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Highlights

e CAR-T-related toxicities and infections are the leading causes of NRM.

e Late NRM outweighed early mortality in our large prospective lymphoma cohort.
e Systemic inflammation before infusion predicts non-relapse mortality.

e Risk-adapted selection and follow-up are key to sustain long-term CAR-T benefit.
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139  Abstract

140 Background: Chimeric antigen receptor (CAR)-T cell therapy has revolutionized outcomes in
141  relapsed/refractory lymphomas, yet non-relapse mortality (NRM) has emerged as a notable concern,
142  with older age and infections identified as major determinants of NRM in real-life studies.

143  Objective: The aim of the present study was to describe the rate and causes of NRM after CAR-T
144  cells and identify risk factors.

145  Study design: Within the framework of the prospective, multicenter, observational CART-SIE study,
146  we analyzed causes and determinants of NRM in a large real-world cohort of lymphoma patients
147  receiving CAR-T cells from 2019 to 2025. Associations between NRM and clinical or biological
148  factors were assessed using Fine and Gray subdistribution hazard models.

149  Results: From 2019 to 2025, 1132 patients were enrolled in the CART-SIE Study; among those, 932
150  were evaluable for outcomes, with a median follow-up of 17.8 months (IQR 6.3-25.4). In this cohort,
151 305 deaths were observed, mainly occurring after disease progression (n=258); overall, 47 deaths
152  were solely attributable to NRM (5%), either early (<28 days, 40.4%), late (29-90 days, 23.4%) or
153  very late (>90 days, 36.2%). The 1- and 2-year cumulative incidence of NRM were 5.5% and 8.8%.
154  Infections were the leading cause (51%), followed by CAR-T acute toxicities (CRS, ICANS, and
155  HLH/MAS; 30%), and secondary malignancies (11%). In univariable analysis, age > 60 years,
156  diabetes, atrial fibrillation, high CAR-HEMATOTOX score, elevated ferritin, baseline cytopenias,
157  CRS grade >3, any-grade or grade >3 ICANS and infectious events were risk factors for NRM.
158  Multivariable models revealed that, among pre-infusion factors, only high ferritin levels (HR 3.23,
159  95%CI 1.37-7.62, p=0.007) and diabetes (HR 3.93, 95%CI 1.28-12.1, p=0.017) independently
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predicted NRM, while only severe CRS, ICANS, and infections remained strong post-infusion
predictors.

Conclusions These findings emphasize the role of host-related factors and inflammation in shaping
CAR-T outcomes. Optimised patient selection, rigorous management of acute toxicities, tailored
infectious prophylaxis and long-term oncologic surveillance are essential components of long-term

survivorship care, aiming to mitigate NRM and sustain long-term benefits of CAR-T cells.
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167 INTRODUCTION

168  Anti-CD19 chimeric antigen receptor (CAR) T-cell therapy has transformed the therapeutic landscape
169  for patients with relapsed or refractory (R/R) B-cell non-Hodgkin lymphoma (B-NHL), offering
170  curative potential where treatment options were previously limited(1-3) and leading to durable
171 remissions in 30—40% of patients(4). Nonetheless, CAR-T cells therapy is associated with a distinct
172 spectrum of toxicities, including cytokine release syndrome (CRS), immune effector cell-associated
173  neurotoxicity syndrome (ICANS), and immune effector cell-associated hematotoxicity (ICAHT).
174  While advances in the understanding of CRS and ICANS pathophysiology have enabled effective
175  mitigation of acute toxicities(5), ICAHT has emerged as the most comimon delayed complication of
176  CAR T-cell therapy(6), increasing susceptibility to severe infections, which is further exacerbated by
177  B-cell aplasia and hypogammaglobulinemia as expected on-target/off-tumor effects of CD19-
178  directed therapies(7). While the pathogenesis of ICAHT remains incompletely understood, baseline
179  bone marrow reserve and systemic inflammation have been identified as key predictors(8). Second
180  primary malignancies (SPM) have emerged as possible consequence of the potential CAR-T mediated
181  inflammatory environment, while late effects of antecedent cytotoxic therapies have demonstrated to

182  Dbe the strongest risk factors for occurrence(9-11).

183  With extended follow-up after CAR T-cell therapy, non-relapse mortality (NRM) has become a
184  growing concern, ranging from 5% to 16% in real-life studies depending on the length of follow-up,
185  the applied CAR-T product, and primary malignancy(4,12,13). Infections have been identified as
186 major determinants of NRM, followed by second malignancies and cardiovascular or respiratory

187  events, whereas CRS and ICANS rarely contributed directly to NRM(12-14).

188  Despite growing recognition of NRM as a clinically relevant post-CAR T-cell therapy outcome, it
189 remains a poorly characterized endpoint. Few prospective studies have specifically addressed its

190 incidence, causes, and risk factors, resulting in a limited level of evidence, particularly regarding
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191  predictors of NRM. Within the framework of the prospective, multicenter, observational CAR-T SIE

192  study, we analyzed causes and determinants of NRM in a large real-world cohort of -B-NHL patients.
193

194 METHODS

195  Study Design

196  The Italian CART-SIE (ClinicalTrials.gov ID: NCT06339255) is an ongoing multicenter prospective
197  observational study, coordinated by the Fondazione IRCCS Istituto Nazionale dei Tumori, Milano,
198 Italy, and conducted in collaboration with the Italian Society of Hematology in 22 Italian centers. The
199 CART-SIE study collects data from R/R lymphoma patients treated with on-label CAR-T cells,
200  according to Italian Drug Agency (Agenzia Italiana del Farmaco, AIFA) eligibility criteria (full list
201 available in Supplementary Table 1). Key criteria include Performance Status Eastern Cooperative
202  Group (PS ECOG) of 0-1, adequate organ function (i.e. cardiac ejection fraction >50%, creatinine
203  clearance >40 ml/min) and bone marrow reserve (i.e. platelets >75x10° cells/uL), and upper age limit
204  of 75-years for large B cell lymphomas. The study was conducted according to Helsinki Declaration
205 and good clinical practice guidelines. Ethical approval was obtained by institutional review boards at

206  each site. All participants provided written informed consent.
207 Endpoint and assessment

208  The primary objective of the present analysis was to describe the rate and causes of NRM after CAR-
209 T cells and identify risk factors of NRM. NRM was defined as death from causes unrelated to
210  lymphoma relapse or progression; in line with existing literature(12), early NRM was defined as death
211 occurring within 30 days of CAR T-cell infusion, late NRM as death occurring between 30 and 90
212  days, and very late NRM as death occurring beyond 90 days after infusion. Overall, NRM was

213  calculated as the sum of early, late, and very late NRMs.
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214  Inthe present analysis, we included all infused patients who had at least 30 days of follow-up, or dead
215 < 30 days after CAR-T infusion. All patients received treatment with CD19-directed CAR-T cell
216  therapy, namely axicabtagene citoleucel (axi-cel), tisagenlecleucel (tisa-cel), brexucabtagene
217  autoleucel (brexu-cel), and lisocabtagene maraleucel (liso-cel); among 1132 enrolled patients, none
218  of the 4 receiving liso-cel were included in the present analysis due to insufficient follow-up, since
219  liso-cel was approved in Italy during 2024. The choice of CAR T-cell product was made by the
220 treating physician based on regulatory indications and institutional guidelines, considering disease
221  subtype and patient’s characteristics. Lymphodepletion chemotherapy was administered as per
222  clinical practice according to the label of each product. CRS, ICANS, and Hemophagocytic
223  Lymphonhistiocytosis/Macrophage Activation Syndrome (HLH/MAS) were graded according to the
224  American Society for Transplantation and Cellular Therapy (ASCTC) criteria(15,16) and managed
225 according to institutional and international guidelines. \When analysing specific NRM causes, we
226  considered CRS, ICANS and HLH/MAS as “acute toxicities”. Hematological and non-hematological
227  toxicities were graded according to the Common Terminology Criteria for Adverse Events (CTCAE)
228  Version 5. CAR-HEMATOTOX score was defined as per Rejeski et al(8). ICAHT definition was
229  based on the consensus grading outlined by the European Hematology Association and the European
230  Society for Blood and Marrow Transplantation(6). The EASIX and modified EASIX (mEASIX)
231  scores were calculated for all patients, and optimal cut-offs were inferred from published
232  studies(17,18). A cut-off of hemoglobin <10 g/dl, absolute neutrophil count <0.5x10° cells/uL, and
233  platelets <75x10° cells/uL was used to define pre-infusion cytopenias assessed at time of
234  lymphodepletion. Response to treatment was assessed by local investigators as per Lugano

235  criteria(19).
236  Statistical methods

237  Descriptive statistics were used to summarize patient baseline characteristics. Continuous variables

238  were reported as medians with interquartile ranges (IQRs), while categorical variables were presented
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239  as absolute and relative frequencies. Survival times were calculated from the date of infusion. For
240  overall survival (OS), time was measured until the date of death, with censoring for patients alive at
241  last follow-up. For progression-free survival (PFS), time was measured until progression or death,
242 whichever occurred first, with censoring for patients alive without progression at last follow-up. OS
243  and PFS were estimated using the Kaplan-Meier method. NRM was defined as the time from CAR
244  T-cell infusion to death from causes other than disease progression or relapse. Progression of the
245  underlying disease was considered a competing event. Cumulative incidence functions were used to
246  estimate the incidence of NRM, accounting for the competing risk of relapse. Associations between
247  clinical or biological factors and the risk of NRM were assessed using univariable and multivariable
248 Fine and Gray subdistribution hazard models. To evaluate the impact of secondary primary
249  malignancies (SPMs) on NRM, SPMs were included as a time-dependent covariate in the Fine and

250  Gray models.
251

252 RESULTS
253  Characteristics and outcomes of the overall population

254  From March 2019 to January 2025, 1132 consecutive patients were enrolled in the prospective
255  CART-SIE study; among those, 932 were infused and evaluable (Figure 1). Median follow-up for
256  the entire cohort was 17.8 months (IQR 6.3-25.4). Patients’ baseline characteristics are shown in
257  Supplementary Table 2. Median age was 60 years (IQR 51-67); most common histology was diffuse
258 large B-cell lymphoma (DLBCL) in 550 (59%) patients, followed by high-grade B-cell lymphoma
259 (HGBL) in 137 (15%), mantle-cell lymphoma (MCL) in 126 (14%), primary mediastinal B-cell
260 lymphoma (PMBCL) in 87 (9.4%) and follicular lymphoma (FL) in 27 (2.9%). CAR-T products were
261  axi-cel, tisa-cel, and brexu-cel in 483 (51.8%), 323 (34.7%), and 126 (13.5%) patients, respectively

262  (Figure 2A). Median number of previous lines was 2 (IQR 2-3); PS ECOG at study enrolment was 0

10
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263  (62%, n=536) or 1 (38%, n=331), while 283 (31%) patients had received autologous stem cell
264  transplantation (ASCT). CAR-HEMATOTOX was high in 556 (67%) patients. Comorbidities at time
265  of study enrolment were thoroughly assessed; 198 (21.4%) patients had at least one meaningful
266  comorbidity, the most frequent being hypertension (n=76; 8.2%), type 2 diabetes mellitus (n=32;
267  3.4%), previous cancer (n=53; 5.7%) and any cardiac comorbidity (n=46, 4.9%; ischemic n=18, atrial
268 fibrillation n=19, other n =12) (Supplementary Table 2). Patients’ baseline were also reported

269  according to CAR-T product (Supplementary Table 3).

270  Overall response rate (ORR) and complete response (CR) assessed at day +90 after infusion were
271 70% and 60%, respectively. Outcomes and toxicities are summarised in Supplementary Table 3 4.
272  Median OS for the entire cohort was 40.2 months (95% CI 35.23-NR), while median PFS was 9.9

273  months (95% CI 6.61-12.24) (Supplementary Figure 1A and 1B).

274  Atdata cut-off, 627 (67%) patients were alive. Overall, 305 deaths were reported. Among those, 258
275  occurred after disease progression and were not considered an event in the NRM analysis: progression
276  of disease (PD) directly accounted for 205 deaths, while 26 patients experiencing PD died of
277 infections, 5 of second primary malignancies (SPM) and 3 of cardiovascular disease; cause of death
278  was unspecified for 11 patients. Forty-seven (5%) patients had a NRM event, defining the overall

279  NRM population.
280 Patients’ characteristics and timing of NRM

281  Overall, 47 patients (5%) had a NRM event. Early mortality (occurring < 30 days after CAR-T
282  infusion) accounted for 40.4% (n=19) of deaths; late mortality (30-90 days) accounted for 23.4%
283  (n=11), and very late mortality (beyond 90 days) for 36.2% (n=17) of deaths, respectively. The
284  cumulative incidence of NRM was 5.5% (95% CI 3.9-7.8%) at 1 year and 7.6% (95% CI 5.3-10) at
285 18 months, while the cumulative incidence of NRM projected at 2-years was anéd 8.8% (95% CI15.9—
286  12%) at-2-years (Figure 2B).

11
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287  Baseline characteristics are summarized in Table 1. Median age was 65 years (IQR 56-68); histology
288 was DLBCL, HGBL, MCL, and PMBCL in 55% (n=26), 13% (n=6), 21% (n=10), and 11% (n=5),
289  respectively. No NRM events were documented in the cohort of patients with follicular lymphoma
290  (FL); nevertheless, the median follow-up in this small (n=27) cohort was limited to 3.16 months (IQR
291  1.38-3.68). NRM rates according to disease type were 8%, 5.7%, 4.7%, and 4.4% for MCL, PMBCL,
292 DLBCL, and HGBL, respectively. Most patients (n=32; 68%) did not present with meaningful
293  concurrent medical conditions at time of enrolment, while in 15 (32%) patients cardiovascular disease
294  (n=9; hypertension n=4, ischemic cardiopathy n=2, atrial fibrillation n=3), type 2 diabetes (n=4), and
295  previous solid tumor (n=4) had been diagnosed before CAR-T infusion, while stroke and pulmonary

296  embolism had occurred in 1 patient and 2 patients, respectively.

297 CAR-T product was axi-cel, brexu-cel, or tisa-cel in 55% (n=26), 23% (n=10), and 21% (n=11)
298  patients, respectively. The 1- and 2-year cumulative incidences of NRM according to CAR-T product
299  were 5.8 (95%CI 3.5-8.9) and 7.8% (4.5-12) for axi-cel, 10% (95%CI 5-17) and 10% (5-17) for
300 brexu-cel, 2.6% (95%CIl 0.93-5.7) and 10% (95%CI 10-18%) for tisa-cel, respectively

301  (Supplementary Figure 2)

302  Baseline characteristics of NRM patients were analysed according to the timing of mortality (Table
303 1). Age, number and type of comorbidities, CAR-T product, IPI, Ann Arbor stage, number of previous
304 treatments, LDH or CAR-HEMATOTOX were similar across three groups, alongside anemia (<10
305 g/dI), thrombocytopenia (<75x10° cells/uL) or neutropenia (<0.5x10° cells/uL at lymphodepletion
306  (p>0.05). Patients who had received previous ASCT mostly had late or very late death events (early
307  vs late vs very late death: 16% vs 45% vs 59%, p=0.026), while patients with high (>650 ng/I) ferritin
308 levels at lymphodepletion had most frequently early death events (early vs late vs very late death:
309 70% vs 50% vs 0%, p=0.001). In terms of acute toxicities, while any grade CRS rates were not
310 significantly different across the three NRM subgroups, death events of patients who had been

311 diagnosed with any grade ICANS mostly occurred within 90 days after infusion (early vs late vs very
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312  late: 74% vs 91% vs 24%, p<0.001); consistently, early deaths were more frequent in patients who

313  had required steroids or tocilizumab for management of CAR-T toxicities (p<0.001).
314  Risk factors for overall NRM

315 By the means of univariable Fine and Gray models, baseline variables associated with a higher risk
316  of NRM were age > 60 years (HR 2.24, 95%CI 1.22-4.14, p=0.01), an EASIX score > 3.6 (HR 2.22,
317  95%CI 1.01-4.90, p=0.048), a high CAR-HEMATOTOX (HR 2.25, 95%CI 1.04-4.85, p=0.03) and
318  high ferritin levels (>650 ng/l) at lymphodepletion (HR 3.71, 95%CI 1.70-8.07, p<0.001) (Figure
319  3A). Among comorbidities, atrial fibrillation (HR 3.77, 95%Cl 1.21-11.8, p=0.022) and diabetes (HR
320 3.22, 95%CI 1.22-8.52, p=0.018) were associated with higher risk- of NRM, while cerebrovascular
321  disease, ischemic cardiopathy, previous thrombosis or pulmonary embolism and previous cancer
322  were not (p>0.05). The presence of cytopenias at lymphodepletion was also assessed, and patients
323  with Hb>10 g/dl (HR 0.39, 95%CI 0.21-0.71, p=0.002), platelets >75x10° cells/uL (HR 0.30, 95%CI
324  0.15-0.60, p<0.001) and ANC counts >0.5x10° cells/uL (HR 0.28, 95%CI 0.08-0.93, p=0.039) had
325 reduced NRM risk. Neither histology, PS ECOG, CAR-T product, disease status relapsed versus
326  refractory, bulky disease, IPI, elevated LDH or C-reactive protein (CRP), mEASIX, Ann-Arbor stage,
327  treatment periods (2023-2025 vs 2019-2022), number of previous lines of treatment, or response to

328  bridging therapy were associated with higher NRM (p>0.05).

329  When analysing CAR-T specific toxicities, a higher risk for NRM was found in patients with CRS
330 grade >3 (HR 4.34, 95%CI 2.23-8.44, p<0.001) and ICANS both any grade (HR 4.11, 95%CI 2.30-
331 7.35,p <0.001) and grade >3 (HR 6.44, 95%CI 3.48-11.9, p<0.001); specifically, use of steroids for
332  management of such toxicities also demonstrated a correlation with NRM (HR 2.78, 95%CI 1.58-
333  4.89, p<0.01), but not the use of tocilizumab (p=0.188). The occurrence of infections (HR 3.66,
334  95%CI 1.99-3.75, p<0.01) also correlated with higher NRM risk, while ICAHT did not. Occurrence

335 of SPM was also associated with a higher risk of NRM (HR 2.32, 95%CI 1.01-5.34, p=0.047).
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336  We then performed two multivariable Fine and Gray models to identify independent risk factors for
337 NRM, either considering pre-infusion patients’ characteristics and CAR-T related toxicities. When
338  considering risk factors before infusion, high ferritin levels at lymphodepletion (HR 3.23, 95%CI
339 1.37-7.62, p=0.007) and diabetes (HR 3.93, 95%Cl 1.28-12.1, p=0.017) retained statistical
340 significance, while age > 60 years, high CAR-HEMATOTOX, and atrial fibrillation did not (Figure
341  3B). Nonetheless, a second multivariable model focusing on CAR-T related toxicities showed that
342  only severe CRS (HR 2.70, 95%CI 1.39-5.24, p=0.003) and ICANS (HR 4.35, 95%CI 2.24-8.45,
343  p<0.001), alongside occurrence of infections (HR 2.99, 95%CI 1.51-5.90, p=0.002) were independent
344  predictors of NRM, while use of steroids for management of acute toxicities (CRS, ICANS and HLH-

345 MAS) and diagnosis of SPM lost their statistical significance (Figure 3C).
346  Causes of non-relapse mortality

347  Causes of NRM are detailed in Figure 2C. Infections (51%, n=24) were the leading causes, namely
348  Sars-CoV-2-related pneumonia (n=5), invasive Aspergillosis (n=1), septic shock from gram negative
349  bacteria (Klebsiella Pneumoniae [n=5], Escherichia Coli [n=1], Stenotrophomonas maltophila
350 [n=1]), septic shock of unidentified etiology (n=8), Pneumocystis jirovecii pneumonia (n=1),
351  pneumonia of unknown ctiology (n=1), Fournier’s gangrene (n=1). The 1-year cumulative incidence
352  of infectious NRM was 2.8% (95% CI 1.6-4.6) at 1-year and 5.2% (95% CI 3-8.2) at 2-years
353  (Supplementary Figure 3A). The second main causes of NRM were CRS (13%, n=6) and ICANS
354  (13%, n=6); 3 patients (6%) died of HLH/MAS, evolved from a grade 4 CRS in 2 patients, while a
355  third patient died of HLH/MAS more than 3 years after CAR-T cells infusion, possibly triggered by
356  second T-cell lymphoma although no definitive histological diagnosis had been performed; this
357  patient was excluded from subsequent analyses on CAR-T cells acute toxicities. Overall, acute
358 toxicities accounted for 29.7% of NRM (n=14). The 1-year cumulative incidence of NRM from acute
359 toxicities was 1.7% (95%CI 0.94-2.7) (Supplementary Figure 3B). Second malignancies accounted

360 for 11% of deaths (n=5), namely myelodysplastic neoplasms (n=3), urothelial cancer (n=1), and
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361  Epstein-Barr Virus+ nasopharyngeal cancer (n=1). The 1- and 2-year cumulative incidence of NRM
362  from SPM was 0.75% (95% CI 0.2-2.1) and 1.8% (95%CI 0.61-4.1), respectively (Supplementary
363  Figure 3C). Cerebrovascular disease accounted for one death in a 78-year-old patient with mantle-
364  cell lymphoma. The cause of death was unknown for two patients, as the fatal events occurred in non-

365 CAR-T centers and comprehensive clinical information was not accessible.

366  While the main cause of early NRM were acute toxicities (CRS, ICANS and HLH/MAS; n= 11,
367 58%), infectious deaths were well represented across al NRM subgroups, although mostly occurring
368 beyond day 30 (early vs late vs very late: 37% vs 64% vs 59%). Second malignancies represented
369  29% of very late deaths and occurred after day 90 in all patients. Among 19 patients with an early
370  mortality event caused by CRS and ICANS, 2 patients with primary refractory disease had received

371 axi-cel as second-line treatment.

372 Median time from CAR-T infusion to death for infections, CRS, and ICANS were 57 (range 9-1092),
373 125 (range 6-24) and 10 (range 5-79) days, respectively, while median time to death for second

374  malignancies was 515 days (range 209-1410).
375 Risk factors for infectious NRM, SPM death, and death from acute toxicities

376  We also performed univariable Fine and Gray models to identify risk factors for either infectious
377  death, death from acute CAR-T cells toxicities (CRS, ICANS, and HLH/MAS), and death from SPM.
378  Several pre-infusion factors were found to be associated with infectious death risk, namely age > 60
379 years (HR 3.28, 95%CI 1.28-8.43, p=0.013), presence of any type of cytopenia at lymphodepletion
380 (HR 4.11, 95%CI 1.82-9.28, p<0.001), high CAR-HEMATOTOX (HR 5.19, 95%CI 1.21-22.2,
381  p=0.027), EASIX > 3.6 (HR 2.92, 95%CI 1.06-8.04, p=0.039), high (>650 ng/ml) ferritin levels at
382  lymphodepletion (HR 3.98, 95%CI 1.5-10.6, p=0.006), higher number of previous lines of treatment
383 (HR 1.7, p=0.002), and concurrent atrial fibrillation (HR 5.21, 95%CI 1.25-21.8, p=0.024). Among

384  post-infusion factors, grade >3 CRS (HR 3.74, 95%CI 3.74-9.65, p=0.006), any grade ICANS (HR
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385 3.59, 95%CI 1.57-8.19, p=0.002), and use of steroids for management of acute toxicities (HR 2.62,
386  95%CI 1.19-5.76, p=0.016) were associated with higher NRM. Occurrence of late ICAHT was not

387  found to be associated with infectious NRM in our cohort (p>0.05) (Supplementary Table 4)

388  Nonetheless, only occurrence of grade > 3 CRS (HR 5.2, 95%CI 1.57-17.2, p=0.007), any grade
389 ICANS (HR 15.9, 95%CI 3.56-71.4, p<0.001) and grade > 3 ICANS (HR 26.8, 95%CI 8.44-85.2,
390 p<0.001) and use of steroids for management of such toxicities (HR 10.4, 95% CI 2.33-46.9, p=0.002)
391  were associated to death from acute toxicities, whereas histology, CAR-T product, disease status,
392  tumor burden, EASIX or mEASIX and CAR-HEMATOTOX did not represent risk factors for death

393 from CRS, ICANS or HLH/MAS in our cohort (Supplementary Table 5).

394  When analyzing death from SPM, only older age (HR 1.09, 95%CI 1.01-1.17, p=0.022) and presence
395  of comorbidities (HR 8.46, 95%CI 1.58-45.4, p=0.013), namely diabetes (HR 10.1, 95%CI 1.3-78.5,
396 p=0.027) and ischemic cardiopathy (HR 18.6, 95%CI 4.59-75.3, p<0.001) were associated to NRM
397 from second malignancies (Supplementary Figure 6). For these subgroup analyses, multivariable

398  analysis was not performed due to the low number of events.

399 Insummary, infectious NRM appears to be primarily associated to advanced age and impaired bone
400  marrow reserve (captured by high CAR-HEMATOX and baseline cytopenias), while early NRM is
401  expectedly attributable to treatment-related toxicities such as CRS and ICANS. In contrast, the
402  development of SPM is more closely associated with older age and the consequent higher burden of

403  baseline comorbidities.

404 DISCUSSION

405  Non-relapse mortality has emerged as a significant concern in the context of CAR-T cell therapy.
406  With its expanding use in non-oncological indications(20,21) and the shift towards earlier lines of
407 treatment for hematological malignancies, understanding and mitigating the balance between

408 therapeutic benefits and treatment-related risks has become increasingly important. Current evidence
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409 on NRM incidence and characteristics in lymphoma patients receiving CAR-T cells is largely
410  retrospective, with a 5-10% NRM rate reported across studies(12—14), reaching 16% at longer follow-

411 up(4).

412  Inour prospective cohort of 932 infused patients within the CAR-T SIE study, NRM was 5% overall,
413  with a 2-year projected incidence of 8.8%. While infectious NRM deaths represented more than half
414  of all NRM cases (51%), acute CAR-T-mediated toxicities (CRS, ICANS and HLH-MAS)
415  represented 30% of NRM deaths, followed by secondary malignancies (11%). Most infectious deaths
416  occurred beyond one month after infusion - consistent with previous analyses(12,13) - yet causative
417  pathogens remained unknown for most fatal events; indeed, the contribution of SPM on late NRM
418  becomes particularly meaningful as follow-up extends(4). Conversely, the 30% rate of NRM from
419  acute toxicities in our cohort challenges previous evidence that CRS and ICANS represent a minority
420 of NRM events(4,13). While deaths due to cardiovascular or respiratory events — including cardiac
421  arrest, stroke, or pulmonary embolism — were reported as the third most common cause of NRM in
422  a large meta-analysis (7.3%)(13), they accounted for just 2.1% of NRM events in our prospective
423  series. Although the discrepancy might partly reflect our smaller sample size, differences in patient
424  selection are also relevant. In Italy, on-label CAR-T therapy is reserved for patients who meet
425  eligibility criteria established by the Italian Drug Agency (AIFA). We hypothesized that such
426  requirements, mirroring those of clinical trials(1,2) and including adequate performance status, organ
427  function, and borie marrow reserve, might have succeeded in excluding patients whose severe
428  baseline comorbidities or compromised performance status may impact CAR-T cells outcomes and
429  significantly increase NRM risk. As a result, the proportion of deaths from acute toxicities in our
430 cohort may appear relatively high since fewer deaths were attributable to comorbidity-related causes,
431  while the prospective nature of our study and the smaller sample size might have allowed a more

432  precise attribution of causes of death compared to the results observed by Tix and colleagues.
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433  Several factors were associated with higher NRM risk by univariable analysis, including older age,
434  selected comorbidities, high CAR-HEMATOTOX and baseline ferritin levels, presence of any
435  cytopenia at lymphodepletion, and occurrence of CAR-T acute toxicities, SPM, and infections.
436  Differences in patients’ and disease characteristics between CAR-T products in the overall population
437  were expected and reflect label/indication and real-world selection patterns; neither CAR-T product
438  type, histology or tumor burden were correlated with higher NRM, confirming that patient- and
439 toxicity-related factors outweigh disease subtype or construct design in predicting fatal
440  complications(12). Nevertheless, the projected 2-year cumulative incidence of NRM in tisa-cel-
441  treated patients showed a fourfold increase compared to the 1-year incidence, likely reflecting the
442  selection of older and more frail patients for tisa-cel therapy. A high CAR-HEMATOTOX score(8),
443  previously linked to poorer survival(22), was associated with NRM in our and previous reports (12),
444  reflecting impaired hematopoietic reserve and enhanced immune activation. Yet, only elevated
445  ferritin at lymphodepletion remained an independent predictor, suggesting that ferritin possibly best
446  captures the inflammatory burden tied to mortality risk, which is also closely linked to post-infusion
447  toxicities. Nonetheless, diabetic patients may present with the highest inflammatory(23) and
448  comorbidity burden(24); still, diabetes retained statistical significance as an independent predictor of
449 overall NRM in our and previous analyses (12), regardless of age and high ferritin levels(25),
450 although a careful interpretation is advised given the low number of diabetic patients in our population
451  that requires validation in larger cohorts. Although Italian eligibility criteria for CAR-T cells exclude
452  patients with severe end-organ damage, we hypothesized that chronic inflammation in diabetic
453  patients may predispose them to a higher risk of endothelial impairment during CAR-T-related acute
454  events(26), whether related to infections or early toxicities. Finally, the correlation between diabetes
455  and death from SPM in our analysis, well-defined in non-CART settings(27) and alongside ischemic
456  heart disease and older age, is likely a surrogate marker of the naturally increased risk of subsequent

457  malignancies in a heavily treated, elderly population.
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458  While most cases of severe CRS and ICANS were managed effectively thanks to standardized
459  guidelines, these toxicities still contributed to early NRM, and multivariable analyses confirmed their
460 role as independent predictors of overall NRM, particularly for ICANS. Furthermore, patients who
461  developed severe CRS and ICANS faced a higher risk of infectious NRM, highlighting the need to
462  further refine early toxicity management. Several pre-emptive or prophylactic strategies have been
463  explored, including the early administration of corticosteroids(28,29), tocilizumab(30) or
464  anakinra(31,32), aiming to reduce the need and cumulative dose of subsequent steroids(33). However,
465  despite several efforts to identify patients at higher risk for acute toxicities(34), no standardized

466  protocols exist for tailoring these pre-emptive approaches to individual patients.

467  Late complications, particularly infections and SPM, have emerged as dominant causes of NRM over
468  time, consistent with observations from other large datasets(4,13). High-dose steroids exposure(33)
469 and immune dysfunction(7), especially in the context of persistent cytopenias, contribute
470  substantially to late mortality, while the growing contribution of SPM on NRM is reinforced by both

471  analysis from the U.S consortium and the results of a large meta-analysis (4,11).

472  To our knowledge, this is the first prospective real-life study exploring characteristics and predictors
473  of NRM after CAR-T celis in lymphoma patients. Indeed, the main strength of our study lies in its
474  prospective, multicenter design and large sample size, as well as the application of Fine and Gray
475  models accounting for the presence of competing risks that may preclude the occurrence of the event
476  of interest. Nevertheless, some limitations warrant consideration. First, NRM classification and cause
477  attribution were performed locally at each center, which may introduce variability in practice patterns.
478  Second, we did not systematically capture granular biological data—such as immune reconstitution

479  markers—which remain important targets for future studies.

480  Collectively, our findings underscore the central role of systemic inflammation and CAR-T-specific
481  toxicities (infections, CRS, and ICANS) in driving NRM within a large prospective cohort. Systemic

482 inflammation has been identified as a major driver of efficacy and toxicity in previous studies(35,36)
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and its role in driving NRM deserves further investigation. Indeed, addressing the inflammatory
burden before infusion could be key to enhancing efficacy outcomes and reducing post-infusion
toxicities that drive NRM. Ultimately, these results underscore the importance of a multidisciplinary
approach to CAR-T therapy, which should include optimized patient selection, rigorous management
of acute toxicities, and proactive long-term follow-up. Particularly, strategies such as early G-CSF
administration(37), tailored antimicrobial prophylaxis, and implementation of routine oncologic
screening (especially for early diagnosis of therapy-related myeloid neoplasms(9)) are essential
components of long-term survivorship care, aiming to reduce NRM and sustain the therapeutic

benefits of CAR-T cells.
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608  Table 1. Patient characteristics by timing of non-relapse mortality

Variable Overall Early Late Very late p-
N =47 N =19 N=11 N =17 value
Age, median (IQR) 65.0 (56.0, 64.0 (51.5, 68.0 (63.0, 65.0 (57.0, 0.164
Age: >60 years, n (%) 31 (66%) 11 (58%) 9 (82%) 11 (65%) 0.422
Sex: female, n (%) 16 (34%) 7 (37%) 3 (27%) 6 (35%) 0.926
Histology, n (%) 0.004
DLBCL 26 (55%) 8 (42%) 4 (36%) 14 (82%)
HGBCL 6 (13%) 5 (26%) 1(9.1%) 0 (0%)
MCL 10 (21%) 2 (11%) 6 (55%) 2 (12%)
PMBCL 5 (11%) 4 (21%) 0 (0%) 1 (5.9%)
CAR-T product, n (%) 0.055
Axi-cel 26 (55%) 13 (68%) 4 (36%) 9 (53%)
Brexu-cel 10 (21%) 2 (11%) 6 (55%) 2 (12%)
Tisa-cel 11 (23%) 4 (21%) 1(9.1%) 6 (35%)
CAR at 1% relapse, n (%) 2 (4.3%) 2 (11%) 0 (0%) 0 (0%) 0.335
Disease status: refractory n (%) 31 (67%) 14 (78%) 7 (64%) 10 (59%) 0.449
Previous ASCT, n (%) 18 (38%) 3 (16%) 5 (45%) 10 (59%) 0.026
Number of previous lines, median 20(20,30) 2.0(20,30) 30(20,30) 3.0(2.0,4.0) 0.299
Ann Arbor stage: I1I-1V, n (%) 34 (76%) 12 (71%) 9 (82%) 13 (76%) 0.908
Bulky disease, n (%) 18 (40%) 9 (53%) 3 (27%) 6 (35%) 0.404
ECOG, n (%) 0.317
0 21 (53%) 8 (57%) 3 (30%) 10 (63%)
1 19 (48%) 6 (43%) 7 (70%) 6 (38%)
Missing 7 5 1 1
IPI 23, n (%) 19 (53%) 9 (56%) 3 (60%) 7 (47%) 0.904
HEMATOTOX: high, n (%) 34 (81%) 16 (89%) 7 (78%) 11 (73%) 0.529
Missing 5 1 2 2
Ferritin <650ng/l at lymphodepletion, 17 (63%) 3 (30%) 3 (50%) 11 (100%) 0.001
Missing 20 9 5 6
CRP <10 mg/dl-at lymphodepletion, n 26 (65%) 7 (47%) 5 (63%) 14 (82%) 0.097
Missing 7 4 3 0
Hypertension, n(%) 4 (9%) 1(5.3%) 2 (18%) 1 (6%) 0.531
Diabetes, n(%) 4 (9%) 1(5.3%) 1 (9%) 2 (12%) 0.821
Cardiac comorbidity, n(%) 5(11%) 1 (5.3%) 0 4 (24%) 0.151
Previous cancer, n(%) 4 (9%) 1 (5.3%) 0 3 (18%) 0.339
CRS, n (%) 44 (94%) 19 (100%) 11 (100%) 14 (82%) 0.052
CRS Grade 23, n (%) 13 (29%) 8 (47%) 3 (27%) 2 (12%) 0.070
ICANS, n (%) 28 (60%) 14 (74%) 10 (91%) 4 (24%) <0.00
ICANS Grade 23, n (%) 18 (38%) 10 (53%) 6 (55%) 2 (12%) 0.016
Late ICAHT any grade, n (%) 8 (17%) 0 (0%) 0 (0%) 8 (47%) <0.00
Tocilizumab, yes, n (%) 37 (79%) 18 (95%) 11 (100%) 8 (47%) <0.00
Steroids, yes, n (%) 27 (57%) 16 (84%) 7 (64%) 4 (24%) 0.001
Infections, yes, n (%) 16 (37%) 6 (35%) 4 (44%) 6 (35%) 0.848
Missing 4 2 2 0
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609  Figures
Figure 1
2019-2025
1132 patients enrolled in
the CART-SIE Study
174 patients not infused
26 patients excluded due to
insufficient follow-up
932 infused and evaluable
Axi-cel Brexu-cel Tisa-cel
n=483 n=126 n=323
Alive n=627 (67%)
Dead n=305 (33%)
Death after disease
progression n=258 (28%):
* PDn=213
* |nfections n=26
* Second malignancies n=5
* Cardiovascular disease n=3
* Unknown n=11
47 non-relapse
mortality events (5%)
610

611  Figure 1. Patients’ flow (n=1132)

612  Abbreviations: Axi-cel: Axicabtagene Ciloleucel, Brexu-cel: Brexucabtagene Autoleucel, Tisa-cel:

613  Tisagenlecleucel, PD: Progressive Disease, NRM: Non-Relapse Mortality

614

25



Journal Pre-proof

615  Figure 2. Cumulative incidence of non-relapse mortality and distribution of NRM causes

Figure 2
A Infusion Timeline by Product - Median Follow-up 18 months (IQR=6-25)
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617  Abbreviations: Axi-cel: Axicabtagene Ciloleucel, Brexu-cel: Brexucabtagene Autoleucel, Tisa-cel:
618  Tisagenlecleucel, NRM: Non-Relapse Mortality, CRS: Cytokine release syndrome, ICANS: Immune-Effector cell-

619  associated neurotoxicity syndrome, HLH/MAS: Hemophagocytic Lymphohistiocytosis/Macrophage Activation

620  Syndrome, SPM: Second primary malignancies
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623  Figure 3. Clinical predictors of non-relapse mortality after CAR T-cell therapy: univariable

624  and multivariable models

Figure 3
A Forest plot of univariable Fine and Gray models for NRM
Variable HR (95% CI) p-value
Age >60 vs. <60 —— 2.24(1.22t04.14)  0.0096
Sex Male vs. Female _;._ 1.12 (0.62 to 2.05) 0.7043
Histology HGBCL vs. DLBCL [ 0.92 (0.37 to 2.28) 0.6405
MCL vs. DLBCL S 1.48 (0.71 10 3.09)
PMBCL vs. DLBCL - 0.78 (0.27 to 2.28)
CAR-T product Brexu vs. Axi —.— 1.44 (0.69 to 2.98) 0.2818
Tisa vs. Axi - 0.71 (0.35 o0 1.43)
Disease status Refractory vs. Relapse _-._ 0.87 (0.47 t0 1.61) 0.6633
Ann Arbor stage -1V vs, |-l —-— 1.25 (0.62t0 2.51) 0.5277
ECOG 1vs.0 [ 1.63 (0.88 to 3.02) 0.1187
IPI 23 vs. <3 SR 1.78 (0.93 t0 3.44) 0.0837
CAR-HEMATOTOX High vs. Low A — 2.25(1.05t0 4.84) 0.0381
Previous ASCT Yes vs. No — 1.18 (0.66 to 2.10) 05756
HB at lymphodepletion =10 vs. <10 ' 0.39 (0.21 to 0.71) 0.0024
ANC at lymphodapletion 20.5vs. <0.5 B 0.28(0.08100.93)  0.0386
PLT at lymphodepletion =75 vs. <75 - 0.30 (0.15 to 0.60) 0.0007
Number of previous lines + 1.24 (0.94 to 1.64) 0.12
Diabetes Yes vs. No : » 3.22 (1.22 to 8.52) 0.0184
Atrial fibrillation Yes vs. No P 377 (1.21t011.76)  0.0222
Ferritin at lymphodepletion =650 vs. <650 - 3.71 (1.7010 8.07) 0.001
CRS Grade 23 vs. <3 i » 4.34 (2.2310 8.44)  <0.0001
ICANS Grade 23 vs. <3 B — 6.44 (3.48t0 11.92)  <0.0001
Late ICAHT Grade=3 Yes vs. No _._- 1.69 (0.44 to 6.53) 0.4484
Tocilizumab Yes vs. No - 1.58 (0.8010 3.12) 0.1879
Steroids Yes vs. No o MR S 280 (159104.90) 00003
Infections Yesvs. No : 3.65(1.98106.73)  <0.0001
EASIX score = 3.61vs, <3.61 ——— 2.22 (1.01 to 4.9) 0.048
SPM Yes vs. No L e 2.32 (1.01 to 5.34) 0.047
Second malignancy was included as a T I T J I I
time-dependent variable. 05 1 2 3 4 5 6
Lower NBMrisk  Higher NRM risk
B Forest plot of multivariable Fine and Gray models for NRM (Model 1)
Variable HR (95% Cl)

Age >60 vs. <60 : B 1.99 (0.88 to 4.52)
Ferritin at lymphodepletion 5650 vs. <650 ; = 3.23(1.37t0 7.62)
|
CAR-HEMATOTOX High vs. Low : B 1.68 (0.60 to 4.71)
Diabetes Yes vs. No : | 3.93 (1.28 to 12.10)

Atrial fibrillation Yes vs. No 4-7 1.04 (0.32 t0 3.36)

Lower NRM risk Higher NRM risk
C Forest plot of multivariable Fine and Gray models for NRM (Model 2)
Variable HR (95% CI)
CRS Grade 23 vs. <3 : O 2.70 (1.39 to 5.24)
ICANS Grade 23 vs. <3 : = 4.35 (2.24 to 8.45)
Second malignancy Yes vs. No : - 1.80 (0.58 to 5.58)
Infections Yes vs. No : = 2.99 (1.51 to 5.90)
Steroids Yes vs. No L N S 1.76 (0.94 to 3.30)

Second malignancy was included as a [
time-dependent variable.
05 1 2 3 4 5
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Abbreviations: HR: Hazard Ratio, Cl: Confidence Interval, NRM: Non-Relapse Mortality, HGBCL: High-grade
B-cell lymphoma, DLBCL: Diffuse Large B-cell Lymphoma, MCL: Mantle Cell Lymphoma, PMBCL: Primary
Mediastinal B-cell Lymphoma, Brexu: Brexucabtagene autoleucel, Tisa: Tisagenlecleucel, Axi: Axicabtagene
ciloleucel, ECOG: Eastern Cooperative Oncology Group performance status, IPI: International Prognostic
Index, HB: Hemoglobin, ANC: Absolute Neutrophil Count, PLT: Platelet count, CRS: Cytokine Release
Syndrome, ICANS: Immune effector Cell-Associated Neurotoxicity Syndrome, ICAHT: Immune effector Cell-

Associated Hematotoxicity, EASIX: Endothelial Activation and Stress Index, SPM: Second Primary Malignancy.
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