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Despite recent advances in the field, Chimeric Antigen Receptor T (CAR-T) cell
toxicities remain a significant burden throughout both the early and late post-
infusion periods, affecting patient outcomes and complicating clinical manage-
ment. Several risk factors for these side effects have been identified and multiple
predictive scores and models have been developed, focusing mainly on clinical
and inflammatory parameters assessed before or after CAR-T cell infusion.
However, the majority of these scores have been derived and validated in
retrospective cohorts, with external validation available only for a few of them
predicting only CRS, ICANS or ICAHT risk. Several newly described toxicities still
lack any predictive tool, and even the existing scores for CRS and ICANS have not
yet been validated across all CAR-T disease indications, limiting their generaliz-
ability. The CAR-HEMATOTOX (CAR-HT), initially developed for ICAHT risk
prediction, remains the most extensively validated tool to date. Despite this, no
predictive model has yet been prospectively validated within interventional trials
randomizing patients according to predicted risk. This minireview aims to provide
an up-to-date overview of currently validated toxicity prediction scores in CAR-T
cell therapy, along with prediction tools under development, future research
directions and their potential integration into routine clinical practice to guide
risk-adapted patient management.
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Introduction

CAR-T cell therapy has emerged as a transformative treatment modality for several
hematologic malignancies (1-3), showing promising results also in non-hematological
disorders (4). This treatment modality is associated with a unique spectrum of toxicities (5),
including cytokine release syndrome (CRS), immune effector cell-associated neurotoxicity
syndrome (ICANS) and immune effector cell-associated hematotoxicity (ICAHT) (6).
Recently described toxicities include immune effector cell-associated hemophagocytic
lymphohistiocytosis-like syndrome (IEC-HS) (7), tumor inflammation-associated neuro-
toxicity (TIAN) (8), movement and neurocognitive treatment-emergent adverse events
(MNTs) (9) and local immune effector cell-associated toxicity (LICATS) (10). The incidence
and severity of these toxicities are strongly influenced by disease setting and CAR-T cell
construct (11).

Advances in the understanding of the pathophysiological mechanisms underlying these
immune-mediated side effects have enabled the development of increasingly effective
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mitigation strategies and the identification of modifiable risk
factors, substantially reducing the incidence and severity of early
adverse events (12). The management of severe or refractory, early
and late toxicities, still represents a major area of ongoing investi-
gation. Novel strategies, including prophylactic and pre-emptive
interventions, are currently being evaluated (13).

To support risk stratification and clinical decision-making,
multiple validated and emerging pre-infusion and peri-infusion
scoring systems have been developed to predict CAR-
T-related toxicities.

These models differ in methodology, predictive performance
and clinical applicability, largely influenced by the characteristics of
their validation cohorts, including disease type and CAR-T product.
Of note, certain disease types may be more affected by the extent of
marrow involvement and CAR-T constructs incorporating a CD 28
costimulatory domain have consistently reported to induce higher
rates CRS/ICANS. Despite the heterogeneity and the bias of
confounding factors, theses risk scoring systems collectively repre-
sent an important step towards personalized toxicity management.

A structured PubMed/MEDLINE search (April 2016-April 2026)
was performed to identify all published predictive tools for CAR-T
cell toxicities. Tools with both internal and external validation are
summarized under “Currently Validated Predictive Scoring Systems”,
whereas those lacking external validation to date are summarized
under “Scores and Models Under Development”.

Currently validated predictive scoring
systems for CAR-T cell toxicities

Several risk factors for immune mediated toxicities post CAR-T
cell therapy have been identified, primarily inflammatory markers,
disease burden and bone marrow reserve (12). The most widely
validated scores for predicting CRS and ICANS are the Endothelial
Activation and Stress Index (EASIX) derived scores (EASIX,

s-EASIX, m-EASIX and ferritin-based modifications). The EASIX
( lactate dehydrogenase[LDH; U/L] X creatinine [mg/dL] ) i dicti f
score platelets[PLTs; 107 cells/L] 1s predicuve o

endothelial damage and correlates with outcomes after allogeneic

hematopoietic cell transplantation (14). The proposed simplified
EASIX (s-EASIX) excludes creatinine, while the modified EASIX
(m-EASIX) replaces creatinine with CRP (mg/dL), measured at
different time point (lymphodepletion, day -1, day +1 and day +3).
EASIX scores were originally developed and tested in a retrospective
analysis involving patients affected by diffuse large B cell lymphoma
(DLBCL) who were treated with axicabtagene ciloleucel (axi-cel) or
tisagenlecleucel (tisa-cel) and B-acute lymphoblastic leukemia
(ALL) patients who received anti-CD19-28z CAR-T cells (15).
The EASIX/s-EASIX/m-EASIX scores were confirmed to be good
predictors for severe CRS at each time point, while only day +3
assessments were found to correlate with severe ICANS onset (15).
EASIX variations incorporating ferritin (EASIX-F) or CRP and
ferritin (EASIX-FC) were able to predict respectively CRS > grade 2
and ICANS 2 grade 2 in a single-center retrospective analysis that
evaluated 171 patients with large B cell lymphomas (LBCL) who
received axi-cel (16). EASIX, m-EASIX, s-EASIX, and EASIX-FC
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were externally validated in a population-based cohort study,
including 154 patients with relapsed/refractory LBCL who received
axi-cel after >2 lines of systemic therapy (17).

The m-EASIX score was also recently validated in a cohort of
non-Hodgkin lymphoma (NHL) and multiple myeloma (MM)
patients receiving, respectively, anti-CD19 and anti-BCMA CAR-
T cell therapy, where it proved to be a stronger predictor of severe
toxicities and ICU admissions than EASIX. Furthermore, m-EASIX
could accurately distinguish CRS from sepsis at symptom
onset (18).

Two additional prognostic scoring systems (PSS) were derived
from the DESCAR-T registry, which included 925 patients with
LBCL treated with axi-cel or tisa-cel. The CRS-PSS incorporated
bulky disease, platelet count <150 G/L, CRP >30 mg/L, and no
bridging therapy or SD/PD after bridging, with a score >2 predict-
ing grade >3 CRS. Similarly, the ICANS-PSS incorporated female
sex, platelet count <150 x 10°/L, axi-cel use, and no bridging therapy
or SD/PD after bridging, with a score >2 predicting grade >3
ICANS. Both scores were externally validated in UK and Spanish
cohorts (19).

Cytokine-based models have also shown promise in predicting
CRS. To date, the only externally validated model is a multi-
cytokine nomogram developed by Zhou et al., derived from a
cohort of 87 MM patients and then externally validated in 2
separate cohorts (59 MM and 68 ALL/NHL patients). Built on
five cytokines (CX3CL1, GZMB, IL-4, IL-6, and PDGF-AA),
measured on days 1-2 post-infusion, the nomogram achieved
strong discriminative performance for severe CRS. Its reliance on
cytokine measurements not routinely available in clinical practice,
however, limits its feasibility for widespread use (20).

ICAHT is another common toxicity associated with CAR-T cell
therapy, which is graded according to the depth and duration of
neutropenia. The CAR-HEMATOTOX (CAR-HT) score is the only
externally validated tool for predicting ICAHT. It incorporates
hematopoietic reserve (platelets, hemoglobin, and absolute neutro-
phil count) and baseline inflammatory markers (CRP and ferritin).
Patients are stratified as high-risk (score >2) or low-risk (score 0-1).
CAR-HT was originally developed by Rejeski et al. in a training
cohort of 58 LBCL patients and validated in two independent
external cohorts, one European (n = 91) and one US (n = 109)
(21). This has been further externally validated across multiple
disease types and settings including patients with LBCL (21), mantle
cell lymphoma (MCL) (22) and MM (23).

Beyond ICAHT itself, the CAR-HT score has been shown to
predict several additional outcomes, extending its utility well
beyond cytopenia alone. High CAR-HT scores (>2) have been
consistently associated with increased infection rates (24), especially
bacterial, across LBCL, MCL, and MM cohorts. Validation studies
in both BCMA-directed CAR-T for MM (23)and anti-CD19 CAR-
T for MCL (22) demonstrated that high CAR-HT scores were
associated with increased non-relapse mortality and further studies
have confirmed that a high CAR-HT score can independently
predict inferior overall survival (OS) and progression free survival
(PES) (25, 24).

An adapted version of the score for ALL, the ALL-
HEMATOTOX (ALL-HT), has also been developed and validated
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(26). This adaptation was prompted by the limited discriminatory
power of CAR-HT in ALL: because most patients have elevated
ferritin baseline levels, the score fails to meaningfully stratify
patients into actionable risk groups for hematotoxicity manage-
ment. The ALL-HT addresses this by replacing ferritin with bone
marrow disease burden, which correlates strongly with post-infu-
sion neutropenia in ALL (r = 0.64, p <.0001) (26).

Table 1 shows the currently validated tools for CRS, ICANS,
and ICAHT prediction, including the time points at which they are
assessed and both derivation and validation cohorts characteristics,
such as CAR-T cell construct and disease type. Among these, the
CAR-HT score stands out as the most extensively validated across
different disease types. Among these, the CAR-HT score has
undergone the most extensive validation across multiple disease
settings. Nevertheless, no predictive model has yet been shown to
improve clinical outcomes when applied prospectively to guide risk-
adapted interventions, underscoring an important unmet need.

Scores and models under
development

Although several predictive models for CAR-T related toxicities
have been validated, the search for additional scores and biomarkers
remains ongoing. For CRS, ICANS and ICAHT, recent efforts have
focused on refining prediction through models that incorporate
novel biomarkers and clinical variables including also other non-
hematologic parameters. For instance, the CRS-Pre-infusion Risk
Evaluation score (CRS-PRE) identified impaired renal function as a
predictor of severe CRS in patients with LBCL treated with axi-cel,
lisocabtagene maraleucel (liso-cel), or tisa-cel, together with ele-
vated LDH, CRP or ferritin. Patients classified as high risk experi-
enced a higher cumulative incidence of any grade CRS (30).
Nutritional status may also impact CAR-T cell treatment outcomes:
the Controlling Nutritional Status (CONUT) score, for instance,
has been demonstrated to affect the prognosis of patients undergo-
ing CAR-T cell therapy for MM (31, 32). Both models are extremely
promising given the use of reliable and easily accessible parameters,
even if limited to a specific patient population.

The incorporation of inflammatory burden markers may fur-
ther enhance the predictive accuracy of ICANS risk models. A
recently developed model incorporating CRP, IL-6, and
procalcitonin demonstrated accurate prediction of both ICANS
occurrence and severity in patients treated with anti-CD19 or
anti-BCMA CAR-T cells. Given the well-known relationship be-
tween ICANS and inflammation burden, this score could provide a
reliable and easily available tool. Furthermore, it would allow a
dynamic evaluation and a broad applicability (33). In a retrospec-
tive cohort of patients with DLBCL treated with anti-CD19 CAR-T
cells, elevated IL-6 and IL-15 levels alongside a prior history of
autoimmune disease were independently associated with an
increased risk of ICANS. Based on this, the authors developed
two cytokine-based prediction models: one for any-grade ICANS,
incorporating CAR-T product (axi-cel vs. tisa-cel), time to CRS
onset, IL-6 at day 3, and pre-infusion D-dimer, and one for grade 2—-
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4 ICANS, based on number of prior therapies, grade >2 CRS,
history of autoimmune disease, IL-15 at day 0, and GM-CSF (34).
Nonetheless, the use of some non-routinely evaluated cytokines
could be an obstacle to the clinical application of this score.

Machine learning techniques are increasingly being integrated
into many aspects of healthcare and are particularly attractive for
developing predictive models because they can capture complex
relationships among multiple variables that may be missed by
conventional statistics. An XGBoost (eXtreme Gradient Boosting)
algorithm incorporating age, pre- and post-infusion temperature,
ferritin, CRP, LDH, IL-6, fibrinogen, and platelet count was able to
predict grade =3 ICANS before the onset of clinical symptoms,
showing high discriminative performance in an internally validated
cohort of patients with B-cell lymphoma receiving anti-CD19 CAR-
T therapy (35). Nevertheless, issues related to model interpretabil-
ity, generalizability, and the need for robust external validation
remain important barriers to their routine clinical implementation.

Additional biomarkers have also emerged as potential predictors
of ICANS. Among these, serum neurofilament light chain (NfL), a
well-established marker of neuroaxonal injury in several neurological
disorders (36), has shown promising predictive value. A recent
retrospective study demonstrated that elevated NfL levels were
independently associated with the development of grade 2-4
ICANS in patients with B-cell lymphoma receiving CD19-directed
CAR-T cell therapy (37). These findings suggest that biomarkers
reflecting pre-existing neurological vulnerability may improve
ICANS risk stratification beyond currently available clinical predic-
tion models. However, this marker has only been evaluated in LBLC
patients and is not readily available in the routine clinical setting.

Further efforts to refine ICAHT prediction are ongoing. A
comprehensive univariate analysis, conducted in a cohort of 691
patients (NHL, MCL, MM, and ALL), identified both pre-infusion
factors (disease type [ALL vs. others] and pre-lymphodepletion
absolute neutrophils count [ANC], platelet count, LDH, and ferri-
tin) and post-infusion factors (early and peak levels of CRP, ferritin,
IL-6, and D-dimer, as well as peak CRS grade and peak neurotox-
icity grade) associated with severe early ICAHT (eICAHT). Based
on these findings, two eICAHT Prediction Models (eIPMs) were
developed: eIPM-Pre, incorporating pre-infusion factors alone, and
eIPM-Post, incorporating both pre-infusion and early post-infusion
factors. Both models showed excellent discriminative performance
(AUC 0.87 and 0.88, respectively), though eIPMs have so far
undergone only internal validation and have not yet been validated
in a separate cohort. Notably, by incorporating dynamic inflam-
matory biomarker evaluation, eIlPM suggests that tracking immune
activation over time may add prognostic value for predicting severe
early ICAHT (38).

Several recently described CAR-T cell associated toxicities still
lack validated predictive tools for clinical use. IEC-HS remains an
underexplored area in predictive risk stratification. No validated
predictive score is currently available (39). Existing approaches
rely on diagnostic rather than predictive criteria: the ASTCT
consensus identified high ferritin, cytopenias, coagulopathy with
hypofibrinogenemia, and transaminitis as key features associated
with this complication (40). Research efforts are focused on iden-
tifying additional risk factors, including disease type (with the
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TABLE 1 Validated scores for CRS/ICANS/ICAHT prediction — In this table are shown the main scores validated for CRS/ICANS/ICAHT prediction, including the specific type of toxicity they predict, the population in

which they were derived and externally validated.

Variables

Derivation and internal validation

External validation

. CAR-T AUC of the ROC Disease CAR-T AUC of the ROC
Disease type ° o
product curve (%) type product curve (%)
LBCL . . L. a
LD i Severe CRS: 77.3% 71.8°, (n=214) Axi-cel Tisa-cel Severe toxicity: 0.81 (27)
CRS D-1 CD1928z Axi-cel 7245 79.7¢
EASIX B-ALL + DLBCL (n=11 1 e ecf
§ ICANS D +1 Crea * CL (n=118) Tisa-cel Severe ICANS: 61.2°, s LBCL Severe CRS: 54°, 55, 55
D +3 PLT 68,04 Axi-cel Severe ICANS: 575, 62, | (17)
- (n=154)
618
LBCL . . s s a
LD Severe CRS: 82.1%, 75.4°, (n=214) Axi-cel Tisa-cel Severe toxicity: 0.79° (27)
CRS D-1 LDH CD1928z Axi-cel 76.45, 80.94
-EASIX B-ALL + DLBCL (n=118 15 e cof
: ICANS D +1 PLT * (a=118) Tisa-cel Severe ICANS: 65.85, | () LECL Severe CRS: 56", 55/, 57¢
D +3 68.49 (n=154) Axi-cel Severe ICANS: 58°, (17)
61618
LBCL
Axi-cel Tisa-cel ici 74% 27
(n=214) cel Tisa-ce Severe toxicity 0. (27)
. 57¢ 5of £g8
LBCL . Severe CRS: 57¢, 52 s 55?
(n=154) Axi-cel Severe ICANS: 46°, 59, (17)
o042 b a 598
ors ;Dl LDH CD1928z Severe 7C5R45; zg‘id’ 7305
m-EASIX CRP B-ALL + DLBCL (n=118) Axi-cel coTe (15) Var-cel
ICANS D +1 ) Severe ICANS: 67.0%, ALL+NHL+ Cesni-cel
D +3 PLT Tisa-cel 73.0¢ . Severe toxicity: 71%, 73¢ (18)
- MM (n=119) Axi-cel
Liso-cel
Axi-cel Severe CRS: 67%
LBCL (n=38) Tisa-cel Severe ICANS: Not (28)
Brexu-cel predictive
LDH
PLT LBCL
EASIX-FC ICANS LD . LBCL (n=171) Axi-cel Not reported (16) Axi-cel Not reported (17)
Ferritin (n=154)
CRP
Bulk (>
5cm)
PLT <150 Axi-cel Axi-cel
- xi-
CRS-PSS CRS LD CRP>30mg/ LBCL (n=925) K Severe CRS: 72° (19) LBCL (n=725) i Severe CRS: 61* (19)
L Tisa-cel Tisa-cel
No BT/
failure
Female . .
Axi-cel N Axi-cel a
ICANS-PSS ICANS LD PLT <150 LBCL (n=925) . Severe ICANS: 75 (19) LBCL (n=760) i Severe ICANS: 71 (19)
Tisa-cel Tisa-cel
No BT/
(Continued)
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TABLE 1 Continued

Derivation and internal validation External validation

Variables CAR-T AUC of the ROC Disease CAR-T AUC of the ROC

Disease type Ref
ypP product curve (%) type product curve (%)
failure
Axi-cel
CX3CL1 Cohort 1 MM
GZMB ° ((:_59) Anti-BCMA Severe CRS: 91° (20)
Cytoki -
Noyn:‘;gr‘;; CRS D+l IL-4 MM (n=87) Anti-BCMA Severe CRS: 88° (20)
hort 2 ALL
IL-6 Cohort Anti-CD19 Severe CRS: 91° (0)
PDGF-AA +NHL (n=68)
Ide-cel Severe ICAHT in HT"s";
MM (n=113 23
(n ) Cilta-cel 82 @3
ICAHT in HT"";
MCL (n=103) Brexu-cel Severe IC o1 m (22)
PLT . high ) ) high
ANC DLBCL Severe ICAHT in HT™8™ LBL (n=560) Axi-cel Severe ICAHT in HT™®™: (25)
CAR-HT* [CAHT D Hb (n=58 training co'hort; n=91 A'xi-cel Training co?lort 73 Q1) B Tisa-cel 62.5
CRP EU validation; Tisa-cel EU validation 77 Axiocel S [CAHT in HT""
o n=109 US validation) US validation 91 LBL (n=250) e evere " BReN)
Ferritin Tisa-cel 73
Delayed ANC recovery:
ALL adults Brexu-cel 65 29)
rexu-
(n=199) Delayed PLT recovery: 64
G3+ infections: 85
PLT ALL CD19-22
ANC children and AYA bicistronic Severe ICAHT in HT"&h;
ALL-HT [CAHT LD b (n= 156 training cohort NCI; CD19-22 NCI cohort 84 26) External validation provided in independent external cohorts within original
CRP n=106 validation cohort bivalent MSK cohort 89 study
BM disease MSK; CD19/28z SCH cohort 90
cas n= 84 SCH) CD22/41BB

As statistical measure of score performance the area under the curve (AUC) of the receiver operating characteristic (ROC) curve was reported. LD= lymphodepletion, D-1 = 1 day prior to CAR-T cell infusion, D + 1 = 1 day following CAR-T cell infusion, D + 3 = 3 days
following CAR-T cell infusion. *for score measured at LD, for score measured at D-1, “for score measured at D + 1, “for score measured at D + 3, *for score measured at baseline, for score measured at pre-LD, 8for score measured at infusion. PLT, platelet; CRP, C-reactive
protein; LDH, lactate dehydrogenase; No BT/failure, no bridging therapy or stable or progressive disease (SD/PD) after bridging; ANC, absolute neutrophil count; Hb, haemoglobin; CRP, C-reactive protein; HT™&", high risk group for hematotoxicity; * An online calculator
from German Lymphoma Alliance is available for CAR-HT (https://www.german-lymphoma-alliance.de/Scores.html).
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highest incidence reported in B-ALL), CAR-T cell product tisa-cel
in DLBCL and ciltacabtagene autoleucel (cilta-cel) in MM and the
occurrence of CRS (41). Distinct cytokine profiles, including
elevated TNF, IL-18, and MCP-1 levels, as well as specific
immune cell subsets such as non-classical monocytes and natural
killer T (NKT) cells, have also been associated with IEC-HS (42).
The H-Score has not been validated in the CAR-T cell setting.
Moreover, its utility in IEC-HS may be limited by the substantial
clinical and laboratory overlap with CRS (43).

Similarly, many recently described neurotoxicity syndromes
lack validated predictive scores. A recent study (44) conducted in
patients with primary CNS lymphoma treated with anti-CD19
CAR-T demonstrated that baseline MRI-measured CNS tumor
volume is a significant predictor of TIAN development, an
immune effector cell-mediated neurotoxicity syndrome occurring
in patients with CNS cancers (45). Other neurotoxicity syndromes
of interest are MNTSs, which are characterized by Parkinson-
disease-like symptoms (such as bradykinesia, rigidity, tremor and
cognitive impairment) (9), and CNP, which is usually isolated and
primarily involving VII cranial nerve, even if some progressive cases
have been reported (46). Both are predominantly observed in MM
patients treated with anti-BCMA CAR-T, especially cilta-cel (47,
48). Nonetheless few cases have been reported in B cell lymphomas
(49, 50), and pediatric B-ALL (51) patients receiving anti-CD19
CAR-T cells. To date, there are no validated risk predicting tools,
but several risk factors have been identified. A sub-analysis from the
CARTITUDE-1 study identified high tumor burden, high grade
CRS, any grade ICANS, high CAR-T cell expansion and persistence
in peripheral blood and CSF as potential MNT anticipating factors
(52). Absolute lymphocyte count (ALC) peak was found to be a
statistically significant predictor of MNTs and CNP in cilta-cel-
treated patients (53). Another retrospective analysis conducted on
patients from CARTITUDE 1, 2 and 4 studies found a correlation
between CNP frequency, higher peak concentrations of IL-10 and a
lower number of prior lines of therapy, suggesting a role for T cell
immune fitness in the onset of this neurotoxicity (54).

A newly described post-CAR-T toxicity, termed LICATS, has
recently been reported in patients with autoimmune diseases
receiving CD19-directed CAR-T cells. It is characterized by a
local, organ-specific inflammatory reaction following CAR-T cell
infusion, exclusively involving organs previously affected by the
patient’s underlying autoimmune disease. In a recent observational
study, all cases of LICATS occurred during B-cell aplasia, and grade
>2 LICATS was associated with grade 2 CRS and tocilizumab use
(10). Aside from disease burden, no additional risk factors have yet
been identified. As novel CAR-T-related toxicities such as LICATS
continue to emerge, this highlights the need for further character-
ization and the development of dedicated prediction strategies,
scores, and models.

Growing evidence indicates that the gut microbiome signifi-
cantly influences both the incidence and severity of CAR-T cell
therapy toxicities, particularly cytokine release syndrome (CRS) and
immune effector cell-associated neurotoxicity syndrome (ICANS).
These data, while consistent across multiple cohorts, remain pre-
liminary and largely observational (55). The most robust and
clinically actionable finding is the association between prior
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broad-spectrum antibiotic exposure and worse CAR-T outcomes
(55). Several studies have identified specific bacterial species linked
to CAR-T toxicities (56, 57), which they mediate through their
effects on systemic inflammation, short-chain fatty acid (SCFA)
production, and immune homeostasis. Further research will hope-
fully help guide additional strategies for toxicity prevention.

Table 2 recapitulates the main scores validated and under
development for each toxicity.

Implementation into clinical decision
making

The substantial body of evidence accumulated over the past
decade has profoundly shaped clinical practice worldwide, driving
the use of CAR-T cell products into earlier lines of treatment and
enabling the development of well-defined protocols for the preven-
tion and management of the most clinically relevant toxicities. The
lessons learned from clinical trials and real-world practice have
charted a path of continuous improvement, not only in terms of
efficacy through novel CAR-T cell designs, but also in terms of
safety and toxicity prevention. As CAR-T cell therapy expands into
non-oncological diseases, where tolerance for severe side effects is
lower, understanding, classifying, and preventing CAR-T-related
toxicities is now more critical than ever.

Among the validated scores for CAR-T cell toxicities prediction,
the CAR-HT score is currently the only one incorporated into clinical
guidelines. Specifically, CAR-HT score >2 contributes to high risk
ICAHT categorization by NCCN guidelines with recommended gran-
ulocyte-colony stimulating factor (G-CSF) initiation at >2 days post
infusion (58). The EHA/EBMT consensus similarly recommends
antibacterial prophylaxis only in high ICAHT-risk patients once
ANC falls below 500/uL, and suggests considering antifungal prophy-
laxis in cases of severe neutropenia with a high-risk profile (59). For
cytopenias persisting beyond 21 days post-infusion with >1 risk factor,
the NCCN recommends considering G-CSF for neutropenia,
eltrombopag for prolonged thrombocytopenia, or a hematopoietic
cell boost when cryopreserved stem cells are available (58).

None of the other validated scores or models discussed in the
previous section has yet been incorporated into European or
American guidelines, and their role in clinical practice therefore
remains uncertain. At present, the main determinants of toxicity
remain underlying diagnosis, CAR-T construct, disease burden,
inflammatory burden, and marrow reserve, with adequate patient
selection, bridging therapy to reduce disease burden, and prophy-
lactic measures guided by pre-lymphodepletion assessment playing
a defining role in risk mitigation.

Conclusions
Several priorities emerge for the CAR-T related toxicities

management field moving forward. First, existing predictive
models for CRS and ICANS require further external validation
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TABLE 2 Toxicity predicting tools available — In this table are shown the validated predicting tools and the ones still under development for the more

commonly described CAR-T cell related toxicities.

Toxicity predicting tools available

Toxicity
Validated

Under development (lacking external validation)

Disease type CAR-T product
EASIX (15) P P
CRS-PRE Axi-cel
s-EASIX (15) LBCL (n=900) Tisa-cel (30)
CRS m-EASIX (15) Liso-cel
CRSS-PSS (19) Anti-BCMA
Anti-GPRC5D
; CONUT MM (n=300 32
Cytokine (20) (n=300) Anti BCMA/CD19 o2
nomogram Anti BCMA/GPRC5D
EASIX (15 Hidden Markov Model (HMM) | LBCL + MM Anti-CD19 53
S-EASIX (15) to forecast ICANS (n=199) Anti-BCMA
ICANS m-EASIX (19) Cytokine based prediction ALL + NHL Tisa-cel (34)
EASIX-EC (16) models (n=101) Axi-cel
Axi-cel
ICANS-PSS (19) XGBoost algorithm NHL (n=175) e (35)
Brexu-cel
CAR-HT (21) IPMs Anti-CD19 (JCAR014%, Axi-cel, Liso-cel, Tisa-
NHL+ALL+MM 1, Brexu-cel, JCAR021");
ICAHT (only tool available at https:// * + e X rexu Cé ]C, O ) (38)
ALL-HT (26) X (m=691) Anti-CD20 (investigational);
eipm.fredhutch.org) . . . . -
Anti-BCMA (cilta-cel, ide-cel, investigational)
IEC-HS No risk predicting tools available. (42)
TIAN No validated risk predicting tools available. MRI-measured CNS tumor volume is the only know predictor. (44)
MNTSs No validated risk predicting tools available, single individual risk factors identified: high tumor burden, high grade CRS, any grade ICANS and (48,
high CAR-T cell expansion, ALC peak. 52, 53)
. o . T . R (48,
CNP No risk predicting tools available, single individual risk factors identified: ALC peak, IL-10 levels. 53, 54)
LICATS No risk predicting tools available. Disease burden main risk factor. (10)

For IEC-HS, TIAN, MNTs, CNP and LICATS no predicting tools are available and only few isolated predictors have been described. “JCAR014, investigational CAR T-cell product containing 4-
1BB costimulatory domain; "JCARO021, investigational CAR T-cell product containing 4-1BB costimulatory domain.

across broader settings, including MM and non-oncological indi-
cations, while newly proposed scores not yet externally validated
similarly await confirmation in independent cohorts. Second, dy-
namic models incorporating multiple time points along the CAR-T
cell journey warrant further refinement, enabling more precise and
timely tailoring of supportive measures.

Notably, all current CAR-T toxicity prediction scores have been
derived exclusively from retrospective or registry-based analyses.
No prospective trial has yet tested score-guided risk-adapted
management strategies. A critical next step for the field would be
prospective interventional trials randomizing patients according to
predicted risk, for example, CAR-HEMATOTOX high versus low,
to risk-adapted management strategies, such as early G-CSF,
prophylactic anakinra, or intensified monitoring, versus standard
care, with toxicity severity and non-relapse mortality as primary
endpoints. Among existing tools, the CAR-HT score represents the
strongest candidate for such trials, though its predictive value at
earlier time points, prior to leukapheresis, remains to be established,
which would be particularly valuable in enabling prophylactic
collection of autologous CD34+ stem cells.

Finally, as CAR-T cell therapy indications continue to expand, it
is now of paramount importance to characterize, develop and

Frontiers in Immunology

validate predictive models for the full spectrum of emerging
toxicities, including TIAN, MNTs, CNP, and LICATS. Studies
providing external validation of the scores and biomarkers dis-
cussed herein will be essential not only to refine clinical manage-
ment of toxicities for which risk assessment tools already exist, but
also to establish robust risk stratification frameworks for those that
do not.

Author contributions
AP: Writing - review & editing, Conceptualization,
Methodology, Supervision, Writing — original draft. SB: Writing -

review & editing, Writing — original draft. SC: Writing - review &
editing, Writing — original draft, Supervision.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

frontiersin.org


https://eipm.fredhutch.org
https://eipm.fredhutch.org
https://doi.org/10.3389/fimmu.2026.1934301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Palasciano et al.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Correction note

This article has been corrected with minor changes. These
changes do not impact the scientific content of the article.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

References

1. Dima D, Banerjee R, Hansen DK. CAR T-cell therapy and bispecific antibodies in
the management of multiple myeloma. Hematol Am Soc Hematol Educ Program.
(2025) 2025:324-33. doi: 10.1182/hematology.2025000721

2. Lopedote P, Baird JH. The evolving treatment paradigm of chimeric antigen
receptor T-cell therapy in lymphoma. Curr Opin Oncol. (2025) 37:506-11.
doi: 10.1097/CC0O.0000000000001169

3. Rampotas A, Roddie C. The present and future of CAR T-cell therapy for adult B-
cell ALL. Blood. (2025) 145:1485-97. doi: 10.1182/blood.2023022922

4. Chung JB, Brudno JN, Borie D, Kochenderfer JN. Chimeric antigen receptor T cell
therapy for autoimmune disease. Nat Rev Immunol. (2024) 24:830-45. doi: 10.1038/
s41577-024-01035-3

5. Chohan KL, Siegler EL, Kenderian SS. CAR-T cell therapy: the efficacy and toxicity
balance. Curr Hematol Malig Rep. (2023) 18:9-18. doi: 10.1007/s11899-023-00687-7

6. Rejeski K, Subklewe M, Aljurf M, Bachy E, Balduzzi A, Barba P, et al. Immune
effector cell-associated hematotoxicity: EHA/EBMT consensus grading and best
practice recommendations. Blood. (2023) 142:865-77. doi: 10.1182/
blood.2023020578

7. Lee JC, Johnson WT, Hines M, Shah NN. Immune effector cell-associated
hemophagocytic lymphohistiocytosis-like syndrome (IEC-HS). Hematol Oncol Clin
North Am. (2025) 39:617-43. doi: 10.1016/j.hoc.2025.02.005

8. Mahdi J, Dietrich J, Straathof K, Roddie C, Scott BJ, Davidson TB, et al. Tumor
inflammation-associated neurotoxicity. Nat Med. (2023) 29:803-10. doi: 10.1038/
s41591-023-02276-w

9. Karschnia P, Miller KC, Yee AJ, Rejeski K, Johnson PC, Raje N, et al. Neurologic
toxicities following adoptive immunotherapy with BCMA-directed CAR T cells. Blood.
(2023) 142:1243-8. doi: 10.1182/blood.2023020571

10. Hagen M, Miiller F, Wirsching A, Kharboutli S, Spoerl S, Dising C, et al. Local
immune effector cell-associated toxicity syndrome in CAR T-cell treated patients with
autoimmune disease: an observational study. Lancet Rheumatol. (2025) 7:e424-33.
doi: 10.1016/S2665-9913(25)00091-8

11. Jain MD, Smith M, Shah NN. How I treat refractory CRS and ICANS after CAR T-
cell therapy. Blood. (2023) 141:2430-42. doi: 10.1182/blood.2022017414

12. Rejeski K, Jain MD, Shah NN, Perales MA, Subklewe M. Immune effector cell-
associated haematotoxicity after CAR T-cell therapy: from mechanism to management.
Lancet Haematol. (2024) 11:e459-70. doi: 10.1016/52352-3026(24)00077-2

13. Easton N, Andreoli M, van Besien H, Gribbin C, Pasciolla M, Alperovich A, et al.
Real-world assessment of prophylactic anakinra on neurotoxicity and cytokine release
syndrome after CD19 CAR T-cell therapy in R/R B-cell lymphoma: An inverse
probability of treatment weighting analysis. Transplant Cell Ther. (2026) 32
(9):1084.e1-3. doi: 10.1016/j.jtct.2026.06.008

14. Sanchez-Escamilla M, Flynn J, Devlin S, Maloy M, Fatmi SA, Tomas AA, et al.
EASIX score predicts inferior survival after allogeneic hematopoietic cell transplanta-
tion. Bone Marrow Transplant. (2023) 58:498-505. doi: 10.1038/s41409-023-01922-8

15. Pennisi M, Sanchez-Escamilla M, Flynn JR, Shouval R, Alarcon Tomas A,
Silverberg ML, et al. Modified EASIX predicts severe cytokine release syndrome and
neurotoxicity after chimeric antigen receptor T cells. Blood Adv. (2021) 5:3397-406.
doi: 10.1182/bloodadvances.2020003885

Frontiers in Immunology

10.3389/fimmu.2026.1934301

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

16. Greenbaum U, Strati P, Saliba RM, Torres ], Rondon G, Nieto Y, et al. CRP and
ferritin in addition to the EASIX score predict CAR-T-related toxicity. Blood Adv.
(2021) 5:2799-806. doi: 10.1182/bloodadvances.2021004575

17. de Boer JW, Keijzer K, Pennings ERA, van Doesum JA, Spanjaart AM, Jak M, et al.
Population-based external validation of the EASIX scores to predict CAR T-cell-related
toxicities. Cancers (Basel). (2023) 15:5443. doi: 10.3390/cancers15225443

18. Moreno-Castafio AB, Fernandez S, Brillembourg H, Iraola G, Moreno DF,
Ventosa-Capell H, et al. m-EASIX (better than EASIX) predicts severe CAR T-cell
toxicities, worse overall survival, and discriminates cytokine release syndrome from
sepsis. Front Immunol. (2025) 16:1664788. doi: 10.3389/fimmu.2025.1664788

19. Sesques P, Kirkwood AA, Kwon M, Rejeski K, Jain MD, Di Blasi R, et al. Novel
prognostic scoring systems for severe CRS and ICANS after anti-CD19 CAR T cells in large
B-cell lymphoma. ] Hematol Oncol. (2024) 17:61. doi: 10.1186/s13045-024-01579-w

20. Zhou L, Fu W, Wu S, Xu K, Qiu L, Xu Y, et al. Derivation and validation of a novel score
for early prediction of severe CRS after CAR-T therapy in haematological malignancy
patients: A multi-centre study. Br ] Haematol. (2023) 202:517-24. doi: 10.1111/bjh.18873

21. Rejeski K, Perez A, Sesques P, Hoster E, Berger C, Jentzsch L, et al. CAR-
HEMATOTOX: a model for CAR T-cell-related hematologic toxicity in relapsed/refractory
large B-cell lymphoma. Blood. (2021) 138:2499-513. doi: 10.1182/blood.2020010543

22. Rejeski K, Wang Y, Albanyan O, Munoz J, Sesques P, Tacoboni G, et al. The CAR-
HEMATOTOX score identifies patients at high risk for hematological toxicity, infectious
complications, and poor treatment outcomes following brexucabtagene autoleucel for
relapsed or refractory MCL. Am ] Hematol. (2023) 98:1699-710. doi: 10.1002/ajh.27056

23. Rejeski K, Hansen DK, Bansal R, Sesques P, Ailawadhi S, Logue JM, et al. The
CAR-HEMATOTOX score as a prognostic model of toxicity and response in patients
receiving BCMA-directed CAR-T for relapsed/refractory multiple myeloma. ] Hematol
Oncol. (2023) 16:88. doi: 10.1186/s13045-023-01465-x

24. de Boer JW, Keijzer K, van Dorp S, Mutsaers PGNJ, Niezink AGH, van Doesum JA,
et al. Population-based validation of the CAR-HEMATOTOX for hematotoxicity,
infections, and survival after CART in R/R LBCL. Blood Adv. (2025) 9:5641-50.
doi: 10.1182/bloodadvances.2025016689

25. Stella F, Pennisi M, Chiappella A, Casadei B, Bramanti S, Ljevar S, et al. Prospective
validation of CAR-HEMATOTOX and a simplified version predict survival in patients
with large B-cell lymphoma treated with anti-CD19 CAR T-cells: data from CART-SIE
study. Transplant Cell Ther. (2025) 31:240.e1-9. doi: 10.1016/j.jtct.2025.01.888

26. Nair MS, Silbert SK, Rejeski K, Wilson KA, Lamble AJ, Valtis Y, et al. Development
of ALL-Hematotox: predicting post-CAR T-cell hematotoxicity in B-cell acute lym-
phoblastic leukemia. Blood. (2025) 145:1136-48. doi: 10.1182/blood.2024025910

27. Korell F, Penack O, Mattie M, Schreck N, Benner A, Krzykalla J, et al. EASIX and
severe endothelial complications after CD19-directed CAR-T cell therapy-a cohort
study. Front Immunol. (2022) 13:877477. doi: 10.3389/fimmu.2022.877477

28. Galli E, Sora F, Hohaus S, Fresa A, Pansini I, Autore F, et al. Endothelial activation predicts
disseminated intravascular coagulopathy, cytokine release syndrome and prognosis in patients
treated with anti-CD19 CAR-T cells. Br ] Haematol. (2023) 201:86-94. doi: 10.1111/bjh.18596

29. Valtis YK, Lin C, Nemirovsky D, Devlin S, Rejeski K, Curran KJ, et al. CAR
HEMATOTOX independently predicts outcomes after CD19 CAR-T therapy for acute
lymphoblastic leukemia. Blood Adv. (2026) 10:276-88. doi: 10.1182/bloodadvances.2025017526

frontiersin.org


https://doi.org/10.1182/hematology.2025000721
https://doi.org/10.1097/CCO.0000000000001169
https://doi.org/10.1182/blood.2023022922
https://doi.org/10.1038/s41577-024-01035-3
https://doi.org/10.1038/s41577-024-01035-3
https://doi.org/10.1007/s11899-023-00687-7
https://doi.org/10.1182/blood.2023020578
https://doi.org/10.1182/blood.2023020578
https://doi.org/10.1016/j.hoc.2025.02.005
https://doi.org/10.1038/s41591-023-02276-w
https://doi.org/10.1038/s41591-023-02276-w
https://doi.org/10.1182/blood.2023020571
https://doi.org/10.1016/S2665-9913(25)00091-8
https://doi.org/10.1182/blood.2022017414
https://doi.org/10.1016/S2352-3026(24)00077-2
https://doi.org/10.1016/j.jtct.2026.06.008
https://doi.org/10.1038/s41409-023-01922-8
https://doi.org/10.1182/bloodadvances.2020003885
https://doi.org/10.1182/bloodadvances.2021004575
https://doi.org/10.3390/cancers15225443
https://doi.org/10.3389/fimmu.2025.1664788
https://doi.org/10.1186/s13045-024-01579-w
https://doi.org/10.1111/bjh.18873
https://doi.org/10.1182/blood.2020010543
https://doi.org/10.1002/ajh.27056
https://doi.org/10.1186/s13045-023-01465-x
https://doi.org/10.1182/bloodadvances.2025016689
https://doi.org/10.1016/j.jtct.2025.01.888
https://doi.org/10.1182/blood.2024025910
https://doi.org/10.3389/fimmu.2022.877477
https://doi.org/10.1111/bjh.18596
https://doi.org/10.1182/bloodadvances.2025017526
https://doi.org/10.3389/fimmu.2026.1934301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Palasciano et al.

30. AraiY,Jo T, Sato T, Sakurai M, Kaji D, Kitawaki T, et al. Decreased renal function
predicts severe cytokine release syndrome after CAR-T-cell therapy for large B-cell
lymphoma. Br ] Haematol. (2026) 208:2124-33. doi: 10.1111/bjh.70488

31. Xu P, Liu Y, Wang Y, Feng Q, Zhang H, Cheng H, et al. Nutritional status indices
on the prognosis of patients with relapsed and refractory multiple myeloma treated
with CAR-T cell immunotherapy. Front Nutr. (2025) 12:1654407. doi: 10.3389/
fnut.2025.1654407

32. Xu P, Duan XY, Feng QW, Wang YW, Liu Y, Zhang HX, et al. Construction and
validation of a nutritional status (CONUT)-based nomogram for predicting prolonged
hematological toxicity in relapsed/refractory multiple myeloma after CAR-T cell
therapy. Front Nutr. (2026) 13:1729151. doi: 10.3389/fnut.2026.1729151

33. Amidi Y, Eckhardt CA, Quadri SA, Malik P, Firme MS, Jones DK, et al. Forecasting
immune effector cell-associated neurotoxicity syndrome after chimeric antigen receptor
t-cell therapy. ] Immunother Cancer. (2022) 10:¢005459. doi: 10.1136/jitc-2022-005459

34. Gomez-Llobell M, Serra Smith C, Gomez-Costas D, Gomez-Centurion I, Garcia
Dominguez JM, Escudero-Vilaplana V, et al. ICANS risk model in CD19 CAR-T
therapy: insights from serum and CSF cytokine profiling. Bone Marrow Transplant.
(2025) 60:1351-60. doi: 10.1038/541409-025-02679-y

35. Huang J], Liang EC, Albittar A, Portuguese AJ, Wuliji N, Torkelson A, et al. Early
prediction of severe ICANS after standard-of-care CD19 CAR T-cell therapy using
gradient-boosted classification trees. J Clin Oncol. (2024) 42:7034. doi: 10.1200/
JCO.2024.42.16_suppl.7034

36. Khalil M, Teunissen CE, Lehmann S, Otto M, Piehl F, Ziemssen T, et al.
Neurofilaments as biomarkers in neurological disorders - towards clinical application.
Nat Rev Neurol. (2024) 20:269-87. doi: 10.1038/541582-024-00955-x

37. Larue M, Bouvier A, Maillard A, Cuffel A, Allain V, Ursu R, et al. Neurofilament
light chain levels as an early predictive biomarker of neurotoxicity after CAR T-cell
therapy. J Immunother Cancer. (2024) 12:¢009525. doi: 10.1136/jitc-2024-009525

38. Liang EC, Huang J], Portuguese AJ, Ortiz-Maldonado V, Albittar A, Wuliji N, et al.
Development and validation of predictive models of early immune effector cell-associated
hematotoxicity. Blood Adv. (2025) 9:606-16. doi: 10.1182/bloodadvances.2024014455

39. Fugere T, Baltz A, Mukherjee A, Gaddam M, Varma A, Veeraputhiran M, et al. Immune
effector cell-associated HLH-like syndrome: A review of the literature of an increasingly
recognized entity. Cancers (Basel). (2023) 15:5149. doi: 10.3390/cancers15215149

40. ZhangY, Yang J, Xin H, Ai K, Yang M, Li Y, et al. Chimeric antigen receptor T-cell
therapies related to immune effector cell-associated hemophagocytic
lymphohistiocytosis-like syndrome: Diagnosis, high-risk factors, and management.
Chin Med ] (Engl). (2026) 139:1464-83. doi: 10.1097/CM9.0000000000004066

41. Zhang C, Wu H, Cao T, Wu C, Yan C, Qi W, et al. Hemophagocytic
lymphobhistiocytosis after CAR T-cell therapy: A systematic review and meta-analysis.
Am ] Hematol. (2026) 101(8):1839-55. doi: 10.1002/ajh.70351

42. Tan M, Gupta S, De Menezes Silva Corraes A, Alkhateeb HB, Vergidis P,
Kenderian S, et al. Association of immune cell subsets and cytokine profiles with
immune-related hyperinflammatory states after CAR T-cell therapy. J Clin Oncol.
(2025) 43:€19008-8. doi: 10.1200/JCO.2025.43.16_suppl.e19008

43. Hines MR, Knight TE, McNerney KO, Leick MB, Jain T, Ahmed S, et al. Inmune
effector cell-associated hemophagocytic lymphohistiocytosis-like syndrome.
Transplant Cell Ther. (2023) 29:438.e1-438.e16. doi: 10.1016/j.jtct.2023.03.006

44. Kaulen LD, Martinez-Lage M, Abramson JS, Karschnia P, Doubrovinskaia S,
Shankar GM, et al. Clinical presentation, management, and outcome of TIAN in CNS
lymphoma treated with CD19-CAR T-cell therapy. Blood. (2025) 146:1902-13.
doi: 10.1182/blood.2025028964

45. Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M, Haile S, et al.
Potent antitumor efficacy of anti-GD2 CAR T cells in H3-K27M+ diffuse midline
gliomas. Nat Med. (2018) 24:572-9. doi: 10.1038/s41591-018-0006-x

Frontiers in Immunology

09

10.3389/fimmu.2026.1934301

46. Lazzari ZT, Gandh AS, Sannananja B, Belagaje SR, Hutto SK. Progressive multiple
cranial neuropathies as a manifestation of CAR-T neurotoxicity. Neurohospitalist.
(2025) 16:19418744251393076. doi: 10.1177/19418744251393076

47. Van Oekelen O, Aleman A, Upadhyaya B, Schnakenberg S, Madduri D, Gavane S,
et al. Neurocognitive and hypokinetic movement disorder with features of parkinson-
ism after BCMA-targeting CAR-T cell therapy. Nat Med. (2021) 27:2099-103.
doi: 10.1038/s41591-021-01564-7

48. Rodriguez-Otero P, Pérez-Larraya JG, Lin Y, Dietrich ], van de Donk NWC]J,
Mason XL, et al. Non-ICANS neurologic events in patients with relapsed/refractory
multiple myeloma treated with ciltacabtagene autoleucel: clinical presentation and
management in CARTITUDE studies. Clin Lymphoma Myeloma Leuk. (2026) 26
(7):423-35.e3. doi: 10.1016/j.clm1.2026.04.013

49. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RPT, Carpenter RO, Stetler-
Stevenson M, et al. Chemotherapy-refractory diffuse large B-cell lymphoma and
indolent B-cell malignancies can be effectively treated with autologous T cells
expressing an anti-CD19 chimeric antigen receptor. J Clin Oncol. (2015) 33:540-9.
doi: 10.1200/JC0O.2014.56.2025

50. Schroeder T, Chitadze G, Dargvainiene J, Martens T, Gebauer N, Frimmel J, et al.
Non-ICANS neurotoxicities CD19-directed CAR T-cell therapy and the emergence of
movement and neurocognitive treatment-emergent adverse events: a case report. Front
Immunol. (2026) 17:1749587. doi: 10.3389/fimmu.2026.1749587

51. Schultz LM, Baggott C, Prabhu S, Pacenta HL, Phillips CL, Rossoff J, et al. Disease
burden affects outcomes in pediatric and young adult B-cell lymphoblastic leukemia
after commercial tisagenlecleucel: A pediatric real-world chimeric antigen receptor
consortium report. J Clin Oncol. (2022) 40:945-55. doi: 10.1200/JCO.20.03585

52. Cohen AD, Parekh S, Santomasso BD, Gallego Pérez-Larraya J, van de Donk
NWC]J, Arnulf B, et al. Incidence and management of CAR-T neurotoxicity in patients
with multiple myeloma treated with ciltacabtagene autoleucel in CARTITUDE studies.
Blood Cancer J. (2022) 12:32. doi: 10.1038/s41408-022-00629-1

53. Lim KJC, Tan M, Parrondo R, Chhabra S, Dooley K, De Menezes Silva Corraes A,
et al. Clinical course, risk factors and mitigating strategies for immune effector cell-
associated late onset neurotoxicities after ciltacabtagene autoleucel CAR-T in multiple
myeloma. Blood Cancer J. (2025) 16:18. doi: 10.1038/s41408-025-01441-3

54. Rodriguez-Otero P, Sidana S, Kouwenhoven M, Schecter JM, Lendvai N, De
Braganca KC, et al. Clinical experience with cranial nerve palsy in patients infused with
ciltacabtagene autoleucel for the treatment of relapsed/refractory MM in
CARTITUDE-1, -2, and -4. Blood Cancer J. (2025) 15:209. doi: 10.1038/s41408-025-
01410-w

55. Smith M, Dai A, Ghilardi G, Amelsberg KV, Devlin SM, Pajarillo R, et al. Gut
microbiome correlates of response and toxicity following anti-CD19 CAR T cell
therapy. Nat Med. (2022) 28:713-23. doi: 10.1038/s41591-022-01702-9

56. Hernani R, Albert E, Hernani-Morales C, Zuniga S, Benzaquen A, Gonzalez-
Castillo L, et al. Microbiome-based modeling of CAR-T therapy response in lym-
phoma: insights from shotgun metagenomics sequencing. Eur ] Haematol. (2026)
116:646-62. doi: 10.1111/ejh.70121

57. Yoon SE, Kang W, Cho J, Cho HJ, Chalita M, Oh HS, et al. Microbiome and
metabolite biomarkers of CAR T-cell therapy outcomes in relapsed/refractory diffuse
large B-cell lymphoma. Blood Adv. (2026) 10:1634-45. doi: 10.1182/bloodadvances.
2025016858

58. Griffiths EA, Geyer M, Ahmed I, Asif S, Bachiashvill K, Baird J, et al. Hematopoietic
Growth Factors, NCCN Guidelines Version 1.2027. (2027).

59. Greco R, Alexander T, Del Papa N, Miiller F, Saccardi R, Sanchez-Guijo F, et al.
Innovative cellular therapies for autoimmune diseases: expert-based position statement
and clinical practice recommendations from the EBMT practice harmonization and
guidelines committee. eClinicalMedicine. (2024) 69:102476. doi: 10.1016/j.eclinm.
2024.102476

frontiersin.org


https://doi.org/10.1111/bjh.70488
https://doi.org/10.3389/fnut.2025.1654407
https://doi.org/10.3389/fnut.2025.1654407
https://doi.org/10.3389/fnut.2026.1729151
https://doi.org/10.1136/jitc-2022-005459
https://doi.org/10.1038/s41409-025-02679-y
https://doi.org/10.1200/JCO.2024.42.16_suppl.7034
https://doi.org/10.1200/JCO.2024.42.16_suppl.7034
https://doi.org/10.1038/s41582-024-00955-x
https://doi.org/10.1136/jitc-2024-009525
https://doi.org/10.1182/bloodadvances.2024014455
https://doi.org/10.3390/cancers15215149
https://doi.org/10.1097/CM9.0000000000004066
https://doi.org/10.1002/ajh.70351
https://doi.org/10.1200/JCO.2025.43.16_suppl.e19008
https://doi.org/10.1016/j.jtct.2023.03.006
https://doi.org/10.1182/blood.2025028964
https://doi.org/10.1038/s41591-018-0006-x
https://doi.org/10.1177/19418744251393076
https://doi.org/10.1038/s41591-021-01564-7
https://doi.org/10.1016/j.clml.2026.04.013
https://doi.org/10.1200/JCO.2014.56.2025
https://doi.org/10.3389/fimmu.2026.1749587
https://doi.org/10.1200/JCO.20.03585
https://doi.org/10.1038/s41408-022-00629-1
https://doi.org/10.1038/s41408-025-01441-3
https://doi.org/10.1038/s41408-025-01410-w
https://doi.org/10.1038/s41408-025-01410-w
https://doi.org/10.1038/s41591-022-01702-9
https://doi.org/10.1111/ejh.70121
https://doi.org/10.1182/bloodadvances.2025016858
https://doi.org/10.1182/bloodadvances.2025016858
https://doi.org/10.1016/j.eclinm.2024.102476
https://doi.org/10.1016/j.eclinm.2024.102476
https://doi.org/10.3389/fimmu.2026.1934301
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Advancing toxicity prediction in CAR-T cell therapy
	Introduction
	Currently validated predictive scoring systems for CAR-T cell toxicities
	Scores and models under development
	Implementation into clinical decision making
	Conclusions
	Author contributions
	Funding
	Conflict of interest
	Correction note
	Generative AI statement
	Publisher’s note
	References


