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Abstract

Background As the application of Chimeric Antigen Receptor T-cell (CAR-T) therapy in cancer treatment becomes
increasingly widespread, associated hematologic and lymphatic system adverse events pose significant challenges
to its clinical use. Therefore, we aim to comprehensively investigate and summarize the hematologic and lymphatic
system AEs associated with CAR-T therapy.

Methods We extracted CAR-T-related adverse event reports from the FDA Adverse Event Reporting System (FAERS)
database for the period from August 2017 to December 2023. Disproportionality analysis using the Reporting Odds
Ratio (ROR) and Information Component (IC) was performed to identify CAR-T-associated hematologic and lymphatic
system AEs. We employed LASSO regression analysis to identify hematologic and lymphatic system AEs associated
with mortality.

Results In the FAERS database, we identified 1,600 individual case safety reports of hematologic and lymphatic
system AEs related to CAR-T therapy. The median age of patients was 57 years (interquartile range [IQR] 32-67), with
fatal outcomes in 15.3% of cases. We identified 25 significant adverse event signals associated with CAR-T therapy.
B-cell aplasia (ROR025=1054.56, IC025=4.74), cytopenia (ROR025=17.27,1C025=3.81), hypofibrinogenemia
(ROR025=100.18, 1C025=2.46), anemia (ROR025 = 1.87, IC025=0.59), febrile bone marrow aplasia (ROR025=55.32,
IC025=2.70), and pancytopenia (ROR025=7.18, IC025=1.42) were the most significant hematologic and lymphatic
system AEs for tisa-cel, axi-cel, brexu-cel, liso-cel, ide-cel, and cilta-cel, respectively. Most hematologic and lymphatic
system AEs occurred within 10 days post-CAR-T infusion. Hematologic and lymphatic system AEs were associated
with a mortality rate of 15.3%. Our analysis revealed 15 hematologic and lymphatic system AEs closely associated
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pancytopenia.

were highly associated with mortality.

with mortality in CAR-T-treated patients, including splenic hemorrhage, disseminated intravascular coagulation, and

Conclusions Our study found that hematologic and lymphatic system AEs were more closely associated with
anti-CD19 CAR-T and CAR-T containing CD28. Splenic hemorrhage, disseminated intravascular coagulation, and
pancytopenia were identified as hematologic and lymphatic system AEs that, while less frequently reported clinically,
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Introduction

Chimeric antigen receptor T-cell (CAR-T) therapy
has become a crucial component in cancer treatment,
achieving unprecedented success in hematological malig-
nancies. It has significantly improved the prognosis for
patients with relapsed/refractory hematological malig-
nancies, including B-cell acute lymphoblastic leukemia
(B-ALL), large B-cell lymphoma (LBCL), mantle cell
lymphoma (MCL), and multiple myeloma (MM). Cur-
rently, CD19 and BCMA are the most common targets
in CAR-T cell therapy. CD19 is expressed on various dif-
ferentiated B-lineage cells and malignant B cells, while
BCMA is a plasma cell-selective protein highly expressed
on MM cells, mature B cells, and normal plasma cells
[1, 2]. Consequently, CD19- and BCMA-targeted cells
have demonstrated excellent antitumor activity in B-cell
malignancies [2, 3].

In 2017, the U.S. Food and Drug Administration (FDA)
approved the first CAR-T cell therapy, tisagenlecleu-
cel (tisa-cel), for B-ALL and LBCL [1]. As of June 2024,
six CAR-T cell therapies have been approved, including
three additional CD19-specific CAR-T cell therapies:
axicabtagene ciloleucel (axi-cel) and lisocabtagene mara-
leucel (liso-cel) for LBCL, and brexucabtagene autoleucel
(brexu-cel) for MCL [4—6]. Two BCMA-specific CAR-T
cell therapies have been approved for MM: idecabtagene
vicleucel (ide-cel) and ciltacabtagene autoleucel (cilta-cel)
(7, 8].

Although CAR-T therapy has made significant break-
throughs in cancer treatment, associated adverse events
remain a major challenge. The high toxicity and mortal-
ity risk of CAR-T cell therapy have hindered its adoption
as a first-line treatment [9]. Severe toxicities associated
with CAR-T cell therapy can impact its efficacy, with
the most commonly reported adverse events being cyto-
kine release syndrome (CRS), neurotoxicity, and hema-
tological toxicity [10]. These related adverse events can
be severe and even life-threatening if not managed with
prompt and effective interventions [11]. CAR-T products
differ in target antigen expression (e.g., CD19 on B cells
vs. BCMA on plasma cells), and co-stimulatory domains
(CD28 vs. 4-1BB), all of which may influence toxicity pro-
files. The design of different CAR-T products is different
(Supplementary Table S5).

Hematologic and lymphatic system adverse events
(AEs) are among the categories of CAR-T-related adverse
reactions and are the most common long-term adverse
events following CAR-T treatment, often accompa-
nied by serious consequences [12]. The incidence rates
and severity of symptoms vary among different adverse
events. CAR-T-related hematologic and lymphatic
system toxicities have been reported in several clini-
cal trials and post-marketing studies. Clinical trials of
CD19-targeted CAR-T therapies have shown frequent
occurrence of >grade 3 cytopenias following CAR-T cell
treatment. In the ZUMA-1 and JULIET trials, 31% and
17% of treated patients experienced > grade 3 febrile neu-
tropenia, respectively, with severe cytopenias observed
for more than 30 days post-administration [1, 4, 13—15].
Neutropenia, thrombocytopenia, and anemia are com-
mon after CAR-T cell infusion (94%, 80%, and 51%,
respectively) [10]. Shi X’s clinical trial study on BCMA-
targeted CAR-T therapy also demonstrated that grade 3
or higher hematologic toxicities were the most common
adverse events, including lymphopenia (100%), neu-
tropenia (20%), anemia (50%), and thrombocytopenia
(70%) [16]. However, CAR-T clinical trial data, with strict
inclusion criteria and limited participant numbers, may
not fully reflect real-world situations and could lead to
underestimation of hematologic and lymphatic system
AEs.

Given the complexity, severity, and various influenc-
ing factors of CAR-T-related hematologic and lymphatic
system AEs, the number of pharmacovigilance post-
marketing studies reporting on these issues is increas-
ing [17-19]. Song Z et al. used the FAERS database to
evaluate hematologic toxicities of tisa-cel and axi-cel,
comparing their differences and finding that hemophago-
cytic lymphohistiocytosis and disseminated intravascular
coagulation were underestimated in adverse events [17].
However, their study only assessed tisa-cel and axi-cel,
without investigating other marketed CAR-T products.
Therefore, there is still a lack of comprehensive research
and summary of CAR-T-related hematologic and lym-
phatic system AEs, and the actual clinical and epide-
miological impact of these adverse events can be better
assessed in real-world data than in registration trials.
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The purpose of this study is to conduct statistical analy-
ses of hematologic and lymphatic system AEs based on
CAR-T reports in the FAERS database, perform dis-
proportionality analysis to identify hematologic and
lymphatic system adverse reactions, and evaluate and
compare the relationships between different CAR-T ther-
apies and hematologic and lymphatic system AEs. We
also assessed fatal adverse events related to hematologic
and lymphatic systems associated with various CAR-T
products. This study aims to provide an in-depth and
comprehensive understanding of CAR-T-related hema-
tologic and lymphatic system AEs and offer useful refer-
ences for clinical practice.

Methods

Data source

We conducted a pharmacovigilance study on hemato-
logic and lymphatic system adverse events (AEs) asso-
ciated with CAR-T therapy based on the FDA Adverse
Event Reporting System (FAERS) database. The FAERS
database collects adverse event reports from health-
care professionals, patients, and manufacturers world-
wide, including adverse event reports, medication
error reports, and product quality complaints leading
to adverse events submitted to the FDA. These data are
publicly accessible [20].

FAERS database from
1 Aug, 2017 to 31 Dec, 2023
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CAR-T cell therapies, including anti-CD19 cells (tisa-
cel, axi-cel, brexu-cel, liso-cel) and anti-BCMA cells (ide-
cel and cilta-cel), were used as keywords by both brand
and generic names to extract CAR-T report data from the
FAERS database from August 1, 2017, to December 31,
2023. The selected role_code was “PS” (Primary Suspect).
Additionally, adverse reactions reported in the FAERS
database are coded according to the Preferred Terms
(PT) in the Medical Dictionary for Regulatory Activities
(MedDRA). Therefore, hematologic and lymphatic sys-
tem AEs were coded using MedDRA PTs.

Data processing procedure

We performed deduplication of CAR-T reports obtained
from the FAERS database. The detailed screening pro-
cess is shown in Fig. 1. When the CASE ID was identi-
cal, the last FDA_DT was selected. When both CASE ID
and FDA_DT were identical, the entry with the larger
PRIMARY_ID value was chosen, as per the FAERS user
guide [20]. Reports with identical values for fields such
as gender, age, country, event date, adverse reactions,
and indications were also identified as duplicate reports.
We further screened different CAR-T treatment strate-
gies based on adverse reaction reports, distinguishing
between anti-CD19 cell and anti-BCMA cell reports.
After the above deduplication steps and data screening,

Total Case=9,461,489

Deduplication:
Based on age, sex, country, event date, drug, reaction, indication

CAR-T data
Anti-(CD19, BCMA), N=6

Total Case=11,219

Refined CAR-T data

Futher scanning based on therapeutic strategies: Monotherapy:
- Anti-CD19: tisagenlecleucel, axicabtagene ciloleucel,
brexucabtagene toleucel, lisocabtagene maraleucel

- Anti-BCMA: idecabtagene vicleucel, ciltacabtagene autoleucel

Anti-(CD19, BCMA), N=6
Total Case=10,509

CAR-T data with Blood and lymphatic
system disorders
Total Case = 1,600

—

Anti-CD19

'_I

Anti-BCMA

I—V

Tisagenlecleucel, N=545
Axicabtagene ciloleucel, N=790
Brexucabtagene toleucel, N=97
Lisocabtagene maraleucel, N=30

Idecabtagene vicleucel, N=96
Ciltacabtagene autoleucel, N=42

Fig.1 Flowchart of the study analysis process. Detailed description of the selection process for CAR-T hematologic and lymphatic system adverse events
(AEs) from the U.S. Food and Drug Administration Adverse Event Reporting System (FAERS)
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we obtained the final individual case safety reports
of overall adverse events in patients receiving CAR-T
therapy from the FAERS database for further analysis
(N=10,509).

Signal mining

In the context of pharmacovigilance research, dispropor-
tionality analysis methods are primarily used as tools to
evaluate potential associations between specific adverse
events and particular drugs [21]. Based on the core prin-
ciples and the advantages and disadvantages of various
disproportionality analysis methods [22, 23], we used
the Reporting Odds Ratio (ROR) and Bayesian Confi-
dence Propagation Neural Network (known as Informa-
tion Component (IC)) to detect potential hematologic
and lymphatic system AEs in overall or specific CAR-T
therapies. A hematologic and lymphatic system adverse
event signal was considered valid and highly associated
with CAR-T therapy if the number of reports for the
hematologic and lymphatic system AE was no less than
3, the lower limit of the 95% confidence interval (CI) of
ROR (RORO025) exceeded 1, and the lower limit of the
95% CI of IC (IC025) exceeded 0. Overall, PTs of hemato-
logic and lymphatic disorders meeting these criteria were
defined as CAR-T-related adverse events. Reports with
CAR-T-related adverse events were selected for further
analysis (N=1,600).

Statistical analysis

In addition to signal mining at the PT level, we also
compared different CAR-T products. Log-rank tests
were performed to compare differences in time to onset
between different groups. Time to onset was calculated
by subtracting the event start date from the therapy start
date, and cumulative distribution curves were used to
present event onset information for different groups

Page 4 of 14

[24]. Furthermore, the proportion of deaths for different
CAR-T products and PTs was calculated. LASSO regres-
sion analysis with K-fold cross-validation was employed
to select statistically significant PTs associated with mor-
tality. All statistical analyses were performed using R
software (version 4.4.0) and Python (version 3.11.7).

Results

Descriptive analysis

We first investigated the occurrence of hematologic and
lymphatic system adverse events (AEs) in patients receiv-
ing CAR-T therapy from the FAERS database between
August 1, 2017, and December 31, 2023. The study design
is illustrated in Fig. 1. After excluding irrelevant or dupli-
cate cases, we obtained statistics on hematologic and
lymphatic system adverse reactions in patients receiv-
ing CAR-T therapy. Among all CAR-T reports, hema-
tologic and lymphatic system AEs accounted for 15.2%
(1,600/10,509) of total adverse reactions. The incidence
of hematologic and lymphatic system AEs also varied
across different CAR-T treatment strategies (Fig. 2). Tisa-
genlecleucel had the highest incidence of hematologic
and lymphatic system AEs (19.9%), while Ciltacabtagene
autoleucel had the lowest (5.3%). The incidence of hema-
tologic and lymphatic system AEs was lower in anti-
BCMA treatments compared to anti-CD19 treatments
(10.9% and 13.8%, respectively).

After screening CAR-T reports in the FAERS data-
base, we obtained cases of CAR-T-related hema-
tologic and lymphatic system AEs (N=1,600) and
statistically described the clinical characteristics of these
cases (Table 1). The majority of reported cases were male
(N=843, 52.7%). The median age of patients was 57 years
(interquartile range [IQR] 32—67). Using 18 and 65 years
as cut-off points, we divided patients into three different
age groups, with the majority of patients being under 65

Ciltacabtagene autoleucel 4

Idecabtagene vicleucel

Lisocabtagene maraleucel -

Brexucabtagene autoleucel

Axicabtagene ciloleucel -

Tisagenlecleucel 4

Total 41600

19.9

152

1 (;00 1 4b0 1 2'00 1 OIOU 8(')0

Number of reports

400 200 0 3 0 15 20 25 30

Incidence(%)

Fig. 2 Statistical data on the incidence of hematologic and lymphatic system adverse events (AEs) in CAR-T reports from the FDA Adverse Event Report-

ing System (FAERS) database
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Table 1 Baseline characteristics of patients with hematologic and lymphatic system adverse events related to chimeric antigen

receptor T-Cell therapy

Clinical characteristics Tisagenle- Axicabta- Brexucabta- Lisocabta- Idecabtagene Ciltacabtagene  Total
cleucel gene gene gene vicleucel autoleucel (N=1,600)
(N=545) ciloleucel toleucel maraleucel N=(96) (N=42)
(N=790) (N=97) (N=30)
Gender
Female 202(37.1%) 302(38.2%) 23(23.7%) 13(43.3%) 42(43.8%) 15(35.7%) 597(37.3%)
Male 296(54.3%) 404(51.1%) 72(74.2%) 17(56.7%) 40(41.7%) 14(33.3%) 843(52.7%)
Missing 47(8.6%) 84(10.6%) 2(2.1%) 0(0%) 14(14.6%) 13(31.0%) 160(10.0%)
Age in years, median(IQR) 21(12-58) 60(49-67) 63(55.75- 65.5(56.5-70)  66(62-72) 58.5(54.25-66) 57(32-67)
69.25)
Age group
<18 years 189(34.7%) 2(0.3%) 1(1.0%) 0(0%) 0(0%) 0(0%) 192(12.0%)
18-65 years 174(31.9%) 423(53.5%) 41(42.3%) 14(46.7%) 29(30.2%) 15(35.7%) 696(43.5%)
>65 years 82(15.0%) 221(28.0%) 38(39.2%) 16(53.3%) 42(43.8%) 7(16.7%) 406(25.4%)
Missing 100(18.3%) 144(18.2%) 17(17.5%) 0(0%) 25(26.0%) 20(47.6%) 306(19.1%)
Country
uUsS 355(65.1%) 366(46.3%) 54(55.7%) 17(56.7%) 55(57.3%) 34(81.0%) 881(55.1%)
JP 31(5.7%) 2(0.3%) 0(0%) 12(40.0%) 4(4.2%) 0(0%) 49(3.1%)
AU 26(4.8%) 6(0.8%) 0(0%) 0(0%) 0(0%) 1(2.4%) 33(2.1%)
FR 26(4.8%) 73(9.2%) 13(13.4%) 0(0%) 21(21.9%) 4(9.5%) 137(8.6%)
ES 18(3.3%) 67(8.5%) 2(2.1%) 0(0%) 0(0%) 2(4.8%) 89(5.6%)
CN 0(0%) 99(12.5%) 2(2.1%) 0(0%) 0(0%) 1(2.4%) 102(6.4%)
DE 11(2.0%) 57(7.2%) 6(6.2%) 0(0%) 2(2.1%) 0(0%) 76(4.8%)
IT 5(0.9%) 29(3.7%) 6(6.2%) 0(0%) 0(0%) 0(0%) 40(2.5%)
Other country 64(11.7%) 91(11.5%) 14(14.4%) 1(3.3%) 14(14.6%) 0(0%) 184(11.5%)
Missing 9(1.7%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 9(0.6%)
Reporter type
Healthcare professional 466(85.5%) 725(91.8%) 88(90.7%) 28(93.3%) 76(79.2%) 31(73.8%) 1414(88.4%)
Consumer 70(12.8%) 42(5.3%) 1(1.0%) 0(0%) 15(15.6%) 8(19.0%) 136(8.5%)
Missing 9(1.7%) 23(2.9%) 8(8.2%) 2(6.7%) 5(5.2%) 3(7.1%) 50(3.1%)
Outcome
Death 98(18.0%) 110(13.9%) 18(18.6%) 8(26.7%) 5(5.2%) 5(11.9%) 244(15.3%)
Disability 1(0.2%) 6(0.8%) 2(2.1%) 0(0%) 2(2.1%) 0(0%) 11(0.7%)
Hospitalization 115(21.1%) 218(27.6%) 34(35.1%) 8(26.7%) 21(21.9%) 11(26.2%) 407(25.4%)
Life-threatening 46(8.4%) 23(2.9%) 3(3.1%) 1(3.3%) 1(1.0%) 1(2.4%) 75(4.7%)
Other events 277(50.8%) 411(52.0%) 39(40.2%) 11(36.7%) 66(68.8%) 24(57.1%) 828(51.8%)
Missing 8(1.5%) 22(2.8%) 1(1.0%) 2(6.7%) 1(1.0%) 1(2.4%) 35(2.2%)

years old (N=888, 55.5%). Most case reports came from
the United States (N=881, 55.1%), and cases with fatal
outcomes accounted for 15.3% (224/1,600).

Hematologic and lymphatic system AEs related to CAR-T
therapy

We compiled statistics on the categories and case num-
bers of hematologic and lymphatic system AEs in CAR-T
reports (Supplementary Table S1). The five most com-
mon types of hematologic and lymphatic system AEs
were neutropenia (N=375, 16.0%), cytopenia (N=263,
11.2%), pancytopenia (N=261, 11.2%), anemia (N=248,
10.6%), and febrile neutropenia (N=243, 10.4%). Cytope-
nia (N=129, 14.4%), neutropenia (N=224, 20.8%), pan-
cytopenia (N=26, 20.6%), anemia (N=9, 20.5%), anemia
(N=25,17.7%), and neutropenia (N=12, 21.1%) were the

most frequently reported hematologic and lymphatic sys-
tem AEs for tisa-cel, axi-cel, brexu-cel, liso-cel, ide-cel,
and cilta-cel, respectively.

Furthermore, after filtering based on our valid signal
criteria, we identified different hematologic and lym-
phatic system AEs associated with various CAR-T thera-
pies (Supplementary Table S2). We identified a total of 25
CAR-T-related signals, with their categories and report
numbers shown in Fig. 3A and B. For tisa-cel, 19 signals
were significant, with B-cell aplasia being the AE with
the strongest signal (ROR025=1054.56, 1C025=4.74).
For axi-cel, 16 signals were significant, with cytopenia
being the AE with the strongest signal (ROR025=17.27,
1C025=3.81). For brexu-cel, 7 signals were significant,
with hypofibrinogenemia being the AE with the stron-
gest signal (ROR025 =100.18, 1C025=2.46). For liso-cel,
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Hyperleukocytosis C with blood and lymphatic system disorders
Febrile neutropenia :
i q e
Bone marrow failure Tisagenleclencel .
Abdominal lymphadenopathy Axicabtagene ciloleucel o
Bone marrow infiltration :
Brexucabtagene autoleucel —e—
Bone marrow disorder
Lymphocytosis Lisocabtagene maraleucel ———
Disseminated intravascular coagulation Idecabtagene vicleucel
Coagulopathy
Hypofibrinogenaemia Ciltacabtagene autoleucel
| 1 1
Cytopenia 0 1 2 4 6 3
B-cell aplasia ROR(95%CI)

- RORy5>1 and IC(25>0

- ROR(,5<1 or ICy25<0

Fig. 3 Hematologic and lymphatic system adverse events (AEs) in CAR-T reports from the FDA Adverse Event Reporting System (FAERS) database. A)
Heatmap showing ROR025 and 1C025 for 29 hematologic and lymphatic system AEs (with at least 3 reports) under different CAR-T treatment strategies
in the FAERS database. B) Bar chart displaying the number of reports for 29 hematologic and lymphatic system AEs. C) Forest plot illustrating the signal
values for hematologic and lymphatic system AEs associated with different CAR-T therapies

only 3 signals were significant, with anemia being the AE
with the strongest signal (ROR025=1.87, 1C025=0.59).
For ide-cel, 10 signals were significant, with febrile bone
marrow aplasia being the AE with the strongest signal
(ROR025=55.32, 1C025=2.70). For cilta-cel, only 4 sig-
nals were significant, with cytopenia being the AE with
the strongest signal (ROR025=7.18, IC025=1.42).

Based on the market launch times of different CAR-T
products and using FAERS database data from corre-
sponding time periods as background, we recalculated

the hematologic and lymphatic system AEs related to
different CAR-T products (Fig. 3C and Supplemen-
tary Table S3). Overall, CAR-T therapy was signifi-
cantly associated with the occurrence of CAR-T-related
hematologic and lymphatic system AEs. However, dif-
ferences existed among different CAR-T products.
Treatment with ide-cel was most significantly associ-
ated with the occurrence of CAR-T-related hematologic
and lymphatic system AEs, with the highest signal values
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(ROR025=4.68, 1C025=2.10). Additionally, cilta-cel had
the lowest signal values (ROR025=2.81, IC025=1.38).

We used the upset plot to illustrate the co-occurrence
of hematological and lymphatic adverse events of differ-
ent CAR-T products with adverse events such as CRS,
HLH and infection (Supplementary Figure S3). The
results show that the average proportion of hematologi-
cal adverse events (AEs) that occur solely due to CAR-T
drugs is no more than 40%, and hematological AEs often
overlap with CRS.

Time to onset analysis

The time to onset of hematologic and lymphatic system
AEs associated with different CAR-T products is shown
in Fig. 4. There were significant differences in the time
from infusion to the onset of hematologic and lymphatic
system AEs among different CAR-T therapies (P<0.0001)
(Fig. 4A). Compared to other CAR-T products, ide-cel
had a faster and shorter time to onset of hematologic and
lymphatic system AEs, with a median time to onset of
1 day (IQR: 0—4 days). The cilta-cel group had the high-
est median time to onset at 8.5 days (IQR: 6-15.5 days).
Most hematologic and lymphatic system AEs occurred
within 10 days after CAR-T infusion. The median time to
onset in the fatal group was significantly longer than in
the non-fatal group (days: 5 vs. 2, P=0.0006) (Fig. 4B).

Deaths due to blood and lymphatic system disorders
associated with CAR-T

The incidence rates and mortality rates of hematologi-
cal and lymphatic system adverse events (AEs) related

A
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to CAR-T products at different times are shown in the
figures (Supplementary Figure S1 and Supplementary
Figure S2). The trends of the number and incidence of
adverse events are not completely consistent. The inci-
dence rate was higher in the year of drug approval, and
then the number of adverse reactions increased but the
incidence rate decreased. The trends of mortality rates
varied among different products. For most drugs, the
mortality rate was higher at the beginning and then
decreased. To better understand the clinical charac-
teristics of hematologic and lymphatic system AEs and
detect highly lethal hematologic and lymphatic system
AEs, we further analyzed the prognosis of CAR-T-related
hematologic and lymphatic system AEs. We assessed
the proportion of deaths due to hematologic and lym-
phatic system AEs after treatment with different CAR-T
products (Fig. 5A and B, and Supplementary Table S4).
Among cases with CAR-T-related hematologic and lym-
phatic system AEs, 15.3% were associated with death.
Although the occurrence of CAR-T-related hematologic
and lymphatic system AEs may not be the direct cause
of death, analysis of fatal outcomes may provide clues for
improving patient prognosis. Results showed that liso-
cel had the highest mortality rate (26.7%), while ide-cel
had the lowest (5.2%). Figure 5A shows that compared
to other CAR-T products, axi-cel treatment had higher
proportions of deaths due to coagulation disorders, dis-
seminated intravascular coagulation, febrile neutropenia,
lymphopenia, febrile bone marrow aplasia, agranulocyto-
sis, and bone marrow suppression. Brexu-cel treatment
had higher proportions of deaths due to cytopenia and

B

Median time to onset (days):
Tisagenlecleucel: 3 [IQR: 1-12]
Axicabtagene ciloleucel :2 [IQR: 0-5]
Brexucabtagene: 4 [IQR: 1-8.5]
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parametric Kruskal-Wallis rank-sum test. B) Cumulative distribution curves showing the time to onset of related hematologic and lymphatic system AEs
in fatal and non-fatal groups, with statistical testing performed using the non-parametric Wilcoxon rank-sum test
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Table 2 Death-Related hematologic and lymphatic system
adverse events selected from K-Fold Cross-Validation LASSO

regression

PT Coefficient(S7)
Agranulocytosis 0.06
Anaemia -0.07
B-cell aplasia -0.01
Coagulopathy 0.07
Cytopenia 0.05
Disseminated intravascular coagulation 0.15
Febrile neutropenia -0.04
Hypofibrinogenaemia 0.09
Lymphadenopathy 0.03
Lymphocytosis 0.04
Lymphopenia 0.07
Neutropenia -0.02
Pancytopenia 0.09
Splenic haemorrhage 0.23
Thrombocytopenia 0.02

S7 are co-efficients of PT selected from 7-fold cross-validation LASSO regression

hypofibrinogenemia. For the remaining 13 hematologic
and lymphatic system AE signals, tisa-cel had higher pro-
portions of deaths.

Additionally, we conducted K-fold cross-validation
LASSO regression analysis to identify hematologic and
lymphatic system AEs closely associated with mortal-
ity (Fig. 5C). Fifteen hematologic and lymphatic system
AEs were closely associated with death in patients treated
with CAR-T, including splenic hemorrhage, disseminated
intravascular coagulation, and pancytopenia (Table 2).

Discussion

Although adverse reactions related to CAR-T therapy
have been reported and studied in clinical trials, there
is a lack of comprehensive research on associated hema-
tologic and lymphatic adverse events (AEs). This study
is a pharmacovigilance investigation of CAR-T-related
hematologic and lymphatic AEs based on real-world data
from the FAERS database. Using the FAERS database
for a specific time period as a comparison, we identified
hematologic and lymphatic AEs significantly associated
with CAR-T therapy through disproportionality analy-
sis, demonstrated the association between CAR-T and
hematologic and lymphatic AEs, and explored the clini-
cal characteristics related to specific CAR-T products.
Our study is the largest post-marketing study of CAR-T-
related hematologic and lymphatic AEs in a real-world
setting to date.

Hematologic and lymphatic AEs are common adverse
reactions associated with CAR-T therapy. The FAERS
database shows that 15.2% of reports involving CAR-T
treatment experienced hematologic and lymphatic
AEs. As anti-CD19 CAR-T was approved earlier than
anti-BCMA CAR-T, most reports were from patients
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receiving anti-CD19 CAR-T treatment (N=1,462). The
incidence of hematologic and lymphatic AEs was lower
in anti-BCMA treatment compared to anti-CD19 treat-
ment (10.9% vs. 13.8%), which may be due to the robust
T-cell expansion observed with anti-CD19 CAR-T prod-
ucts [25]. A previous meta-analysis showed that hemato-
logic toxicity was more common in anti-CD19 cases [26],
which is consistent with our findings. The occurrence of
hematologic and lymphatic AEs is closely related to cyto-
kine release syndrome (CRS), with anti-CD19 CAR-T
cells reporting a higher incidence of grade 3 or higher
CRS than anti-BCMA CAR-T cells, which may explain
the lower incidence of hematologic and lymphatic AEs in
anti-BCMA treatment [27]. In another study, anti-BCMA
CAR-T treatment for multiple myeloma showed a higher
overall response rate compared to non-anti-BCMA
CAR-T (e.g., tisagenlecleucel targeting CD19 ), demon-
strating better efficacy [28]. This may provide reasonable
evidence for selecting anti-BCMA CAR-T cell therapy.

In further investigation of the clinical characteristics
of CAR-T-related hematologic and lymphatic AEs, we
observed that patients younger than 65 years were more
likely to experience these AEs. Previous studies have also
indicated that younger patients are more likely to expe-
rience hematologic toxicity [26, 29]. This may be related
to more effective immune responses in younger patients
after CAR-T infusion. Increasing age may be a risk fac-
tor for prolonged grade 3 or higher thrombocytopenia
after CAR-T therapy [30]. In terms of different CAR-T
products, we found that the number of reports of hema-
tological and lymphatic system adverse events (AEs)
after infusion of tisa-cel was lower than that of axi-cel
and other products. Bachy and Jacobson also found that
the hematological toxicity of axi-cel was significantly
more frequent and severe than that of tisa-cel. Therefore,
tisa-cel may have more favorable safety profiles [31, 32].
Among all currently marketed CAR-T products, axi-cel
and brexu-cel have intracellular domains composed of
CD3( and CD28 co-stimulatory domains, while other
CAR-T therapies have intracellular domains composed of
CD3( and 4-1BB co-stimulatory domains [33]. Two sub-
group analyses indicated that CD28 co-stimulated CAR-T
cells are associated with higher acute hematological tox-
icity (e.g., early-onset cytopenias) compared to 4-1BB
co-stimulated products [26, 29]. Consistently, our study
found a higher number of reports for CD28 co-stimu-
lated CAR-T products, likely reflecting their propensity
for rapid T-cell expansion and cytokine-driven myelo-
suppression. However, 4-1BB co-stimulated CAR-Ts (e.g.,
tisa-cel) may exhibit delayed toxicity due to prolonged
cellular persistence, as observed in other studies [17]. A
study found that the incidence of long-term hematologi-
cal toxicity (e.g., prolonged cytopenias) after infusion of
tisagenlecleucel (4-1BB co-stimulated) was significantly
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higher than that of axicabtagene (CD28 co-stimulated)
[17]. This discrepancy may be explained by the prolonged
persistence of 4-1BB co-stimulated CAR-T cells, which
increases the risk of delayed or chronic hematological
AEs. In contrast, CD28 co-stimulated products (e.g., axi-
cel) are associated with higher acute hematological tox-
icity due to rapid T-cell expansion and cytokine release.
CD28 co-stimulated CAR-Ts (e.g., axi-cel, brexu-cel) are
associated with rapid T-cell expansion and intense cyto-
kine release, which may drive acute hematologic toxicity
(e.g., early-onset cytopenias, CRS-related myelosuppres-
sion). In contrast, 4-1BB co-stimulated CAR-Ts (e.g., tisa-
cel, liso-cel) exhibit prolonged persistence, which could
contribute to delayed or chronic AEs (e.g., prolonged
B-cell aplasia). However, the sample sizes for different
CAR-T products were relatively small, and conclusions
related to factors affecting CAR-T-related hematologic
and lymphatic AEs need to be further validated through
larger-scale studies or clinical trials.

Our study identified hematologic and lymphatic AEs
associated with CAR-T based on real-world data. The top
ten hematologic and lymphatic AEs reported in CAR-T-
related cases include neutropenia, cytopenia, pancyto-
penia, anemia, febrile neutropenia, thrombocytopenia,
bone marrow failure, B-cell aplasia, coagulopathy, and
disseminated intravascular coagulation (Supplementary
Table S1). This is close to the results of CAR-T-related
clinical trials and post-marketing studies, which fur-
ther demonstrates the reliability of our study [4, 13-17].
Hematologic and lymphatic toxicities observed in clinical
trials for CAR-T mainly include cytopenias (neutropenia,
thrombocytopenia, leukopenia, anemia, or any combina-
tion of these symptoms), B-cell aplasia, and coagulopathy.
However, there are fewer reports of pancytopenia, bone
marrow failure, B-cell aplasia, and disseminated intravas-
cular coagulation, indicating that these hematologic and
lymphatic AEs have been largely underestimated in clini-
cal trials. This may be related to the strict inclusion cri-
teria and limited number of participants in clinical trial
data [4, 34].

Furthermore, we found that hematologic and lymphatic
AEs differ among different CAR-T products (Supple-
mentary Table S2 and Fig. 3A). Cytopenia, represented
by neutropenia, is the most common hematologic and
lymphatic toxicity of CAR-T, which is consistent with
previous studies [29]. For patients receiving tisa-cel treat-
ment, cytopenia had the highest incidence of AEs, which
is consistent with clinical trials [34], and B-cell apla-
sia was the AE with the most significant signal. Studies
have found that when tisa-cel is used in ALL patients,
the incidence of cytopenia tends to be higher, which
may be related to bone marrow infiltration and inten-
sive prior treatment in ALL patients [29]. Due to the on-
target off-tumor effect of CD19-directed CAR-T cells on
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normal B cells, B-cell aplasia is an expected toxicity after
CD19-directed CAR-T cell therapy [35], which our study
also validates. We did not find reports of B-cell apla-
sia in BCMA-directed CAR-T. B-cell aplasia was more
common in patients receiving tisa-cel treatment than in
other patients, possibly due to the longer duration of co-
stimulation with tisa-cel, leading to longer CAR-T per-
sistence, which is more likely to cause off-target effects
[17]. Patients can receive intravenous immunoglobulin to
address this issue [36].

Neutropenia was the most commonly reported hema-
tologic and lymphatic AE for axi-cel, which is also consis-
tent with clinical trial results [17]. The higher incidence
of neutropenia in axi-cel patients may reflect the higher
dose of myelosuppressive chemotherapy used during
lymphocyte depletion [37]. Pancytopenia was the most
commonly reported hematologic and lymphatic AE for
brexu-cel, and brexu-cel had the highest reporting rate
of pancytopenia compared to other CAR-T products.
Pancytopenia is a hallmark of highly inflammatory con-
ditions such as hemophagocytic lymphohistiocytosis
(HLH)/secondary macrophage activation syndrome and
septic shock, and cannot be recovered through growth
factor support [38, 39]. Therefore, prevention of pan-
cytopenia is essential in patients receiving brexu-cel
treatment. Additionally, we found that products with
CD28 co-stimulatory domains had significantly higher
incidence rates of pancytopenia than those with 4-1BB
domains. Previous studies have shown that products
with CD28 domains also tend to have more frequent
occurrences of lymphopenia and febrile neutropenia,
which our study also found. This may be due to CAR-T
cells with CD28 domains exhibiting higher rates of CRS
[17, 26]. This finding suggests that products with 4-1BB
domains may be more suitable for patients at high risk of
HLH, such as those with HLH-related genetic features
[17, 40]. Anemia was the most reported hematologic
and lymphatic AE for liso-cel and ide-cel. Products with
CD28 co-stimulatory domains had a higher incidence of
anemia than those with 4-1BB domains [26], which dif-
fers from the incidence rates found in our study, but we
found that products with CD28 co-stimulatory domains
had more reports of anemia than those with 4-1BB
domains.

The hematologic and lymphatic toxicities of anti-CD19
CAR-T products and anti-BCMA CAR-T products also
differ. Bone marrow failure and disseminated intravas-
cular coagulation are hematologic and lymphatic tox-
icities associated with CAR-T that are underestimated
in clinical practice. Anti-CD19 CAR-T products had
higher incidence rates and signal strengths for bone
marrow failure and disseminated intravascular coagu-
lation than anti-BCMA CAR-T products (Supplemen-
tary Table S2). Disseminated intravascular coagulation
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is a rapidly progressing and life-threatening hemato-
logic and lymphatic AE that needs to be monitored, and
there is a strong correlation between disseminated intra-
vascular coagulation and CRS [38, 41, 42]. Therefore,
anti-BCMA CAR-T products may reduce the risk of dis-
seminated intravascular coagulation. Conversely, anti-
CD19 CAR-T products had lower incidence rates and
signal strengths for hemotoxicity and leukopenia than
anti-BCMA CAR-T products. This may be because the
risk of leukopenia seems to increase in subgroups with
lower male proportions compared to subgroups with
higher male proportions [29]. Anti-BCMA CAR-T prod-
ucts have a lower proportion of males compared to anti-
CD19 CAR-T products. These findings suggest that we
can optimize the selection of CAR-T products based on
each patient’s baseline characteristics before treatment,
thereby reducing the risk of hematologic and lymphatic
toxicities.

There were significant differences in the onset time of
hematologic and lymphatic AEs among different CAR-T
products. We found that most hematologic and lym-
phatic AEs occurred within 10 days after CAR-T infusion.
Other studies have also shown that CAR-T hematologic
and lymphatic AEs occur early in the course of CAR-T
treatment [10, 43]. Compared to other CAR-T products,
ide-cel had a faster and shorter onset time, while the
cilta-cel group had the highest median onset time. Wes-
son W'’s study found that the median onset day for ide-cel
was significantly shorter than that for cilta-cel [44], which
is consistent with our findings. Furthermore, Wang | et
al. [45] reported that hematologic toxicities often occur
5 days after preconditioning. It has been observed that
cytopenia, leukopenia, and lymphopenia are more com-
mon in patients who have undergone intensive precon-
ditioning [29]. Two other studies evaluating ide-cel and
cilta-cel both reported a significantly higher proportion
of hematologic adverse events in patients who had under-
gone intensive preconditioning [7, 46]. The precondition-
ing regimen is an important component of the CAR-T
treatment procedure, and generally, preconditioning che-
motherapy is administered 3—5 days before infusion [47].
Preconditioning chemotherapy intensity and timing are
known to affect CAR-T expansion, cytokine release, and
hematologic toxicity. For example, high-dose fludarabine
may exacerbate prolonged cytopenias. Unfortunately,
FAERS does not capture detailed lymphodepletion data,
limiting our ability to analyze these relationships. Future
studies with standardized preconditioning protocols are
needed to isolate CAR-T-specific toxicity profiles. These
results suggest that we need to be aware of hematologic
and lymphatic toxicities shortly after starting CAR-T
treatment, especially after preconditioning.

In the LASSO regression analysis, 15 hematologic and
lymphatic AEs were associated with death in patients
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receiving CAR-T treatment. Except for bone marrow fail-
ure, the top ten hematologic adverse events by number of
reports were all associated with death. AEs with higher
correlations included splenic hemorrhage, disseminated
intravascular coagulation, and pancytopenia. Splenic
hemorrhage is a bleeding event, and studies have shown
that bleeding events after CAR-T cell therapy are likely
to lead to patient death [1, 48, 49]. A post-marketing
study also found that splenic hemorrhage was a highly
death-related adverse event in tisa-cel and axi-cel, with a
mortality rate of 100% in tisa-cel [17], but splenic hem-
orrhage is not a risk signal for CAR-T adverse events
and may be related to the disease itself. Disseminated
intravascular coagulation is a life-threatening hemato-
logic AE that needs to be monitored [17]. Although the
pathophysiology of CAR-T-related disseminated intra-
vascular coagulation is unclear, many studies speculate
that patients with severe CRS have a higher incidence of
disseminated intravascular coagulation [42, 50]. Dissemi-
nated intravascular coagulation generally develops from
coagulopathy, and early management of coagulopathy
may help prevent CRS-related deaths [51]. Pancytopenia
is a severe, prolonged hematologic and lymphatic adverse
reaction that cannot be recovered through growth factor
support [39]. Recent studies have revealed that persistent
pancytopenia is associated with infectious complica-
tions [52]. Severe infectious complications have become
the number one cause of long-term non-relapse mortal-
ity after CAR-T cell therapy, and infectious complica-
tions secondary to long-term severe pancytopenia affect
the non-relapse mortality rate after CAR-T cell therapy
[12, 39]. Some studies have also pointed out that cytope-
nia increases the relapse and mortality rates after CAR-T
treatment, which is consistent with our findings [43].
While our study identified pancytopenia as a key mor-
tality-associated AE, its overlap with cytopenias and its
frequent co-occurrence with CRS/HLH (Supplementary
Figure S3) suggest that these events may be secondary
to systemic inflammatory responses. Thus, these events
underscores the need for prospective studies to dissect
causal relationships. Additionally, we found that anti-
CD19 CAR-T products had higher mortality rates related
to hematologic and lymphatic AEs than anti-BCMA
CAR-T products, which may be related to more reports
of death-related adverse events such as disseminated
intravascular coagulation, B-cell aplasia, and hypofibri-
nogenemia. Studies have shown that adverse events such
as B-cell aplasia further increase the risk of infection as
on-target/off-tumor toxicity of CD19-targeted CAR-T
cell therapy [53]. Therefore, early identification and inter-
vention of these hematologic and lymphatic AEs with
higher mortality rates are crucial for effectively reducing
the incidence of serious adverse events and mortality.
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This study has several limitations. First, FAERS is a vol-
untary reporting system, and not all reports of adverse
reactions are collected. The number of patients receiv-
ing CAR-T treatment has not been reported, lacking
denominator data. Therefore, we cannot obtain a causal
relationship between CAR-T and hematologic and lym-
phatic AEs, nor can we calculate the true incidence of
CAR-T-related hematologic and lymphatic AEs, and con-
clusions should be interpreted as hypothesis-generating.
Additionally, each report lacks specific time of death,
which hinders our further risk analysis of the onset time
of CAR-T-related hematologic and lymphatic AEs. Sec-
ond, there is some overlap in toxicity between cytopenia
and anemia, thrombocytopenia, and neutropenia, mak-
ing it difficult to completely separate them. Third, spon-
taneously reported data are generally not as reliable as
data collected in clinical trials and cohort studies, and
comparisons between different CAR-T products are lim-
ited by potentially imbalanced characteristics of patient
populations. The later approval of BCMA CAR-T thera-
pies (e.g., ide-cel and cilta-cel) resulted in fewer reported
cases compared to CD19 CAR-Ts, potentially underesti-
mating their hematologic toxicity profiles. Comparisons
between these groups should be interpreted cautiously.
The absence of preconditioning regimen details in FAERS
prevents adjustment for their confounding effects on AE
outcomes. This underscores the need for prospective reg-
istries with comprehensive clinical data to validate our
findings. Despite the limitations of FAERS, our study
results reveal fundamental aspects of CAR-T-related
hematologic and lymphatic events and may provide a
basis for subsequent rigorous prospective studies.

Based on real-world data from the FAERS database, we
analyzed hematologic and lymphatic AEs associated with
CAR-T products and compared the differences among
various CAR-T products. Hematologic and lymphatic
AEs are more closely associated with anti-CD19 CAR-T
and CAR-T containing CD28 domains. Splenic hemor-
rhage, disseminated intravascular coagulation, and pan-
cytopenia are hematologic and lymphatic AEs that are
less frequently reported clinically but highly associated
with death. These findings highlight differences in hema-
tologic and lymphatic AE profiles among CAR-T prod-
ucts and provide a foundation for prospective studies to
further evaluate their safety profiles in controlled clinical
settings.
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