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ABSTRACT

Bispecific T-cell engagers (BiTEs) are pivotal for hematological malignancies. However, real-world safety assessments often emphasize
adverse event (AE) incidence while overlooking severity and fatality rates. Furthermore, toxicity heterogeneity across BiTE targets and
their comparative safety against chimeric antigen receptor T-cell (CAR-T) therapy remain incompletely elucidated. To address these gaps,
a retrospective pharmacovigilance study using the FAERS and VigiBase databases (2015-2025) employed disproportionality analysis
(reporting odds ratios) to identify BiTE-associated high-occurrence (BAHO) and high-fatality (BAHF) AEs. By integrating incidence and
fatality data, we developed a clinical risk stratification framework. Time-to-onset kinetics, co-occurrence patterns, and comparative safety
versus CAR-T therapies were also evaluated. Analyzing 18,928 reports (9,350 FAERS; 9,578 VigiBase) identified 198 BAHO-AEs and
36 BAHF-AEs. Cytokine release syndrome (CRS) emerged as a central toxicity hub, frequently co-occurring with ICANS and infections.
AEs were classified into three risk patterns: BAHO-nonBAHF (e.g., CRS), BAHO-BAHF (e.g., sepsis, ICANS), and an underrecognized
nonBAHO-BAHF category (e.g., cardiac failure, pleural effusion). BiTE toxicities showed an early-onset trend, with immune disorders
typically manifesting within seven days, whereas infections and respiratory disorders peaked later (28-90 days). Distinct toxicity profiles
were observed across CD19, BCMA, GPRC5D, and CD20-directed agents. Additionally, BiTEs showed a stronger fatality signal for
ICANS in FAERS than CAR-T therapies, despite CAR-T's higher overall fatal burden. Ultimately, this large-scale analysis
comprehensively maps the BiTE safety landscape. The proposed incidence-fatality framework highlights underrecognized severe
toxicities, synergistic lethal risks, and distinct temporal dynamics, providing an evidence-based foundation to optimize precision safety

management.

1. Introduction

Since the first regulatory approval of a BiTE in 2014, the bispecific T-cell engager (BiTE) family has dramatically redefined
the therapeutic landscape for relapsed/refractory hematologic malignancies (R/R HMs) by redirecting endogenous T cells to
eliminate tumors via simultaneous engagement of CD3 and tumor-associated antigen [1,2]. Notably, the first-in-class BiTE
targeting CD19 (blinatumomab) has advanced from a second-line option to frontline therapy for acute B-lineage leukemia,

representing a paradigm shift toward chemotherapy-free regimens [3,4]. Over the past five years, the scope of BiTE therapy
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has expanded to include more tumor targets prevalent in lymphoma and multiple myeloma (MM), including CD20, BCMA,
and GPRC5D [5,6,7]. More recently, the clinical application of BiTEs has extended beyond oncology, with emerging reports
of compassionate use in treatment-refractory autoimmune connective tissue diseases, including antisynthetase syndrome and
systemic sclerosis [8]. Such therapeutic expansion not only underscores the versatility of BiTEs but also highlights the press-

ing need for a comprehensive safety characterization.

This safety characterization is particularly critical given the distinct toxicity profile associated with BiTEs, most notably cyto-
kine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS), which pose considerable
challenges for clinical management [9,10]. However, current understanding of BiTE safety remains largely derived from clin-
ical trials or observational studies, which are constrained by stringent eligibility criteria, modest sample sizes, and short fol-
low-up durations and are thus are inherently unable to detect delayed or rare but fatal AEs that may only emerge in diverse,
real-world patient populations [11]. Although post-marketing safety surveillance is mandated, its scope is often insufficient to
close this evidence gap, underscoring the critical need for large-scale pharmacovigilance studies leveraging comprehensive,
real-world data to systematically evaluate BiTE-related toxicities. Notably, previous pharmacovigilance studies have predom-
inantly focused on safety signals associated with individual BiTE agents, lacking systematic subgroup comparisons among
BiTEs that could elucidate heterogeneity in safety profiles [12,13]. Moreover, these investigations have largely emphasized
AE incidence while overlooking fatality rates, an approach that may obscure low-frequency but high-risk toxicities and mis-
align clinical monitoring priorities [13,14].

Additionally, the toxicity profile between BiTEs and CAR-T therapy has garnered increased scrutiny, a concern directly ex-
tended from the black-box warning for secondary malignancies associated with CAR-T therapy [15,16]. Given their mecha-
nistic similarities in T-cell activation and the potential for genomic stress, both immunotherapies now necessitate rigorous
pharmacovigilance studies [17]. To address these gaps, we utilized data from the FDA Adverse Event Reporting System
(FAERS) and the WHO global database of Individual Case Safety Reports (VigiBase) spanning 2015 to 2025. This study
aims to characterize the contemporary real-world safety profile and temporal kinetics of BiTEs, evaluate safety heterogeneity
across different targets, indications, and patient demographics, and stratify clinical risks by integrating both incidence and fa-
tality rates to hierarchize toxicity. Additionally, a head-to-head comparison of toxicity profiles between BiTEs and CAR-T
therapies was conducted to delineate their distinct safety patterns and optimize toxicity management strategies. Our findings
are intended to provide pivotal real-world evidence to optimize clinical surveillance and risk-mitigation strategies for BiTEs
within the evolving immunotherapy landscape for HM.

2. Methods

2.1 Data sources

This retrospective observational study evaluated the safety profile of BiTEs in hematological malignancies (HMs) using data
from two major pharmacovigilance databases, FAERS and VigiBase. FAERS contains adverse event (AE) reports from US-
based and international contributors, while VigiBase, maintained by the Uppsala Monitoring Centre, aggregates global reports
from member countries [18,19]. The data collection period spanned from January 2015 to September 2025 for FAERS and
January 2015 to October 2025 for VigiBase. For FAERS cases, HMs were identified based on reported indications and
mapped to preferred terms (PTs) in the medical dictionary for regulatory activities (MedDRA) version 25.1 (Supplementary
Table 1). In VigiBase, diagnoses were retrieved by matching indications against MedDRA v25.1, as well as international
classification of diseases-9 (ICD-9) and ICD-10 codes. Within the ICD framework, cases were screened using codes C81—
C96 (“malignant neoplasms of lymphoid, hematopoietic and related tissue”). Case retrieval targeted specific BiTE agents:
CD19-directed blinatumomab; CD20-directed glofitamab, epcoritamab, and mosunetuzumab; BCMA-directed teclistamab
and elranatamab; and GPRC5D-directed talquetamab. To ensure data quality, analyses were restricted to cases designated as
“primary suspect” in FAERS or “suspect” in VigiBase.
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2.2 Data processing procedure

We applied established data mining techniques, consistent with our previous pharmacovigilance research, to comprehensively
characterize the safety landscape of BiTEs [20,21]. Duplicate reports were removed to ensure data integrity. In FAERS, dupli-
cates were defined as records sharing identical values across “sex,” “age,” “country,” “event date,” “adverse reaction,”
“drug,” and “indication” fields; for records with the same caseid, the entry with the highest primaryid (representing the most
recent update) was retained [22]. For VigiBase, deduplication was conducted using the database’s proprietary algorithm [23].
To mitigate indication bias, we manually curated data regarding BiTE-associated second primary malignancies (SPMs).
Applying established inference criteria [21], cases with ambiguous causal attributions, where the distinction between the AE
and the primary indication remained indeterminate, were excluded (Supplementary Table 2). Ultimately, 782,838 AE reports
from FAERS and 741,448 from VigiBase involving patients with HMs were retained, with 9,350 and 9,578 reports specifi-
cally implicating BiTE agents, respectively (Figure 1).
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Figure 1. Flowchart of data processing and pharmacovigilance analysis.

Created in BioRender. Shen, J. (2026) https://BioRender.com/v3leio8.
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2.3 Disproportionality analysis and signal detection

Disproportionality analysis was employed to assess potential associations between AEs and BiTEs. We utilized the reporting
odds ratio (ROR) to quantify the likelihood of target AEs occurring in suspected association with the drug of interest [24]. For
the primary disproportionality analyses, AE reports involving patients with HMs who received non-BiTE therapies served as
the reference group. This disease-restricted comparator was selected instead of the entire database population to reduce con-
founding by indication and improve comparability with respect to the underlying malignancy, baseline immune dysfunction,
disease-related complications, and treatment patterns [25]. Separate 2x2 contingency tables were constructed for occurrence
and fatality analyses (Supplementary Tables 3—4). The ROR and its 95% confidence interval (95% CI) were calculated us-
ing standard equations detailed in the Supplementary Methods. A positive occurrence signal was defined as a case count >3
and the lower limit of the 95% CI for the ROR >1 [22,26]. Similarly, a positive fatality signal was defined as a total number
of reports for the target AE >10, a number of fatality cases >3, and the lower limit of the 95% CI for the fatality ROR >1. AEs
satisfying these criteria concurrently in both databases were categorized as BiTE-associated high-occurrence AEs (BAHO-
AEs) or BiTE-associated high-fatality AEs (BAHF-AEs). To account for confounders (age, sex, reporting year, and indica-
tion), multivariate logistic regression models were employed to calculate adjusted RORs (aRORs). Sensitivity analyses were
conducted comparing BiTEs against CAR-T therapies, including CD19-directed agents (axicabtagene ciloleucel, brexucabta-
gene autoleucel, lisocabtagene maraleucel, tisagenlecleucel) and BCMA-directed agents (idecabtagene vicleucel, ciltacabta-
gene autoleucel). Finally, to construct a comprehensive clinical risk framework, events were stratified into three distinct clini-
cal risk patterns based on the intersection of BAHO-AE and BAHF-AE criteria: (1) high-occurrence/non-fatal events
(BAHO-nonBAHF): satisfying BAHO-AE criteria but lacking a significant fatality signal; (2) high-occurrence/fatal events
(BAHO-BAHEF): concurrently satisfying both BAHO-AE and BAHF-AE criteria; and (3) non-high-occurrence/fatal events
(nonBAHO-BAHF): fulfilling BAHF-AE criteria while falling below the high-occurrence threshold.

2.4 Co-occurrence analysis

Pairwise co-occurrence and mutual exclusivity analyses were conducted on specific PTs to elucidate association patterns.
Association strength was assessed using Fisher’s exact test, with P-values adjusted via the Benjamini-Hochberg procedure to
control the false discovery rate (FDR). Significant co-occurrence was defined as FDR < 0.05, odds ratio (OR) > 2, and case
count > 5. Furthermore, to investigate potential synergistic toxicity, the fatality ROR was determined for pairwise combina-
tions of non-significantly fatal PTs.

2.5 Time-to-onset analysis

In FAERS, time-to-onset (TTO) was calculated as the interval between the event onset date (EVENT_DT) and therapy start
date (START_DT). In VigiBase, TTO values are pre-calculated by the UMC as a range (TTO_min to TTO_max). Following
UMC recommendations, the TTO for individual reports was estimated as the arithmetic mean of TTO_max and TTO_min. To
ensure precision, analyses were restricted to reports where the difference between TTO_max and TTO_min did not exceed 1

day.

2.6 Statistical analysis

Baseline characteristics were compared using the Chi-square test for categorical variables and the Mann-Whitney U test for
continuous variables. Annual trends were visualized using histograms and line charts, fatality proportions were depicted via
stacked bar charts, and ROR signal distributions were presented using heatmaps and forest plots. Anatomical heatmaps (gen-
erated via MOAHIT, https://smuonco.shinyapps.io/MOAHIT/) mapped the organ-specific distribution of AEs under each risk
pattern [27]. For this visualization, each MedDRA PT was mapped to a single anatomical region using a prespecified hierar-
chical rule: PTs with an explicit anatomical site were assigned directly to the corresponding organ; otherwise, the primary
MedDRA v25.1 SOC was used when it had a unique anatomical correlate. Multisystem or non-anatomical PTs without a
unique organ assignment were retained in the quantitative and pie-chart analyses but were not displayed on the body map.
Within each risk pattern, the FAERS case counts for PTs assigned to the same organ were summed and uploaded to MOAHIT
as the organ-level value. Pie charts analyzed the compositional proportions of PTs. Differences in median TTO were evalu-

ated using the Mann-Whitney U and Kruskal-Wallis tests. Furthermore, stratified analyses compared median TTO across sub-

iCancer. 2026:1CA260001 https://ojs.apexsci.org/index.php/icancer 40f 21


https://ojs.apexsci.org/index.php/icancer

groups defined by sex, age, drug target, indication, and risk pattern. Heatmaps were generated to visualize the temporal pro-
files and median TTO for SOCs associated with BAHO-AEs. All analyses were performed using R software (version 4.2.2),

utilizing the ggplot2 package for visualization [28]. A two-sided P-value < 0.05 was considered statistically significant.

3. Results

3.1 Current overview of AE profile following BiTE therapy

As shown in Figure 2A, BiTE-related AE report counts increased substantially from January 2015 to October 2025, rising
from 181 to 2,122 and from 107 to 2,958—approximately 11.7-fold and 27.6-fold increases, respectively—with particularly
pronounced growth after 2022. Additionally, the proportion of BiTE-related AE reports among all AE reports from patients
with HMs increased by 13-fold in FAERS (from 0.31% to 3.93%) and 34-fold in VigiBase (from 0.19% to 6.45%), respec-
tively. Fatal AEs accounted for 23.3% and 18.5% of all reported AEs in FAERS and VigiBase, respectively (Figure 2A). A
clear contrast emerged between SOC distributions in terms of case number and outcome severity (Figure 2B). The most fre-
quently reported categories, besides infections, were nervous system disorders (Ngagrs = 2,119; Nyjgipase = 1,863) and im-
mune system disorders (Ngagrs = 2,041; Nyjgigase = 2,256). While these SOC categories dominated in case numbers, their
fatality rates were comparatively moderate (13-22%). Conversely, several relatively less frequently reported SOCs (case num-
ber less than 1,000) demonstrated a markedly higher propensity for fatal outcomes. Specifically,
respiratory/thoracic/mediastinal disorders, neoplasms, hepatobiliary disorders, and cardiac disorders each had fatality propor-
tion above 30%, far surpassing those of most high-occurrence SOCs. Infections and infestations stood out as a distinct excep-
tion, ranking highest in case volume (Nppygrg = 2236; NvyigiBase = 2302) while exhibiting high fatality proportion (FAERS:

34.1%; VigiBase: 25.1%) comparable to those of respiratory or cardiac disorders.
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Figure 2. Temporal trends and SOC distribution of reported cases.

(A) Longitudinal trends of BiTE-related reports in FAERS and VigiBase. The bar chart displays the absolute number of cases, while the line
graph represents the proportion of BiTE-related reports relative to all hematologic malignancy reports. The bottom heatmap indicates the fatality
rate. The asterisk indicates that the 2025 data represent partial-year reports, covering reports through September 2025 for FAERS and October
2025 for VigiBase. (B) Distribution of reports across the top 15 SOCs. The left bar chart shows the number of cases associated with each SOC in
FAERS and VigiBase, and the right chart displays the corresponding fatality rates.

3.2 Clinical characteristics of HM patients with and without BiTE therapy

Comparisons of demographics and clinical characteristics between BiTE and non-BiTE treated HM patients were summa-
rized in Supplementary Tables 5 and 6. The BiTE cohort was notably younger than non-BiTE recipients (mean age in
FAERS: 52.8 vs 64.8 years), with higher proportions of pediatric (< 18 years; FAERS: 12.01% vs. 3.64%; VigiBase: 5.80% vs
2.55%) and young adult patients (18-44 years; FAERS: 18.11% vs 6.79%; VigiBase: 12.99% vs 7.77%). Compared to non-
BiTE cases, a higher proportion of AE reports came from BiTE recipients with leukemia (FAERS: 49.12% vs 29.91%;
VigiBase: 30.54% vs 27.51%) and lymphoma (FAERS: 19.42% vs 17.67%; VigiBase: 25.44% vs 18.85%). The opposite trend
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was observed for MM, where AE reports from BiTE cases constituted a lower proportion (FAERS: 31.46% vs 52.42%;
VigiBase: 44.02% vs 53.64%). For BiTE recipients, the fatality report proportion was comparable to non-BiTE recipients in
VigiBase (18.50% vs 17.68%, P = 0.11) but significantly higher in FAERS (23.32% vs 16.04%, P < 0.001).

3.3 Identification and co-occurrence patterns of BAHO-AEs

A total of 198 BAHO-AEs across 16 SOCs were identified. BAHO-AEs with case counts > 30 are displayed in Figure 3.
BAHO-AEs with fewer than 30 cases are shown in Supplementary Figure 1. Infection-related BAHO-AEs were predomi-
nantly reported in individuals aged 45 years and above. The spectrum of reported neurological BAHO-AEs varied markedly
by target, which was broadest and most frequent for anti-CD19 BiTE in ALL, more restricted for anti-GPRC5D/BCMA
BiTEs in MM (with BCMA group showing weaker signals), and least frequent for anti-CD20 BiTEs in lymphoma. Similar
target-specific patterns were observed in metabolism and nutrition disorders, psychiatric disorders, and hepatobiliary disor-
ders. CRS emerged as the universal top-ranking immune system disorder, maintaining the highest BAHO-AE signal across all
subgroups analyzed, irrespective of disease or demographic characteristics. In contrast, acute myeloid leukemia (AML) was
largely confined to anti-CD19 BiTE in ALL patients, whereas skin and subcutaneous tissue disorders were primarily reported
in anti-GPRC5D BiTE in MM. After adjusting for confounding factors, signals for 53 BAHO-AEs remained significant in
both databases (Supplementary Figure 2A and Supplementary Table 7). AEs identified as high occurrence in only one
database or showing no significant signals were detailed in Supplementary Tables 8 and 9.
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Figure 3. Identification of BiTE-associated high-occurrence AEs (BAHO-AEs).

The heatmap displays the ROR for BAHO-AEs (case count > 30). Grouped by SOC, the left and right squares in each cell represent data from
FAERS and VigiBase, respectively. The size of the square corresponds to the number of cases, while the color intensity (red) indicates the magni-
tude of the occurrence ROR. Gray indicates non-significant associations, and blank spaces indicate a case count of fewer than 3. Abbreviations:
CRS, Cytokine Release Syndrome; ICANS, Immune Effector Cell-associated Neurotoxicity Syndrome; GvHD, Graft-versus-host Disease;
MODS, Multiple Organ Dysfunction Syndrome; ALL, Acute Lymphoblastic Leukemia; DLBCL, Diffuse Large B-Cell Lymphoma; MM,
Multiple Myeloma; FL, Follicular Lymphoma.

The BAHO-AE co-occurrence network is characterized by distinct association patterns and complex clinical interrelation-
ships (Figure 4). Clustering was primarily observed among BAHO-AEs from infections and infestations, nervous system dis-
orders, and immune system disorders. Particularly, CRS emerged as the central hub, linking ICANS and other neurotoxicities
to bone marrow suppression and infections (e.g., neutropenia, bacteremia, fungal infection), and to systemic derangements in-
cluding hypotension, hypoxia, and tumor lysis syndrome. The most prominent groupings were the CRS-ICANS-bacteremia
triad and CRS-ICANS-HLH hyper-inflammatory cluster. Co-occurrence was also widespread between nervous and psychi-
atric systems. Confusional state, for example, frequently coincided with neurotoxicity, tremor, and headache (Supplementary
Table 10).

iCancer. 2026:1CA260001 https://ojs.apexsci.org/index.php/icancer 8 of 21


https://ojs.apexsci.org/index.php/icancer

Infecti
A coVB98
Sepsi

is
eptic Sock

S SOC Category
OVID 19 Preumonia
Cytomegalovirus Infection
Cytomegalovirs Infection Reactivation
raemia

Fungal Infection

Pneumocystis Jiroveci Preumania
Pseudomonas Infection

[ Infections and Infestations

I Nervous System Disorders

[H Immune System Disorders

[ General Disorders and Administration Site Conditions
[ Investigations

[EBlood and Lymphatic System Disorders

[ Gastrointestinal Disorders

[ Respiratory, Thoracic and Mediastinal Disorders

[l Metabolism and Nutrition Disorders

[l Skin and Subcutaneous Tissue Disorders

Rhinovirus Infection
Respiratory Syncytial Virus Infection
Atienovirus Infection

Pseudomonal Sepsis

BK Virus nfection

Enterovirus Infection

ICANS
Neurotoxicity
Headache
Fromor
Seizure
Nervous System Disordor
Aphasia
Dysheusia
Encopngdoainy
Depgassed Level of Gonsciosnsas
Alered State °;p::s:‘¥°)séi?’%§ [ Neoplasms Benign, Malignant and Unspecified (Incl Cysts and Polyps)
Bysgﬁgaig [0] Vascular Disorders
[T Psychiatric Disorders
[ Hepatobiliary Disorders
[ Cardiac Disorders

[[] Musculoskeletal and Connective Tissue Disorders

Generalised Tonic-clonic Seizure
Unresponsive fo Stimuli
pra

Anosmia

Hypogammaglobulinaemia
Haemophagodytic Lymphohistiocytosis

Injection Site Pain
Alanine Aminotransferase Increased Co-occurrence Profile
Aspartate Aminolransferase Increased
~reactive Protein Increased

Blast Cell Count Increased

Blood Billrubin Increased

Blood Lactate Dehydrogenase Increased
Transaniinases Increased
Gamma-glutaylransferase Increased
Serum Ferritin Increased

Blood Alkaline Phosphatase Increased
Interleukin Level Increased

lood Fibrinogen Increased

Procalcitonin Increased

M Significant Co-ocourrence
Non-significant Co-occurrence
No Co-occurrence Signal

MODS
Injection Site Erythema
E

leutropenia [ WM
ool
ioRocrns L™ m oA ut
Dry M L -
Respiratory Failure [] W2 m [ ]
oxia L - L]
“Tumour Lysis S{ndrome ]
Hypdolaemia .
Nipoddicaomia = = "
Hypophosphataemia -
Fpoaibuminacmia =
Hypomagnesaemi [ ]
Skin Exfoliation | ]
Nail Disorde
Onychomadesis.
Skin Toxicity
NRaiceey m . .
Nail Discolouration
Venoocclusivg Disease| | @ n = " o
Capillary Leak Syndrome "
Confusional State ]
Disorientation
Dehnum|:|
Mental Status Changes
Hepatotoxi
Venoocaiusive' Ner Disssse l el Tl |
Iz dj
Sinus Tachjcarda o "a
Muscular Weakness [ LI L] n -
() S () (S (] (S o (N S S ) (S . .
#5238 e T i e R 3 I E RS O PERREER sEp2REE 502 85 g24
& SEZO0ERDEIRIB0ET £5E58 8050 225058 328 555 R 28505 B5s
30 58 05823358885053 £ 083550 888 8328588 E5552 88%
© e -85 0a2 PR320 Y s £8EFEE §58 285 5FEss 320Es58500 228
g gg ST &5 goosd 29 35 U E£3 8665 a5o; S 803 55 5 85 88=
ga 5 3 £ 08 25968 te 22 3 2 ggOs 982 852090 ¢ 85 58
& g gEs 2 2 8 ££ 8 82 55 g8 §52 5 § gsa 2Tzx 28 IHIOVY
85 z32s-ses L5888 gz B o3 g5 S BEES STIEES 5503
8% “esclssés e s & EE £ 22 &3 2 §2° 5362
i oS R - i £ 087 °
S; 5 |3 ] S g = & 5 g5 23
s T2 2 @2 ¥ £ g s 3 g
H § g a8 T s @ 2
s E B $2 2 £
? 8 &5 £z 5 8
5 ¢ & & ° 5
= ©
3 £
B Co-occurring PT Pairs SOC Pairs Co-occurring PT Pairs SOC Pairs
CRS-ICANS————————&% Infection - ICANS ——&
CRS - Neurotoxicity|———o ICANS - C Infection °
CRS - Dysgeusial—o CRS - Tumur Lysis Syndrome (——5
CRS - Infection CRS - Hypocalcaemia +o
——— o
- Pyrexia - C-reactive Protein Increased —a
. GVHD - Infection—o Pyrexa - Alanine Aminoransioras Incraased Le
Infection — Hypogcagénaggmuhnaemla—4 Blast Cell Count Increased ~ Pyrexia -0
- Bacteraemia {0 Neutropenia -
‘ penia - ICANS —6
CRS - Fungal infection -0 Neutropenia - Headache -0
GYHD - Cytomegalovirus infection to CRS - Hypotension! 5 [}
CRS - "(‘:<5R‘J§°DGD"I'8'40 Pyrexia - Confusional State —o [T}
GVHD - Neutropenia _48 Pyrexia - Tachycardia —o om 4
_t ialo CRS - Hypoxia—o om 3
CRS - Lymphopenial-o Dry mouth - Dysgeusia @ DI
pyrexia - Haarlache] Dry mouth - Ageusia -e 2
Pyrexta = Tremor ° Skin Exfoliation - Dysgeusia f& 1
Pyﬁ:;;‘:» Se?zufe__o—o Dysgeusia - Nail Disorder g
Pyrexia - Aphasial o Pyrexia - Hypoxia =5 1] Ln(OR)
Hypotension - Pyrexiaf—& [T} Hypotension - Hypoxia £0 oe
Neutropenia - Infction} Pyrexia - Muscular Weakness & (0]
oA Dl Il Hypotension - Tachycardia & [Ti]
o 4 , "
Confusional State - Tremor{—@ Alanine amin ) o]
Neurotoxicity - Confusional State |—o Hypotension - Confusional State fo L0}
Confusional State - Headache -0 Hypotension - Tremor & on
Confusiona State - Aphasia {@ Pyrexia - ia (o o
10( 0 300 50 100
Co-occurrence Count (Cases) Co-occurrence Count (Cases)

Figure 4. Co-occurrence patterns and cross-system associations of BAHO-AEs.

(A) Pairwise association matrix of BAHO-AEs in FAERS. The co-occurrence risk between event pairs was assessed using Fisher’s exact test,
with P-values corrected for multiple hypothesis testing using the Benjamini-Hochberg method. The heatmap includes only PTs meeting the
screening criteria (FDR < 0.05, OR > 2, co-occurrence count > 5). PTs are ordered by SOC and frequency. (B) Top 50 cross-SOC co-occurring
pairs in FAERS. The lollipop chart displays the most frequent concurrent AEs across different organ systems. The color of the dots represents the
log odds ratio, and the x-axis shows the absolute number of co-occurring cases. Abbreviations: CRS, Cytokine Release Syndrome; ICANS,
Immune Effector Cell-associated Neurotoxicity Syndrome; GVHD, Graft-versus-host Disease; MODS, Multiple Organ Dysfunction Syndrome;
DIC, Disseminated Intravascular Coagulation.

3.4 Identification of BAHF-AEs and risk stratification

Thirty-six BAHF-AEs (Figure 5A) were identified, primarily clustered into several major SOCs including infections and in-
festation, nervous system disorders, immune system disorders and respiratory, thoracic and mediastinal disorders.
Representative BAHF-AEs comprised sepsis, septic shock, fungal infection, ICANS, COVID-19 pneumonia and respiratory
failure. Among these, sepsis, septic shock, and respiratory failure demonstrated robust mortality risk associations across most
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subgroups. After adjusting for confounders, 20 BAHF-AEs retained statistical significance in both databases
(Supplementary Figure 2B). BAHF-AEs with positive fatality signals only in a single database or AEs without significant
fatal signals are detailed in Supplementary Tables 11 and 12.

To delineate a comprehensive safety profile from common to critical events, AE reporting frequency and fatality reporting ra-
tio were integrated to enable BiTE-related AEs to be stratified into three clinical risk patterns (Figure 5B). The first pattern,
BAHO-nonBAHF, comprised high prevalence but non-fatal AEs (CRS, pyrexia, etc). The second pattern, BAHO-BAHF in-
cluded high-frequency AEs with significant fatality signals (ICANS, sepsis, etc). The third pattern, nonBAHO-BAHF, con-
tained non-high frequency AEs but carried substantial fatality risks (pleural effusion, cardiac failure, etc). Notably, some non-
BAHF AEs, while lacking significant mortality risks on their own, showed elevated fatality signals when co-occurring with
other such AEs (Supplementary Figure 3). Combinations such as CRS with cytomegalovirus infection or atrial fibrillation

indicated that concurrent manifestations may confer a synergistic lethality risk beyond that of individual events.
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Figure 5. Identification of BiTE-associated high-fatality AEs (BAHF-AEs) and clinical risk classification.

(A) Identification and categorization of BAHF-AEs. Color intensity represents the strength of the fatal ROR signal, and square size represents the
number of fatal cases. Based on the significance of occurrence signals in both databases, these fatal PTs were categorized into three groups: “High
Occurrence Risk” (significant occurrence in both databases), “Significant in Single Database” (significant in only one database), and “Non-High
Occurrence Risk” (significant in neither). (B) Event classification based on occurrence and fatality risks. The human body heatmap demonstrates
the classification of AEs into three clinical patterns: (1) High-Occurrence/Non-Fatal Events (high occurrence risk but low fatality risk); (2) High-
Occurrence/Fatal Events (high occurrence and high fatality risks); and (3) Non-High-Occurrence/Fatal Events (relatively low occurrence risk but
high fatality). For the body maps, each PT was assigned to one anatomical region based on its explicit anatomical site or, when absent, its primary
MedDRA SOC; PTs without a unique anatomical correlate were not mapped, and FAERS case counts were summed by organ within each risk
pattern. Sectors display the distribution of major PTs within each pattern. Data were derived from the FAERS database. Abbreviations: CRS,
Cytokine Release Syndrome; ICANS, Immune Effector Cell-associated Neurotoxicity Syndrome; ARDS, Acute Respiratory Distress Syndrome;
GvHD, Graft-versus-Host Disease; MODS, Multiple Organ Dysfunction Syndrome; ALL, Acute Lymphoblastic Leukemia; DLBCL, Diffuse
Large B-Cell Lymphoma; MM, Multiple Myeloma; FL, Follicular Lymphoma.
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3.5 Time to onset analysis of BiTE-related AEs

BiTE-related AEs exhibited a pronounced early-onset trend compared to non-BiTE therapies. TTO was significantly influ-
enced by demographic and clinical characteristics: notably younger age (< 45 years), CD19/GPRC5D targeting, and ALL in-
dication were associated with markedly earlier AE onset (Supplementary Figure 4).

In fatal cases, demographics showed no significant impact, whereas the earlier onset linked to CD19/GPRCS5D targets and
ALL indication in FAERS (Supplementary Figure 5). Further stratification by clinical risk revealed that “BAHO-non-
BAHF” AEs occurred significantly earlier than “BAHO-BAHF” or “nonBAHO-BAHF” groups (Figures 6A & B).

Generally, a higher proportion of SOCs in non-fatal cases showed a median TTO within seven days (60%, 9/15) compared to
fatal cases (33%, 5/15; Figure 6C). SOC-level analysis delineated that fatal outcomes in nervous, blood/lymphatic, and hepa-
tobiliary systems were significantly later than their non-fatal counterparts (Figures 6C & D). Infections and respiratory disor-
ders were consistently delayed (28-90 days), whereas immune disorders were consistently early-onset (within seven days;
Figure 6D).
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Figure 6. Comparative Time-to-onset (TTO) kinetics of fatal and non-fatal BiTE-associated AEs.

Kaplan-Meier cumulative event curve analyses and TTO profiling were performed using data from FAERS and VigiBase. (A—B) comparisons of
TTO profiles among High-Occurrence/Non-Fatal, High-Occurrence/Fatal, and Non-High-Occurrence/Fatal groups. (C) Distribution of System
Organ Classes (SOCs) by median TTO time windows (<7, 7-28, and 28-90 days) in FAERS, stratified by fatal and non-fatal outcomes. (D)
Overview of TTO profiles for fatal and non-fatal cases stratified by SOCs and subgroups (overall, sex, age, therapeutic targets, and indication).
The grid displays TTO characteristics where marker sizes represent TTO median ranges and colors correspond to temporal profiles (<7, 7-28,
28-90, and >90 days), illustrating distinct temporal shifts in specific SOCs (e.g., nervous system, blood and lymphatic system, and hepatobiliary
disorders). Abbreviations: SOC, System Organ Class; TTO, Time-to-onset.

3.6 Comparative safety analysis between BiTEs and CAR-T therapies

Among BAHO-AEs, the toxicity profiles of BiTE and CAR-T therapies showed distinct patterns (Supplementary Figure
6A). The BiTE therapy had stronger signals in infections and infestations, and hepatobiliary disorders, whereas CAR-T fa-
vored stronger signals in immune system, nervous system and psychiatric disorders. Among BAHF-AEs, fatality profiles be-
tween BiTE and CAR-T therapies also diverged significantly. Generally, CAR-T reported more and higher fatality threats
than BiTE (Supplementary Figure 6B); however, ICANS fatality signal was stronger for BiTEs than CAR-T in FAERS.
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4. Discussion

This study represents the largest post-marketing pharmacovigilance analysis of BiTE safety to date, leveraging a comprehen-
sive evaluation of adverse event profiles, temporal dynamics, and fatality risks. Beyond corroborating known toxicities
[13,14,29,30], we systematically mapped the overall toxicity landscape and developed a novel clinical risk stratification
framework that integrates incidence with lethality. Collectively, these findings establish an evidence-based foundation for re-

fining risk stratification, optimizing phase-specific monitoring, and advancing precision safety management in BiTE therapy.

Extending the framework established by Sun et al. [31], we integrated BiTE-related AE reporting frequency with the fatal-re-
ports proportion and consequently categorized these AEs into three clinical risk patterns, providing new perspectives for
BIiTE clinical safety management. Applying this framework, a key contribution of our study is the identification of a distinct
subset of relatively rare but highly lethal adverse events, designated as the nonBAHO-BAHF type, such as pleural effusion,
cardiac failure, and renal failure. While common non-fatal (BAHO-nonBAHF) and common yet highly fatal (BAHO-BAHF)
AEs are largely addressed by existing guidelines through standardized monitoring, prompt intervention, and supportive care
[2,32], the nonBAHO-BAHEF type presents a unique clinical challenge. Some of these AEs often manifest without typical
warning signals. For example, approximately 85% of reported cardiovascular AEs occurred without concurrent CRS and may
therefore lack sentinel inflammatory signs such as fever, despite their potentially serious prognostic implications [30,33]. This
underscores the critical importance of recognizing nonBAHO-BAHF AEs as a distinct entity requiring heightened clinical
vigilance. Clinically, the three risk patterns may be translated into tier-specific monitoring protocols. For BAHO-nonBAHF
AEs, such as CRS and pyrexia, surveillance should focus on the step-up and initial full-dose periods, with frequent assess-
ment of temperature, blood pressure, oxygen saturation, and neurologic status. For BAHO-BAHF AEs, such as sepsis and
ICANS, early monitoring should be supplemented by serial blood counts and metabolic panels, systematic infection evalua-
tion, structured neurologic assessment, and a low threshold for inpatient escalation. For nonBAHO-BAHF AEs, baseline and
longitudinal organ-specific surveillance is particularly important. This may include pretherapy cardiac, renal, and pulmonary
assessment; electrocardiography, cardiac biomarkers, and echocardiography in patients with cardiovascular risk factors or ab-
normal initial findings; serial assessment of renal function, electrolytes, and fluid balance; and close monitoring of respiratory
symptoms and oxygen saturation, with a low threshold for chest radiography or ultrasonography when pleural effusion is sus-
pected. For high-risk patients, scheduled cardiopulmonary and renal reassessment should continue beyond the early CRS win-
dow. Clinicians should maintain a low threshold for differential diagnosis and initiate prompt and aggressive intervention
when these events are suspected, even in the absence of fever or other classic inflammatory symptoms. Notably, we also ob-
served a phenomenon of synergistic lethal risk, wherein certain adverse events that are not highly fatal in isolation exhibit sig-
nificantly enhanced lethality when they co-occur with other events, such as CRS with atrial fibrillation. Mechanistically,
CRS-induced cytokine storms, particularly driven by interleukin-6, contribute to systemic endothelial and cardiac dysfunc-
tion. This hyperinflammatory milieu promotes acute pathological cardiac remodeling, which acts as a key driver for subse-
quent arrhythmias and heart failure. Consequently, the convergence of CRS and atrial fibrillation compounds this structural
vulnerability, transforming a manageable arrhythmia into a life-threatening condition that frequently precipitates severe heart
failure or hemodynamic collapse [34]. Clinicians should therefore avoid viewing individual AEs in isolation and instead as-
sess the potential for compounded risk when multiple AEs present concurrently.

In this study, CRS not only demonstrated the highest signal intensity across all subgroup analyses but also emerged as a cen-
tral node in the toxicity network, closely linked to ICANS, other neurotoxicities, myelosuppression, and infections. The
mechanistic link between therapeutic efficacy and immune toxicity is rooted in BiTE-induced cytokine release, which is theo-
rized to promote widespread endothelial dysfunction [2,35] through T-cell redirection and activation, triggering a supraphysi-
ological cytokine cascade and subsequent immune-mediated injury characterized by systemic inflammation. The resulting
disruption of the blood-brain barrier and inflammatory infiltration mechanistically explain the strong associations among
CRS, hypotension, and neurotoxicity [35]. Moreover, the frequent co-occurrence of CRS with neutropenia and infection sug-
gests that CRS-associated hyperinflammation may compromise immune homeostasis through myelosuppression or
hemophagocytic-like mechanisms, thereby predisposing patients to secondary infections [36]. Notably, the CRS-ICANS-
Bacteremia triad and the CRS-ICANS-HLH hyperinflammatory cluster were identified as the most prominent AE constella-

tions, indicating that the synergistic interaction of CRS with other AEs can drive more severe clinical outcomes.
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Generally, patients receiving BiTEs exhibited significantly earlier onset of AEs compared to the non-BiTE group, a pattern
consistently observed across most organ systems, with the notable exceptions of infectious and respiratory disorders. This
early-onset profile likely reflects the distinct pharmacodynamics of BiTEs, which induce T-cell redirection through immediate
physical bridging, thereby precipitating toxicity with a "clock-like predictability" that contrasts sharply with the temporal un-
predictability associated with immune checkpoint inhibitors [37,38]. CRS exemplifies this pattern, with a median onset typi-
cally within seven days and even as early as 4-16 hours following initial dosing or dose escalation, markedly earlier than most
fatal SOC events involving the nervous, blood/lymphatic, and hepatobiliary systems [33]. Notably, isolated CRS, which
showed no significant fatality propensity in our study, emerges as the primary contributor to the early-onset AEs (occurring
within the first 7 days). This divergence between high incidence and favorable prognosis aligns with clinical observations and
this low mortality may be partially attributed to the predictable temporal dynamics of CRS [39,40]. Its defined onset window
enables proactive monitoring, while the widespread adoption of standardized guidelines facilitates timely intervention with
corticosteroids and/or tocilizumab at early stages, effectively interrupting the cytokine cascade and reducing progression to
fatal outcomes [9,33]. However, this early-phase safety profile does not extend to the entire treatment course. A higher pro-
portion of fatal events, particularly infections and respiratory complications, occur during later phases (days 28-90), and long-
term risks such as MDS and AML further extend the safety horizon. Together, these temporal patterns underscore the neces-
sity of risk-adapted monitoring strategies: heightened vigilance for early, manageable AEs like CRS during the initial dosing
period, coupled with sustained surveillance for late-onset fatal complications and long-term sequelae throughout the entire

treatment course and into follow-up.

Neurological toxicities constitute another critical group of BiTE-associated AEs, dominated by ICANS and sensory, motor,
and cranial nerve dysfunctions (e.g., ageusia, anosmia, aphasia, dysarthria, dysgraphia). Our findings confirmed the well-es-
tablished co-occurrence of ICANS and CRS [41], and more notably, we unexpectedly revealed a significant yet under-recog-
nized co-occurrence between psychiatric AEs and neurological toxicities. Consistent with existing literature, advanced age
was also identified as a potential risk factor for these psychiatric events [42]. While prevailing pharmacovigilance and clinical
trial data indicate that BiTE-treated patients commonly experience altered mental states, including anxiety, insomnia, and be-
havioral abnormalities, these symptoms rarely progress to life-threatening conditions [43]. However, a growing body of liter-
ature suggests that depressive episodes may represent an underrecognized and potentially fatal adverse event during blinatu-
momab therapy, despite the lack of direct causal evidence [44]. Although no fatal outcomes related to psychiatric disorders
were observed in our study, the high co-occurrence of psychiatric and neurological AEs points to a possible shared pathologi-
cal basis involving CNS immune injury [42]. Notably, comparative analysis revealed distinct BAHF toxicity profiles between
BiTE and CAR-T therapies, with the most pronounced differences observed in neurological AEs. While CAR-T therapy was
associated with a higher overall burden of fatal threats, our study found a notably stronger lethality signal for ICANS in
BiTE-treated patients within the FAERS database. These findings hold important implications for clinical safety management,
underscoring the necessity of prioritizing both neurological and psychiatric AEs in the monitoring and management of pa-
tients receiving BiTE therapy.

Via subgroup analyses, we also identified distinct target-specific toxicity profiles of BiTE therapies, which partially reflect
the divergent tissue distribution patterns of the respective antigens. For anti-GPRC5D BiTE, AE signals were predominantly
concentrated within the SOC of skin and subcutaneous tissue disorders. This finding aligns with the biological distribution of
GPRCSD, which is expressed not only on plasma cells but also on keratinized tissues, including skin, nails, and tongue papil-
lae, resulting in a similar effect of “on-target, off-tumor” [2]. Our analysis further revealed that anti-BCMA BiTEs are associ-
ated with a significantly elevated risk of a broader spectrum of infectious complications, while CD19-targeted BiTEs exhibit
heightened signals for neuropsychiatric AEs compared to other targets. These observations are consistent with findings in the
literature [45], however, the underlying mechanisms remain poorly understood. Whether these target-specific toxicity patterns
stem from intrinsic drug properties or from the underlying pathology of the primary disease indication remains to be eluci-

dated and warrants further investigation.

Several limitations inherent to this study must be acknowledged. First, as spontaneous reporting systems, FAERS and
VigiBase are subject to inherent biases, including underreporting, missing data, and reporting bias [21,46]. Although restrict-

ing the reference group to patients with HMs reduced confounding by indication, the non-BiTE comparator remained thera-
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peutically heterogeneous and included reports involving other highly toxic treatments, including CAR-T therapy. Because
these therapies share toxicities such as CRS, ICANS, cytopenias, and infections, their inclusion may increase the background
reporting of these events and attenuate the corresponding BiTE-associated RORs; therefore, residual comparator-selection
and treatment-channeling bias cannot be excluded. Although multivariable adjustment and the direct CAR-T sensitivity
analysis improved the robustness of our findings, prospective active-comparator studies with detailed treatment histories are
needed to further address these limitations. Furthermore, definitive causality cannot be directly established; thus, the identi-
fied safety signals require validation through prospective studies. Second, due to the incomplete documentation of treatment
history (e.g., heavy chemotherapy or hematopoietic stem cell transplantation), we could not fully exclude the competing risk
contribution of prior therapies to the observed adverse events. Additionally, BiTE therapy significantly prolongs survival in
patients with R/R HMs; this “survivorship bias” may inadvertently inflate the observed frequency of late-onset adverse events
due to extended exposure windows. Future prospective cohort studies should enroll consecutive patients at treatment initia-
tion, apply prespecified longitudinal assessments and standardized follow-up windows, and estimate the risks of late-onset
AEs using person-time and competing-risk methods that account for differences in exposure duration and death. Active sur-
veillance registries linking treatment, hospitalization, and mortality records could further ensure systematic outcome capture
among both early deaths and long-term survivors, thereby reducing differential follow-up and yielding more reliable esti-
mates of delayed toxicity. Finally, given the extended latency of certain toxicities, the current follow-up duration may not yet
capture the full risk landscape. Moreover, critical potential confounders (e.g., genetic background, environmental exposures,
COVID-19 infection status) are frequently absent from spontaneous reports.

5. Conclusion

Leveraging the largest global pharmacovigilance datasets, this study conducted an extensive post-marketing analysis of BiTE
therapy and constructed a comprehensive safety landscape. A novel risk stratification framework integrating incidence and fa-
tality was established, identifying three distinct clinical risk patterns. Notably, the analysis uncovered underrecognized non-
BAHO-BAHF adverse events and the phenomenon of synergistic lethal risk. Temporal dynamics enabling phase-specific
monitoring were delineated, and target-specific toxicity profiles were identified. In conclusion, this study addresses a critical
gap in real-world BiTE safety data, providing an evidence-based framework to refine risk stratification and advance precision
management of BiTE therapy.
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