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Abstract

Introduction As chimeric antigen receptor T-cell therapies are becoming increasingly available in the armamentarium of
the hematologist, there is an emerging need to monitor post-marketing safety.

Objective We aimed to better characterize their safety profile by focusing on cytokine release syndrome and identifying
emerging signals.

Methods We queried the US Food and Drug Administration Adverse Event Reporting System (October 2017—-September
2020) to analyze suspected adverse drug reactions to tisagenlecleucel (tisa-cel) and axicabtagene ciloleucel (axi-cel). Dis-
proportionality analyses (reporting odds ratio) were performed by comparing chimeric antigen receptor T-cell therapies
with (a) all other drugs (reference group 1) and (b) other onco-hematological drugs with a similar indication, irrespective
of age (reference group 2), or (c) restricted to adults (reference group 3). Notoriety was assessed through package inserts
and risk management plans. Adverse drug reaction time to onset and cytokine release syndrome features were investigated.
Results Overall, 3225 reports (1793 axi-cel; 1433 tisa-cel) were identified. The reported toxicities were mainly: cytokine
release syndrome (52.2%), febrile disorders (27.7%), and neurotoxicity (27.2%). Cytokine release syndrome and neurotoxicity
were often co-reported and 75% of the events occurred in the first 10 days. Disproportionalities confirmed known adverse
drug reactions and showed unexpected associations: for example, axi-cel with cardiomyopathies (reporting odds ratio = 2.3;
95% confidence interval 1.2-4.4) and gastrointestinal perforations (2.9; 1.2-7.3), tisa-cel with hepatotoxicity (2.5; 1.1-5.7)
and pupil disorders (15.3; 6-39.1).

Conclusions Our study confirms the well-known adverse drug reactions and detects potentially emerging safety issues spe-
cific for each chimeric antigen receptor T-cell therapy, also providing insights into a stronger role for tisa-cel in inducing
some immunodeficiency-related events (e.g., hypogammaglobulinemia, infections) and coagulopathies, and for axi-cel in
neurotoxicity.

1 Introduction
Chimeric antigen receptor T (CAR-T) cells represent an

innovative treatment in the hematology/oncology field. They
are represented by autologous T cells, obtained through
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Chimeric antigen receptor T cells are innovative thera-
pies for hematologic malignancies, for which a strict
post-marketing monitoring has been recommended.

Our disproportionality analyses identified new potential
signals, as cardiomyopathies and gastrointestinal perfora-
tions for axi-cel, hepatotoxicity and pupil disorders for
tisa-cel.

Our findings provide insights into different safety pro-
files for the chimeric antigen receptor T-cell therapies
investigated, and into a unified neurotoxicity-cytokine
release syndrome.

Upon recognition of the target, the construct induces T-cell
proliferation and activation against CD19* B cells and B-cell
precursors, both normal and malignant [1, 2]. Two second-
generation CAR-T products, tisagenlecleucel (tisa-cel®)
and axicabtagene ciloleucel (axi-cel®), were approved by
the US Food and Drug Administration [3, 4] and the Euro-
pean Medicines Agency [5] for the treatment of relapsed or
refractory (r/r) large B-cell lymphomas, such as diffuse large
B-cell lymphoma (DLBCL) not otherwise specified, high-
grade B-cell lymphoma, and DLBCL arising from follicular
lymphoma. Tisa-cel was also approved for the treatment of
patients up to 25 years of age with r/r B-cell acute lympho-
blastic leukemia (ALL) [6].

Although pivotal randomized controlled trials have
shown extremely positive results in terms of efficacy for
the two CAR-T cells, potentially life-threatening or even
fatal toxicities have also been reported [7-9]. In particu-
lar, cytokine release syndrome (CRS) and neurotoxicity are
two major complications that can lead to significant mor-
bidity and mortality [10]. Cytokine release syndrome is a
systemic inflammatory reaction associated with the release
of cytokines, such as interleukin-6, interferon-y, and tumor
necrosis factor, occurring mainly in the first days after infu-
sion. The broad spectrum of CRS-related signs includes
fever, hypotension, hypoxia, depressed cardiac function,
and organ dysfunction [11]. In pivotal trials, grade > 3
CRS occurred in 22% of patients treated with tisa-cel and
11% of patients treated with axi-cel, with a median time to
onset (TTO) of 3 days. Other adverse events reported with
an incidence > 20% were hypogammaglobulinemia, infec-
tions, decreased appetite, headache, delirium, encephalopa-
thy, bleeding episodes, nausea, diarrhea, vomiting, edema,
fatigue, and acute kidney injury [7, 9].

Based on the pre-marketing assessment of their safety
profile, in 2017, CAR-T cells were approved by the US Food
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and Drug Administration (FDA) with a Risk Evaluation and
Mitigation Strategy, a program required for medications
associated with serious safety concerns, as a risk minimi-
zation measure ensuring that benefits outweigh risks. In
Europe, an accelerated assessment application through the
Priority Medicines (PRIME) scheme for orphan diseases has
been granted for CAR-T cells and additional monitoring and
post-authorization safety studies have been required by the
European Medicines Agency [12] after marketing authoriza-
tion. Increasing post-marketing data have been recorded for
CAR-T-cell safety profile monitoring in a real-world setting,
where a significantly larger and heterogeneous population of
patients has been treated [13—16].

In view of the several new CAR-T products recently
approved by the FDA on the market (e.g., brexucabta-
gence autoleucel for mantle cell lymphoma in July 2020,
lisocabtagepane maraleucel for DLBCL in February 2021,
and idecabtagene vicleucel for multiple myeloma in March
2021), CAR-T cells are anticipated to be used in an increas-
ing number of patients. This study aims to investigate the
post-marketing safety profile of the well-established tisa-
cel and axi-cel, analyzing spontaneous suspected adverse
drug reaction (ADR) reports collected into the FDA Adverse
Event Reporting System (FAERS) database, with the final
goal to better characterize already known CAR-T-cell-
related ADRs (primarily CRS) and to identify emerging
safety reports of potential clinical relevance.

2 Methods
2.1 Data Source

The FAERS is a spontaneous reporting system collecting
worldwide reports of suspected ADRs, submitted by hetero-
geneous reporters, with a range from healthcare profession-
als to patients and their families, lawyers, and manufacturers
[17]. The FAERS data are available to the public in differ-
ent ways: (a) a user-friendly public dashboard (available at
the link: https://www.fda.gov/drugs/questions-and-answe
rs-fdas-adverse-event-reporting-system-faers/fda-adverse-
event-reporting-system-faers-public-dashboard), containing
many duplicates and limited information and (b) raw quar-
terly data downloadable as ASCII or XML files (available
at the link: https://fis.fda.gov/extensions/FPD-QDE-FAERS/
FPD-QDE-FAERS.html), which need to be pre-processed
but allow for more reliable analyses. Suspected ADRs are
coded using preferred terms (PTs) from the Medical Dic-
tionary for Regulatory Activities (MedDRA®), which has a
hierarchical structure allowing the grouping of PTs at higher
levels (i.e., High-Level Terms [HLTs]; High-Level Group
Terms; System Organ Class).


https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/fda-adverse-event-reporting-system-faers-public-dashboard
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/fda-adverse-event-reporting-system-faers-public-dashboard
https://www.fda.gov/drugs/questions-and-answers-fdas-adverse-event-reporting-system-faers/fda-adverse-event-reporting-system-faers-public-dashboard
https://fis.fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html
https://fis.fda.gov/extensions/FPD-QDE-FAERS/FPD-QDE-FAERS.html
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ASCII files from the inception up to September 2020 were
downloaded, merged, and active substances were translated
to an implementation of the World Health Organization drug
dictionary (accessed in March 2020) [18]. Data have been
pre-processed to keep only the last update of each report and
to remove duplicates, i.e., reports with the same information
in all the following fields: sex, age, weight, country, date of
the ADR, list of drugs (i.e., either suspect or concomitant),
and list of ADRs.

2.2 Exposure of Interest

Reports of suspected ADRs related to tisa-cel and axi-cel
from the post-marketing setting were retrieved in the period
October 2017 to September 2020. In order to exclude all
CAR-T-cell reports associated with pre-marketing experi-
mental studies, we selected only reports related to approved
indications for use and with entry dates following the first
approval date (Table 1). As the main comparator (reference
group 1, RG1), the reports of all other drugs collected in
the same study period have been considered. In order to
adjust for confounding by indication, only reports related to
onco-hematological drugs, with an approved indication of
use for ALL or DLBCL, have been considered as a second
comparator (reference group 2, RG2). To correct also for
age, RG2 reports restricted to adults (aged > 18 years) have
been considered as an additional reference group (RG3).

2.3 Data Analysis

Descriptive analyses have been carried out to explore and
compare the characteristics of CAR-T-cell reports (e.g., age
and sex of patients, temporal trends in reporting, reporter
types) versus RG1, RG2, and RG3, and to describe the dis-
tribution of adverse events by MedDRA® HLTs. Continu-
ous variables were summarized as median with interquartile
ranges (IQRs) and categorical variables as percentages.
The reporting odds ratio (ROR) was used as a measure
of ADR reporting disproportionality for signal detection (at
the HLT level), with a statistical threshold that was defined
as the lower limit of 95% confidence interval >1 in presence

of three or more reports [19]. Disproportionality analyses on
the FAERS database have already been applied with suc-
cess to the oncological field, particularly to immunotherapy
[20]. To reduce the risk of detecting false associations, we
also calculated the information component (IC). The IC is a
Bayesian disproportionality that applies shrinkage and con-
verts to the base 2 logarithm the ratio between observed and
expected cases [21]. If IC025 is estimated less than 0, we
cannot with high confidence exclude that the disproportion-
ality may be due to random variation and small numbers.
Two authors evaluated the notoriety of prioritized ADRs,
retaining significance on the three RGs. We considered unex-
pected the disproportions with HLTs that did not include PTs
already included in the specific CAR-T-cell package inserts
(i.e., the US FDA summary of product characteristics).
To account for the redundancy of MedDRA® terms (i.e.,
the same event may be recorded with different terms), we
considered expected also terms linked to those included in
package inserts. Finally, important potential risks as defined
by the European risk management plans (RMPs) [i.e., “con-
cerns for which an association with the CAR-T cell is pos-
sible based on available data, but this association has not
been established yet and needs further evaluation”] were
investigated in depth through a case-by-case assessment.
These potential risks were tumor lysis syndrome (only for
axi-cel), second primary neoplasia, autoimmune conditions,
and graft versus host disease (GvHD). Data considered in
the case-by-case assessment were those concerning the drug
and the event, sex, age, outcome, and TTO.

To assess the TTO of suspected ADRs, we calculated
the number of days that elapsed from the beginning of the
CAR-T-cell cycle up to the onset of suspected ADRs at their
System Organ Class level and for HLTs and PTs of interest.
Time to onset was summarized as the median and IQR.

To investigate the co-occurrence of CRS and other ADRs,
a network analysis with HLTs as nodes and relevant rela-
tionships as links was performed, by employing validated
methods for psychopathological symptoms in clinical set-
tings (Ising estimation) [22], already applied to pharma-
covigilance [23]. Links’ weights were estimated as partial
correlations between each pair of HLTs conditioning on all

Table 1 Indication of use of CAR-T cells marketed till the end of the observation period

CAR-T Indication of use

Date of FDA approval

Tisagenlecleucel
refractory or in second or later relapse

Patients up to 25 years of age with B-cell precursor acute lymphoblastic leukemia that is

30 August, 2017

Adult patients with relapsed or refractory large B-cell lymphoma after two or more lines of
systemic therapy including diffuse large B-cell lymphoma not otherwise specified, high
grade B-cell lymphoma, and diffuse large B-cell lymphoma arising from follicular lym-

phoma

Axicabtagene ciloleucel Treatment of adult patients with relapsed or refractory large B-cell lymphoma after two or

more lines of systemic therapy

18 October, 2017

CAR-T chimeric antigen receptor T, FDA US Food and Drug Administration
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other HLTs. A LASSO (least absolute shrinkage and selec-
tion operator) procedure was performed to filter out spurious
associations. Data management and analysis were performed
using the packages tidyverse, datatable, ggradar, qgraph,
visNetwork, and IsingFit of the “R” software (version 4.02).

3 Results
3.1 Descriptive Analysis

Among 3,253,919 overall reports collected in the FAERS
during the period October 2017-September 2020, a total of
3225 CAR-T-cell reports from the post-marketing setting
were identified: 1793 (55.6%) for axi-cel and 1433 (44.4%)
for tisa-cel (in one case, both CAR-T cells were reported).
Additionally, 3,250,642 reports other than CAR-T have
been selected as RG1, including 142,083 reports of drugs
for hematology/oncology indications (RG2) and, of these,
74,170 (52.2%) were restricted to adults (RG3) (Fig. 1). Of
the 1441 axi-cel reports with a specified indication of use,
1433 (99.4%) referred to non-Hodgkin B-cell lymphoma,
eight to lymphocytic leukemia. Of the 1276 tisa-cel reports
with a specified indication for use, 744 (58.3%) referred to
lymphocytic leukemia, and 532 (41.7%) to non-Hodgkin
B-cell lymphoma.

Fig. 1 Flow chart for identifica-
tion of post-marketing reports
of suspected adverse events

As compared with RG1, a higher percentage of CAR-
T-cell reports regarded male patients (60.5% for axi-cel;
59.6% for tisa-cel) versus 38.7%. Among tisa-cel reports,
the median age was 21 (IQR = 12-60) years, with 42.4% of
reports in patients aged younger than 18 years, whereas in
axi-cel it was 61 (52-68).

Chimeric antigen receptor T-cell-related ADRs were
reported by medical doctors (N = 604; 35.6% for axi-cel,
N = 769; 54.2% for tisa-cel) and other healthcare practi-
tioners (N = 298; 17.6% for axi-cel; N = 203; 14.3% for
tisa-cel) more often than RG1 (22.6% and 6.5%, respec-
tively) (Table 2). A higher proportion of serious ADRs
was observed for CAR-T cells (94.6%) compared with
RG1 (56.2%), and RG2 (76.9%), with death accounting
for 16.6% of axi-cel-related reports and 27.0% of tisa-cel-
related reports (vs 8.2 in RG1 and 10.5 in RG2) (Table 2).
Immune and associated conditions not elsewhere classified
(NEC) [46.7%, e.g., CRS, hemophagocytic lymphohistio-
cytosis (HLH)], febrile disorders (35.3%), and alterations in
white blood cell counts (30.8%, mostly a decrease) were the
adverse events by HLTs more frequently reported for tisa-
cel, while immune and associated conditions NEC (56.7%),
nervous system disorders NEC (35.6%, i.e., neurotoxicity),
and febrile disorders (21.7%) were the top three adverse
events by HLTs reported for axi-cel. Noteworthy, neoplasm
malignant site unspecified NEC-related events—more than
90% malignant neoplasm progression—were more reported

Raw FAERS reports
N= 14,958,066

related to chimeric antigen
receptor T (CAR-T) cells in
the period 1 October, 2017-30
September, 2020. FAERS
FDA Adverse Event Reporting
System, RG 1 reference group 1

Duplicates
N= 4,830,351

N= 6,873,796

Reported before Oct 2017

Y

(all reports other than the ones
related CAR-T cells), RG2 refer-
ence group 2 (reports related to
onco-hematological drugs with
indication for use specified for
acute lymphoblastic leukemia or
diffuse large B-cell lymphoma),
RG3 reference group 3 (onco-
hematological drug reports with
indication for use specified for
acute lymphoblastic leukemia or

Selected reports (Oct 2017 - Sep 2020)
N= 3,253,919

|
v v

diffuse large B-cell lymphoma
in the adult population specifi-

cally) N= 52

Pre-marketing CAR-T reports
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Table 2 Descriptive analyses of the main characteristics of the CAR-T reports vs reports of reference groups

Axi-cel Tisa-cel RG1 RG2 RG3
N (%) N (%) N (%) N (%) N (%)
No. of reports 1793 1433 3,250,642 142,083 74,170
Sex
Female 629 (39.5) 517 (40.4) 1,777,421 (61.3) 73,244 (56.9) 41,768 (56.9)
Male 963 (60.5) 763 (59.6) 1,124,251 (38.7) 55,561 (43.1) 31,641 (43.1)
Missing/other 201 153 348,970 13,278 761
Age group, years
<18 5(0.4) 480 (42.4) 134,880 (6.6) 5807 (7.3) -
18-64 899 (63.4) 438 (38.7) 1,149,796 (56.2) 37,746 (47.2) 37,746 (50.9)
> 65 513 (36.2) 214 (18.9) 762,302 (37.2) 36,424 (45.5) 36,424 (49.1)
Median [Q1-Q3] 61 [52-68] 21 [12-60] 59 [41-70] 63 [50-72] 64 [54-73]
Missing 376 301 1,203,664 62,106 -
Country
North America 1469 (82.0) 1176 (84.5) 2,422,692 (77.2) 99,246 (72.3) 46,974 (65.8)
Europe 310 (17.3) 170 (12.2) 496,833 (15.8) 28,104 (20.5) 17,484 (24.5)
Asia 12 (0.7) 46 (3.3) 219,408 (7.0) 9933 (7.2) 6950 (9.7)
Missing/other 2 41 111,709 4800 2726
Reporter type
Consumer 109 (6.4) 229 (16.1) 1,483,749 (46.9) 28,796 (20.4) 14,078 (19.2)
Medical doctor 604 (35.6) 769 (54.2) 713,944 (22.6) 40,133 (28.4) 22,621 (30.6)
Pharmacist 114 (6.7) 15 (1.1) 272,985 (8.6) 32,475 (23.0) 13,726 (18.6)
Healthcare practitioner 298 (17.6) 203 (14.3) 205,650 (6.5) 15,532 (11.0) 9533 (12.9)
Specified as other 572 (33.7) 202 (14.3) 449,577 (14.2) 24,368 (17.2) 13,828 (18.7)
Missing 96 15 124,737 779 384
Reporting year
2017 (Oct—Dec) 3(0.1) 23 (1.6) 232,984 (7.2) 9224 (6.5) 4987 (6.7)
2018 475 (26.5) 269 (18.8) 1,072,523 (33.0) 44,388 (31.2) 23,929 (32.3)
2019 731 (40.8) 706 (49.3) 1,125,114 (34.6) 47,480 (33.4) 24,688 (33.3)
2020 (Jan—Sep) 584 (32.6) 435 (30.3) 820,021 (25.2) 40,991 (28.9) 20,566 (27.7)
Specified as serious 1696 (94.6) 1345 (93.9) 1,826,595 (56.2) 109,288 (76.9) 64,213 (86.6)
Seriousness
Death 298 (16.6) 387 (27.0) 266,475 (8.2) 14,976 (10.5) 9458 (12.8)
Life threatening 83 (4.6) 100 (7.0) 73,516 (2.3) 4184 (2.9) 2767 (3.7)
Disability 24 (1.3) 4(0.3) 42,501 (1.3) 1964 (1.4) 1319 (1.8)
Required intervention 1(0.1) 0 (0) 2597 (0.1) 4 (<0.1) 3(<0.1)
Hospitalization 592 (33.0) 293 (20.4) 613,184 (18.9) 37,346 (26.3) 23,846 (32.2)
Congenital abnormality 0(0) 1(0.1) 6298 (0.2) 82 (0.1) 18 (<0.1)
Other serious 698 (38.9) 560 (39.1) 822,024 (25.3) 50,732 (35.7) 26,802 (36.1)
Drugs per report median [Q1-Q3] 1[1-6] 3[1-4] 2 [1-4] 7 [4-12] 8 [4-13]
Suspected drugs per report median [Q1-Q3] 1[1-1] 1[1-1] 1[1-2] 2 [1-3] 2 [1-4]
Events per report median [Q1-Q3] 3[1-5] 5[2-9] 2 [1-4] 2 [1-5] 3[1-6]

To account for the incompleteness characteristic of spontaneous reporting databases, percentages were calculated for each variable, over reports

with a specified value (valid percentage)

Axi-cel axicabtagene ciloleucel, CAR-T chimeric antigen receptor T, RG1 reference group 1 (all reports other than the ones related CAR-T cells),
RG?2 reference group 2 (reports related to onco-hematological drugs with indication for use specified for acute lymphoblastic leukemia or diffuse
large B-cell lymphoma), RG3 reference group 3 (onco-hematological drug reports with indication for use specified for acute lymphoblastic leu-
kemia or diffuse large B-cell lymphoma in adult population specifically), Tisa-cel tisagenlecleucel
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for tisa-cel than for axi-cel (22.7% vs 0.9%, respectively)
[see Fig. 2 and Table S1 of the Electronic Supplementary
Material (ESM)].

3.2 Disproportionality Analysis

Many disproportionality signals correspond to side effects
already reported in package inserts, such as immune-related
conditions (i.e., CRS and HLH), immunodeficiency, and
neurotoxicity (see Table 3 and Table S2-5 of the ESM). New
potential signals were also identified. For axi-cel, the main
disproportions in decreasing frequency of report count were
bladder and urethral symptoms (ROR = 2.1, 1.5-3.1; IC =1,
0.4-1.4; i.e., urinary incontinence), cardiomyopathies (ROR
=2.3,1.2-4.4;1C = 1, 0-1.8) and gastrointestinal ulcers and
perforation, site unspecified (ROR =2.9, 1.2-7.3; IC=1.2,
— 0.3 to 2.2). For tisa-cel, new signals were the following:
neoplasms malignant site unspecified NEC (ROR = 18.7,
15.6-22.3; IC = 3.5, 3.3-3.7; i.e., malignant neoplasm pro-
gression, second primary malignancies), metabolic acidosis
(ROR = 8.2, 4.5-14.9; IC = 2.5, 1.6-3.2), paralysis and
paresis (ROR = 3.6, 1.9-6.6; IC = 1.6, 0.6-2.3), hepatic
failure and associated disorders (ROR =2.5, 1.1-5.7; IC =
1.1, —0.3 to 2), and pupil disorders (ROR = 15.3, 6-39.1;
IC=2.6,1.1-3.6).

Fig.2 Radar plot showing the
different proportion of axicabta-
gene ciloleucel and tisagenle-
cleucel reports describing the
main High-Level Terms. For
exact percentages, see Table S1
of the ESM. nec not elsewhere
classified

Red blood

Neoplasms
malignant
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3.3 Risk Management Plan-Driven Case-by-Case
Assessment

Reports of adverse events listed in RMPs were also explored
(see Tables S6-9 of the ESM):

e Fifty cases of second primary non-hematological neo-
plasia were reported with axi-cel (17 reports, 0.95%)
and tisa-cel (33 reports, 2.30%) versus 3.62% in RG2
and 4.37% in RG3. In 32 of these, a specific cancer was
recorded (most frequently involving skin [seven cases],
genitourinary tract [six cases], lung, [five cases], and the
liver and pancreas [three cases]);

e Twenty-nine cases of autoimmune conditions (mostly
affecting nervous tissue [Guillain—-Barre syndrome, mye-
litis, encephalitis] in patients aged more than 40 years,
and only one case in a young patient [Crohn’s disease in a
13-year-old boy]) were reported with axi-cel (11 reports,
0.61%) and tisa-cel (18 reports, 1.26%);

e Fourteen reports of GVHD (all with tisa-cel, 0.98%,
in patients aged younger than 25 years), including one
involving the lung, one the skin, one the gastrointestinal
tract, and one involving the skin, liver, and gastrointesti-
nal tract;

¢ Five reports of tumor lysis syndrome with axi-cel (0.28%;
two specified latencies of 8 and 2 days).

Immune and associated
conditions nec
60%

Nervous system
disorders nec

Febrile
disorders

Vascular
hypotensive
disorders

Neutropenias

Marrow depression and

hypoplastic anemias

=@~ axi-cel

tisa-cel



897

Post-Marketing Surveillance of CAR-T-Cell Therapies

dNYI
woij sysu [enuajod juerodwy

ON (S) uorsnya [eIpIROLIS] Lo-1mLe #S - —  DHN SIopIOSIp [BIpIedsLiod
ON (t) AyredoAworpres ssang G2 1)
ON (9) AypedoAworpre) - - €T 01 sargjedoAworpre)
SOA () 2anyrej oevIpIe) (€7T-11)
poyUury  ($¢) QwoIpuks [eualoIpre) - - 91 1€ DHAN saInfrej 1eoHq
@
ON  AJATOR [BOLIOJ[Q SSI[es[nd
ON  (7) eIpIEOAYDR) JR[NOINUSA SOX  (6) BIPIROAYDE) IR[NOIIUOA $'s-L0) 1S91IE JRIpIRD pUB
ON (L) 1so11e SRIpIR) SOX (61) 180112 9RIPTRD)  (SH—'1) ST cl 6'¢ 8¢ SeruyIAYLIR JR[nOLIUOA
SOX (11) e1pIeoAyoR) SNUIS W61 seru
SOX (L€) uone[[Lqy ey - - 9T €S -pAyure renotmuaaeidng
ON () erpreokperg ON (11) erpreokperq JAN
SOA (97) erpIeSAYOE], SOX (28) erpIedAyoR], ($'6-67) L'E 8C (8- 1919 ¥6  sI0pIOSIp WIAYI puE ey
SIOPIOSIP OBIPIR))
ON () Aredowousrdg
ON () 93eyrroway orusrdg T6e—L1 ¥ 9 - - SIopIOSIp ua9dg
(@ An
oN -edouopeydwA] [eurwopqy AN SIop
ON (9) AyyedouopeydwA S ve 01 - - -10SIp WdIsAs onjeydwA
(1) eruadoyko
ON -oquoiy) paonpul-utredoyq
SOX (8¢) rruadojAooquuoay ], O12 67T 6¢€ - - seruadojfooquiony,
(666 SaIoUaId
ON () erworuafouriqyodAy —€'€1) S'9¢ S - - -Jop 10308} uone[nseo))
(Z1) uonenseod
SOX  JB[NOSBABRIIUI PAJRUTWISSI SOX (t) Aygedorn3eo)
(1) uonem3eod 81 €91
SOX (91) AyredonSeo) poUIT  IB[NOSBABIIUL POJRUTIUASSI] -99) 6'6 1T 9T Ll saryiedorn3eo)
SOk (07) eruadoyfoueq SO (1¢) eruadoik)n (Te-10 serwoue onseidodAy
SOX (69) rruadolf) SO (z9) eruadojfoued (G'9-7H) TS 6 9T 011 pue uorssaidop MOLIB]A
SO (87) rruadonnau Jr1qoq SO (96) eruadonnau 9[11qo
SOX (8¢) eruadonnaN LN (9) eruadonmoN (961 T S99 (CT¥DLIT 611 seruadonnoN
s1opIOSIp walsAs oneydwA| pue poorg
(®) ™
%56) 4O N %S6) 404 N
[99-BSLL (W) SId  [99-IXV (W) +S1d [99-BSLL [99-1XY SL'TH

119sur o3exoed woiy K)oLI0I0N

0¥ ur senieuontodoxdsiq

SdINY pue 11esur aSeyoed uo paseq Ajoriojou pue (DOS Aq PozIuesIo 7oAd] I'TH) SYOY Iueoyrusis A[[ednsne)s Jo MIIAIAQ € d]qel

A\ Adis



M. Fusaroli et al.

898

payury () Aouaroepounwiw]  payuI| (¢) Aouarogepounwry
L (00) ((aqs e+ JdN sIop
SOX erwaurnqojsewrwesodAH SOX erwaurnqoSewwe3odAy  —£°87) L°SE 0z1 T v -IOSIp Adouaroyapountuuy
(1) s1soikoonsiy (z2) s1sokoon
SOX -oydwA| onkooSeydowoy sox  -smyoydwA] onkooSeydoway
dHAD (0£¢©) (1¥8) (Les 9101 DHN suonipuods
S[I99 L-AVD Wog SOX  QWOIPUAS 9SLI[AI SUD0ILD) SO OWOIPUAS 9seo[aI UD0IKD)  —7'8E) S b €ee —1'T8) L'T6 0S8 PoIRIOOSSE PUB dUNUIW]
SIOPIOSIP W)SAS aunuruy
ON () stseissjoy)
ON () erwourqniriqradAg (Ls—€1)8T 8 - - Qo1punel pue sisesofoy)
SIOpIOSIp paye
ON (91) amyrey onedoy Ls-1nse #91 - —  -Ioosse pue amrej oiedoy
s1opiosip Arerjiqojedoy
(€0 [eurrouqe
ON (€) ssew [eunuopqy -6’1 €9 #e - - SSUIpUY [eUTWopqy
M
ON oS3eyroway [eauoirrodonay]
)
ON ewojew?y [eouojirodonay (Tz-6'1) saSeyLIOwWwoY [eau
ON (1) wnouojradoway - - 99 #¢  -ojadonal pue [BaUOILIdG
el UONOIRJUI PUB UOISN[OJ0
ON () BIWAYDST [eUTISAIUT - - L1 6+ #b Ie[NOSEA [EUN)SAUIOI)SED)
ON (1) uoneiojrod renonIeArq poy
() uon €171 -10adsun 9315 ‘uoneiojrad
ON -eJ0y1od [eUnSOIUIONSED) - - 6T #G  PUR SI9O[N [BUNSAIUIONISED)
SIOPIOSIp [BUNSAIUIONSED)
payury (2) paxy idng (1'66-9)
poyuIg (2) Tenbaun sqidng Ay S - - s1opiosIp [idng
SIOPIOSIP 9K
(191
ON () erserdy -106S #v - = DHN 1epI0sIp [e)uaguo)
SIOPIOSIp [eIIuaSu0))
@ (o)
%56) 4O N %S6) 404 N
[99-BSLL (N) w81 199-1XV (W) +S1d [99-BSLL [99-IXY SL'TH

dNY

woIj sYSuI fenuajod juerodwy

19sur oFexoed woiy KJo1I0J0N

Oy ur saneuontodoxdsi(g

(ponunuoo) ¢ 3jqey

A\ Adis



899

Post-Marketing Surveillance of CAR-T-Cell Therapies

(11) uonodqut

suonoayuI

dNY
woIj sysuI fenuajod juerodwy

poyury  snaia [enAouks Kiojendsoy B6I-€) 9L S - —  Tenia enkouds A1ojerdsoy
payury (1) 61-AIAOD
payury () uUondRJUI SNIIABUOIOD) (€9-71)87C #9 - - SUONJJUI STLIIABUOIOD)
(€1E-61)
poyury (G) UONORJUI SNIIAOUIPY A S - - SUOTJOJUI [BITAOUIPY
(1rvet
payury (1) uonoajut snuIAOUIYY =S¥ 8°1L 1T - - SUOLOJUI [RIAOUTY
payury (S) snisnuis [erip
(1) uonoayur
poyury joen Arojendsar oddn [enp @Tyr91)97C Ll - - DHN SUONOJJUI [BIIA
payury (1) pi121sqary BrUOWINSU]
payuly () uonoayur vj1215qary 19D IV ¢ - - suono9jul 11215921 Y
() uonosjur
payury joen} KIeuLIn p1yoLIaYosg
padury (€) uonoayur viyILIYIST O-119°C #9 - - SUOROJUL DIYOLIIYISH
() 189220901
payury (1) sisdos [e0000019)UY  PAYUI]  -9IUS UOIOJJUI Joes) ATeULI) (902-7'L) (Ls=¢1)
payury  (G[) UONIJJUI [BII0J0IUY  PIuI] (G) uonoddJuI [BI2000INUH el 91 6C 6 SUOTIOJJUI [BII0J0IUY
payury () uonoajur snIA of
() Ayyedoreydeouaoy -1
payury (L) uonoduUI SNIIA g Payur]  -nd[ [eoojunw dAIssaIdold  (L—G[) €€ L |4 #01 SUONOJYUI SNIARWOA[0]
payury () reuowopnasd eluownaud payur] (g) BIWAIAIORQ [RUOWOPNAS]
PUIT  (9) UONOJUI sPUOUWIOPNIS  PAUIT  (G) uonodjul spuowopnasq  (6'6-17) 9 L L9OLe Cl suonosjul [euowopnasd
© )
poyUI'T  BIWRIIORQ [800000[Aydelg pdUIT  BIWAILIORQ [B00000[Ayde)s
0 ((49) ot e
payury uonoJYuUI [822000]Ayders  payury UonOJUI [822090]Ayders -8%) 1L 1T I'C 61  suonodjur [e22020]Ayders
@ (@)
PNUIT  SDIOO opioYfip winiptiyso])  PpOUIT  STIOD 2)1o1fip winipliisol)
(8) uon (11) uon
poNUI'T  -O9Jur o1ouffip wnipraisoj)  pNUIT  -dput apouffip wniptiso]d  (LH€'1) ST 01 (—L'D9T [44 SUOnOJUL DIPLUSO])
OAN
payuIy (8) erworoioRg  PANUI] (22) Yooys ondeg Iz-€1D eISSUN] PUB ‘RIWISIIA
padury (L1) s1sdeg  payury (9¢) sisdes (-1 ST e 91 8L ‘erwe1o)oeq ‘sisdog
SUONE)SOJUI PUE SUOTIOYU]
@ (e}
%56) 4O N %S6) 404 N
[99-BSLL (N) w81 199-1XV (A +S1d [99-BSLL [90-IXY SL'TH

jr9sur oFexoed woiy KJorI0J0N

Oy ur sanreuontodoxdsi(g

(ponunuoo) ¢ 3jqey

A\ Adis



M. Fusaroli et al.

900

ON (¢) ewyder3sAg  posyury (61) erydesdskd  (y-¢1-g'9) (I'és
SOX (o) erseydy SO (¢o1) erseydy 0l 9T 90 1¢ 91T DN uondunyskp [eonio)
(2) Ayyedoy
ON (¢) Aypedoreydoousoyne poyury -eydoous orwoyosi-orxodAH (1'87-61)
SO (z0) Ayedoreydoouy s (re1) Apredoreydooug  (11-9) ¥'L 8¢ v'€T LET DN seryiedoreydoouy
payur (7) Aypedoreydoouos o1x0], poyury () Ayyedoreydoous orxog,
(€7) awoIpuAs (6€1) QWOIpUAS
AJ10TX0)J0INOU POIBIOOSSE £J101X0)0INAU PAIBIOOSSE (1I'L1-¥'L) €9L Jrjoqejow
payury -[[99 I0J09JJ9 SUNUWIWI]  PaYUI'] -[[99 10099 Sunuurwiy I ST —S'LY) 709 Ly1 pue orxo) sargredoreydaouyg
€D
SOX () IopIOSIP WOISAS SNOAION SOX JIOPIOSIP WA)SAS SNOAION €1z (€18 AN
SOA (T11) LorxojomaN SO (919) AdrxojomaN  —T'%1) #'LI Tl —9'99) €9L 87 SIOPIOSIP WIAISAS SNOATON
SIOPIOSIP WISAS SNOATON
saroueu3IEW AIBPU0dS (s1)
SIRY I-AVD Wod oN AKoueu3iew Arewrd puodag
(0L1) uorssaid (¢ce DAN payroadsun
ON -oxd wserdoou jueudIRN —9'GT) L'S1 981 - —  oys jueuSiew swise[doaN
(sdA1od pue sysko Surpnpour) pegroadsun pue ‘queuSiew ‘udtuoq swise[doaN
(L 09
ON (9) s1sopry —-€01) St 9 - —  SIOpIOSIp 9seq-pIoe paxIA
(sasoproe
ON () s1soproe JI[0qeIdIA 6¥1 o19qeIp SuIpnox9)
ON (6) stsoproe onoe S T8 cl - - SOSOPIdE SI[0qEIN
QWIOIPUAS SISI[ Jowng,
[99-IXY SOX (8) QWOIPUAS SISA] Jown], T9-S1) ¢ 8 - —  DHAN 9doueequil 9JA[0109[q
ON () erwoneurodAyq ©%97)
SOX (11) erwaneuod Ay - - LT S1 Qoue[eqUIT WNIPOS
SIOPIOSIP UOTLIINU PUEB WSI[OQRIIA
(6) stso
poyury -[iS1adse Kreuowrndoyouorg
poyury () uonoojut snyjis.adsy (T6-S 61 01 - - SUONIUI $1j[15.12dSYy
poyury (1) eprpued oruaiskg
poyury (17) uonoogut vpipun) Ov+v1ST 11 - - SUOndJUL DPIPUDY
payury (G) STsooAwIoON|A
SOX (01) uonodgur [Eun, (9-¢0 8¢ (44 - - DN Suonoojul [e3un.g
@ (o)
%56) 40d N %S6) 404 N
. [99-BSLL (N) SId  109-1XY (W) SId [99-BSLL [99-IXY SL'TH

woIj sYSuI fenuajod juerodwy

19sur oFexoed woiy KJo1I0J0N

Oy ur saneuontodoxdsi(g

(ponunuoo) ¢ 3jqey

A\ Adis



901

Post-Marketing Surveillance of CAR-T-Cell Therapies

dNY
woIj sysuI fenuajod juerodwy

ON () 9s1oAsuRn) SOIRAIN (L'9L~L'8) (oA
ON (2) snIeAw SNONoJUILON 6'S¢ 14 - —  -ooput Sutpnjour) NIk
ON (L) sisaredereq (9AIoU TRIURID UIPN[OXQ)
ON (6) stsarediusy 99-61)9¢ 8! - - sisared pue sisk[ered
PAUT (€) ons drjoqurg SJUIPIOOR IR[NOSBAOIQQ
payury (¢) uonoreyur [eIqaIa) -190 pue soSeyrIowoy
POYUIT (§) JUSPIOOE JB[NISBAOIQIIDD) Q7191 #11 - - WA)SAS SNOAIU [RNUSD)
(G) 2Inzras (1'92-1't) SAINZIJS
payurg OTUO[J-OTUO} PAZI[BISULD) 01 S - - OTUO[J-OTUO} PAZI[EIUL)
ON (1) @oueIa[O)UT d1JBISOYIIO) (Te-LD) SIOPIOSIP
oN () Ayjedoinou osrwrouoiny - - €6 #€ WQISAS SNOATOU JTWIOUOINY
(r'se
ON (g) snifeydoous aAnORFUIION - - COSL #E DAN snifeydeoug
(7) pasearour (1) pasearour
payury ainssaxd [erueioenu]  payur| dnssaxd [erueroenuy (sl (8'3-7) SIOpIOSIP 9InS
payury (9) ewopo uteIg  paYUuIry (01) eUISpa0 uTRIg -9¢) 'L 8 L'y 11 -soxd [erueIdenUI PaseaIoU]
(sso[ Azowratx
S9X  (9) uonuane U1 OUBQINSI O +L1) pUE BNUWop SUIPN[ox9)
SO (11) IopiosIp 2AnIUZ0D - - 87T 81 Juowredwt [BIUSIN
SOX (11) Topiosip yovadg (8°6-9'7) sonIfeWIOUqE
payur (1) eupresig - - 6°¢ 9C a3en3ue] pue yosadg
pajury (9) ersouury €920 (enuawop
SOX (4¢) yuounredwr KIO0WA - - 1€ oy 3urpn[oxa) SSoJ AIOWSIN
SOX () snondoide smeyg  payyury () snondoyide smerg (£6-87) AN S1op
SOA (01) 21nzrog SOX (62) amzog  (L'+-91) 8'C ST 6'¢ €y  -JOSIp 2INZISS pUe SAINZISG
payury () 1I0wan uonuAu] (8'8-€°S) (Teyual
SOA (9¢) Joway, SOX (zL) Jowary, (TL-TE) 8+ 9¢ 69 YL -U0d SUIPNIXa) JOWAL],
payury (01) ASreyio]
(01) ssausnoros
SOx -u09 JO [9A9] passardoq
SOX (G1) @ouo[oUWOS SOX (01) 2doouks
(87) ssausnoros DHAN Ssau
SAX -U09 JO [9A9] passardo( SOx (0L) @ousjouwos  (S'¢-8°1)S'C v (1'¢=20) ST €6 -SNOIOSUOD UT S9OURQINISI(T
() (o)
%56) 40d N %S6) 404 N
[99-eSLL (N) SId  109-1XY (W) S1d [99-BSLL [99-IXY SI'TH

jr9sur oFexoed woiy KJorI0J0N

Oy ur sanreuontodoxdsi(g

(ponunuoo) ¢ 3jqey

A\ Adis



M. Fusaroli et al.

902

(ger SuoOnIpuod S
payury (€) SISOIOQN Je[nqgn) [eudy <1y #E - —  -9BOSI PUB JR[NISBA [RUY
ODHN sIoplosip
payuIy (6) orxoy AypedorydoN (6'8-+1)9°¢ #S - - Teinqm pue sanpedorydon
ON (9) @ousunuoour Kreurin (1'¢=S'1) swoydwAs
ON (G1) @ousunuodu| - - 1C 0¢ [eIyI_In pue I9ppe[g
SIOPIOSIP ATBULIN pUe [RUSY
ON (1) TensIA ‘voneurdn|ey Lol (poveor doas
ON (6) uoneurON[IEH -67) 96 o1 - - Surpn(ox?) suoneurdN[[ey
(901 $90URQIMISTP
payury () yooads postue3iosi(q - - =99)697 #¢ oFesn o3enJue[ pue yosadg
poyuly (1) wsnny (L9
payury () IOpIOSIp UOTIBIIUNWIWO)) - - —€£6) ST Q  SIOPIOSIP SUOTIEITUNWIWO))
payuly (2) rewstouqe Sunyuryy,
poyur'] () Anpenusdue],
payuly (01) eruarydAperg - - (0911 el SOOUBQIMISTP SUD[UTYT,
() M
PoUIT  WNLII[OP JIUN QIBD QAISUSIU] PUIT  WNLII[OP JIUN QI JAISUIU] (11 +'1-97)
SOX (6) wnippg LN (91) wnipq —$€)§9 I 4% 91 BLI[PA
payurg (1) 19pIOSIP [RIUSIN  PAYUITT (2) 1opI0SIp TeIUSN O1-9%)
SOX  (S1) seSueyd snjess [BIUSIA SOX (L) seSueyo smyeis RSN (€1-9%) 8L 91 89 62 AN SIopIOSIp [BIUSA
payurg (6) uoneuaLIOSI LN (6€) uoneusLIosIq (111 uon
SOA (0€) 9ye1s TeUOISNJUOD LN (€21) @ers [euolsnjuo)  (7'9-1°€) ¥'¥ 33 9L T6 9¢l  -BIUSLIOSIp pue uoIsnjuoy
SIOPIOSIP OLIRIYIAS]
(©) (ree
ON QUWIOIPUAS QIIRg—UTR[[IND) -0 TL #€ - - sarqyedomauAkjod 9noy
@ (o)
%56) 40d N %S6) 404 N
[99-BSLL (N) SId  109-1XY (W) SId [99-BSLL [99-IXY SL'TH

dNY

woIj sYSuI fenuajod juerodwy

19sur oFexoed woiy KJo1I0J0N

Oy ur saneuontodoxdsi(g

(ponunuoo) ¢ 3jqey

A\ Adis



903

Post-Marketing Surveillance of CAR-T-Cell Therapies

(aanrey moIrew suoq pue erudue onse[de Surpnjour)

SIOPIOSIP [BJIS0[0IBWAY ‘IOPIOSIP QUNWIWIOINE U JO UONBGIORXD JO 90UALINIO0 MAU (1M [90-BST) JO SJIARY UT partodar sysur erjuajod jueyroduwr 1oy)Q “(BINO[RISAP S Yyons SUonounjsAp [esniod
Ioy10 pue erydeiSsAp ‘UOISNJuOd pue UOTBIUSLIOSIP ‘UONORJUI pue sisdas ‘uoisuajodAy pue Yooys “*3'a) sJUSA PIISI] 19YI0 0} payul] INq J4 © se 11asur aSeyoed ay) ur pajiodal Jou JuaAd = payury

UMOUS 10U 19M ST TH [91S0[03BWAY-00UQ)

paniodar juanbaiy a1ow ST OM,,

[9oN3[09[uadesT) 122-pS1] ‘SSB[D UBSIO WAISAS DS ‘sonel sppo Suniodar yoy ‘sueld juswoSeue YSLI SZ Y ‘SULI)
pax1gja1d ST ‘PAYISSL[O SIYMIS[S 10U DFN ‘WI], [PAT-YSIH J7TH ‘9SeasIp 1S0Y SA JeIS (JHAD ‘617 9SBISIP SNIIABUOIOD G -(JIAQD [BAISIUI 0USPYUOD [7) [OONI[O[I0 SUITLIQRIIXE [20-1XY

payury (¢) osderjoo A10je[nomy payury () o18eyrIoWARY YO0yS LD Yoous
payury (€) 3ooys  payury (L) oys  (8'L-8'1) 8°€ 8 9C cl pue osde[[0o L101e[N011)
Sox () swoIpuAs yeo[ Areride) sax  (8) uorsusjodAy oneisoyliQ Iat (9'1-¢°C) SIOPIOSIP
SOX (L0T1) uorsuatod{H SO (81) uorsusjod{y —6'L) 86 LOT ¥'9 961 SAISUSJ0dAY Je[NOSeA
SIOPIOSIP JB[NOSBA
ON (1) Kyoedo Sun
ON (1) ured onrmaq swojdwAs pue suSts
ON (§) a@Seyirowaey Areuowryng (Ls-T1)ST #9 - - joe1 A10jeI1dsSar Tomo|
SOX (1) stsoreye A1ojertdsoy
SOX  (9) ainyrey Aojeridsar 9ynoy SO (9) ainjrej A10jexidsal oynoy ([ereuoau Surpnjoxa)
LN (1) 2nrey K1ojendsoy SX (¢o) ey Kroyendsey  ('6-¢0) #'¢ Ic (e-€DC LT som(rey K1ojerndsoy
ON (7) xeioyjownaug (I'e=s'1) YN suorsnyo
Sox (1¢€) uorsnyjo TeINS[J - - T ¢ remord pue xeloyjownaug
ON (1) erudesoddy (6t2—t1) 611 a8ueyoxo ses [ewouqe
LN (LS) erxodAH SA (+9) erxodAH L'81 8¢ 6916 ¥9 UM PRJeIO0SSE SUONIpuosy)
SIOPIOSIP [BUNISBIPAW pUeE “d1oeIoy) ‘K1ojerrdsoy]
@ (o)
%56) 4O N %S6) 404 N
[99-BSLL (N) w81 199-1XV (W) +S1d [99-BSLL [99-1XVY SLTH

dNY

woIj sYSuI fenuajod juerodwy

19sur oFexoed woiy KJo1I0J0N

Oy ur saneuontodoxdsi(g

(ponunuoo) ¢ 3jqey

A\ Adis



904

M. Fusaroli et al.

3.4 Time to Onset

Time-to-onset analysis at the System Organ Class level (see
Fig. S1 of the ESM) was restricted to reports with specified
TTO (the TTO was unspecified in 1527 cases, 47.3%). Over-
all, 75% of the events occurred within 10 days (median =5,
IQR = 2-10 days; missing = 1527/3225) from CAR-T-cell
administration, with immune (3, 2—-6; 765/1809), cardiovas-
cular (3, 2-7; 124/379), and neurological (4, 2-7; 572/1526)
adverse events in the first week, and infections (6, 2-21;
390/751), and neoplasia (9, 2—44; 460/709) occurring also
over a longer period.

3.5 Cytokine Release Syndrome In-Depth Analysis

Immune and associated conditions NEC occurred in 1685
(52.2%) CAR-T reports, with the following specific PTs:
CRS in 1657 of the reports, HLH in 59, GvHD in 14,
cytokine storm in 13, and other immune system disorder
in four. As compared to RG2 (to avoid excluding suspected
ADRs reported in children), statistically significant dispro-
portionate reporting was observed for HLH (ROR = 12.07,
8.13-17.93 for axi-cel; ROR = 10.77, 7.38-15.71 for tisa-
cel) and GvHD (14 cases, always in tisa-cel; ROR = 2.48,
1.45-4.23). Even if 90% of CRS events occurred within the
first 10 days, we also found reports of delayed CRS (> 12
days), frequently co-reported with cytopenia (14% vs 4%).
Based on the network analysis, vascular hypotensive dis-
orders, conditions associated with abnormal gas exchange,
nervous system disorders NEC, and encephalopathies toxic
and metabolic were commonly reported together with
immune and associated conditions NEC, whereas leukope-
nias NEC were preferentially reported without immune and
associated conditions (Fig. 3).

4 Discussion

Our study explored the post-marketing safety profile of
tisa-cel and axi-cel through the analysis of the US FAERS
database. In particular, we focused on new potential safety
signals, on the comparison of the two CAR-T cells, on CRS
features, and on events to be monitored according to RMPs.

4.1 Case Demographics

The demographics of the CAR-T-cell reports were in line
with previous pharmacovigilance studies [16, 24, 25]. More
reports from male patients were expected (channeling bias),
as both DLBCL and ALL show a higher prevalence in male
patients, as reported by the US cancer scientific authority
[26, 27]. Furthermore, differences in age among the two

A\ Adis

Vascular
hypotensive
disorder

Immune and
associated conditions
nec

Conditions
associated with
abnormal gas
exchange

Encephalopathies
toxic and metabolic

Fig.3 Network of significant relationships between chimeric antigen
receptor T-induced cytokine release syndrome and other suspected
adverse drug reactions. Each node represents a High-Level Term,
each link a significant relationship identified through the Ising estima-
tion of the network: green links define a covariance, while red links
identify couples of mutually exclusive adverse drug reaction terms.
nec not elsewhere classified

CAR-T-cell reports are explained by the indication for ALL
in pediatric patients exclusive for tisa-cel [6].

We also found a higher frequency of serious suspected
ADRs for CAR-T cells, as compared with all other drugs
in FAERS as well as versus other drugs approved for the
treatment of ALL and/or DLBCL. This finding is partly
explained by the fact that CAR-T cells are administered
only in r/r ALL and DLBCL, and a role of the Risk Evalu-
ation and Mitigation Strategy program recommendations
to report any serious suspected ADR cannot be excluded.
In particular, we observed a slightly higher proportion of
fatalities as compared with a previous study carried out in
FAERS (21.2% vs 15.3%) [28]. As we included also reports
outside the USA, which are collected only for serious and
unexpected ADRs, this finding could be a result of the dif-
ferent reports evaluated.

Overall, the first 10 days following CAR-T-cell adminis-
tration is the time window at the highest risk for develop-
ing serious ADRs. In line with a previous study performed
in Vigibase [25], CRS and neurologic adverse events were
reported to occur within the first week after CAR-T-cell
administration.

4.2 New Potential Safety Signals

Our study confirmed well-known safety issues (e.g., CRS,
cytopenia, neurotoxicity, rate and rhythm disorders) that
have been reported in pivotal clinical trials as well as obser-
vational studies [7-9, 14, 24, 25, 29], and their management
has been extensively addressed in the recent American Soci-
ety of Clinical Oncology guidelines for the management of



Post-Marketing Surveillance of CAR-T-Cell Therapies

905

immune-related ADRs in patients treated with CAR-T-cell
therapy [30]. However, we found also new potential sig-
nals concerning ADRs that have not been described in the
package insert. While disproportionate reporting of splenic
and lymphatic disorders (e.g., lymphadenopathy and sple-
nomegaly) with tisa-cel are plausibly related to its use in
ALL, and can be explained as confounding by indication,
cholestasis/jaundice and hepatic failure, metabolic disorders,
lower respiratory tract signs and symptoms, and hallucina-
tions represent new potential safety signals.

Previous studies found transaminases increase during
CAR-T-cell administration, usually together with CRS [11,
31-33], whereas we found 16 cases of hepatic failure with
tisa-cel. The fact that CRS was concomitantly recorded in
all but three of these reports suggests that liver injury was
plausibly a manifestation of CRS-mediated organ dysfunc-
tion, and not a drug-induced direct hepatotoxicity.

We also found a potential association with pupil disorders
(i.e., pupils unequal, pupil fixed, and mydriasis) that could
lead to visual impairment as already reported in the pack-
age insert (7% of treated patients in clinical trials) and to a
higher contribution of visual disorders by tisa-cel observed
in a recently published FAERS analysis [34].

Axi-cel, instead, was found to be also associated with
gastrointestinal infarctions, hemorrhages, ulcers, and per-
forations. Accordingly, in a clinical study on the long-term
effects of CAR-T cells, around 2% of patients died because
of duodenal ulcer and perforation [35]. Nonetheless, it
should be noted that tumor lysis of gastrointestinal lympho-
mas in this type of patient (listed as an important potential
risk according to the RMP of axi-cel) could be partly respon-
sible for these findings.

Furthermore, axi-cel was found to be associated with car-
diomyopathies, in accordance with previous observational
studies [13, 36]. It is important to note that, as shown by
the negative IC025, we cannot exclude that the significant
RORs for tisa-cel and hepatic failure, and for axi-cel and
gastrointestinal ulcers and perforation were due to random
variation and small numbers.

4.3 Potential Differences in Tisagenlecleucel
and Axicabtagene Ciloleucel Safety Profiles

Potential differences in tisa-cel and axi-cel safety profiles
emerged from our findings. In particular:

1. a stronger role for tisa-cel compared with axi-cel in
inducing immunodeficiency-related disorders (espe-
cially infections) was supported by:

(a) the higher proportion of reports describing fever
(35.3 vs 21.7%), white blood cell count decrease

(30.8 vs 2.9%), and immunodeficiency disorders
NEC (17.1 vs 2.0%);

(b) the stronger disproportionality with immunode-
ficiency disorders NEC even when limiting the
analysis to adults (in RG3 ROR = 35.7, 28.7-44.4
vs2.2,14-34;,1C=44,4.1-4.6 vs 1,0.4-1.5);

(c) the exclusive association, in RG3, with many
infections, particularly by opportunistic agents
(e.g., Aspergillus, Candida, fungi, Klebsiella).

2. a stronger role for tisa-cel compared with axi-cel in
inducing coagulopathies was supported by:

(a) the stronger association with coagulopathies (in
RG3 ROR =9.9, 6.6-14.8 vs 2.6, 1.6-4.3; IC =
2.9,2.3-3.4vs 1.3,0.4-1.8);

(b) the exclusive association with thrombocytope-
nias and coagulation factor deficiencies, also
potentially associated with the already discussed
hepatic failure;

(c) the exclusive association with cerebrovascu-
lar accidents (even if IC025 < 0) and plausibly
related events (e.g., paresis).

3. a stronger role for axi-cel compared with tisa-cel-in
inducing neuropsychiatric ADRs, supported by:

(a) the higher proportion of reports describing nerv-
ous system disorders NEC (35.6 vs 16.7%);

(b) a stronger association with neuropsychiatric
events (e.g., in RG3 nervous system disorders
NEC ROR =76.3, 66.6-87.3 vs 17.4, 14.1-21.3;
IC =4.6,4.5-4.7 vs 3.6, 3.3-3.8);

(c) the exclusive association with many neurological
events (i.e., memory loss, speech and language
disorders, mental impairment, autonomic nervous
system disorders, encephalitis NEC, thinking dis-
turbances, communications disorders);

(d) the exclusive association with incontinence, which
is plausibly a symptom of severe neurotoxicity.

(e) the consistency with results from a previous study
performed on the FAERS public dashboard, in
December 2019 [14].

The only neuro-psychiatric HLTs significantly associated
with tisa-cel but not with axi-cel were the already mentioned
vascular events, autoimmune conditions (myelitis and Guil-
lain—Barré syndrome), and hallucinations.
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4.4 Risk Management Plan-Driven Case-by Case
Assessment

We found 50 cases of CAR-T cells related to second pri-
mary non-T-cell/non-hematological neoplasia (mostly skin,
genitourinary, and lung cancer). Patients with non-Hodgkin
lymphoma have a known higher risk for developing second-
ary malignancies [37, 38], as supported also by the compara-
ble reporting proportion of non-hematological malignancies
in both RG2 and RG3; therefore, the role of the underly-
ing clinical condition of these patients cannot be excluded.
Accordingly, ten reports of second primary non-hemato-
logical neoplasia occurred less than 1 month after CAR-T
administration, thus pointing towards no causal association.
Nonetheless, second primary malignancies are listed in the
RMPs as plausible adverse reactions to CAR-T. In fact, the
treatment with CAR-T cells could unmask and speed up the
progression of pre-existing neoplasms, considering that it
targets exclusively CD19-positive cells, therefore being
ineffective on other malignancies. Moreover, the immuno-
suppression associated with the CAR-T treatment could be
another favoring factor to be taken into account.

Twenty-nine reports of autoimmune, mostly neurologi-
cal, conditions have also been identified, with a preferen-
tial association with tisa-cel. The hypothesized relationship
between CAR-T cells and immune-related ADRs requires
further assessment.

Graft versus host disease is another potential risk listed
in the CAR-T-cell RMPs. Chimeric antigen receptor T-cell
administration may have a role in aggravating pre-existing
GvHD in relapsed patients after prior allogeneic hematopoi-
etic stem cell transplantation, even if results from clinical
trials are heterogeneous [8, 33, 39]. In FAERS, we identified
14 GvHD reports that occurred after tisa-cel administration,
involving multiple anatomical sites (i.e., skin, liver, gastro-
intestinal tract, lung).

4.5 Cytokine Release Syndrome Features

Immune and associated conditions NEC occurred in 52.2%
of CAR-T-cell reports: mainly as CRS and other overlapping
terms (e.g., cytokine storm [40]), but also as hemophago-
cytic lymphohistiocytosis (considered a particularly severe
form of CRS). The profile of CRS emerging from our analy-
sis is in line with the literature, occurring around day 3 from
the injection, and manifesting together with abnormal gas
exchange and hypotension. Our findings, furthermore, point
to a unified CRS-neurotoxicity framework, for the following
reasons:

(a) the frequent co-reporting of CRS, neurotoxicity, and

encephalopathies;
(b) acommon TTO, limited mostly to the first week;
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(c) a high proportion of neurotoxicity co-reported with
CRS (in 30% of CRS cases it occurred within 10 days
following the CAR-T injection, and in 36% of CRS
cases it occurred after 10 days).

Indeed, CAR-T-cell-induced neurotoxicity occurs almost
exclusively in patients experiencing also CRS, of any grade
[41]. However, few reports of neurotoxicity occurring after
resolution of CRS, or without CRS, have been recorded,
suggesting the co-existence also of an independent patho-
genic mechanism [42]. Interestingly, we found that 8% of
CRS reports occurred after at least 12 days after the infusion
(delayed CRS [43]).

4.6 Limitations and Strengths

In consideration of the observational nature of our study on
FAERS, well-known limitations of these studies are related
to the analysis of spontaneous reporting systems, includ-
ing data missingness (e.g., disease burden and cancer site)
and a lack of information on the exposed population (i.e.,
total patients treated with CAR-T cells). Moreover, it must
be taken into account that CAR-T cells have been approved
for the treatment of advanced disease, after the failure of
several previous lines of treatment. Therefore, we cannot
exclude that disproportionate reporting of some adverse
events could be determined also by the effects of the treat-
ments administered before CAR-T as well as comorbidities
and the underlying clinical status of these heavily pretreated
patients. The large-scale design of our study, while account-
ing for age and indication confounders, did not allow us to
correct for biases affecting individual suspect ADRs. These
biases should be considered in studies focused on individual
drug-event combinations.

Our work relies on and underlines the important strengths
of pharmacosurveillance that make it complementary to
pivotal trials: the access to a population usually neglected
in pre-marketing studies, a large population with reports
from all over the world and an extended focus to any type
of event. Moreover, we designed and performed dispropor-
tionality analyses taking into account potential biases and
carefully scrutinizing potential signals, in relation to the
information reported in the package insert and RMPs. The
analysis performed at the HLT level allows the grouping
of some of the MedDRA® terms with overlapping mean-
ings (with higher numbers and accuracy), but at the cost of
sometimes grouping not overlapping terms (e.g., hyperna-
tremia and hyponatremia). We also performed RMP-driven
individual case assessments to search for potential risks not
optimally retrieved using an HLT. Finally, we exploited the
richness of pharmacosurveillance data to better character-
ize CAR-T-related ADRs, particularly considering TTO and
co-reporting of events.
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5 Conclusions

The present analysis provides an overview of spontaneous
reports of suspected ADRs occurring in patients treated
with CAR-T cells. Our results strengthen the evidence pro-
vided by clinical trials and previous observational studies.
We also found unexpected signals that are worthy of fur-
ther evaluation, including gastrointestinal perforations and
cardiomyopathies for axi-cel and hepatic failure and pupil
disorders for tisa-cel. The higher frequency of reporting of
non-hematologic second primary neoplasia does not support
theory-based RMP alerts, pointing instead to the role of the
underlying disease; nonetheless, further studies are needed
to elucidate a possible additional contribution by CAR-T-cell
therapy. Finally, we provided insights into a stronger role for
tisa-cel in inducing immunodeficiency-related events (i.e.,
hypogammaglobulinemia and susceptibility to infections)
and coagulopathies, and for axi-cel in neurotoxicity, and into
a unified CRS-neurotoxicity syndrome.
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