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Bispecific antibodies (BsAb) are associated with distinct im
mune-related toxicities that impact morbidity and mortality. 
This systematic review and meta-analysis examined non- 
relapse mortality (NRM) with BsAb therapy in B-cell non- 
Hodgkin lymphoma (NHL) and multiple myeloma (MM). 
A PubMed and Embase search up to October 2024 identified 
29 studies (21 NHL, 8 MM) involving 2,535 patients. The 
overall NRM point estimate was 4.7% (95% confidence inter
val [CI] 3.4%–6.4%), with a median follow-up of 12.0 months. 
We noted no significant difference in NRM across disease en
tities (NHL: 4.2%, MM: 6.2%, p = 0.22). In NHL, prespecified 
subgroup analyses revealed increased NRM in real-world 
studies compared to clinical trials. For MM, an association 
between NRM and higher response rates and longer follow- 
up was noted. Meta-regression comparing BsAb and 
CAR-T therapies (n = 8,592) showed no significant NRM 
difference when accounting for key study-level confounders 
(p = 0.96). Overall, infections were the leading cause of 
NRM, accounting for 71.8% of non-relapse deaths. Of the 
infection-related deaths, 48% were attributed to COVID-19. 
In a pre-specified sensitivity analysis excluding COVID-19 
fatalities, the overall NRM estimate was 3.5% (95% CI 
2.6%–4.6%). Taken together, these results provide a bench
mark for the estimated NRM with BsAb therapy and 
highlight the paramount importance of infection reporting, 
prevention, and mitigation.

INTRODUCTION

Bispecific antibodies (BsAb) represent a modern immunothera
peutic approach, linking CD3 on T-cells to tumor-associated anti

gens on cancer cells, thereby enabling direct targeting of 
malignant cells without the need for ex vivo cell manipulation.1,2

While the most extensively studied BsAb targeting CD19, CD20, 
GPRC5D, and BCMA have so far been used to treat patients with 
relapsed or refractory lymphoid and plasma cell malignancies,3,4

multiple studies are currently investigating their efficacy and 
safety in earlier lines of treatment5 and for non-malignant conditions 
like autoimmune diseases.6 BsAb have emerged as both an alterna
tive and an adjunct to chimeric antigen receptor (CAR) T-cell ther
apies. They offer the advantages of being off the shelf, with easier 
administration and the potential for repeated dosing in settings 
where treatment can be paused upon response and resumed upon 
relapse.7–9

While BsAb and CART-cell therapies share T-cell activation and cyto
toxicity mechanisms, they differ in their adverse event profiles. Both 
approaches are associated with immune-related toxicities such as cyto
kine release syndrome (CRS) and immune effector cell-associated 
neurotoxicity syndrome (ICANS). However, the incidence and severity 
of these toxicities tend to be lower with BsAb compared to CAR T-cell 
therapies, possibly due to the absence of the large-scale T-cell expan
sion characteristic of CAR T-cell therapy.10–12 However, infectious 
complications are a significant and concerning toxicity associated 
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with BsAb therapy.13,14 These infections often arise from on-target/off- 
tumor effects, such as B-cell aplasia and hypogammaglobulinemia, 
leading to sustained immunosuppression and increased infection sus
ceptibility.15,16 Additionally, factors such as neutropenia, T-cell 
exhaustion, prior chemotherapy, and the underlying malignancy 
further contribute to this vulnerability.11,13,17

Given the cumulative burden of these potentially fatal toxicities, 
understanding non-relapse mortality (NRM), defined as death 
not preceded by disease recurrence or progression, associated 
with BsAb therapy is essential. While NRM is a well-established 
metric in allogeneic hematopoietic cell transplantation (HCT) 
and has drawn growing attention in the context of CAR T-cell ther
apies,18–20 data on NRM associated with BsAb therapies remain 
limited.

This systematic review and meta-analysis addresses this gap by 
analyzing the incidence and causes of NRM associated with BsAb ther
apy across a spectrum of advanced B-cell malignancies. Additionally, 
we leverage the insights gained from our previous analysis of NRM 
with CAR T-cell therapy,18 to provide a comprehensive perspective 
on immunotherapy-related mortality risks across treatment 
modalities.

Figure 1. Study retrieval and identification for meta- 

analysis 

Flowchart illustrating the inclusion and exclusion process 

for the systematic review and meta-analysis of non- 

relapse mortality (NRM) associated with BsAb therapy, 

conducted in accordance with PRISMA guidelines.

RESULTS

Study cohort

We screened a total of 287 studies for reports of 
non-relapse deaths in patients treated with 
BsAb therapies. Of these, 66 full-text articles 
were assessed for NRM and causes of death, 
and 29 articles met the criteria for further anal
ysis (Figure 1). These included 25 reports on 
clinical trials (CTs),9,21–44 encompassing a total 
of 2,340 patients (phase 1: 7, phase 1/2: 5, phase 
2: 13), and 4 real-world studies (RW)45–48

involving 195 patients (Table 1). Two CTs 
were subdivided by dose-specific27,38 and one 
CT by disease-specific cohorts,9 resulting in 
32 distinct study cohorts for final evaluation.

The most common entity was large B-cell lym
phoma (LBCL, 920 patients), followed by mul
tiple myeloma (MM, 706 patients), indolent 
lymphoma (IL, 499 patients), and mantle cell 
lymphoma (MCL, 60 patients). Three studies 
did not specify lymphoma subtypes (350 pa
tients).22,31,33 For non-Hodgkin lymphoma 

(NHL), the distribution of BsAb products was 6 glofitamab, 6 mosu
netuzumab, 5 blinatumomab, 4 epcoritamab, and 2 odronextamab. 
Among the MM cohorts, 3 were treated with teclistamab, 2 with tal
quetamab, 2 with elranatamab, and 1 each with linvoseltamab and 
ABBV-383 (etentamig). Follow-up duration ranged from 1.0 to 
40.8 months across studies.

NRM estimates did not vary significantly across disease entities 

and BsAb products

Across all patients, the overall NRM point estimate was 4.7% (95% con
fidence interval [CI] 3.4%–6.4%; Figure 2) after a median follow-up of 
12.0 months. Incorporating the median follow-up per study, we 
observed 0.043 NRM events per patient-year (Figure S1). Study hetero
geneity was moderate (I2 = 39.2%; Figure 2).49 While we identified a 
risk of publication bias by funnel plot analysis (Egger’s test p < 0.001; 
Figure S2), we did not detect a risk of study bias, except incomplete re
porting of ethnicity (Table S1). Since underlying tumor biology and 
previous treatments may affect non-relapse deaths, we next investi
gated associations between tumor entities and NRM point estimates.

While NRM was numerically lower with NHL (4.2%, 95% CI 2.8%– 
6.3%), we did not detect a significant difference compared to MM 
(6.2%, 95% CI 3.9%–9.8%, p = 0.22; Figure 2). Furthermore, the 
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different products did not significantly impact the NRM estimates; 
there was neither a significant difference between NHL products 
(odronextamab 8.6%, glofitamab 5.4%, blinatumomab 4.0%, mosu
netuzumab 3.5%, epcoritamab 2.1%, p = 0.33; Figures 3A and 3B) 
nor between MM products (elranatamab 10.7%, teclistamab 6.5%, 
linvoseltamab 5.1%, talquetamab 4.0%, ABBV-383 [etentamig] 
2.0%, p = 0.19; Figures 3C and 3D). In NHL, the pre-specified sub
group analyses revealed significantly higher NRM point estimates 
in the RW studies compared to the cohorts treated within clinical 
trials (Figure S3A), but no significant impact of age, prior CAR-T 
exposure, number of previous therapy lines, overall response rate, 
or the duration of follow-up on the NRM point estimates (panel A 
of Figures S4–S8). In MM, significantly higher NRM point 
estimates were observed in cohorts with overall response rates 
above the median (9.9% vs. 4.0%, p = 0.005; Figure S7B) and 
follow-up time above the median (10.2% vs. 4.2%, p = 0.003; Fig
ure S8B), but no significant impact of the treatment setting (CT vs. 
RW), age, or prior CAR-T exposure (panel B of Figures S3–S5). 
Between the different target antigens, no difference in NRM point es
timates was observed either in NHL (CD19 vs. CD20) or in MM 
(BCMA vs. GPRC5D) (Figure S9). In the two NHL studies included 
in our analysis where BsAb were combined with other therapeutic 
regimens, NRM was not significantly higher with combination 
therapy (Figure S10).24,40 Additionally, there was no significant dif
ference in NRM point estimates between products that are already 
approved and those not yet approved for the investigated entity 
(Figure S11).

Meta-regression analysis reveals a similar NRM for BsAb and 

CAR-T therapy when accounting for key study-level 

confounders

While both BsAb and CAR T-cell therapies hold significant promise, 
the lack of direct comparative studies poses a challenge to optimizing 
clinical decision-making and understanding their relative safety pro
files. To address this gap, we integrated our previously published sys
tematic review on NRM after CAR T-cell therapy.18 To align the in
clusion criteria of both studies, for this meta-regression we excluded 
BsAb that were not yet approved by the US Food and Drug Admin
istration (FDA) or the European Medicines Agency for the investi
gated disease entity at the time of submitting this study. On univar
iate analysis, the NRM point estimate was numerically lower with 
BsAb therapy (4.9% vs. 6.8%, p = 0.09; Figure 4A). Subgroup analysis 
indicated that this difference was primarily driven by NHL studies 
(4.3% vs. 6.5%, p = 0.05; Figure 4B), whereas NRM estimates were 
elevated for both treatment modalities in MM (BsAb: 7.2%, CAR- 
T: 8.0%, p = 0.73; Figure 4C). Next, we performed a meta-regression 
analysis incorporating 68 study cohorts and 8,592 patients adjusted 
for disease type, prior treatment lines, treatment setting, and 
follow-up duration, excluding 3 studies that did not differentiate be
tween lymphoma subtypes. When accounting for these key study- 
level risk factors, the treatment modality had no statistically signifi
cant effect on NRM estimates (p > 0.9; Figure 4D). Notably, extended 
follow-up emerged as the only study-level covariate showing a trend 
toward influencing NRM (p = 0.06).T
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When excluding COVID-19 fatalities, we noted more pronounced 
differences between both treatment modalities (3.6% vs. 6.1%, p = 
0.003; Figure S12). For example, significantly lower NRM estimates 
were seen for BsAb vs. CAR-T therapy in NHL (3.1% vs. 5.8%, p = 
0.005), which also extended to numerically decreased NRM in MM 
(5.0% vs. 7.2%, p = 0.16). In addition, a trend toward lower NRM 
was observed with BsAb compared to CAR-T therapy in the meta- 
regression analysis, excluding COVID-19 deaths (adjusted p = 
0.10; Table S2).

Infections are the main driver of NRM following BsAb therapy

To elucidate NRM etiology, we extracted the available data for all 149 
reported non-relapse deaths among our total BsAb study cohort of 
2,535 patients. For 138/149 cases (92.6%), the underlying cause of 
death was indicated, which we classified into one of 7 groups as out
lined in the materials and methods (Figure 5A). If the cause of death 
did not match any of these groups, it was classified under “other” 
(8/149 cases; Table S3). In 11/149 cases (7.4%), the specific cause 
of death was reported as “unknown.”

Figure 2. Forest plot of NRM point estimates across all study cohorts and stratified by entity 

Forest plot displaying NRM point estimates and 95% confidence intervals, calculated using a random effects model. Studies are arranged by disease type, with B-cell non- 

Hodgkin lymphoma (NHL, blue) presented at the top and multiple myeloma (MM, red) below. Different shades of blue and red represent therapeutic products within each 

disease category. The disease-specific and the overall NRM point estimates are emphasized in bold black. Measures of heterogeneity, including I2 values, are provided (with 

I2 values between 25% and 50% indicating low-to-moderate heterogeneity).
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Interestingly, more than 70% of all reported non-relapse deaths were 
attributed to infections (107/149, 71.8%). The cause of infection- 
related death was not further specified in 30 cases. Among the 77 
non-relapse deaths where the pathogen was reported, the majority 
were attributed to COVID-19 infection (51/77, 66.2%). Of note, 
most of the included studies accrued during the COVID-19 
pandemic (Table S4). In a pre-specified sensitivity analysis excluding 
COVID-19-related deaths, we noted an overall NRM point estimate 
of 3.5% (95% CI 2.6%–4.6%) for our study cohort (Table S5). Still, a 
significant proportion of NRM cases in patients receiving BsAb were 
due to bacterial (13/77, 16.9%), non-COVID viral (9/77, 11.7%), or 
fungal infections (4/77, 5.2%). A detailed breakdown of pathogens 
resulting in death due to infection is provided in Table S6, including 
some rarer opportunistic infections such as five cases of progressive 
multifocal leukoencephalopathy (PML), four cases of adenoviral in
fections, and three cases of Pneumocystis jirovecii pneumonia (PJP). 
We were not able to resolve whether these specific patients had 
previous CAR-T exposure.

Cardiovascular or respiratory (CVR) events were the second most 
common cause of NRM, resulting in 10/149 (6.7%) non-relapse 
deaths. Four non-relapse deaths were attributed to either a secondary 
malignancy unrelated to the underlying lymphoma/myeloma or or
gan failure, each accounting for 2.7% of cases. Three additional 
deaths (2.0%) resulted from hemorrhages. The prototypical immu
notoxicities ICANS and CRS each led to only 1 of the 149 non- 
relapse deaths (0.7% each).

When comparing NHL and MM, we observed no significant differ
ence in the distribution of causes of death (Figure 5B) or pathogens 

A B

C D

Figure 3. Disease-specific NRM point estimates for 

different BsAb products 

(A and C) Bubble plots showing NRM point estimates 

relative to follow-up duration for NHL (blue) and MM (red). 

Different shades of blue and red represent therapeutic 

products within each disease category. Each bubble 

represents a cohort, with bubble size proportional to the 

cohort’s total patient count. Aggregated NRM point esti

mates for all cohorts within one entity are encircled in 

black. (B and D) Comparison of aggregated NRM point 

estimates and 95% CIs across the different BsAb products 

for NHL (B) and MM (D). The p values for the comparisons 

of NRM point estimates by disease entity and BsAb 

product were calculated using the test for subgroup dif

ferences (random effects model).

responsible for the infection-related deaths 
(Figure S13). However, we noted a significantly 
different cause-of-death pattern with BsAb 
compared to CAR-T treatment, with a relative 
skewing toward infection-related deaths in the 
BsAb group (Figure 5C). A closer look at the 
cause attribution for infection-related deaths 
revealed that there were fewer cases classified 

as not otherwise specified (NOS) in the BsAb cohort (Figure 5D), 
indicating improved infection reporting relative to CAR-T therapy.

DISCUSSION

In this systematic review and meta-analysis, we outline the compar
ative incidence and causes of NRM with bispecific antibodies across a 
spectrum of hematologic malignancies. Our findings highlight a 
consistent NRM point estimate of 4.7% across studies, with no signif
icant differences observed across disease entities or BsAb products. 
While NRM point estimates were numerically lower with BsAb vs. 
CAR-T treatment, this observation did not extend to the meta- 
regression analysis accounting for key study-level risk factors, 
including follow-up. Infections were by far the main cause of 
NRM, responsible for over 70% of non-relapse deaths.

The introduction of BsAb into clinical practice has broadened the 
therapeutic landscape for patients with relapsed or refractory B- 
cell malignancies. Their off-the-shelf availability and broad applica
bility make them an attractive option, particularly in scenarios where 
CAR T-cell therapy or HCT may not be feasible due to logistical, 
medical, or socioeconomic factors.3,8 As these therapies gain trac
tion, NRM as a measure of treatment-associated safety becomes a 
critical component in informing patient-centered decision-making.

Relative to CAR-T therapy, BsAb carry a generally favorable safety pro
file with mainly low-grade CRS and anecdotal ICANS.12,50 However, 
our analysis found that this did not translate into a significantly 
reduced NRM when controlling for key study-level risk factors, high
lighting the critical importance of infections in heavily pre-treated pa
tients. However, it should be noted that many of the BsAb studies 
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accrued during the COVID-19 pandemic and that follow-up on many 
of these studies remains short. Indeed, the NRM differences between 
CAR-T and BsAb therapy were more pronounced upon exclusion of 
COVID-19 fatalities in our study (Figure S12). Generally, the observed 
NRM estimates with BsAb therapy were lower or at least comparable to 
autologous51–55 and lower compared to allogeneic HCT,56–59 with im
plications for treatment sequencing.60,61

The comparatively low NRM and favorable early immunotoxicity 
profile suggests that BsAb therapy not only offers at least comparable 
safety to other established treatments but also holds promise for inte
gration into combination regimens, potentially enhancing therapeu
tic outcomes without significantly increasing NRM. In line with this, 
the two NHL studies where BsAb were utilized within combination 
regimens did not yield significantly higher NRM (Figure S10).24,40

A B C

D

Figure 4. Comparative analysis of NRM point estimates between BsAb and CAR T-cell therapy 

(A–C) Aggregated NRM point estimates and 95% CIs are compared between BsAb- and CAR-T-treated patients across all disease entities (A) and specifically for NHL (B) and 

MM (C). (D) Multivariable meta-regression analysis using random effects models for study characteristics. The integrated forest plot displays model estimates, with 95% CI for 

each study variable, such as mechanism (CAR-T vs. BsAb), disease entity, treatment setting, median number of treatment lines, follow-up time (years). Reference levels for 

the calculation of model estimates and respective p values are provided for each study feature.
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One study evaluated BsAb in combination with polatuzumab, a well- 
tolerated antibody-drug conjugate,24 while the other focused on 
BsAb combined with the combination of cyclophosphamide, doxo
rubicin hydrochloride (hydroxydaunorubicin), vincristine sulfate 
(Oncovin), and prednisone (CHOP) as a first-line treatment.40 How
ever, the randomized STARGLO trial (published following comple
tion of our study) suggested that adding a BsAb to existing chemo
therapies in the relapsed or refractory setting, while efficacious, 
may also increase the risk of fatal infections.62 Among the 15 deaths 
during treatment (representing 8.3% of the experimental arm), 10 
were related to infection (7 due to COVID-19), illustrating the cu
mulative infection risk in these patients.

Another advantage of bispecific antibody therapy, in contrast to 
CAR-T and HCT, is the ability to discontinue the treatment if neces
sary or reduce the dose or frequency of administration, providing an 
additional layer of flexibility in managing treatment-related toxic
ities.63 However, the cumulative exposure to B cell-depleting therapy 
over long periods of time may potentiate infection risk64 and facili
tate chronic T-cell exhaustion.17

In this meta-analysis, infections accounted for 71.8% of all non- 
relapse deaths with BsAb therapy. Notably, COVID-19 was a signif
icant contributor, accounting for approximately two-thirds of infec
tion-related fatalities with an identifiable pathogen. Much of the data 
analyzed was collected during the COVID-19 pandemic (2020– 

A B

C D

Figure 5. Distribution of causes of NRM 

(A) Donut plot illustrating the distribution of causes of 

death in the entire BsAb study cohort. Specific causes of 

death are represented in distinct colors, while undefined 

and unclassifiable causes are shown in shades of gray. 

(B) Comparison of NRM causes between NHL and MM 

patients. (C and D) Comparison of NRM causes (C) and 

the distribution of pathogens responsible for fatal in

fections (D) between BsAb- and CAR-T cell-treated 

patients. Statistical significance was evaluated using the 

χ2 distribution test.

2023), which may have in part influenced the 
observed NRM rates. Indeed, the prespecified 
sensitivity analysis excluding COVID-19- 
related deaths yielded a lower NRM estimate 
of 3.5% (Table S5). These findings underscore 
the importance of preventing infections, 
particularly through comprehensive vaccina
tion against SARS-CoV-2 and other prevent
able pathogens like pneumococcus. Addition
ally, rare opportunistic infections such as 
PML, PJP, and adenoviral infections contrib
uted to fatalities, highlighting the heightened 
vulnerability of these patients. Due to the na
ture of our study, it was impossible to ascertain 
whether these specific patients had also 

received prior CAR T-cell therapy, which can confer long-lasting 
T-cell deficits.65–67 Examining lymphocyte subpopulations before 
BsAb treatment may be prescient and could guide the use and dura
tion of antimicrobial prophylaxis, especially for Pneumocystis.14,50

Various factors heighten the susceptibility of patients receiving 
bispecific antibodies to infectious complications, including Tcell 
exhaustion, prior chemotherapy, and the underlying malig
nancy.11,13,17 Furthermore, neutropenia and on-target/off-tumor ef
fects, such as B-cell aplasia and hypogammaglobulinemia, further 
elevate the risk of infections.15,16 Addressing these vulnerabilities is 
critical, and supportive strategies, such as granulocyte-colony-stimu
lating factor and immunoglobulin (Ig) substitution, may help mitigate 
these risks.14,15,50,68 The importance of prophylactic measures is un
derscored by findings from the RedirecTT-1 trial of teclistamab/tal
quetamab, which reported infection-related deaths in 11 of 94 pa
tients, yet reveals inconsistent implementation of prophylaxis, with 
approximately 18% of patients not receiving antiviral prophylaxis, 
around 50% lacking protection against PJP, and 43% of those with 
non-IgG myeloma never receiving IgG replacement therapy.69 In 
particular, Ig substitution should be strongly considered as a key strat
egy to lower NRM.15 In multiple myeloma, for example, prophylactic 
intravenous Ig (IVIG) is recommended for patients experiencing 
recurrent bacterial infections or with IgG levels below 400 mg/ 
dL.64,70 Consensus recommendations of an expert panel from the 
Academic Consortium to Overcome Multiple Myeloma through 
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Innovative Trials advocate for IVIG as primary prophylaxis, indepen
dent of IgG levels, starting in the second month of treatment and 
continuing until either therapy completion or IgG levels exceed 
400 mg/dL, whichever occurs later.16 However, the available data 
from the included studies lack the necessary detail to determine the 
impact of consistent IVIG use on patient outcomes (Table S4). This 
highlights the necessity of standardized documentation and adherence 
to prophylactic strategies to better understand their role in reducing 
NRM and improving patient outcomes.

Our analysis revealed key limitations in the current body of evidence, 
particularly the heterogeneous reporting of NRM endpoints. Cumu
lative NRM rates, critical for understanding the trajectory of mortal
ity risk over time in relation to other competing events like relapse or 
progression,19,71–73 were not at all reported. Moreover, categoriza
tion inconsistencies across studies may have introduced variability. 
Standardized definitions and reporting guidelines for infections are 
essential to improve data reliability and comparability, as recently 
implemented for immune effector cell-associated hemophagocytic 
lymphohistiocytosis-like syndrome (IEC-HS), immune effector 
cell-associated enterocolitis, and immune effector cell–associated 
hematotoxicity (ICAHT).74–78 Another challenge is the limited avail
ability of robust real-world data. For example, the existing and 
included RW data were confined to glofitamab for NHL and teclista
mab for MM. Clinical trial cohorts often exclude patients with poor 
performance status or significant comorbidities, limiting the gener
alizability of findings. Additionally, our meta-analysis could account 
only for cohort-level differences and not individual patient factors, 
such as tumor burden, systemic inflammation, number of BsAb cy
cles, or prior therapies, which likely influence NRM risk.

Methodological limitations relate to the publication bias detected in 
the Egger’s test and the discrepancy in the inclusion periods for BsAb 
and CAR-T studies, potentially affecting comparisons. While a sub
group analysis comparing BsAb records published after March 31, 
2024 with those published before found no significant differences 
regarding NRM point estimates (Figure S14), the different search 
window may still have impacted our results. Of note, we did not 
detect significant effects from factors such as the inclusion of unap
proved BsAb or their use as part of combination therapies. These 
studies were retained to provide a more comprehensive and real- 
world perspective on treatment outcomes, although certain biases 
and limitations due to their inclusion cannot be entirely eliminated. 
Despite these limitations, we believe that the overall analysis remains 
robust, and the findings reflect a clinically relevant, broad view of 
BsAb therapy. To test the robustness of our main study findings, 
we performed not only several subgroup analyses (Figures S3– 
S11), but also several sensitivity analyses (Table S6), showing stable 
results. For example, NRM estimates were comparable when 
applying fixed-effect vs. random-effect models.

As BsAb are increasingly introduced earlier in treatment lines, NRM 
becomes a critical factor in guiding their sequencing and evaluating 
their safety profile relative to other treatment options. This is partic

ularly important for patients ineligible for more intensive therapies, 
where minimizing treatment-related mortality is paramount. Future 
studies should prioritize robust and detailed reporting of NRM, 
particularly with respect to infection-related deaths, to better inform 
clinical decision-making. Such reports should encompass the infec
tion type (viral, bacterial, fungal), confirmation through microbio
logical testing, identified pathogens, the timing of infection, infection 
source and severity, and whether the infection occurred early vs. late 
in the treatment process. Collecting this information can help further 
refine existing evidence-based guidelines focused on infection 
prevention and management for patients receiving BsAb ther
apy.14,50,64,70 Efforts should focus on identifying subgroups at height
ened risk of NRM and tailoring supportive care interventions to their 
needs. For example, differentiating between time-limited therapies 
and those administered until severe toxicity is observed may further 
refine the balance between efficacy and safety.

In conclusion, our analysis highlights the importance of improving 
BsAb safety reporting and infection management. With infections 
being the leading cause of NRM across all disease types and products, 
further developing evidence-based guidelines for infection preven
tion, including vaccination, Ig substitution, and antimicrobial 
prophylaxis, is crucial. Enhanced reporting and long-term follow- 
up will enable a more nuanced understanding of NRM and its 
drivers, ultimately supporting safer use of BsAb in hematological 
malignancies.

MATERIALS AND METHODS

Study design and literature search

The methods used in this study were aligned with a previous meta- 
analysis conducted by our group.18 We screened all studies for the 
FDA-approved bispecific antibodies in MM (teclistamab, talqueta
mab, elranatamab) and NHL (glofitamab, epcoritamab, mosunetu
zumab) and unapproved bispecific antibodies for these malignancies 
whose phase 1 and/or 2 results have been fully published (odronex
tamab, blinatumomab, ABBV-383 [etentamig], linvoseltamab). A 
systematic search was performed in the PubMed and Embase 
databases for articles published up to October 10, 2024, using 
combined key words for each of the bispecific antibodies along 
with “lymphoma” or “myeloma” (see Data S1). Case studies, reviews, 
conference abstracts, and meta-analyses were excluded. After 
screening titles and abstracts, eligible publications were assessed by 
two independent investigators (T.T. and M.A.) based on the 
following set of inclusion criteria that had to be fully satisfied.

(1) Adult cancer patients with either IL, LBCL, MM, or MCL
(2) Use of bispecific antibody products approved by the FDA, or a 

bispecific antibody with phase 1 and/or 2 results published as 
a full manuscript

(3) Cohort of at least 15 patients treated with the same dose of the 
bispecific antibody

(4) Reporting of the absolute number of non-relapse deaths in the 
treated cohort

(5) Full-text available in English
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All included articles were examined for potential duplicate reporting. 
In cases where two studies covered the same patient population, the 
study with longer follow-up was selected.

For the comparison with NRM in CAR-T cell-treated patients, we 
incorporated records from our previous meta-analysis on CAR-T- 
treated myeloma and lymphoma patients, with screening and extrac
tion methods detailed there.18 The inclusion criteria were similar, 
with publications included until March 31, 2024.

This study followed the PRISMA(-P) guidelines (see Data S1) and 
was prospectively registered to the PROSPERO database on 
December 27, 2023 (study no. CRD42023494258).79 The PRISMA 
checklist can be provided by the authors upon reasonable request. 
Institutional review board approval was not sought as this study 
did not represent human participant research.

Data extraction

Data collection was performed by two independent investigators 
(T.T. and M.A.) and included date of publication, number of pa
tients, disease entities, utilized bispecific antibody, time frame of pa
tient inclusion, median follow-up time, median age of the cohort, 
treatment history (median number of previous lines, proportion of 
patients with prior HCT or CAR-T therapy), treatment setting 
(RW study vs. CT, including trial phase), and overall response rate 
(ORR). Furthermore, we determined whether BsAb were applied 
as monotherapy, combination therapy, or consolidation therapy. 
The primary outcome was the number and causes of death. If a pa
tient’s remission status at the time of death was not clearly specified, 
then the death was considered an NRM case. If multiple dosing 
schemes were used or multiple entities were treated within a single 
study, then the reported data were assigned to separate cohorts 
and analyzed individually, provided that the quality of reporting 
allowed for such separation. Dose escalation cohorts were excluded 
from analysis where separation was possible.

Quality assessment

The Joanna Briggs Institute appraisal tool was applied to assess study 
bias of included articles (Table S1). Visual inspection of funnel plot 
asymmetry and Egger regression tests were used to assess reporting 
bias (Figure S2).80,81

Statistical analysis

Data analysis was conducted in R (version 4.4.1) using the metafor 
(version 4.6-0) and meta (version 8.0-1) packages. NRM point esti
mates and estimates for NRM per patient-year were derived by per
forming random-effects meta-analyses of single proportions through 
a generalized linear mixed model.82 Patient-years were calculated us
ing the number of included patients and the median follow-up time 
in years of each respective cohort. The Clopper-Pearson interval pro
vided 95% CIs for proportions.83 Forest plots were used to visually 
represent NRM outcome data. For each meta-analysis, heterogeneity 
of pooled effect sizes was assessed with the Q statistic and quantified 
using I2, where 25%, 50%, and 75% reflect low, moderate, and high 

between-study heterogeneity, respectively.84 Continuous variables 
were reported as medians and interquartile ranges. The chi-squared 
(χ2) test was used to examine the distribution of NRM-related deaths 
across sub-cohorts.

Meta-analyses

Separate meta-analyses were conducted for predefined subgroups to 
compare NRM point estimates based on disease entity, BsAb prod
uct, treatment setting, age, the number of prior therapy lines, prior 
CAR-T exposure, overall response rate, and follow-up. Subgroup 
comparisons were evaluated using the test for subgroup differences 
within a random effects model, and corresponding p values were 
calculated.

Meta-regression analysis

A meta-regression analysis was performed to examine the associa
tion between NRM point estimates and the following variables: treat
ment modality (BsAb vs. CAR-T), disease entity, treatment setting 
(e.g., CT vs. RW), treatment line, and follow-up time. The meta- 
regression model was calculated based on random effects models 
using the maximum likelihood estimator.85 Individual model coeffi
cients and respective CIs were tested using the Knapp-Hartung 
method.86 The stability of model estimates was validated by perform
ing permutation testing.87

Sensitivity analysis

To validate the robustness of the main findings, meta-analyses were 
repeated after (1) testing fixed effects models, (2) excluding COVID- 
related deaths, and (3) excluding phase 1 studies where it was not 
feasible to extract a subcohort of patients treated with a single- 
dose scheme.88

Cause of death analysis

To test for cause of death distributions between subgroups, causes 
of death were classified into one of the following groups: infection, 
secondary malignancy, CRS, ICANS, cardiovascular or respiratory, 
hemorrhage, organ failure NOS, other, or unknown. Infections 
were further classified into COVID-19, bacterial, viral, fungal, or 
infection NOS. Donut plots to visualize the cause of death distribu
tion were generated using GraphPad Prism (version 10.4.0).
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