood 2018, 132, 804-814.
[CrossRef]

Rossig, C.; Pule, M.; Altvater, B.; Saiagh, S.; Wright, G.; Ghorashian, S.; Clifton-Hadley, L.; Champion, K.; Sattar, Z.; Popova,
B.; et al. Vaccination to improve the persistence of CD19CAR gene-modified T cells in relapsed pediatric acute lymphoblastic
leukemia. Leukemia 2017, 31, 1087-1095. [CrossRef]


http://doi.org/10.1182/blood-2018-99-113261
http://doi.org/10.1002/ajh.25582
http://doi.org/10.1038/s41417-018-0073-7
http://www.ncbi.nlm.nih.gov/pubmed/30622321
http://doi.org/10.1038/s41409-018-0403-2
http://www.ncbi.nlm.nih.gov/pubmed/30518980
http://doi.org/10.1200/JCO.2017.72.8519
http://www.ncbi.nlm.nih.gov/pubmed/28715249
http://doi.org/10.1056/NEJMoa1709866
http://doi.org/10.1002/ajh.25274
http://www.ncbi.nlm.nih.gov/pubmed/30187944
http://doi.org/10.1182/blood.2019000905
http://doi.org/10.1172/jci.insight.122627
http://doi.org/10.1158/1078-0432.CCR-18-0426
http://doi.org/10.1097/CJI.0000000000000257
http://www.ncbi.nlm.nih.gov/pubmed/30829725
http://doi.org/10.1182/blood-2015-12-686725
http://www.ncbi.nlm.nih.gov/pubmed/27118452
http://doi.org/10.1186/s13045-018-0572-x
http://doi.org/10.1016/S2352-3026(19)30115-2
http://doi.org/10.1182/blood-2018-11-883710
http://doi.org/10.1172/jci.insight.127684
http://www.ncbi.nlm.nih.gov/pubmed/30830874
http://doi.org/10.1038/s41591-019-0421-7
http://doi.org/10.3389/fonc.2019.00767
http://www.ncbi.nlm.nih.gov/pubmed/31482064
http://doi.org/10.1182/blood-2018-01-828343
http://doi.org/10.1038/leu.2017.39

Cancers 2021, 13, 3912 24 of 25

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Svoboda, J.; Rheingold, S.R.; Gill, S.I; Grupp, S.A.; Lacey, S.E; Kulikovskaya, I.; Suhoski, M.M.; Melenhorst, ].J.; Loudon, B.;
Mato, A.R; et al. Nonviral RNA chimeric antigen receptor-modified T cells in patients with Hodgkin lymphoma. Blood 2018, 132,
1022-1026. [CrossRef]

Kebriaei, P.; Singh, H.; Huls, M.H.; Figliola, M.].; Bassett, R.; Olivares, S.; Jena, B.; Dawson, M.].; Kumaresan, P.R.; Su, S.; et al.
Phase I trials using Sleeping Beauty to generate CD19-specific CAR T cells. J. Clin. Investig. 2016, 126, 3363-3376. [CrossRef]
Frey, N.V,; Shaw, P.A.; Hexner, E.O.; Pequignot, E.; Gill, S.; Luger, S.M.; Mangan, ] K.; Loren, A.W,; Perl, A.E.; Maude, S.L.; et al.
Optimizing Chimeric Antigen Receptor T-Cell Therapy for Adults With Acute Lymphoblastic Leukemia. J. Clin. Oncol. 2020, 38,
415-422. [CrossRef]

Hiramatsu, H.; Adachi, S.; Umeda, K.; Kato, I.; Eldjerou, L.; Agostinho, A.C.; Natsume, K.; Tokushige, K.; Watanabe, Y.; Grupp,
S.A. Efficacy and safety of tisagenlecleucel in Japanese pediatric and young adult patients with relapsed/refractory B cell acute
lymphoblastic leukemia. Int. ]. Hematol. 2020, 111, 303-310. [CrossRef]

Brudno, ].N.; Lam, N.; Vanasse, D.; Shen, YYW.; Rose, ].J.; Rossi, ].; Xue, A.; Bot, A.; Scholler, N.; Mikkilineni, L.; et al. Safety and
feasibility of anti-CD19 CAR T cells with fully human binding domains in patients with B-cell lymphoma. Nat. Med. 2020, 26,
270-280. [CrossRef]

Wang, N.; Hu, X.; Cao, W,; Li, C,; Xiao, Y.; Cao, Y.; Gu, C.; Zhang, S.; Chen, L.; Cheng, J.; et al. Efficacy and safety of CAR19/22
T-cell cocktail therapy in patients with refractory/relapsed B-cell malignancies. Blood 2020, 135, 17-27. [CrossRef]

Abramson, J.S.; Palomba, M.L.; Gordon, L.I.; Lunning, M.A.; Wang, M.; Arnason, J.; Mehta, A.; Purev, E.; Maloney, D.G.;
Andreadis, C.; et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND
NHL 001): A multicentre seamless design study. Lancet 2020, 396, 839-852. [CrossRef]

Liu, E.; Marin, D.; Banerjee, P.; Macapinlac, H.A.; Thompson, P,; Basar, R.; Nassif Kerbauy, L.; Overman, B.; Thall, P.; Kaplan,
M.; et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N. Engl. ]. Med. 2020, 382, 545-553.
[CrossRef]

Till, B.G.; Jensen, M.C.; Wang, J.; Chen, E.Y,; Wood, B.L.; Greisman, H.A.; Qian, X.; James, S.E.; Raubitschek, A.; Forman, S.J.;
et al. Adoptive immunotherapy for indolent non-Hodgkin lymphoma and mantle cell lymphoma using genetically modified
autologous CD20-specific T cells. Blood 2008, 112, 2261-2271. [CrossRef]

Till, B.G.; Jensen, M.C.; Wang, J.; Qian, X.; Gopal, A.K.; Maloney, D.G.; Lindgren, C.G; Lin, Y.; Pagel, ] M.; Budde, L.E; et al.
CD20-specific adoptive immunotherapy for lymphoma using a chimeric antigen receptor with both CD28 and 4-1BB domains:
Pilot clinical trial results. Blood 2012, 119, 3940-3950. [CrossRef]

Wang, Y.; Zhang, W.Y,; Han, Q.W.; Liu, Y,; Dai, H.R.; Guo, Y.L.; Bo, J.; Fan, H.; Zhang, Y.; Zhang, Y.J.; et al. Effective response and
delayed toxicities of refractory advanced diffuse large B-cell lymphoma treated by CD20-directed chimeric antigen receptor-
modified T cells. Clin. Immunol. 2014, 155, 160-175. [CrossRef]

Curran, K.J.; Margossian, S.P.; Kernan, N.A.; Silverman, L.B.; Williams, D.A.; Shukla, N.; Kobos, R.; Forlenza, C.J.; Steinherz, P;
Prockop, S.; et al. Toxicity and response after CD19-specific CAR T-cell therapy in pediatric/young adult relapsed /refractory
B-ALL. Blood 2019, 134, 2361-2368. [CrossRef] [PubMed]

Ramos, C.A.; Ballard, B.; Zhang, H.; Dakhova, O.; Gee, A.P.; Mei, Z.; Bilgi, M.; Wu, M.F; Liu, H,; Grilley, B.; et al. Clinical and
immunological responses after CD30-specific chimeric antigen receptor-redirected lymphocytes. J. Clin. Investig. 2017, 127,
3462-3471. [CrossRef]

Wang, C.M.; Wu, Z.Q.; Wang, Y.; Guo, Y.L.; Dai, H.R.; Wang, X.H.; Li, X.; Zhang, Y.J.; Zhang, W.Y.; Chen, M.X.; et al. Autologous T
Cells Expressing CD30 Chimeric Antigen Receptors for Relapsed or Refractory Hodgkin Lymphoma: An Open-Label Phase I
Trial. Clin. Cancer Res. 2017, 23, 1156-1166. [CrossRef] [PubMed]

Ritchie, D.S.; Neeson, PJ.; Khot, A.; Peinert, S.; Tai, T.; Tainton, K.; Chen, K.; Shin, M.; Wall, D.M.; Honemann, D.; et al. Persistence
and efficacy of second generation CAR T cell against the LeY antigen in acute myeloid leukemia. Mol. Ther. 2013, 21, 2122-2129.
[CrossRef]

Baumeister, S.H.; Murad, J.; Werner, L.; Daley, H.; Trebeden-Negre, H.; Gicobi, J.K.; Schmucker, A.; Reder, J.; Sentman, C.L.;
Gilham, D.E,; et al. Phase I Trial of Autologous CAR T Cells Targeting NKG2D Ligands in Patients with AML/MDS and Multiple
Myeloma. Cancer Immunol. Res. 2019, 7, 100-112. [CrossRef] [PubMed]

Katz, S.C; Burga, R.A.; McCormack, E.; Wang, L.J.; Mooring, W.; Point, G.R.; Khare, PD.; Thorn, M.; Ma, Q.; Stainken, B.F; et al.
Phase I Hepatic Immunotherapy for Metastases Study of Intra-Arterial Chimeric Antigen Receptor-Modified T-cell Therapy for
CEA+ Liver Metastases. Clin. Cancer Res. 2015, 21, 3149-3159. [CrossRef] [PubMed]

Zhang, C.; Wang, Z.; Yang, Z.; Wang, M; Li, S.; Li, Y,; Zhang, R.; Xiong, Z.; Wei, Z.; Shen, J.; et al. Phase I Escalating-Dose Trial of
CAR-T Therapy Targeting CEA (+) Metastatic Colorectal Cancers. Mol. Ther. 2017, 25, 1248-1258. [CrossRef] [PubMed]

Guo, Y,; Feng, K ; Liu, Y.; Wu, Z; Dai, H.; Yang, Q.; Wang, Y.; Jia, H.; Han, W. Phase I Study of Chimeric Antigen Receptor-Modified
T Cells in Patients with EGFR-Positive Advanced Biliary Tract Cancers. Clin. Cancer Res. 2018, 24, 1277-1286. [CrossRef]

Goff, S.L.; Morgan, R.A,; Yang, ].C.; Sherry, R.M.; Robbins, P.E; Restifo, N.P,; Feldman, S.A; Lu, Y.C.; Lu, L.; Zheng, Z; et al. Pilot
Trial of Adoptive Transfer of Chimeric Antigen Receptor-transduced T Cells Targeting EGFRVIII in Patients With Glioblastoma. J.
Immunother. 2019, 42, 126-135. [CrossRef] [PubMed]

Ahmed, N.; Brawley, V.S.; Hegde, M.; Robertson, C.; Ghazi, A.; Gerken, C.; Liu, E.; Dakhova, O.; Ashoori, A.; Corder, A.;
et al. Human Epidermal Growth Factor Receptor 2 (HER2) -Specific Chimeric Antigen Receptor-Modified T Cells for the
Immunotherapy of HER2-Positive Sarcoma. J. Clin. Oncol. 2015, 33, 1688-1696. [CrossRef]


http://doi.org/10.1182/blood-2018-03-837609
http://doi.org/10.1172/JCI86721
http://doi.org/10.1200/JCO.19.01892
http://doi.org/10.1007/s12185-019-02771-2
http://doi.org/10.1038/s41591-019-0737-3
http://doi.org/10.1182/blood.2019000017
http://doi.org/10.1016/S0140-6736(20)31366-0
http://doi.org/10.1056/NEJMoa1910607
http://doi.org/10.1182/blood-2007-12-128843
http://doi.org/10.1182/blood-2011-10-387969
http://doi.org/10.1016/j.clim.2014.10.002
http://doi.org/10.1182/blood.2019001641
http://www.ncbi.nlm.nih.gov/pubmed/31650176
http://doi.org/10.1172/JCI94306
http://doi.org/10.1158/1078-0432.CCR-16-1365
http://www.ncbi.nlm.nih.gov/pubmed/27582488
http://doi.org/10.1038/mt.2013.154
http://doi.org/10.1158/2326-6066.CIR-18-0307
http://www.ncbi.nlm.nih.gov/pubmed/30396908
http://doi.org/10.1158/1078-0432.CCR-14-1421
http://www.ncbi.nlm.nih.gov/pubmed/25850950
http://doi.org/10.1016/j.ymthe.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28366766
http://doi.org/10.1158/1078-0432.CCR-17-0432
http://doi.org/10.1097/CJI.0000000000000260
http://www.ncbi.nlm.nih.gov/pubmed/30882547
http://doi.org/10.1200/JCO.2014.58.0225

Cancers 2021, 13, 3912 25 of 25

83.

84.

85.

86.

87.

88.

89.

90.

Haas, A.R,; Tanyi, J.L.; O'Hara, M.H.; Gladney, W.L.; Lacey, S.F; Torigian, D.A.; Soulen, M.C; Tian, L.; McGarvey, M.; Nelson,
A.M.; et al. Phase I Study of Lentiviral-Transduced Chimeric Antigen Receptor-Modified T Cells Recognizing Mesothelin in
Advanced Solid Cancers. Mol. Ther. 2019, 27, 1919-1929. [CrossRef] [PubMed]

Junghans, R.P; Ma, Q.; Rathore, R.; Gomes, EM.; Bais, A.J.; Lo, A.S.; Abedi, M.; Davies, R.A.; Cabral, H.J.; Al-Homsi, A.S,;
et al. Phase I Trial of Anti-PSMA Designer CAR-T Cells in Prostate Cancer: Possible Role for Interacting Interleukin 2-T Cell
Pharmacodynamics as a Determinant of Clinical Response. Prostate 2016, 76, 1257-1270. [CrossRef]

Hege, KM.; Bergsland, E.K,; Fisher, G.A.; Nemunaitis, ].J.; Warren, R.S.; McArthur, ].G.; Lin, A.A.; Schlom, J.; June, C.H.; Sherwin,
S.A. Safety, tumor trafficking and immunogenicity of chimeric antigen receptor (CAR)-T cells specific for TAG-72 in colorectal
cancer. |. Immunother. Cancer 2017, 5, 22. [CrossRef]

Yu, W.L.; Hua, Z.C. Chimeric Antigen Receptor T-cell (CAR T) Therapy for Hematologic and Solid Malignancies: Efficacy and
Safety-A Systematic Review with Meta-Analysis. Cancers 2019, 11, 47. [CrossRef]

Grigor, E.J.M.; Fergusson, D.; Kekre, N.; Montroy, J.; Atkins, H.; Seftel, M.D.; Daugaard, M.; Presseau, J.; Thavorn, K.; Hutton,
B.; et al. Risks and Benefits of Chimeric Antigen Receptor T-Cell (CAR-T) Therapy in Cancer: A Systematic Review and
Meta-Analysis. Transfus. Med. Rev. 2019, 33, 98-110. [CrossRef]

Jiang, H.; Li, C.; Yin, P; Guo, T;; Liu, L.; Xia, L.; Wu, Y,; Zhou, E; Ai, L.; Shi, W,; et al. Improving the safety of CAR-T cell therapy
by controlling CRS-related coagulopathy. Ann. Hematol. 2019, 98, 1721-1732. [CrossRef] [PubMed]

Rubin, D.B.; Danish, H.H.; Ali, A.B,; Li, K; LaRose, S.; Monk, A.D.; Cote, D.]J.; Spendley, L.; Kim, A.H.; Robertson, M.S.; et al.
Neurological toxicities associated with chimeric antigen receptor T-cell therapy. Brain 2019, 142, 1334-1348. [CrossRef]
Schuster, S.J.; Maziarz, R.T.; Rusch, E.S.; Li, J.; Signorovitch, J.E.; Romanov, V.V.; Locke, F.L.; Maloney, D.G. Grading and
management of cytokine release syndrome in patients treated with tisagenlecleucel in the JULIET trial. Blood Adv. 2020, 4,
1432-1439. [CrossRef]


http://doi.org/10.1016/j.ymthe.2019.07.015
http://www.ncbi.nlm.nih.gov/pubmed/31420241
http://doi.org/10.1002/pros.23214
http://doi.org/10.1186/s40425-017-0222-9
http://doi.org/10.3390/cancers11010047
http://doi.org/10.1016/j.tmrv.2019.01.005
http://doi.org/10.1007/s00277-019-03685-z
http://www.ncbi.nlm.nih.gov/pubmed/31055613
http://doi.org/10.1093/brain/awz053
http://doi.org/10.1182/bloodadvances.2019001304

	Introduction 
	Materials and Methods 
	Data Sources 
	Study Selection, Meta-Analysis Inclusion Criteria, and Data Extraction 
	Statistical Analyses 

	Results 
	Eligible Studies and Characteristics 
	Overall Incidence of CRS and Non-Hematological AEs 
	Overall Incidence of NS-Related AEs 
	Incidence of Treatment-Related Deaths 
	Subgroup Analysis of AE Incidence by Cancer Type 
	Subgroup Analysis of Anti-CD19 CAR-T-Related AE Incidence 

	Discussion 
	Conclusions 
	
	References

