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Abstract

Recently, chimeric antigen receptor (CAR) T cell therapy has transformed the treatment armamentarium of re-
lapsed/refractory B lymphoid malignancies. CAR T cells provide an excellent response rate and potential cure for
these patients. However, CAR T cells also possess unique and potentially life-threatening immune-mediated side
effects. Among these, cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syn-
drome (ICANS) are the two most common complications associated with CAR T cell therapy. While the patho-
genesis of CRS involves the activation of complex immune axes, including both cellular networks and inflamma-
tory cytokine milieu, the mechanism of ICANS has not been fully elucidated. Other notable toxicities of CAR T
cells include macrophage activation syndrome, cytopenia, and potential organ toxicities. Treatments for these
complications typically encompass close observation, multidisciplinary supportive measures, and cytokine-
modifying agents such as anti-interleukin-6 antibody and systemic corticosteroids. CAR T therapies can cause im-
munologic adverse events and management of these toxicities could also instigate a profound immune suppres-
sion state that predisposes patients to a variety of infectious complications. Prompt diagnosis and proper man-
agement of these complications are crucial to minimize CAR T cell-associated complications and to maximize the
outcome of CAR T cell therapy.
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Introduction

Chimeric antigen receptor (CAR) T cells are engi-

neered T cells that are transduced to express an artifi-

cially modified receptor that directly binds to target an-

tigens on tumor cells. The engagement between CAR T

cells and tumor cells results in a supraphysiologic im-

mune reaction, which eventually results in tumor cell

eradication. However, this overwhelming immunological

derangement can also lead to other on-target, off-tumor

immune-mediated complications. Cytokine release syn-

drome (CRS) and immune effector cell-associated neu-

rotoxicity syndrome (ICANS) are the two most promi-

nent adverse events of CAR T cell therapy. Other than

ICANS and CRS, prolonged cytopenia, B-cell/plasma

cell aplasia, and hypogammaglobulinemia are well-

established complications. These adverse effects can re-

sult in a profound immunocompromised state that pre-

disposes patients to various infectious complications.

Unlike hematopoietic stem cell transplantation, little is
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known about the dynamics of immune reconstitution af-

ter CAR T cell therapy, including appropriate antimi-

crobial utilization and immunizations for these patients.

This review will focus on the biology and proper treat-

ments of these common complications, which will help

to improve outcomes for patients who undergo CAR T

cell therapy.

Biology of CAR T Cell Toxicities

CAR T cell therapy is a form of engineered adoptive

cellular therapy that has shown remarkable efficacy in

the treatment of cancer, especially hematologic malig-

nancies. The efficacy of this therapy depends on the

CAR T cells’ recognition of the target tumor-associated

antigen, followed by CAR T cell activation, expansion,

and immune-killing of the cancer cells, as well as suffi-

cient persistence to provide immune surveillance for tu-

mor control. This T cell immune response in turn sets

the stage for the toxicities that frequently accompany

CAR T cell therapies, namely CRS and ICANS1.

Biology of CRS
CRS is a systemic hyperinflammatory response syn-

drome characterized by fever with or without hypoten-

sion, hypoxia, or other organ dysfunction1. Factors pre-

dictive of CRS severity include high disease burden,

use of a fludarabine/cyclophosphamide (“FluCy”) lym-

phodepleting (LD) chemotherapy regimen, high CAR-T

cell dose, and rapid/robust CAR-T cell expansion in

vivo2. C-reactive protein (CRP) and serum ferritin are

common laboratory markers that reflect systemic in-

flammation and are elevated during CRS3. Preclinical

and clinical studies have shown elevated levels of vari-

ous cytokines in CRS3-6. Activated CAR T cells produce

interferon (IFN)-gamma, tumor necrosis factor (TNF)

alpha, and granulocyte-macrophage colony-stimulating

factor (GM-CSF). These cytokines activate and stimu-

late myeloid cells (monocytes and macrophages) to pro-

duce interleukin-6 (IL-6), IL-1, and IL-10, which are

the key mediators (especially IL-6) that drive the mani-

festations of CRS. Correspondingly, treatment of CRS

using the IL-6 receptor antagonist tocilizumab has been

shown to produce rapid and efficacious responses7.

Secondary hemophagocytic lymphohistiocytosis

(sHLH) or macrophage activation syndrome (MAS) is a

potentially life-threatening complication that can occur

following CAR T cell therapy. The clinical and labora-

tory features of CAR-T-associated sHLH/MAS overlap

substantially with CRS, reflecting the activation of the

reticuloendothelial system initiated by T cell-mediated

inflammation. Therefore, sHLH/MAS likely represents

the severe fulminant end of the spectrum of systemic

hyperinflammation rather than a distinct entity1.

Biology of ICANS
Compared to CRS, the biology of ICANS is less

clearly understood. ICANS commonly occurs after

CRS, and the onset and severity of ICANS are corre-

lated with those of CRS. Manifestations of ICANS in-

clude encephalopathy, decrease in the level of con-

sciousness, seizures, motor weakness, and cerebral

edema with raised intracranial pressure1. Factors predic-

tive of severe ICANS include high tumor burden, high

CAR-T cell dose, higher peak CAR-T cell expansion in

vivo, severe and earlier-onset CRS, and pre-existing

neurologic comorbidities8, 9. There is an overlap in the

clinical and laboratory inflammatory profiles of ICANS

and CRS. Elevated levels of cytokines (IL-1, IL-6, IL-2,

GM-CSF) and inflammatory cells in the systemic circu-

lation and cerebrospinal fluid (CSF) have been corre-

lated with the development of ICANS in animal models

and clinical studies4, 8, 10. However, ICANS does not re-

spond well to tocilizumab treatment, suggesting that IL-

6 is not a dominant player in the pathophysiology of

ICANS4. Clinical evidence of endothelial dysfunction

(such as capillary leak syndrome, thrombocytopenia,

and disseminated intravascular coagulation [DIC]) and

elevated serum levels of biomarkers of endothelial acti-

vation (angiopoietin-2; ANG2 and von Willebrand Fac-

tor; VWF) have been observed in patients with severe

ICANS8. Endothelial dysfunction/activation and blood

brain barrier (BBB) disruption, possibly mediated by

systemic elevation in inflammatory cytokines (IL-1, IL-

6, TNF-α), with infiltration of both CAR and non-CAR

T cells into the central nervous system (CNS), have

therefore been identified as potential mechanisms con-

tributing to ICANS8-10. Elevated levels of inflammatory

cytokines in the CSF are also correlated with increased

concentrations of endogenous excitatory neurotransmit-

ters, such as glutamate (Glut) and quinolinic acid (QA)

in ICANS9.

Biology of other CAR-T cell toxicities
Other CAR-T cell toxicities include on-target off-

tumor effects and prolonged cytopenia. While persis-

tence of adequate CAR T cells is desired for better tu-

mor control, this would also result in persistent on-

target off-tumor effects. B cell aplasia and hypogam-

maglobulinemia are therefore the anticipated on-target

off-tumor effects of B-cell-directed CAR T cell thera-

pies. The biology of prolonged cytopenia after CAR T

cell therapy is less well understood but may be caused

by an LD preparatory regimen or extensive prior cyto-

toxic therapies. A review of post-CAR-T hematopoietic

recovery in a large series of patients showed that de-

layed recovery of blood counts is correlated with

higher-grade CRS or ICANS, as well as with higher

levels of vascular endothelial growth factor and
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macrophage-derived chemokines11.

Immune-mediated Toxicities of CAR T Cell Ther-
apy: Manifestations, Assessments, and Manage-
ment

CAR T cell therapy is considered an advanced and

effective immunotherapy, especially for hematological

malignancies, and at the time of writing this manu-

script, five CAR T cell products (axicabtagene

ciloleucel12, tisagenlecleucel 13, brexucabtagene au-

toleucel14, lisocabtagene maraleucel15 and idecabtagene

vicleucel16) have already been approved by the FDA.

However, these CAR-T cell products possess a series of

toxicities, which accompany their powerful anti-tumor

activities. With the increasing number of clinical trials

focused on CAR T cell therapy, an increasing amount

of knowledge has been gained regarding the manage-

ment of the associated toxicities. Meanwhile, accumu-

lating evidence for the management of toxicities after

CAR T cell therapy greatly facilitates the practice of

CAR T cell therapy in itself.

Presentations of CRS
The main manifestations of CRS include fever, hy-

potension, hypoxemia, tachycardia, multi-organ dys-

function, and coagulation disorders. Several grading

systems for CAR-T cell toxicities have been published

by different groups. These include the National Cancer

Institute (Common Terminology Criteria for Adverse

Events, CTCAE), Lee et al.17, University of Pennsylva-

nia18, Memorial Sloan Kettering Cancer Center19, and

the MD Anderson Cancer Center (CAR T cell-therapy-

associated TOXicity, CARTOX group)20. In addition, the

consensus of the American Society for Transplantation

and Cellular Therapy (ASTCT) has divided the grade of

CRS into four levels according to the severity of fever,

hypotension, and hypoxia1.

The grade of CRS should be considered for the man-

agement and treatment of the toxicity. The administra-

tion of non-steroidal anti-inflammatory drugs and the

evaluation of infectious pathogens are fundamental

therapeutic strategies. Tocilizumab should be adminis-

tered for persistent high fever. Furthermore, fluid re-

placement is necessary when hypotension occurs, and

the use of vasoactive drugs should also be considered

depending on the severity of hypotension. Glucocorti-

coids must be used in severe CRS (grade 3-4), and pa-

tients with grade 4 CRS should be transferred to the in-

tensive care unit for close monitoring.

Presentations of ICANS
Neurotoxicity caused by CAR T cell therapy is prob-

ably caused either by hyperproduction of cytokines that

diffuse into the brain or by CAR T cells that pass

through the blood-brain barrier (BBB)20. Published stud-

ies have shown that the symptoms of ICANS include

headache, encephalopathy, delirium, anxiety, tremor,

dizziness, aphasia, ataxia, seizure, dyscalculia, and

myoclonus. To assess ICANS severity, ASTCT has cre-

ated a new grading system of ICANS that combines the

immune effector cell-associated encephalopathy (ICE)

score (modified version of CARTOX-120) with clinical

manifestations, findings of electroencephalography, and

neuroimaging1. Notably, the classification of ICANS for

children <12 years is different, replacing ICE with the

Cornell Assessment for Pediatric Delirium instead21.

The treatment of ICANS should be based on symp-

toms, supportive therapies including low doses of

lorazepam or haloperidol should be administered for

anxiety, and corticosteroids and mannitol should also be

administered for brain edema. Moreover, monitoring us-

ing neuroimaging and diagnostic lumbar puncture is

important. Seizures should be controlled by an anticon-

vulsant under the guidance of neurologists.

Hematologic toxicities
Cytopenia occurred in all blood cell lineages and was

observed in approximately 32% of the patients (lasting

more than 28 days) after CAR T cell therapy22. The un-

derlying mechanisms of cytopenia are not fully under-

stood, but it is plausible that cytokines may hamper the

differentiation of hematopoietic stem cells. It is worth

noting that persistent neutropenia would lead to severe

infections, which should be emphasized. Prophylaxis of

infection plays a fundamental role, while blood transfu-

sions and the use of granulocyte-colony stimulating fac-

tor (G-CSF) are also critical.

HLH/MAS is characterized by a hyperactivation of

macrophages and lymphocytes and an abnormal eleva-

tion of various cytokines, often seen during CRS or the

recovery period of CRS, resulting in multi-organ fail-

ure. The differential diagnosis of HLH from CRS is

sometimes difficult because of the overlapping clinical

manifestations and laboratory findings23. Current treat-

ments in clinical practice include anti-IL-6 therapy and

corticosteroids24, and systemic therapy according to the

HLH-2004 guidelines could be considered when no

clinical and laboratory improvement is observed24, 25.

Infectious Complications, Immune Reconstitution,
and Prophylactic Strategies after CAR T Cell
Therapy

As stated in the previous section, CAR T cells can

potentially cause several adverse effects. Among these

potential complications, serious infections due to hy-

pogammaglobulinemia, B-cell aplasia, and prolonged
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Figure　1.　Predisposing factors and susceptible pathogens for infectious complication at different stages of CD19 chimeric anti-
gen receptor T cell therapy

cytopenia may impede the success of CAR T cell ther-

apy26. Understanding the characteristics and risk factors

of infection, including immune kinetics associated with

CAR T cell therapy, will result in improved patient out-

comes.

Incidence and characteristics of infection after
CAR T cell therapy

Most data on infection following CAR T cell therapy

have been derived from single-center retrospective stud-

ies in patients treated with CD19 CAR T cells, in addi-

tion to some data from prospective pivotal clinical tri-

als. Currently, information about infection after BCMA-

targeted CAR T cell therapy remains limited.

Patients with hematologic malignancy who undergo

CD19 CAR T cell therapy can develop infection at sev-

eral time points after treatment. Infection associated

with CAR T cell therapy may be divided into three

phases: the initiation of LD chemotherapy, early post-

CAR T cell therapy (day 0 to +30), and late phase after

CAR T cell therapy (beyond day +30 to +365 days or

beyond) (Figure 1)27. The pattern of infection and

dominant causative pathogens during each period is dif-

ferent and is attributed to the primary component of im-

mune suppression at specific time points. Most studies

showed a similar incidence and pattern of infection af-

ter CAR T cell therapy. The incidence of infection, es-

pecially severe infections and bacterial infections, is

more common during the first 30 days. After the early

phase, most infections are mild to moderate in severity,

and the virus becomes more problematic compared to

bacterial infection. Fungal infection is relatively uncom-

mon, but can be observed in patients with severe and

prolonged neutropenia.

Risk factors of infection in CAR T cell therapy
Infections in patients treated with CAR T cells result

from factors including underlying host immunity, pri-

mary hematological diagnosis, and CAR-T cell specific

effects, as well as the interactions among these factors.

We can simply divide the underlying predisposing fac-

tors for infection in these patients into host-related and

CAR-T cell-related factors. Underlying host immune-

associated factors may include prior treatments, primary

hematologic malignancy, and underlying medical condi-

tions. CAR T-associated factors that were reported to be

associated with infection in this patient population in-

clude, but are not limited to, CAR-T cell dose, target of

CAR-T cell product, LD chemotherapy-associated cy-

topenia, severe CRS/ICANS, and cytokine-directed ther-

apy for CRS/ICANS,

Antimicrobial prophylaxis and immunoglobulin re-
placement in CAR T cell therapy

There are several professional organizations and ex-

pert opinion statements that provide recommendations

on prophylactic and management strategies for infection

after CAR T cell therapy27-29. Here, we highlight pro-

phylactic antimicrobial approaches for patients who un-

dergo CD19-targeted CAR T cell therapy.

Most guidelines recommend initiating antibacterial

prophylaxis during the severe neutropenia period with

absolute neutrophil counts lower than 0.5 × 109/L and

to continue it until absolute neutrophil count stays sus-
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tained above this level29. The most common antibiotic

option for antibacterial prophylaxis is fluoroquinolone

(such as levofloxacin). In addition to antibiotic prophy-

laxis, most experts recommend considering G-CSF in

patients with prolonged neutropenia as clinically indi-

cated30, 31.

Prophylactic acyclovir is recommended from the in-

itiation of LD chemotherapy for herpes viral prophy-

laxis. Most guidelines recommend maintaining acy-

clovir prophylaxis for an extended period of time or

adopting a CD4-guided approach to continue anti-viral

prophylaxis until CD4 lymphocyte counts are higher

than 200/μL. Patients who are hepatitis B carriers (HBs

Ag-positive) or have a previous history of hepatitis B

infection (HBsAg negative, anti-HBc Ab IgG positive),

should receive entecavir for at least 6 months along

with surveillance by liver function test or HBV DNA.

Although fungal infection is uncommon in patients

undergoing CD19 CAR T cell therapy, anti-fungal pro-

phylaxis should be considered in some patients with

prolonged cytopenia or those requiring prolonged sys-

temic corticosteroids for immune-mediated adverse

events. In patients who are not at a high risk of fungal

infection and do not have a previous history of active

fungal infection, fluconazole may suffice and should be

continued until the resolution of neutropenia. However,

azoles with a broader anti-fungal spectrum may be nec-

essary in patients with prolonged neutropenia or prior

mold infection. For pneumocystis infection prophylaxis,

most guidelines recommend trimethoprim/sulfamethoxa-

zole to be initiated at around 1 month post-CAR-T in-

fusion if blood count recovery allows. Otherwise, other

alternatives with no potential effect on cytopenia, such

as atovaquone or inhaled pentamidine should be consid-

ered.

As CD19, CD22, and other antigens targeted by

CAR T cells are widely expressed by B cells, B cell

aplasia is an unavoidable off-target toxicity (or deple-

tion of plasma cells in patients receiving BCMA CAR

T cell therapy), which results in hypogammaglobuline-

mia. Routine examination of immunoglobulin levels af-

ter CAR T cell therapy should not be neglected. Cur-

rently, data on intravenous immunoglobulin (IVIG) re-

placement in CAR T cell therapy are extrapolated from

patients with hematologic malignancy who received

anti-CD20 monoclonal antibodies, however, it is unclear

whether IVIG replacement alters the overall post-CAR

T cell IgG level or improves survival outcomes. Prac-

tice patterns on IVIG replacement can vary widely

among practitioners and institutions. Currently, most

guidelines recommend IVIG replacement for patients

with IgG levels below 400 mg/dL or between 400 and

600 mg/dL for those who have recurrent infections27, 32.

Immunization in patients after CAR T cell therapy
Most guidelines recommend starting immunization

with inactivated/killed pathogen vaccines after 3-6

months and consider administering a live attenuated vi-

rus vaccine at least 12 months after CAR-T cell (or un-

til CD4 lymphocyte count is ≥200/μL). Physicians may

incorporate pathogen-specific IgG levels and post-

immunization immune responses to guide vaccination

decisions in these patients. Table 1 summarizes the rec-

ommendations for vaccination of patients treated with

CAR T cells.

Infectious complications are common in patients un-

dergoing CAR T cell therapy. As CAR T cell therapy

will become a critical treatment component of hema-

tologic malignancy, a better understanding of the natu-

ral history of infection and the kinetics of immune re-

constitution in these patients will provide physicians

with more insight to provide proper management for

patients.

Conclusion

CAR T cell therapy is a powerful and promising

form of cancer immunotherapy, but it can be associated

with significant toxicities, namely CRS and ICANS,

and delayed hematologic recovery. Understanding biol-

ogy means understanding the immunology of immune

effector cell therapy and the complex interplay of ther-

apy factors (e.g., CAR T cells, lymphodepletion), dis-

ease factors (e.g., diagnosis, tumor burden), and patient

factors. Better strategies are needed to improve treat-

ment efficacy and to prevent, monitor, and treat various

CAR T-associated toxicities.

As CAR T cell therapy becomes the standard of care

treatment option for patients with hematologic malig-

nancies and has the potential to move forward to the

earlier treatment setting, we will increasingly encounter

both acute and late-onset CAR T-associated complica-

tions. Several research studies investigating the underly-

ing mechanism of CAR T-related toxicities, predictive

biomarkers, and novel interventions for these complica-

tions are actively ongoing and will hopefully lead to an

individualized approach, better overall treatment experi-

ence, and outcomes in our patients.
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Table　1.　Vaccination for adult patients after CD19 chimeric antigen receptor T cell therapy  (modified from Hill and Seo. Blood. 2020 Aug 
20; 136 (8): 925-935)

Killed/inactivated
vaccines#

Pre-
CAR ≥ 6 m ≥ 6 m ≥ 7 m ≥ 8 m ≥10 m ≥12 m ≥18 m ≥20 m ≥22 m ≥24 m ≥26 m ≥27 m

Minimal time 
interval 

between doses
Influenza (inactivated) X X
Pneumococcal conjugate Titer X Titer* X X 1-2 m
Pneumococcal 
polysaccharide Titer Titer* X Titer*

Diphtheria/Tetanus/
acellular Pertussis Titer X Titer* X X Titer* 1-2 m

Hemophilus influenza 
type B Titer X Titer* X X Titer* 1-2 m

Hepatitis A Titer X Titer* X Titer* 6 m
Hepatitis B Titer X Titer* X X Titer* 2 m
Live and non-live 
adjuvant Vaccines$

Pre-
CAR 6 m 6+ m 7+ m 8+ m 10+ m 12+ m 18+ m 20+ m 22+ m 24+ m 26+ m 27+ m Time between 

doses
Mump-Measle-Rubella 
(MMR) X X Titer*

Varicellar-Zoster (live); 
Seronegative X X 1 m

Varicellar-Zoster (non-live 
adjuvant) in VZV seroposi-
tive patients, >50 years

X X 1-2 m

#For inactivated virus vaccines, vaccines should be given at least 2 months post last dose of IVIG
$For lived attenuated or non-live adjuvant vaccines will not be given until 1 year post-CAR T cells (and at least 2 years post-HSCT if patients had HSCT 
prior to CAR T cell therapy), at least 5 months after last dose of IVIG, absolute CD4 count > 200/μL
*If patients do not develop response after a given dose of vaccination, additional vaccination should be deferred until there are evidence of immune recon-
stitutions: Detectable serum IgA, and CD19 B cell count > 20/μL and CD4+ T cell count > 200/μL (all should be fulfilled).

Bristol-Myers Squibb, Celgene, Equilium, Incyte,

Karyopharm, Kite/Gilead, Merck, Miltenyi Biotec, Mor-

phoSys, Novartis, Nektar Therapeutics, Omeros,

Takeda, and VectivBio AG, Vor Biopharma. He serves

on DSMBs for Cidara Therapeutics, Medigene, Sellas

Life Sciences, and Servier, and the scientific advisory

board of NexImmune. He has ownership interests in

NexImmune and Omeros. He has received research sup-

port for clinical trials from Incyte, Kite/Gilead, Miltenyi

Biotec, and Novartis. He serves in a volunteer capacity

as a member of the Board of Directors of the American

Society for Transplantation and Cellular Therapy

(ASTCT) and Be The Match (National Marrow Donor

Program, NMDP), as well as on the CIBMTR Cellular

Immunotherapy Data Resource (CIDR) Executive Com-

mittee. Disclosure forms provided by the authors are

available on the website.
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