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Abstract 

The use of chimeric antigen receptor T (CAR-T) cells is a significant therapeutic improvement increasing the prognosis 
for patients with a variety of hematological malignancies. However, this therapy has also sometimes life-threatening, 
complications. Therefore, knowledge of the treatment and management of these complications, especially in treat-
ment centers and intensive care units, respectively, is of outstanding importance. This review provides recommenda-
tions for the diagnosis, management, and treatment of CAR-T cell-associated complications such as cytokine release 
syndrome, immune effector cell associated neurotoxicity syndrome, hematotoxicity, hypogammaglobulinemia, and 
CAR-T cell-induced pseudo-progression amongst others for physicians treating patients with CAR-T cell-associated 
complications and intensivists.
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Introduction

Chimeric antigen receptor T-cell (CAR-T cell) therapies 
represent a significant advancement in cancer immuno-
therapy, offering remarkable response rates and durable 
remissions in patients with hematological malignancies 
[1, 2]. While expanding therapeutic options, CAR-T cell 
therapy introduces a unique set of potential side effects 
and complications due to its specific immunological 
mechanisms. These adverse events range from cytokine 
release syndrome (CRS) [3] to neurotoxicity, follow-
ing a typical timeline and posing challenges in therapy. 
Managing these side effects requires a multidisciplinary 
team, including specialists from stem cell transplanta-
tion units, intensive care unit (ICU), neurology amongst 
others. Despite advancements in treatment strategies, 
knowledge gaps remain regarding the pathophysiology 

and management of many complications, emphasizing 
the need for well-trained intensivists to handle patients 
with severe complications [4]. This review aims to pro-
vide a detailed understanding of CAR-T cell therapy’s 
side effects and management approaches.

Immunological function of CAR‑T cell therapy
CAR-T cell therapy leverages the immune system to 
target and destroy cancer cells. T cells are collected 
and engineered to express a chimeric antigen receptor 
through viral vectors or gene-editing techniques. CAR-T 
cells are activated upon binding to cancer cells display-
ing specific antigens like CD19, B-cell maturation antigen 
(BCMA), or G protein–coupled receptor class C group 5 
member D (GPRC5D) [5, 6], initiating signaling for tar-
geted tumor recognition and CAR-T cell activation [5, 
7]. This activation triggers the release of cytotoxic mol-
ecules leading to cancer cell death [8], recruits immune 
components for enhanced response [5, 7], and can dif-
ferentiate into memory T-cells for long-term surveillance 
and potential recurrence protection [9, 10]. Co-stimula-
tory domains like CD28 and 4-1BB in CAR constructs 
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enhance CAR-T cell function and persistence by provid-
ing additional signaling cues [11, 12], leading to varied 
molecular and functional outcomes [13]. CD28 promotes 
rapid T-cell expansion and 4-1BB enhances cell sur-
vival, memory-like phenotype development, and sus-
tained anti-tumor responses [9–11]. Differences in these 
domains affect therapeutic efficacy and persistence of 
CAR-T cell products [12] and vary the severity of acute 
side effects, requiring careful consideration in clinical 
applications [7].

Clinical procedure of CAR‑T cell therapy
Lymphapheresis leads to extraction of patients lympho-
cytes, which are then separated, genetically modified, 
and expanded to create CAR-T cells. The period from 
apheresis to infusion requires planned bridging therapy, 
aiming for remission at infusion to enhance outcomes 
and reduce side effects. CAR-T cell therapy necessitates 
an immune-modulated environment, making lymphode-
pletion (LD) essential immediately before CAR-T cell 
therapy. Lymphodepletion, usually including cyclophos-
phamide (Cy) and fludarabine (Flu), is critical for CAR-T 
cell therapy success. It significantly improves response 
rates [14, 15] and CAR-T cell persistence [9] by altering 
cytokine profiles and suppressing competing immune 
cells, thus creating an optimal environment for CAR-T 
cell expansion [9, 16]. Lymphodepletion predisposes 
patients to profound bone marrow suppression, lead-
ing to adverse events such as severe neutropenia, infec-
tion risk, and delayed hematopoietic recovery. These side 
effects necessitate close monitoring and prompt man-
agement to mitigate complications. Lymphodepletion is 
typically administered from day -5 to day -3, followed by 
CAR-T cell infusion on day 0. Subsequently, patients are 
closely monitored for side effects like CRS, various neu-
rotoxicities, hematotoxicity, infections or other adverse 
events, the extent of which depends on factors such as 
tumor burden, age, cell dosing, comorbidities, timing and 
the specific CAR-T cell product used (supplementary 
Table 1). The period following the end of aplasia is par-
ticularly high-risk for neurological complications as well 
as for CRS. Continuous electrocardiogram (ECG) and 
vital parameter monitoring in the first 10 days post-ther-
apy are important. Figure  1 illustrates a simplified car-
toon of the apheresis, production, and infusion of CAR-T 
cells.

Cytokine release syndrome
Cytokine release syndrome (CRS) is a serious compli-
cation of CAR-T cell therapy, marked by excessive pro-
inflammatory cytokine release, usually within days to a 

week after infusion, presenting with fever, fatigue, and 
flu-like symptoms. Triggered by CAR-T cells activated 
upon target antigen contact it leads to macrophage and 
other immune cell activation and cytokine release, nota-
bly IL-6, causing further immune activation, endothelial 
cell activation, capillary leakage, and tissue edema [3, 17].

This intense immune activation amplifies the inflam-
mation and contributes to the severity of CRS symptoms, 
leading to a sepsis-imitating condition with hypoten-
sion, tachycardia, and organ dysfunction, with symptoms 
including fever resistant to antipyretics, hypotension 
unresponsive to intravenous (IV) fluids, respiratory dis-
tress, hypoxia, coagulopathy, renal, and hepatic impair-
ment. The severity of CRS can be graded using various 
scoring systems [18, 19].

General approach to patients with CRS
Since the molecular pathophysiology of CRS is relatively 
well understood there is a possibility to directly interrupt 
the cascade via interleukin (IL)-6-receptor (IL-6-R) inhi-
bition, e.g. through tocilizumab [17, 20]. However, low 
grade CRS might be treated symptomatically. Whenever 
patients develop temperatures above 38 °C after CAR-T 
cell therapy, CRS should be considered, but infections 
must also be ruled out, especially after lymphodeplet-
ing chemotherapy which might induce neutropenia, and 
therefore cause neutropenic fever [21]. If the focus is 
unclear, a Pseudomonas-effective antibiotic (piperacillin/
tazobactam, imipenem, meropenem, cefepime, or ceftazi-
dime) must be initiated within one hour [21]. Given the 
complexity of distinguishing between sepsis and CRS in 
clinical practice, including high cytokine levels [22], and 
considering that approximately 10% of patients develop 
sepsis which can mimic CRS [23], it is not uncommon for 
patients to require empiric treatment for both conditions 
simultaneously. Following a rapid differential diagnosis 
for other causes of symptoms such as fever, hypotension, 
hemodynamic instability, or shortness of breath, but also 
considering often preceding prodromal symptoms like 
tachycardia or tachypnea, the (suspected) diagnosis of 
CRS can be made, allowing for prompt treatment.

Take‑home message 

This review summarizes the current state of side effects in the grow-
ing field of chimeric antigen receptor T (CAR-T) cell therapies. It 
classifies the most common side effects, such as cytokine release 
syndrome, immune effector cell-associated neurotoxicity syndrome, 
hematotoxicity, hypogammaglobulinemia, and CAR-T cell-induced 
pseudo-progression, among others, and provides a practical guide 
for orientation in clinical practice.
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Diagnosis and treatment of patients with CRS according 
to CRS grade
The ICU should be notified before CAR-T cell therapy to 
ensure timely intervention and patient safety. The man-
agement of CRS after CAR-T cell therapy is stratified by 
symptom severity into four grades, each dictating specific 
interventions.

Grade 1 CRS involves mild symptoms like fever with-
out oxygen or vasopressor needs. Management includes 
supportive care, monitoring vital signs every 2 h and 
antipyretic medication, e.g. acetaminophen 1000 mg IV. 
For slight hypotension, IV crystalloid fluid substitution is 
considered [3].

Grade 2 CRS is characterized by moderate symptoms, 
such as fever with hypotension or oxygen supplementa-
tion (≤ 6L/min). Treatment involves tocilizumab (8 mg/
kg, repeatable after 8 h, up to 4 doses daily) and, for axi-
cabtagene-ciloleucel, early steroid intervention with dex-
amethasone 10 mg IV as a single dose once grade 2 CRS 
criteria are met [24] or if hypotension persists despite 
tocilizumab. Supportive care and ICU readiness for rapid 
progression are crucial; ICU should be informed when 
CRS progresses from grade 1 to grade 2 to prepare for 
potential transfer [25].

Grade 3 CRS indicates severe symptoms, requiring 
ICU transfer for high fever and hypotension that needs 
vasopressor support or oxygen (> 6L/min). Management 

Fig. 1  The process preceding CAR-T cell therapy. 1) First, a lymphapheresis is performed through a large-volume venous access. 2) This is followed 
by the transduction of a chimeric antigen receptor (CAR) to the collected T-cells and 3) in vitro expansion of CAR-T cells. It is important to note 
that various generations of CAR-T cell receptors are now available, differing depending on the CAR-T cell product with different approvals. 4) 
The infusion of the CAR-T cells occurs after a few weeks. It is important to consider that, especially in highly proliferative diseases, other bridging 
therapies are administered in the time between lymphapheresis and CAR-T cell infusion. Furthermore, the infusion of CAR-T cells only occurs after a 
lymphodepleting chemotherapy has been applied
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includes continuous vital sign monitoring, dexametha-
sone (10 mg IV every 6 h (q6h), with increasing the dose 
to 20 mg in case no improvement occurs), and aggres-
sive IV fluids according to the ‘fluid challenge’ principle, 
alongside tocilizumab treatment [26].

Grade 4 CRS represents life-threatening conditions, 
necessitating multiple vasopressors or intubation for 
severe hypoxia. Antibiotic therapy should be adjusted 
according to ICU-specific risks of nosocomial infections 
[27]. High-dose corticosteroids (1000 mg methylpredni-
solone daily) and intensive care is mandatory. Anakinra 
can be used for refractory CRS at doses up to 12 mg/kg/
day, especially in grade 4 or high-grade cases unrespon-
sive to other treatments [28]. For refractory to third-line 
CRS, cyclophosphamide (1.5 g/m [2]) might be adminis-
tered to irreversibly impair CAR-T cells [29].

Figure 2 depicts the grading, diagnostic measures, and 
management of CRS.

Resolution and recovery of CRS
Appropriate CRS management can resolve symptoms 
within days to weeks as inflammation diminishes and 
cytokine levels fall, allowing for patient recovery. During 

recovery, vital signs should be monitored every 8 h to 
identify potential complications like neutropenic fever or 
CRS relapse. Understanding CRS stages is key for prompt 
management, thus preventing severe complications. 
Ongoing research aims to identify predictive biomark-
ers and enhance treatment strategies, improving CAR-T 
therapy safety.

Immune effector cell–associated neurotoxicity 
syndrome
Immune effector cell–associated neurotoxicity syndrome 
(ICANS) is an acute reaction usually occurring later than 
CRS but mostly also within the first 10 days after CAR-T 
cell therapy [25, 30]. ICANS represents a neurologi-
cal and/or neuropsychiatric syndrome and can vary in 
severity. Starting with the CAR-T cell infusion, assess-
ment of the ICE-score, measuring orientation, language, 
attention, and handwriting, (see below) is recommended. 
ICANS almost always follows CRS; thus, new neurologi-
cal complications without preceding CRS necessitate dif-
ferential diagnosis to rule out other causes, as detailed 
in the ICANS grading section. ICANS grading, and 

Fig. 2  The various gradings and respective measures for the most common side effect of CAR-T cell therapy—cytokine release syndrome (CRS). For 
a CRS I°, a systemic infection should be ruled out, and treatment with antipyretics and IV cristalloids should be administered. A CRS II° is defined by a 
temperature above 38 °C, decreased blood pressure, and/or the need for oxygen therapy with ≤ 6L/min. For a CRS II°, additionally the administration 
of tocilizumab 8 mg/kg IV should be carried out. In CRS III°, the administration of a vasopressor is necessary and/or oxygen therapy with > 6L/min is 
required. Transfer to the intensive care unit is necessary and intravenous administration of dexamethasone is performed. For CRS IV°, the administra-
tion of > 1 vasopressor is required, and intubation or PAP is often necessary. In addition to the previously mentioned therapy, the administration of 
intravenous methylprednisolone must be performed
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diagnostic and therapeutic measures are summarized in 
Fig. 3.

ICANS grading
The prodromal phase of ICANS occurs within days post-
CAR-T cell infusion, presenting with mild neurological 
symptoms like headache, confusion, and subtle cogni-
tive changes, alongside hypertension and tachycardia. 
As these symptoms may be overlooked, rigorous test-
ing, including the immune effector cell encephalopathy 
(ICE)-score is necessary. If organ system failure (e.g., due 
to CRS) makes ICE-score monitoring unfeasible, brain 
imaging should exclude cerebral edema, electroencepha-
lograms (EEGs) and the bispectral index (BIS) can moni-
tor the level of consciousness and rule out epileptogenic 
potentials. Intracranial pressure monitoring should be 
initiated in sedated patients with unexplained bradycar-
dia, hypertension, or anisocoria. Intracranial pressure 
monitoring should be initiated in sedated patients with 

unexplained bradycardia, hypertension, or anisocoria. 
Grade 1 ICANS symptoms are mild, including slower 
speech, confusion, difficulty concentrating, and mild 
headaches, with an ICE-score of 7–9 indicating grade 1. 
Diagnosis involves neurological exams while treatment 
emphasizes supportive care, symptom management, and 
seizure prophylaxis with 750 mg levetiracetam QD [31]. 
For grade 2 ICANS (ICE-score 3–6), diagnostic imag-
ing, rule-out-EEG are crucial. Lumbar puncture should 
be discussed in a case-by-case situation. Since patients 
after CAR T-cell therapy are deeply immunocompro-
mised, infectious differential diagnoses (i.e., infectious 
meningitis/encephalitis) must be considered. When 
suspected a rigorous diagnostic methodology should be 
performed. Thus, initial combinatorial treatment, with 
dexamethasone (and tocilizumab if CRS co-incides [25]) 
and treatment of suspected infectious encephalopathy 
(i.e., meningitis or encephalitis) should be considererd – 
de-escalation of one treatment path should occur once 

Fig. 3  Grading and therapy of CAR-T cell-associated neurotoxicity (ICANS). In ICANS I°, an ICE score of 7–9 out of a total of 10 points is manda-
tory. This is determined with a simple questionnaire. Grade 1 indicates a mild disturbance of consciousness, where the patient is spontaneously 
arousable. Close monitoring of the patient should be carried out, and the prophylactic application of antiepileptics can be considered. ICANS 
II° is characterized by a disturbance of consciousness where the patient is arousable by speech. The application of intravenous dexamethasone 
must be carried out. Additionally, aspiration prophylaxis should be considered, and medications should no longer be administered orally. Cerebral 
imaging should be performed, and a lumbar puncture should be discussed. In ICANS III°, the disturbance of consciousness is more severe, and the 
patient only responds to tactile stimulus. Epileptic seizures may occur but respond to intervention. A focal cerebral edema in imaging may also be 
present. Transfer to the intensive care unit should take place, and the application of methylprednisolone must be carried out. In ICANS IV°, severe 
disturbance of consciousness is observed, where the patient is not spontaneously arousable and only responds to repetitive tactile stimuli. Epileptic 
seizures are life-threatening. Higher degree motor deficits (hemi- or paraparesis) and diffuse cerebral edema in imaging may occur, accompanied 
by symptoms such as decorticate or decerebrate rigidity, abducens palsy, papilledema, or Cushing’s reflex (increased intracranial pressure, increased 
blood pressure, decreased heart rate). The placement of intracranial pressure monitoring should and plasmapheresis may be considered. Addition-
ally, further immunosuppressive drug strategies with anakinra IV amongst others may be applied
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pending test results eliminate a differential diagnosis or 
undermine implausibility. Grade 3 and 4 ICANS require 
intensive diagnostic measures and treatments, includ-
ing high-dose corticosteroids, intracranial pressure 
monitoring, ensuring adequate oxygenation, normoten-
sion, normovolemia, normocapnia, normoglycemia and 
normothermia. Intracranial pressure (ICP) should be 
kept < 20 mmHg, with a target cerebral perfusion pres-
sure (CPP) of 60–70 mmHg, and elevated ICP can be 
reduced with mannitol or moderate hyperventilation. 
[32]. Tocilizumab should be discontinued if neurological 
signs develop due to the risk of IL-6 accumulation in the 
cerebrospinal fluid (CSF) [33, 34]. In highly proliferative 
diseases like diffuse large-cell B-cell lymphoma (DLBCL) 
and B-acute lymphoblastic leukemia (B-ALL) earlier 
escalation of corticosteroid dosage or switch to methyl-
prednisolone can also prevent severe side effects [35]. For 
life-threatening grade 4 ICANS, aggressive management 
in ICU, high-dose methylprednisolone, and antiepileptic 
treatment for seizures are mandatory [25, 36]. Anakinra 
should be considered in steroid-refractory high-grade 
ICANS (1 mg/kg QID with an upper dose of 100 mg) [28, 
37]. The use of cyclophosphamide, as described above, 
could potentially be considered, if there are no other 
options available. However, there is very limited data 
about this therapeutic option [29].

Taken together, management of ICANS across grades 
involves multidisciplinary care and proactive interven-
tions to mitigate severe outcomes (Fig. 4).

Movement and neurocognitive 
treatment‑emergent adverse events
Understanding neurological adverse events in CAR-T cell 
therapy remains limited. ICANS is a well-documented 
neurotoxic side effect, but novel CAR-T products, like 
ciltacabtagene-autoleucel, have been associated with 
movement and neurocognitive treatment-emergent 
adverse events (MNTs), as seen in the CARTITUDE-1 
studies. These studies noted MNTs post-ICANS, indicat-
ing the need to differentiate between ICANS and MNTs 
based on clinical presentation, including movement and 
personality changes not typical of ICANS. Safety analy-
sis of CARTITUDE-1 identified non-ICANS neurotoxic 
symptoms like movement changes and cognitive decline 
post-ICANS/CRS recovery [38]. Risk factors for MNTs 
involve high post-therapy CAR-T cell counts, pre-ther-
apy elevated cytokine levels, and links to higher baseline 
tumor burden and severe CRS or ICANS, necessitating 
targeted preventive strategies. Treatment for MNTs has 
included steroids (methylprednisolone), IV immunoglob-
ulins, and/or plasmapheresis, with essential neurology 
consultations. Differential diagnoses, like viral infections 
or alternative neurotoxicity causes, must be excluded.

CAR‑T cell induced pseudoprogression
Pseudoprogression following CAR-T cell therapy, 
unlike the documented occurrence in checkpoint-
inhibitor therapy (CPI) [39, 40], lacks a comprehensive 
understanding and description. While CPI-induced 

Fig. 4  The development of handwriting malfunction during the rise and fall of immune effector cell-associated neurotoxicity syndrome (ICANS). 
The patient is asked to repeatedly write down the same standard sentence (e.g. here: “my favourite color is green”, in German: “Meine Lieblingsfarbe 
ist grün”)
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pseudoprogression benefits from established toxicity cri-
teria such as RECIST, LUGANO and LYRIC [41], CAR-T 
cell therapy has seen only a few reported cases of tran-
sient progression followed by regression [42, 43]. In most 
cases reported thus far, CAR‐T cell induced pseudopro-
gression (CARTiPP) has been shown with clinical and/
or radiological findings. Nonetheless, CARTiPP can have 
serious consequences if the tumor is anatomically located 
in a highly vulnerable region [43], such as near the cen-
tral nervous system, large blood vessels, or circum-
scribed hollow organs. The incidence of CARTiPP and 
therapeutic strategies remain underexplored. Clinicians 
are advised to consider the potential impacts of tumor 
swelling due to pseudoprogression and evaluate bridg-
ing therapies like radiotherapy and/or immunochemo-
therapy pre-CAR-T treatment. For suspected CARTiPP, 
diagnostic measures should include circumference meas-
urements and imaging to assess tissue blood flow. Treat-
ment options, including corticosteroids, tocilizumab, or 
cyclophosphamide, require consultation with CAR-T 
experienced clinicians.

Tumor inflammation‑associated neurotoxicity
Tumor inflammation-associated neurotoxicity (TIAN) is 
identified as a distinct neurotoxicity in patients with cer-
ebral tumor locations, separate from systemic ICANS. It 
manifests as local complications such as increased intrac-
ranial pressure or seizures, often caused by local swell-
ing from pseudoprogression or inflammation-induced 
changes in the cellular environment enhancing epilep-
togenicity [44, 45]. Clinically, distinguishing TIAN from 
CARTiPP and ICANS is challenging, with symptoms like 
fever, headaches, and neurological disturbances related to 
tumor location, but neuroimaging can reveal a progres-
sion of the original tumor lesion, unlike ICANS, which 
shows diffuse cerebral edema or other signs of encepha-
lopathy. TIAN severity is classified into four grades, from 
mild symptoms to life-threatening conditions requiring 
urgent intervention. Management includes early radio-
logical imaging, neurological consultation, EEG, vital sign 
monitoring, and treatments similar to ICANS, including 
dexamethasone, potentially escalated to methylpredni-
solone, anakinra IV for early stages, and consideration of 
external ventricular drainage. Anti-epileptics such as lev-
etiracetam are recommended [36, 44]. The TIAN Grad-
ing system is summarized in supplementary Table 2.

Aside from the main complications such as CRS and 
ICANS, CAR-T cell therapy may induce additional 
harm. Unintended interactions with non-target antigens, 
referred to as off-target off-tumor (OTOT) toxicities, can 
lead to immune-related adverse effects. These OTOT 
toxicities may cause hematological or solid organ damage 
and provoke secondary complications. Notable examples 

include hematotoxicity, hypogammaglobulinemia, 
hemophagocytic lymphohistiocytosis (HLH), and mac-
rophage activation syndrome (MAS), alongside potential 
organ-specific toxicities.

Immune effector cell–associated hematotoxicity
OTOT toxicities may disrupt hematopoiesis, known 
as immune effector cell–associated hematotoxicity 
(ICAHT), with proposed molecular explanations [46]. 
First identified in 2019 [47–49], most evidence pertains 
to CD19 CAR-induced cytopenias from tisagenlecleucel 
and axicabtagene-ciloleucel treatments. ICAHT typically 
exhibits a biphasic pattern, with initial recovery from 
neutropenia in half of patients and thrombocytopenia in 
one third, followed by relapsing cytopenia. This pattern 
correlates with therapy phases, initially post-lymphode-
pleting therapy and CRS or HLH peak, and a second 
phase without clear linkage to earlier events. Recovery 
timelines and severity vary by co-stimulatory domain. 
CD28 co-stimulatory axicabtagene-ciloleucel treatments 
show faster cytopenia recovery within 1–2 months, 
unlike longer hematotoxicity durations with tisagenle-
cleucel. Additionally, CD28-associated ICAHT cases are 
often more severe, with with higher occurrence of grade 
3 or 4 ICAHT [50].

Rejeski et  al. developed the CAR-HEMATOTOX 
model for clinical use, focusing on hematopoietic reserve 
(such as platelet count, hemoglobin, absolute neutrophil 
count [ANC] (> or < 1200/µL)) and baseline inflamma-
tion to assess risk for delayed cytopenia post-CAR-T cell 
therapy. This model highlights the importance of bone 
marrow reserve and pre-treatment inflammation in 
managing ICAHT risk [51]. Additionally, tumour necro-
sis factor (TNF)-α and CRP have been linked to early 
ICAHT onset [52], emphasizing the necessity for clini-
cians to evaluate causality, timing, and severity in treat-
ment decisions. An overview of the CAR-HEMATOTOX 
score and a therapy algorithm is displayed in Table 1 and 
supplementary Table 3.

Therapy of immune effector cell–associated 
hematotoxicity
Infections are a significant adverse event from ICAHT, 
necessitating anti-infective prophylaxis. A survey 
revealed variability in handling high-risk HEMATOTOX 
scores, with some centers advocating for prophylactic 
bone marrow aspiration or biopsy [50]. However, inves-
tigations have shown increased grade ≥ 2 CRS in case 
of prophylactic granulocyte colony stimulating factor 
(G-CSF)- use, suggesting to limit the use as a therapeu-
tic option for ICAHT [53]. Growth factors are the most 
common treatment across all ICAHT durations, with 
autologous stem cell boosts as a favored alternative for 
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G-CSF refractory cases, with infused cell dosages rang-
ing from 1.1 to 11.5 × 106 CD34 + /kg [50, 54]. In the 
absence of stem cell backup, thrombopoietin (TPO) ago-
nists like romiplostim, with doses of 1 to 15 µg/kg weekly, 
are preferred [55]. For anemia, darbepoetin alfa start-
ing at 2.25 μg/kg weekly is an option, but transfusions 
are often needed [50]. Early autologous stem cell boosts 
can improve one-year survival, negatively impacted by 
prolonged neutropenia [56]. Pulse dosing glucocorticoid 
therapy and prophylactic autologous stem cell collec-
tion for high hematoxicity risk patients are considered, 
with a collection target of 1 to 1.5 × 106 CD34 + cells/kg. 
In case of hematotoxicity that could be connected with 
high amounts of cytokines, like in CRS or infections, the 
IL-1-receptor antagonist anakinra should be considered, 
too. As there is no clear dosage recommendation for 
anakinra in the context of CAR-T cell therapy-associated 
ICAHT, therapy analogous to the recommended dos-
ages for refractory CRS/ICANS of up to 12 mg/kg/day 
IV could be a possible option [28, 50]. Clinicians should 
monitor ICAHT grading closely, consider early G-CSF 
application, and screen for viremia and rule out HLH. For 
therapy-resistant ICAHT allogeneic HCT displays the 
most invasive therapeutic measure acknowledging that it 
will eliminate CAR-T cells [50].

Hypogammaglobulinemia and infections
Hypogammaglobulinemia (HGGA) emerges as a sig-
nificant immunological complication following CAR-T 
cell therapy, with multifactorial pathophysiology largely 
attributed to the targeted destruction of B-cells by anti-
CD-19 CARs. B-cell depletion by CAR-T cells diminishes 
gamma globulin levels, precipitating HGGA, defined 

as IgG < 700 mg/dL, IgA < 70 mg/dL, and IgM < 40 mg/
dL. Within the initial 90 days post-therapy, up to 67% of 
patients may develop HGGA. The persistence of CAR-T 
cells, indicating ongoing activity, can lead to sustained 
HGGA. Additional factors contributing to B-cell aplasia 
and subsequent HGGA include systemic inflammation, 
complications like CRS, pre-CAR-T lymphodepletion, 
and prior immunochemotherapy-induced B-cell toxicity. 
The absence of a unified HGGA definition complicates 
incidence assessment post-CAR-T, yet the direct link 
between CAR-T cell therapy and HGGA is well docu-
mented [57, 58].

Comparing various clinically established CAR-T 
products, HGGA rates vary: 15%-40% after axicabta-
gene-ciloleucel, 14%-29% after tisagenleucel, about 
32% after lisocabtagene-maraleucel, around 15% after 
brexucabtagene-autoleucel, and 41% after idecabta-
gene-vicleucel. Axicabtagene-ciloleucel shows higher 
HGGA rates compared to tisagenleucel, possibly due 
to its longer persistence. Multiple myeloma-targeted 
CAR-T therapies like idecabtagene-vicleucel and cilt-
acabtagene-autoleucel, targeting BCMA, have heterog-
enous HGGA rates. Data on CAR-related HGGA after 
anti-BCMA-CAR-T therapy are scarce, but BCMA-
targeted CAR-T might attack long-living plasma cells, 
depleting polyclonal, healthy and gamma-globulin-
producing plasma cells [58]. A retrospective study 
found no significant difference in total infection rates 
compared to similar CD19-targeting therapies, yet 
viral infections were more common in BCMA-CARs, 
while bacterial infections predominated in CD19-
CARs [59].

Age significantly impacts HGGA rates, with pediatric 
patients showing higher incidences than adults or ado-
lescents due to later development of immunoglobulin 
subclasses and plasma cell maturation [60]. Patients 
with HGGA may require immunoglobulin replacement 
therapy, recommended at 0.2–0.4 g/kg every 3 weeks, 
though more frequent substitution could be necessary 
under intensive care due to potentially higher immuno-
globulin consumption. It is critical to prevent IgG levels 
from dropping below 450 mg/dL, with various polyva-
lent immunoglobulins considered largely equivalent in 
efficacy. Antiviral, antifungal, and antibiotic prophy-
laxis should be considered based on the absolute ANC, 
especially in cases of neutropenia lasting longer than 7 
days. Recommendations include acyclovir, PCP proph-
ylaxis with cotrimoxazole, antifungal prophylaxis with 
fluconazole, and antibiotic prophylaxis with ciprofloxa-
cin might be considered, emphasizing the importance 
of rapid antibiotic escalation in case of fever to cover a 
broad spectrum of pathogens [61].

Table 1  CAR-HEMATOTOX Score

The total score discriminates between a high (CAR-HEMATOTOX score ≥ 2) and 
low (CAR-HEMATOTOX score 0–1) risk for hematotoxicity [51].

Category Laboratory value Points

Platelet count  > 175,000 /µl 0

75,000–175,000 /µl 1

 < 75,000 /µl 2

Absolute neutrophil count (ANC)  > 1,200 /µl 0

 < 1,200 /µl 1

Hemoglobin  > 9 g/dl 0

 < 9 g/dl 1

Serum C-reactive protein (CRP)  < 3 mg/dl 0

 > 3 mg/dl 1

Serum ferritin  < 650 ng/ml 0

650–2,000 ng/ml 1

 > 2,000 ng/ml 2
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Infections post-CAR-T therapy, heightened by com-
promised humoral and cellular immune responses 
from HGGA and lymphodepleting chemotherapy, 
peak within the first 10 days. Up to 42% of infections 
are reported in the first month, with about 21% occur-
ring between days 29 and 90. Infections are related to 
HGGA severity and CRS, with a meta-analysis report-
ing a 34% rate of severe infections, predominantly res-
piratory-tract infections. Encapsulated bacteria, such 
as Streptococcus pneumoniae and Haemophilus influ-
enzae, are particularly incriminated in this setting [62]. 
Despite a morbidity rate lower than 2%, severe infec-
tions develop in 23–34% of patients. Risk factors for 
infectious complications overlap with those for hema-
totoxicity and/or HGGA, including previous allogenic 
HCT, multiple lines of pre-treatment immunochemo-
therapy (> 3 lines), baseline neutropenia (ANC < 500/
µL) before lymphodepleting therapy, and the need for 
anti-IL-6-R agents and corticosteroids [63, 64].

Hemophagocytic lymphohistiocytosis
Hemophagocytic lymphohistiocytosis and macrophage 
activation syndrome are inflammatory conditions poten-
tially triggered by CAR-T cell therapy. While full-blown 
HLH is rare, HLH-like symptoms contributing to hema-
totoxicity are more common [65]. CRS progression can 
lead to HLH/MAS through excessive cytokine release, 
activating T-cells and macrophages [66]. Hyperactiva-
tion of CAR-T cells exacerbates this, creating a cycle of 
immune dysregulation. Additionally, impaired regulatory 
T-cell function, vital for immune balance, can further 
promote HLH/MAS development. To differentiate HLH/
MAS from infections, specific diagnostic criteria must be 
met, requiring at least 5 of the following 8 factors: fever, 
splenomegaly, cytopenia in ≥ 2 compartments, hypertri-
glyceridemia and/or hypofibrinogenemia, elevated ferri-
tin, elevated sCD25, decreased natural killer cell activity, 
and hemophagocytosis in bone marrow, CSF, or lymph 
nodes [67] (Supplementary Table 4).

Classical HLH/MAS treatment involves immunosup-
pression, starting with high-dose corticosteroids like 
dexamethasone, combined with ciclosporin A [68]. In 
CAR-T-induced HLH/MAS, anti-cytokine agents like the 
IL-6-R inhibitor tocilizumab and for severe cases, anak-
inra are recommended. Initial therapy typically includes 
tocilizumab, possibly with corticosteroids while further 
treatment should be coordinated with a specialist.

If immunosuppressive therapy is insufficient, agents 
like ciclosporine A, etoposide, or cyclophosphamide may 
be considered, though the latter two will impair or even 
abrogate CAR-T cell therapy. Immunomodulatory agents 
like alemtuzumab or anti-thymocyte globulin might be 
options for refractory cases. Supportive care, including 

monitoring vital signs, organ function and managing 
complications, is critical for patient management [65, 66, 
68].

Organ specific toxicity
Depending on the target antigen expression profile, 
CAR-T cell therapy can lead to damage in specific organs. 
For example, if the target antigen is expressed in the lung 
tissue, patients may develop pulmonary toxicity, which 
can present as dyspnoea, cough, and infiltrates on imag-
ing. Similarly, if the target antigen is expressed in the 
liver, hepatotoxicity can occur, resulting in elevated liver 
enzymes and potential liver dysfunction.

Cardiotoxicity
Cardiotoxicity is recognized as an organ-specific side 
effect following CAR-T cell therapy, occurring in 10 to 
36% of cases [69]. It involves various pathophysiological 
mechanisms, including damage from CRS resulting from 
macrophage stimulation by IFN-γ, leading to IL-6 release, 
which can impair cardiac microcirculation and worsen 
perfusion [70]. On a macroscopic level, IL-6 overactiva-
tion can cause volume depletion associated with CRS, 
reducing cardiac preload and leading to decreased left 
ventricular ejection fraction, arrhythmias, and ST seg-
ment changes on ECG, especially in patients with exist-
ing cardiac conditions [69–71]. The clinical approach to 
CAR-T cell-associated cardiotoxicity mirrors the treat-
ment for similar cardiac symptoms, including IL-6-R 
blockade with tocilizumab at 8 mg/kg, analogous to CRS 
therapy. In the ICU, caution for arrhythmias, optimal vol-
ume, electrolyte, and anti-inflammatory management is 
crucial.

Future perspectives and summary
CAR-T cell therapy holds immense potential, though it 
presents complexities and challenges, particularly with 
managing associated toxicities. One significant adverse 
effect is OTOT, hindering its establishment in solid 
tumor therapy [72]. Innovative strategies, such as com-
bining CAR-T cells with engineered hematopoietic stem 
cell transplantation that lack the CAR-T target anti-
gen (e.g., CD33), aim to improve the safety profile while 
maintaining efficacy [73].

However, emerging CAR-T products might heighten 
side effects. For instance, the CARTITUDE-2 trial 
showed that ciltacabtagene-autoleucel had better efficacy 
but higher neurotoxicity risk compared to idecabtagen-
vicleucel [74]. Allogeneic “off-the-shelf” CAR-T cells 
offer faster treatment options but could introduce graft-
versus-host effects.
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Comprehensive investigations into toxicity mecha-
nisms and novel therapeutic interventions are crucial 
for improving patient outcomes. Rigorous monitoring, 
early detection, and prompt management of toxicities 
are essential. As CAR-T therapy expands to more indica-
tions, knowledge of toxicity management in specialized 
centers must be ensured. Continued collaborative efforts 
and translational research will be pivotal in maximizing 
CAR-T therapy’s potential while ensuring patient safety, 
thus facilitating its curative potential.
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