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Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS) is a common and potentially severe complication of CD19 CAR-T
therapy. While some clinical risk factors have been described, the contribution of cytokines, particularly in plasma and cerebrospinal
fluid (CSF), remains limited. This study aimed to identify predictors and characterize cytokine patterns associated with ICANS to
develop a multivariable risk model. We retrospectively analyzed 101 adult patients treated with axicabtagene ciloleucel (axi-cel) or
tisagenlecleucel (tisa-cel) between 2019 and 2023. Cytokines (interleukin (IL)-1β, IL-6, IL-15, GM-CSF) were measured in plasma pre-
and post-infusion, and in CSF during neurotoxicity. ICANS occurred in 36% of patients, more frequently with axi-cel (46% vs. 21%,
p < 0.05). Autoimmune disease history and elevated IL-6 and IL-15 were associated with increased risk. CSF cytokines were also
elevated during ICANS episodes. A multivariate model predicting any-grade ICANS included CAR-T product, time to cytokine release
syndrome (CRS) onset, IL-6 at day 3, and pre-infusion D-dimer (AUC= 0.83). The model for grade 2–4 ICANS included number of
prior therapies, grade ≥2 CRS, autoimmune disease, IL-15 at day 0, and GM-CSF (AUC= 0.80). Integrating cytokine profiles with
clinical parameters may enable early ICANS risk stratification and improve personalized monitoring in CAR-T recipients.
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INTRODUCTION
Diffuse large B‑cell lymphoma (DLBCL) patients treated with
first‑line R‑CHOP relapse or are refractory in 20–40% [1, 2]; of those
who receive as a second line salvage high‑dose chemotherapy
and autologous stem‑cell transplant (ASCT), 30–40% will relapse
[3–5]. Relapsed/refractory (R/R) acute lymphoblastic leukemia
(ALL) likewise carries poor outcomes, with complete remission
rates of 40–50% [6]. These unmet needs led to the development of
CD19‑directed CAR‑T therapies, tisagenlecleucel (tisa-cel) and
axicabtagene ciloleucel (axi-cel), which have shown durable
remissions in third‑line R/R DLBCL and R/R ALL [7–9], and are
currently being advanced into earlier lines [10–13].
A major concern with CAR-T therapies is the development of

immune effector cell-associated neurotoxicity syndrome (ICANS), a
potentially life-threatening complication reported in 15–69% of
patients across clinical trials and real-world settings [7, 8, 14, 15].
ICANS encompasses a broad spectrum of neurological symptoms,
ranging from mild cognitive deficits to severe manifestations such
as encephalopathy, aphasia, and cerebral edema [16–19]. Its
pathogenesis is closely tied to the proinflammatory milieu
triggered by CAR-T cells – tumor often preceded by cytokine

release syndrome (CRS). CRS is characterized by hyperpyrexia,
hypotension, and hypoxemia, and is considered contributing
factor to ICANS [16], as systemic inflammation can disrupt the
blood-brain barrier, allowing cytokines and immune cells to
infiltrate the central nervous system (CNS). Management of ICANS
requires careful monitoring due to its varied presentation, in some
cases fatal [20]. Although risk factors – such as previous
inflammatory profiles – have been identified, patient heteroge-
neity continues to challenge the development of reliable
predictive models [21, 22]. Importantly, the CAR-T co-stimulatory
domain influences ICANS incidence, with CD28-based products
(axi-cel) associated with higher risk than 4-1BB-based products
(tisa-cel) [7, 8]. Additional factors such as CAR-T expansion
dynamics and tumor burden further complicate understanding
of ICANS pathophysiology. The use of corticosteroids and anti-
interleukin therapies has significantly changed the clinical
management of CRS and ICANS compared to earlier studies
[23–26].
Pro-inflammatory cytokines are key mediators in the pathophy-

siology of ICANS, with elevated levels in serum and cerebrospinal
fluid (CSF) linked to both the risk and severity of neurotoxicity. In
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plasma, increased concentrations of interleukin-15 (IL-15) have
been consistently associated with ICANS across multiple studies,
along with significant elevations in interleukin-6 (IL-6), interleukin-
10 (IL-10), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) [19, 27]. In the CSF, although CAR-T cells are frequently
detected in patients, their presence alone does not correlate
directly with ICANS. However, elevated protein levels are
consistently observed during clinical flares, likely reflecting local
inflammatory responses [19, 27]. While measuring proinflamma-
tory mediators in the CSF may offer prognostic insights,
interpretation remains limited due to small numbers of studies
and lumbar punctures performed in these patients [27, 28].
Further research is needed to clarify the specific roles and
interactions of these cytokines within the CNS [19, 27].
Accurate prediction of ICANS onset could improve the use of

preventive strategies and reduce unnecessary healthcare utiliza-
tion. In this context, the primary objectives of our study were to
develop a multivariate risk model for ICANS using real-world data
from patients undergoing CD19-directed CAR-T therapy and to
evaluate CSF cytokine profiles in a subset of patients to identify
potential biomarkers of neurotoxicity onset and severity.

METHODS
Study population and data collection
This retrospective study was conducted at a tertiary care center in Spain
between 1 June 2019 and 30 June 2023. It included all adult patients who
received commercial CD19-directed CAR-T therapy, either axi-cel or tisa-
cel, for hematologic malignancies in a third-line or later setting. Baseline
clinical, neurological, and laboratory data—including CAR-T product type,
comorbidities, treatment-related toxicities, and laboratory parameters
before and after infusion—were collected. The study was approved by
the Research Ethics Committee for Medicines at Hospital General
Universitario Gregorio Marañón, Madrid, in accordance with the Declara-
tion of Helsinki (protocol number 148.22), as authorized by the Biomedical
Research Foundation, and informed consent was obtained.

CAR-T procedures and management
Patients received CAR-T therapy per institutional protocols. Pre-treatment
evaluations included clinical and laboratory assessments, with cytokine
levels measured on day 0 and metabolic tumor volume (MTV) assessed via
pre-lymphodepletion PET-CT. Following lymphodepletion and infusion,
patients were monitored during hospitalization and follow-up. Cytokines
were reassessed on day 3, and pro-inflammatory markers were monitored
daily. Neurological function was evaluated daily using the ICE score
(Immune Effector Cell-Associated Encephalopathy Score).
CRS and ICANS were managed per institutional guidelines. Neurological

assessments (CT/MRI, EEG, transcranial Doppler) were performed in
patients with findings or ICANS grade ≥2. Treatments included corticoster-
oids, IL-6 antagonists (tocilizumab, siltuximab), and the IL-1 antagonist
anakinra, based on severity and response. Initially, patients with CRS could
receive up to three doses of tocilizumab [23]; however, by late 2021,
institutional protocols were revised to restrict tocilizumab administration
to a maximum of two doses, in alignment with emerging safety data. If
ICANS co-occurred with CRS, tocilizumab was given, followed by steroids if
needed. Refractory cases received siltuximab or anakinra. In severe,
treatment-resistant cases, cytokine adsorption or intrathecal therapy was
used. Antiepileptic prophylaxis was reserved for ICANS grade 2–4.
Management varied slightly over time due to evolving protocols.

Study variables and endpoints
The primary objective of the study was to identify clinical and laboratory
predictors—including serum and CSF cytokine profiles—associated with
ICANS, to construct a multivariate risk model. ICANS was analyzed both as
any grade and as “relevant” (grades 2–4), to better capture clinically
significant events. ICANS and CRS were graded per American Society for
Blood and Marrow Transplantation and Cellular Therapy (ASTCT) [23];
although tremors and myoclonus are not included in ASTCT, they were
recorded, and all patients met ICANS diagnostic criteria.
As a secondary objective, ICANS was descriptively analyzed regarding

clinical presentation, labs, treatments, and outcomes. Serum inflammatory

markers and cytokines (IL-1β, IL-6, IL-15, GM-CSF) were measured using the
Ella ProteinSimple platform on day 0 and day 3 post-infusion. CSF
cytokines were assessed at peak of ICANS. Elevated plasma cytokine levels
were described relative to reference ranges from Kim et al. [29]: IL-1β,
2.04 ± 4.93 pg/mL (range: 0.17–24 pg/mL); IL-6, 2.91 ± 6.45 pg/mL (range:
0.16–37.7 pg/mL); IL-15, 3.04 ± 2.17 pg/mL (range: 1.25–13.1 pg/mL); and
GM-CSF, 40.9 ± 108.6 pg/mL (range: 0.5–728.1 pg/mL) [29]. While no CSF
thresholds are standardized, serum-derived values were used for
comparison. Importantly, all cytokine measurements were entered into
our univariate and multivariate models as continuous variables to preserve
the full range of observed values; the cutoff values described above were
used only for descriptive summaries and did not drive model selection. For
context, control subjects with non-inflammatory disorders have shown
median CSF levels of IL-1β at 0.3 pg/mL (range: 0–0.8 pg/mL) and IL-6 at
3.6 pg/mL (range: 1.7–7.2 pg/mL) [30], although one study reported that IL-
6 was undetectable in healthy CSF [31]. Additional variables included CRS
severity/duration, timing of CRS and ICANS onset, and other biomarkers
such as LDH, D-dimer, and CRP.

Statistical analysis
Statistical analyses were performed using Stata® for Windows (version 16).
A significance threshold of p < 0.05 was applied to all tests. Univariate
analyses employed logistic regression, two-tailed t-tests for continuous
variables, and Pearson’s chi-squared or Fisher’s exact tests for categorical
variables. Ordinal data were analyzed with nonparametric trend tests and
the Cochran-Armitage test. Univariate logistic regression models were
used to examine the association of various predictors with ICANS
occurrence; cytokine concentrations were analyzed as continuous variables
to preserve data variability and subsequently compared against pre-
specified thresholds (based on established reference values) to define
“elevated” levels. Multivariate analysis was conducted via a stepwise model
selection approach, incorporating variables significant in univariate
analyses (entry p < 0.05, retention p < 0.10), with model fit assessed using
the Akaike Information Criterion (AIC) and the Bayesian Information
Criterion (BIC), and the final model chosen based on the lowest values for
optimal fit.

RESULTS
Patient characteristics, neurological assessments and
therapeutical interventions
A total of 101 adult patients were included, with baseline
characteristics summarized in Table 1. Neurological comorbidities
were present in 72% of patients, primarily peripheral neuropathy
(51.5%), basal tremor (16.8%), and ischemic stroke (4%). Pre–CAR-T
brain MRI was performed in 83 patients, and CSF analysis was
available in 13. CNS involvement was confirmed in 4 cases—three
with CSF infiltration by lymphoma and one with a parenchymal
mass. Most patients received axi-cel (58%) and 71% required
bridging therapy prior to CAR-T infusion. CRS occurred in 91% of
patients (92/101), with severe cases in 5% (5/101). ICANS was
documented in 36 patients (35.6%) with 15.8% experiencing grade
1 (16/101) and 19.7% (20/101) grade 2–4, with a median time from
CAR-T infusion to ICANS onset of 6 days (Table 2). Clinical
manifestations of ICANS included altered mental status (69%),
fluctuating aphasia (39%), dysgraphia (28%), and myoclonus
(22%). Notably, 75% developed new-onset tremor, which resolved
after ICANS. Focal neurological deficits were less common,
including cranial nerve palsy (8%), limb paresis (5%), and sensory
deficits (3%). Prophylactic antiepileptic treatment was given to
39% of ICANS patients (14/36), primarily levetiracetam (95%).
Seizures occurred in 8% (3/36), with two resolving and one
progressing to fatal status epilepticus. EEG was performed in 47%
(17/36), revealing epileptiform discharges in 18% and slow
rhythm/encephalopathy patterns in 59%. Neuroimaging was
conducted in 75% of ICANS cases (27/36), identifying new
lesions in 22%. Findings were compatible with Posterior
Reversible Encephalopathy Syndrome (PRES) (n= 2) and one
fatal case of diffuse malignant cerebral edema on day 4. In
severe or refractory neurotoxicity, cytokine absorption filtration
was used in 17% (6/36) and intrathecal therapy in 11% (4/36),
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Table 1. Baseline patient and disease characteristics (N= 101).

Variable Total (N= 101) Variable Total (N= 101)

Leukemia type, n (%) Age, years, median (Min, Max) 60.0 (20.0, 80.0)

ALL 7 (6.9%) Sex, n (%)

Lymphoma type, n (%) 94 (93.1%) Male 59 (58.4%)

LBCL 71 (70.3%) Female 42 (41.6%)

PMBL 8 (7.9%) CAR-T type, n (%)

TFL 11 (10.9%) Axi-cel 59 (58.4%)

TMZL 4 (4.0%) Tisa-cel 42 (41.6%)

Double/triple, n (%) Previous stroke, n (%)

Double hit 21 (21.6%) No 97 (96.0%)

Triple hit 3 (3.1%) Yes 4 (4.0%)

ECOG Microangiopathy, n (%)

0–1 98 (97.0%) No 48 (47.5%)

2–3 3 (3.0%) Yes 46 (45.5%)

HCT-CI N/A 7 (6.9%)

0–2 32 (31.6%) Previous neuropathy, n (%)

3–5 44 (43.6%) No 46 (45.5%)

≥5 14 (13.9%) Yes 52 (51.5%)

N/A 11 (10.9%) N/A 3 (3.0%)

International Prognostic Index (IPI), n (%) Previous tremor, n (%)

I 1 (1.0%) No 83 (82.2%)

II 8 (7.9%) Yes 17 (16.8%)

III 27 (26.7%) N/A 1 (1.0%)

IV 44 (43.6%) Previous autoimmune disease, n (%)

V 2 (2.0%) No 91 (90.1%)

N/A 19 (18.8%) Yes 10 (9.9%)

MTV, cm³ median (range) 94.5 (1.63, 3,620) Baseline brain imaging (MRI/CT)

Neurological comorbidity, n (%) No 2 (2.0%)

No 28 (27.7%) Yes 99 (98%)

Yes 73 (72.3%) Baseline MRI pathologic, n (%)

Primary refractory, n (%) No 63 (62.4%)

No 34 (33.7%) Yes 20 (19.8%)

Yes 48 (47.5%) N/A 18 (17.8%)

Prior CNS prophylaxis, n (%) Diabetes, n (%)

No 58 (57.4%) No 91 (90.1%)

Yes 43 (42.6%) Yes 10 (9.9%)

Prior CNS involvement, n (%) Cardiopathy, n (%)

No 97 (96%) No 79 (78.2%)

Yes 4 (4%) Yes 22 (21.8%)

Prior ASCT, n (%)

No 69 (68.3%)

Yes 32 (31.7%)

Previous lines, median (range) 2.0 (2.0, 6.0)

Bridging therapy, n (%)

Non 23 (22.8%)

Polatuzumab based regimen 21 (20.8%)

Rituximab-Chemotherapy regimen 29 (28.7%)

Chemotherapy regimen 2 (2.0%)

Steroids 5 (5.0%)

RT 13 (12.9%)

N/A 8 (7.9%)

Values are n (%) unless otherwise specified; continuous variables are reported as median (range).
ALL acute lymphoblastic leukemia, LBCL large B-cell lymphoma, PMBL primary mediastinal B-cell lymphoma, TFL transformed follicular lymphoma, TMZL
transformed marginal-zone lymphoma, CAR-T chimeric antigen-receptor T-cell product, axi-cel axicabtagene ciloleucel, tisa-cel tisagenlecleucel, ECOG Eastern
Co-operative Oncology Group, HCT-CI Haematopoietic Cell Transplantation–Comorbidity Index, IPI International Prognostic Index, MTV metabolic tumor
volume, ASCT autologous stem-cell transplantation, CNS central nervous system, Rituximab-Chemotherapy regimen Rituximab, Gemcitabine and Oxaliplatin (R-
GemOX), Rituximab, Cyclophosphamide, Vincristine and Prednisone (R-CVP), Rituximab and Cyclophosphamide (R-Cy), Rituximab, Cyclophosphamide
Doxorubicin, Vincristine and Prednisone (R-CHOP), Polatuzumab based regimen Polatuzumab Vedotin Bendamustine and Rituximab, RT Radiotherapy,
Chemotherapy regimen Ifosfamide, Carboplatin and Etoposide (ICE), N/A Not Applicable.
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involving hydrocortisone alone or combined with cytarabine
and methotrexate. Overall, 83% (30/36) of ICANS cases resolved
completely.

Univariate and multivariate analysis
Univariate analysis (Table 3) showed that axi-cel was associated
with a higher incidence of any-grade ICANS compared to tisa-cel
(45.7% vs. 21.4%, p= 0.02), and a non-significant trend toward
higher grade 2–4 ICANS (25.4% vs. 11.9%, p= 0.09). CRS severity
was strongly associated with ICANS: any history of CRS was linked
to higher rates of any-grade (57.5% vs. 21.3%, p < 0.01) and grade
2–4 ICANS (35% vs. 9.8%, p < 0.01), while severe CRS (grades 3–4)
was also correlated with increased neurotoxicity (any-grade: 80.0%
vs. 33.0%, p= 0.03; grade 2–4: 60.0% vs. 17.7%, p= 0.02). ICANS
risk was further associated with longer CRS duration (6.7 vs. 4.4
days for any-grade; 7.3 vs. 4.7 days for grade 2–4; p= 0.01 and
p= 0.02) and earlier CRS onset (1.4 and 1.2 days vs. 2.7 days,
respectively; p < 0.001). Higher numbers of tocilizumab doses after
CRS were also linked to increased risk (p < 0.001 for any-grade,
p= 0.04 for grade 2–4). Patients with autoimmune diseases (AID)
were significantly more likely to develop ICANS (OR 4.99 for any-
grade; OR 5.07 for grade 2–4) (Supplementary Table 1).

A greater disease burden, reflected in elevated pre-infusion
MTV, was observed in patients with ICANS (574 mL for any-grade,
678.9 mL for grade 2–4, vs. 231 mL in non-ICANS; p= 0.02). LDH
levels at day 0 were significantly higher in ICANS cases (415.8 vs.
278.3 U/L, p < 0.01), along with elevated pre-infusion D-dimer
levels (1241.4 vs. 545.1 ng/mL, p < 0.01). Post-infusion (day 3)
D-dimer remained elevated in both ICANS groups (p < 0.01). Day 0
CRP was significantly associated with ICANS (105.6 vs. 39.7 mg/dL,
p < 0.01), though this difference was not seen on day 3.
Cytokine profiling showed significantly elevated IL-6 and IL-15

levels in patients with ICANS. On day 0, IL-6 and IL-15 levels were
34.7 vs. 12.5 pg/mL (p= 0.02) and 38.5 vs. 34.0 pg/mL (p= 0.01),
respectively. These differences were more pronounced on day 3:
IL-6 levels reached 3168.5 vs. 355.7 pg/mL (p < 0.01), and IL-15
levels were 79.4 vs. 35.7 pg/mL (p < 0.01). GM-CSF levels were
significantly higher on day 3 in patients with grade 2–4 ICANS (3.2
vs. 2.2 pg/mL, p < 0.01), but not significantly different for any-
grade ICANS.
Multivariate analysis identified key predictors for ICANS (Table 4).

For any-grade ICANS, the best-fit model included CAR-T product
(axi-cel), time to CRS onset, day 3 IL-6, and baseline D-dimer
(AUC= 0.84; sensitivity= 61.8%; specificity= 90.2%) (Fig. 1a). For
grade 2–4 ICANS, the model included number of prior therapy
lines, CRS grade ≥2, AID, and day 0 levels of GM-CSF and IL-15
(AUC= 0.81; sensitivity= 47.4%; specificity= 97.1%) (Fig. 1b).
Variables not significantly associated with ICANS included age,

sex, prior bridging therapy, neurological comorbidities, fibrinogen,
and pre-infusion MRI findings.

CSF cytokine profiles
Cytokine analysis in the CSF of eight patients with significant
ICANS revealed elevated levels of IL-6, IL-15, GM-CSF, and IL-1β at
the peak of symptoms. All patients had high CSF protein levels
(range: 54–224mg/dL), with or without mild lymphocytic pleocy-
tosis (Fig. 2). Serial CSF evaluations were performed in six cases,
showing a persistent elevation of these cytokines until symptom
resolution. Five of these patients received axi-cel and one received
tisa-cel. IL-6 and IL-15 levels exhibited strong positive correlation
trends with grade 2–4 ICANS (Spearman’s rho= 0.85, p= 0.07;
rho= 0.78, p= 0.09, respectively). Similarly, GM-CSF (rho= 0.65,
p= 0.15) and IL-1β (rho= 0.60, p= 0.20) followed the same
pattern, further supporting a potential association between
elevated CSF cytokines and increased ICANS severity. CAR-T cell
expansion in the CSF was detected in six patients via flow
cytometry, with a median count of 867.2 cells/mL (range:
226.5–2071.5), representing a median of 39% (range: 6–43%) of
total CSF leukocytes. Two additional samples showed no
detectable CAR-T cells.
A particularly illustrative case involved a 49-year-old patient

with DLBCL who developed late biphasic ICANS grade 3, with a
second neurotoxicity episode occurring 40 days post-infusion,
following initial resolution. This relapse coincided with a new CAR-
T cell expansion in both serum (>100,000 cells/mL) and CSF,
alongside elevated CSF cytokines (IL-6: 126 pg/mL;
IL-1β: 1.65 pg/mL; IL-15: 21.1 pg/mL; GM-CSF: 5 pg/mL). The late-
phase ICANS was successfully treated with corticosteroids. Disease
progression was later confirmed by bone marrow infiltration (28%
morphologically abnormal cells, 15% by immunophenotyping),
despite a negative PET-CT, with notable intracellular CD19 negativity.

Survival and hospitalization outcomes
Median overall survival (OS) was 10 months and median
progression-free survival (PFS) was 6 months, with no significant
differences for these outcomes between patients who developed
ICANS and those who did not. Therapeutic strategies for immune-
mediated complications of CAR-T therapy are detailed in Table 5.
ICANS resolved in 83% of cases following therapeutic

Table 2. Clinical course, timing and resolution of CRS and ICANS
(N= 101).

Variable Total (N= 101)

CRS grade, n (%)

Grade 1 52 (51.5%)

Grade 2 35 (34.7%)

Grade 3 3 (3.0%)

Grade 4 2 (2.0%)

No 9 (8.9%)

CRS response, n (%)

No 2 (2.2%)

Yes 90 (97.8%)

ICANS grade, n (%)

Grade 1 16 (15.8%)

Grade 2 8 (7.9%)

Grade 3 6 (5.9%)

Grade 4 6 (5.9%)

No 65 (64.4%)

ICANS response, n (%)

No 6 (16.7%)

Yes 30 (83.3%)

Time infusion to CRS, days

Median (min, max) 2.0 (0, 10.0)

CRS duration, days

Median (min, max) 4.0 (1.0, 37.0)

Time infusion to ICANS, days

Median (min, max) 6.0 (3.0, 35.0)

Time CRS to ICANS, days

Median (min, max) 5.0 (1.0, 35.0)

ICANS duration, days

Median (min, max) 3.0 (1.0, 74)

Values are n (%) for categorical variables and median (range) for
continuous variables (min, max).
CRS cytokine-release syndrome, ICANS immune effector cell-associated
neurotoxicity syndrome.
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interventions. Among the 101 infusion patients, 36 (36%)
developed ICANS; of these, seven (7% of all CAR-T infusion) did
not survive. Notably, four of these deaths were directly attributed
to ICANS (4% of all CAR-T infusions), while the remaining three
resulted from multisystem inflammatory syndrome (MAS), sepsis,
or hematologic disease progression. Median hospital stay was
similar between groups (16.5 days, range 5–86), but ICU
admissions were significantly higher in ICANS patients (42% vs.
9%, p < 0.05), with a median ICU stay of 5 days (range 1–74).

DISCUSSION
Incidence of ICANS and comparison with real world
evidence (RWE)
In our cohort of 101 adult patients treated with CD19 CAR-T
therapy, ICANS occurred in 36%, with 33% of cases classified as
severe (grade 3–4). Any-grade ICANS was significantly more
frequent in the axi-cel group (46%) than in the tisa-cel group
(21%) (p < 0.05), consistent with the higher neurotoxicity risk
linked to CD28 co-stimulatory domains [7, 8]. While our overall
ICANS rate is slightly lower than some U.S. cohorts (45–50%), it
aligns with findings from the DESCAR-T registry, the US
Lymphoma Consortium, and the GETH-GELTAMO studies
[14, 15, 32, 33]. The greater severity of ICANS in our population

Table 3. Univariate analysis of clinical and laboratory variables
associated with any-grade or grade 2–4 ICANS (N= 101).

Any grade
ICANS
proportion

p-value Grade 2–4
ICANS
proportion

p-value

Factors related to ICANS

Autoimmune condition

No 31.9% 0.02 16.5% 0.01

Yes 70.0% 50.0%

CAR-T therapy

Tisa-cel 21.4% 0.02 11.9% 0.09

Axi-cel 45.7% 25.4%

CRS grade 2–4

No 21.3% <0.01 9.8% <0.01

Yes 57.5% 35.0%

CRS grade 3–4

No 33.0% 0.03 17.7% 0.02

Yes 80.0% 60.0%

Treatment association to ICANS

Number of
tocilizumab
doses

Positive
lineal trend
for ICANS
risk

<0.01 Positive
lineal trend
for relevant
ICANS risk

0.03

Number of
previous
lines

Positive
lineal trend
for ICANS
risk

0.05 Positive
lineal trend
for relevant
ICANS risk

0.04

Risk factors and predictive biomarkers related to ICANS

Age (years)

No ICANS 57.9 0.05 55.7 0.86

ICANS 51.38 55

CRS duration (days)

No ICANS 4.4 0.01 4.7 0.02

ICANS 6.7 7.3

Infusion to CRS (days)

No ICANS 2.7 <0.01 2.5 <0.01

ICANS 1.4 1.2

LDH day 0 (UI/L)

No ICANS 278.3 <0.01 281.2 <0.01

ICANS 415.8 514.6

Pre-infusion MTV (mL)

No ICANS 231.2 0.02 258.6 <0.01

ICANS 574.0 678.9

IL-1 day 0 (pg/ml)

No ICANS 0.3 0.63 0.3 <0.05

ICANS 0.3 0.4

IL-6 day 0 (pg/mL)

No ICANS 12.5 0.02 13.9 <0.01

ICANS 34.7 46.7

D-Dimer day 0 (ng/ml)

No ICANS 545.1 <0.01 728.1 0.21

ICANS 1241.4 1075.3

CRP day 0 (mg/dl)

No ICANS 41.1 0.05 39.7 <0.01

ICANS 72.85 105.6

IL-15 day 0 (pg/ml)

Table 3. continued.

Any grade
ICANS
proportion

p-value Grade 2–4
ICANS
proportion

p-value

No ICANS 34.0 0.01 35.3 <0.01

ICANS 38.5 54.9

GM-CSF day 0 (pg/ml)

No ICANS 2.3 0.3 2.2 <0.01

ICANS 2.6 3.2

Ferritin day 0 (ng/mL)

No ICANS 1738.6 0.33 1620.1 0.04

ICANS 2566.8 3736.9

LDH day 3 (UI/L)

No ICANS 216,0 <0.01 219.4 <0.01

ICANS 333.6 414.7

IL-6 day 3 (pg/mL)

No ICANS 355.7 <0.01 810.6 <0.01

ICANS 3168.5 3481.3

IL-15 day 3 (pg/ml)

No ICANS 35.7 <0.01 40.0 <0.01

ICANS 79.4 94.9

D-Dimer day 3 (ng/ml)

No ICANS 741.5 <0.01 960.0 <0.05

ICANS 1713.1 1616.3

Univariate logistic regression models applied, continuous variables
compared with two-tailed t tests, categorical variables with Pearson chi
squared or Fisher exact tests, ordinal variables with nonparametric trend
and Cochran-Armitage tests, p < 0.05 considered significant, values
reported as n (%) or median (range).
AID autoimmune disease, axi-cel axicabtagene ciloleucel, CAR-T chimeric
antigen receptor T-cell product, CRP C-reactive protein, CRS cytokine
release syndrome, D-dimer fibrin degradation product, GM-CSF
granulocyte-macrophage colony-stimulating factor, ICANS immune effector
cell-associated neurotoxicity syndrome, IL interleukin, LDH lactate dehy-
drogenase, MTV metabolic tumor volume, pola-BR polatuzumab vedotin
bendamustine Rituximab, tisa-cel tisagenlecleucel, UI L−1 international units
per litre.
Bold values indicate statistical significance p < 0.05.
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may reflect a higher-risk group (47.5% with primary refractory
disease suggesting an elevated tumor load) and greater use of axi-
cel. Temporal shifts in clinical practice and evolving management
strategies during the study period may also have contributed to
outcome variability.

CRS Features and ICANS Risk
In our cohort, CRS features were strongly linked to ICANS risk.
Consistent with prior research, we found that early onset and
greater severity of CRS are directly related to an increased risk of
developing ICANS [27, 34]. However, our study also identifies the
duration of CRS as a significant predictor of ICANS in univariate
analysis, suggesting that prolonged inflammatory responses may
further exacerbate neurotoxicity. This addition enriches the
current understanding of CRS-ICANS interplay and emphasizes
the need to consider not just the intensity but also the persistence
of CRS symptoms in risk assessments.

Serum and CSF cytokine profiles related to ICANS
Our investigation of cytokine profiles may provide further insight
into the pathophysiology of ICANS. Elevated plasma levels of IL-6
and IL-15 on both day 0 (pre-infusion) and day 3 post-infusion
were strongly associated with the development of any-grade and
grade 2–4 neurotoxicity. In addition, increased pre-infusion levels
of GM-CSF were particularly associated with grade 2–4 ICANS,

consistent with findings from the ZUMA-1 trial, which linked
elevated GM-CSF levels to grade ≥3 neurotoxicity [35]. Supporting
evidence from prior studies, including those by Gust et al. [19] and
Santomasso et al. [27], demonstrated significant increases in
plasma cytokines such as IL-6, interferon-gamma (IFN-γ), and
tumor necrosis factor-alpha (TNF-α) from day 3 post-infusion in
patients who developed ICANS [27]. Gust et al. reported that these
elevations were accompanied by evidence of blood–brain barrier
(BBB) disruption and endothelial activation occurring within the
first 36 hours following CAR-T infusion [19]. The detection of
elevated cytokines as early as day 0 in our cohort suggests that
baseline systemic inflammation may predispose to neurotoxicity.
These findings imply that the inflammatory cascade leading to
ICANS likely begins prior to infusion, offering a potential window
for early risk assessment and intervention.
Consistent with this systemic cytokine profile, our CSF data

showed that patients experiencing significant neurotoxicity also
exhibited elevated IL-6, IL-15, and GM-CSF levels at the peak of
symptoms, along with increased protein concentrations and, in
some cases, mild lymphocytic pleocytosis. Serial assessments
confirmed sustained cytokine elevation in the CSF until symptom
resolution. Notably, we observed a trend toward positive
correlations between CSF IL-6 and IL-15 levels and ICANS severity
(p < 0.1) early after CAR-T infusion, reinforcing their potential
pathogenic role. In line with our findings, Gust et al. described

Table 4. Multivariable logistic-regression models for any-grade and grade 2–4 ICANS.

ICANS any grade Odds ratio Std. Err. p-value 95% CI for OR

CAR-T Type (axi-cel vs tisa-cel) 3.81 2.20 0.021 1.22 11.87

Time to CRS onset 0.73 0.11 0.045 0.53 0.99

IL-6 (Day 3, pg/mL) 1.00 0.00 0.024 1.00 1.00

Pre-infusion D-dimer(mg/L) 1.00 0.00 0.049 1.00 1.00

Intercept 0.18 0.12 0.01 0.05 0.67

ICANS grade 2–4 Odds ratio Std. Err. p-value 95% CI for OR

Number of Prior Lines 1.49 0.30 0.048 1.00 2.23

Previous AID 4.38 3.26 0.042 1.02 18.94

CRS (Grade ≥2) 5.05 3.09 0.008 1.52 16.79

GM-CSF (Day 0, pg/mL) 1.47 0.26 0.029 1.04 2.07

IL-15 (Day 0, pg/mL) 1.01 0.00 0.047 1.00 1.02

Intercept 0.00 0.00 0 0.00 0.06

Predictors retained after stepwise selection are shown with odds ratio (OR), 95% confidence interval and P value.
AID autoimmune disease; axi-cel, axicabtagene ciloleucel, CAR-T chimeric antigen-receptor T-cell product, CRS cytokine-release syndrome, D-dimer fibrin
degradation product, GM-CSF granulocyte–macrophage colony-stimulating factor, ICANS immune effector cell-associated neurotoxicity syndrome, IL
interleukin, tisa-cel tisagenlecleucel.
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early BBB disruption in patients with severe ICANS, facilitating the
leakage of systemic cytokines such as IL-6, IFN-γ, and TNF-α into
the CSF and contributing to neurovascular dysfunction [18].
Additionally, other studies have demonstrated that IL-6, IL-8, MCP-
1, and IP-10 are significantly elevated in the CSF of patients with
severe neurotoxicity—especially at day 3 post-infusion—suggest-
ing a combination of local CNS production and systemic
inflammatory infiltration [27].

Multivariate analysis and predictive models
Therefore, CRS and cytokines early after CAR-T cell infusion, were
identified as risks factors for ICANS appearance. When integrated
into multivariate models, several clinical and laboratory para-
meters emerged as determinant predictors of ICANS. For any-
grade ICANS, the optimal model incorporated CAR-T therapy type,
time from infusion to CRS onset, day 3 IL-6 levels, and pre-infusion
D-dimer, achieving an AUC of 0.83. For grade 2–4 ICANS, the best
model included the number of prior therapy lines, the occurrence
of grade ≥2 CRS, and pre-infusion levels of IL-15 and GM-CSF,
along with AID (AUC= 0.80). These models underscore that
routinely measured clinical and analytical variables can be
combined to effectively stratify ICANS risk and potentially guide
early, targeted interventions.
Moreover, various predictive scoring systems and models have

been explored to predict ICANS, each with inherent strengths and
limitations. Simple tools such as m-EASIX (based on CRP and
platelet counts alone) offer pragmatic clinical applicability due to
their simplicity but may lack specificity in capturing dynamic risk
changes [36]. Point-based scoring systems like Rubin’s provide
clear thresholds predicting ICANS risk, but their binary approach
limits their ability to reflect temporal evolution [21]. In contrast,
machine-learning algorithms, particularly XGBoost, demonstrate a
strong ability to handle complex interactions among multiple
variables, though their clinical implementation necessitates
rigorous calibration and may be less transparent due to their
complexity [37]. Our study’s identification of cytokine and clinical

parameters aligns with variables highlighted by XGBoost meth-
odologies, reinforcing the potential utility of such advanced
analytical approaches. Forecasting models such as those proposed
by Amidi et al. integrate dynamic patient data, offering real-time,
day-by-day risk assessments that may significantly enhance
clinical decision-making concerning ICU transfer, corticosteroid
initiation, or safe patient discharge [38]. Selecting appropriate
predictive tools thus involves balancing simplicity, interpretability,
and temporal resolution to optimize clinical outcomes.
Importantly, the univariate analysis in this study was exploratory

and aimed not only to guide multivariate model construction but
also to identify a focused set of potentially relevant predictors.
These findings may serve as a basis for future confirmatory studies
with larger populations, allowing a more efficient design that
limits the number of variables tested and reduces the risk of type
I error.

Clinical and therapeutic considerations
Our findings highlight several important considerations for the
clinical management and prevention of ICANS. Patient-specific
features emerged as key contributors to neurotoxicity risk. In
particular, a history of autoimmune disease (AID) was a strong
predictor, associated with a nearly fivefold increase in both any-
grade and severe ICANS. This suggests that underlying immune
dysregulation may predispose patients to ICANS and underscores
the importance of closely monitoring this high-risk subgroup.
Additionally, markers of tumor burden—including elevated

metabolic tumor volume (MTV) on pre-lymphodepletion PET-CT
and increased serum LDH—were significantly associated with
ICANS in univariate analysis, supporting previous findings [39].
Although these associations did not persist in multivariate models,
they nonetheless point to the role of baseline disease burden in
shaping inflammatory risk. Furthermore, elevated post-infusion D-
dimer levels were strongly associated with the subsequent
development of ICANS [16], reinforcing its potential as a useful
biomarker for early risk stratification.
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From a therapeutic standpoint, corticosteroids achieved an 83%
resolution rate in our cohort, confirming their efficacy as first-line
treatment for neurotoxicity. However, our results also raise caution
regarding cumulative tocilizumab exposure. Although effective for
cytokine release syndrome (CRS), the inability of tocilizumab to
cross the blood–brain barrier may permit systemic inflammation
to persist and propagate neurotoxicity [18, 19]. In our study,
higher cumulative doses of tocilizumab were associated with
increased ICANS incidence, particularly in patients with concurrent
risk factors. This observation aligns with several reports identifying
tocilizumab as a potential risk modifier for ICANS, though data
across studies remain heterogeneous. Some analyses have found
no statistically significant association association
[19, 21, 23, 27, 38, 39], while others—including ours—highlight
a concerning trend [18, 19, 28]. These inconsistencies emphasize

the need for individualized treatment strategies, particularly when
repeated tocilizumab dosing is being considered in the setting of
unresolved CRS and pre-existing ICANS risk factors.
Our findings support integrating these predictive models into

clinical practice as a potential framework for personalized risk
assessment using routine CAR-T parameters. If validated in larger,
prospective cohorts, these models could be instrumental to design
a risk index that guides prophylactic measures and optimizes
therapeutic interventions, ultimately enhancing patient outcomes.

Limitations
Nonetheless, several limitations must be acknowledged. As a
retrospective study, our analysis is inherently subject to selection
bias and the limitations of available data. The relatively small
sample size, especially of the CSF cytokine analysis subgroup, and
the fact that CSF cytokines were measured only in patients who
developed ICANS, constrain our ability to distinguish neurotox-
icity‑specific signatures from systemic inflammation. Furthermore,
cytokine measurements were limited to two time‑points (day 0
and day 3 post‑infusion), which may not fully capture the dynamic
inflammatory milieu preceding ICANS; however, given a median
ICANS onset of day 6, these early assays were chosen to reflect
pre‑symptomatic risk and offer a parsimonious, cost‑sensitive
approach for broader clinical implementation. Notably, CSF
analysis was an exploratory, proof-of-concept effort aimed at
deepening the understanding of ICANS pathophysiology and was
not intended for model development, as samples were collected
post-onset. Moreover, the absence of an independent validation
cohort restricts the immediate clinical applicability of our
predictive models. Notably, the combined analysis of the products
may introduce confounding effects. Additionally, modifications to
management protocols implemented over the study period may
have influenced the outcomes. Future prospective studies with
larger, more diverse populations will be essential to confirm these
associations and to refine our models further.

CONCLUSION
In conclusion, this real-world study elucidates critical risk factors
and cytokine signatures associated with ICANS in patients
undergoing CD19 CAR-T therapy. The integration of clinical
parameters such as CAR-T product type, CRS characteristics and
AID history with laboratory markers including IL-6, IL-15, D-dimer,
CRP, ferritin and GM-CSF provides a promising strategy for early
risk stratification. These insights not only deepen our under-
standing of the pathophysiological underpinnings of ICANS but
also pave the way for more personalized and preemptive
approaches to its management. Ultimately, our study supports
the development of targeted interventions that could mitigate
neurotoxicity and enhance the overall safety and efficacy of CAR-T
therapy.
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