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Abstract: Introduction: Chimeric antigen receptor T-cell (CAR-T) therapy is an innovative therapeutic
option for addressing certain recurrent or refractory hematological malignancies. However, CAR-T
cells also cause the release of pro-inflammatory cytokines that lead to life-threatening cytokine release
syndrome and neurotoxicity. Objective: To study the efficacy of interleukin inhibitors in addressing
cytokine release syndrome (CRS) and neurotoxicity secondary to CAR-T therapy. Methodology:
The authors conducted a bibliographic review in which 10 articles were analyzed. These included
cut-off studies, case reports, and clinical trials involving 11 cancer centers and up to 475 patients
over 18 years of age. Results: Tocilizumab is the only interleukin inhibitor approved to address CRS
secondary to CAR-T therapy due to its efficacy and safety. Other inhibitors, such as siltuximab and
anakinra, could be useful in combination with tocilizumab for preventing severe cytokine release and
neurotoxicity. In addition, the new specific inhibitors could be effective in mitigating CRS without
affecting the cytotoxic efficacy of CAR-T therapy. Conclusion: More lines of research should be
opened to elucidate the true implications of these drugs in treating the side effects of CAR-T therapy.
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1. Introduction

Chimeric antigen receptor T-cell therapy has emerged as an innovative therapeutic
strategy for addressing refractory and/or recurrent malignancies, including chemotherapy-
resistant acute lymphoblastic leukemia (ALL), chronic lymphocytic leukemia (CLL), and
non-Hodgkin lymphoma (NHL) [1,2].

CAR-T therapy is a new form of immunotherapy based on the activation and potentia-
tion of the immune system through the infusion of T cells modified ex vivo to directly attack
the tumor. The process consists of extracting the patient’s own lymphocytes by apheresis
and genetically modifying them in the laboratory so that they express a specific synthetic
receptor, called a “chimeric antigen receptor” (CAR), effective against tumor antigens.
These modified lymphocytes subsequently expand and are re-infused into the patient to
combine the antigen-binding properties of the antibodies with the effector functions of the
lymphocytes [2—4].

After leukocytapheresis and before the infusion of the cells, patients who are candi-
dates for therapy should undergo a lymphodeplector chemotherapy regimen based on
fludarabine and cyclophosphamide in order to control the disease until infusion and to
allow subsequent clonal expansion [5]. The process of CAR-T therapy is represented in
Figure 1 [6,7].
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Figure 1. Principles of CAR-T therapy.

Clinical trials showed that CAR-T therapy was able to lead to complete remission or
minimal residual disease, as well as prolonging the overall survival and remission time in
those hematological diseases for which treatment had been exhausted [8-13]. In fact, they
showed such good results when targeting the CD19 tumor antigen that several types of
drugs have been marketed. One of these, tisagenlecleucel, is primarily intended for older
adults with refractory lymphomas, pediatric patients, and young adults with refractory
ALL, while axicabtagene ciloleucel (Axicel) is approved for the treatment of diffuse large
B-cell lymphoma (DLBCL) and primary mediastinal large B-cell lymphoma. Another drug,
brexucabtagene autoleucel (Brexu-cel), has been recently ratified for the treatment of mantle
cell lymphoma (MCL) and pediatric acute B-cell lymphatic leukemia (B-ALL). Finally, in
February 2021, the use of lisocabtagene maraleucel (Breyanzi) was authorized in the United
States for adult patients with relapsed or refractory large B-cell lymphoma after two or
more lines of systemic treatment [3,14-16].

However, as with any drug, the therapy is not free of side effects. As it is an immuno-
logical therapy, when the antigen receptors are introduced into the body, T lymphocytes
trigger an immune response that attacks the tumor but can also attack healthy cells. The
two most frequent adverse effects of the infusion of CAR-T cells are neurotoxicity syn-
drome associated with immune effector cells (ICANS) and cytokine release syndrome
(CRS) [1,14,17-19].

Both syndromes are the consequence of an extensive inflammatory state resulting from
T cells releasing inflammatory cytokines and chemokines (such as interleukins (ILs), tumor
necrosis factor (TNF), and interferons (IFNs)), which activate dendritic cells and other host
T cells. These generate a positive feedback loop that results in the massive destruction of
healthy tissue, leading to reversible and widespread organ dysfunction [3,14,16,18,20].

CRS usually appears during the first week after infusion. It is characterized by signs
and symptoms such as fever, nausea, headache, myalgia, tachycardia, hypotension, hypoxia,
organ dysfunction, cytopenias, coagulopathies, hemophagocytic lymphohistiocytosis, or
other renal, gastrointestinal, and hepatic alterations. If any of these symptoms present, early
action should be taken to mitigate them. However, in some cases, the presentation is ag-
gravated, leading to life-threatening conditions, such as hypotension at values that require
high doses of vasopressors or hypoxia that requires invasive mechanical ventilation [20-22].
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On the other hand, ICANS can manifest during or after CRS in highly diverse
ways, such as encephalopathies, cognitive defects, dysphasias, seizures, and cerebral
edema [23-25].

In addition, factors such as the tumor burden, the infusion dose, fludarabine lymphode-
pletion, the existence of concurrent infectious and chronic diseases, and early elevations of
cytokines are directly associated with the severity of the syndromes [26-28].

Therefore, clinical and analytical monitoring is essential for patients undergoing this
therapy. Signs such as hypotension, hyperthermia, tachypnea, tachycardia, and desatura-
tion below basal levels are primary indicators for the detection of CRS [29]. The ICE scale
is also a fundamental instrument for the detection of neurotoxicity [30].

In parallel, frequently analyzing the levels of C-reactive protein, ferritin, transaminases,
IL-6,IL-1,IL-8, IL-10, IL-15, IFN-y, and TNF-o can help in the early prediction and diagnosis
of CRS and ICANS [31]. Sporadic lumbar punctures for the measurement of GM-CSF, IL-1,
IL-8, IL-10, and MCP1 may also be useful in the management of neurotoxicity [32,33].

To address CRS and ICANS, in addition to symptomatic management, different
lines of action based on monoclonal and corticoid antibodies have been developed. The
first-line and demonstrably most effective treatment is the use of tocilizumab, an IL-6
inhibitor [1,3,13,16,17,32]. However, it has shown little efficacy in preventing and managing
ICANS due to its poor ability to cross the BBB [1,17,33].

Recent clinical trials have investigated the role of other interleukin inhibitors, such as
anakirna and siltuximab, in preventing and treating both CRS and ICANS [14,17,18,33,34].
The use of interleukin inhibitors is a new and experimental therapy in some medical
disciplines. Its mechanism of action, benefits, and disadvantages are not fully understood.
Therefore, its use as a treatment in this therapy is an innovation, especially because of the
potential benefits it has on the survival of a patient receiving CAR-T therapy.

Thus, the correlation between the elevation of different interleukins and the emergence
of CRS and ICANS secondary to CAR-T therapy was the reason behind this study: Analyze
the efficacy of the use of interleukin inhibitors to prevent and treat cytokine release syn-
drome and the neurotoxicity associated with CAR-T therapy. This objective was conceived
in the interest of patient safety. Due to the promising character of the therapy in the cure of
cancer, research must be expanded to understand and address the side effects of its use.
The release of cytokines and neurotoxicity secondary to the use of this therapy can seriously
compromise patient health. For this reason, it is essential to adequately understand the
mechanism resulting in these side effects, the factors involved, and which methods are safe
and effective for addressing them.

2. Methods

This article is a literature review that compiles existing information on the efficacy of
interleukin inhibitors for combating the toxicities of CAR-T therapy.

Five databases were used for the selection of appropriate articles: PubMed, Scopus,
Web of Science, Embase, and ProQuest. All of these databases include articles in which the
main topics are health and medical investigations.

First, in all of the databases, a broad search was carried out to estimate the number of
articles published on the topic of interest. Next, a more detailed search was carried out,
focused on achieving the objective of the study.

The keywords, selected according to the MeSH Terminology, were as follows: “CAR-T
cell”, “Cytokine release syndrome”, and “IL Inhibitors” joined with the Boolean AND.
English words were used because, during the first search, most of the articles found were
in English. For the selection of articles, the titles and summaries of the articles were read,
and if this information was insufficient, the articles in question were quickly read.

The inclusion criteria were access to the full-text document, articles published in the
last 10 years, experimental studies, and studies carried out on patients with homeopathies
and malignant tumors who had undergone CAR-T therapy. All the articles studied that
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conducted research on humans followed the ethical principles of the Declaration of Helsinki
adopted in 1975 and revised in 2013 [35].

The exclusion criteria were studies conducted on animals, studies on patients under
18 years of age, and studies involving patients sick with COVID-19.

Animal studies were excluded from the study because the aim of the review was to
study the efficacy of interleukin inhibitors in human patients treated with CAR-T therapy,
not in animals. Animal studies would demonstrate results from the primary phases of
research on the use of these drugs.

The selection process for each of the databases is represented in a PRISMA flowchart
(Figure 2) that was developed with the Cochrane review software Review Manager
(RevMan) [36].
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- PUBMED: 90
- SCOPUS 1156

1 article was added
using the "Snowball"
sampling technique

- EMBASE: 1
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- EMBASE 333
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— T
I T

454 articles were
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- PUBMED: 9
- SCOPUS: 84 4560 articles were

excluded

- WOS: 12
- EMBASE: 42
- PROQUEST: 307

There were excluded 412 articles:
There were - Repeated articles: 45
selected 45 - Studies that included mices: 21
articles ,to - Articles without complete text: 14
analyze:
- PUBMED: 3 - Unspecific theme: 166
- SCOPUS: 12 - Studl.es with patlents younger
than eighteen: 19
- WosH - Studies about solid tumors:
- EMBASE: 12 Estudios en tumores sdlidos: 30
- PROQUEST: 4 - Non-experimental studies: 117
32 excluded articles:
1 - Unespecific theme; 7
10 articles - Studies about solid tumors: 4
included in the i
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- PUBMED: 1 - Little information on the subject: 4
- SCOPUS: 4 - Non-experimental studies: 5
- EMBASE: 4 - Studies in pediatric age: 6
- PROQUEST: 1 - Studies in mices: 5

Figure 2. PRISMA flowchart.
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3. Results

The main results obtained from the analysis of the articles are presented in Table 1.

Table 1. Summary of the results obtained after the study of the articles.

First Author

Studio Design

Sample Size (n)

Drug

Main Results

Zhang et al. [37]

Case report

8 patients
(4 men and 4 women)

Ertanecept

Patients who presented CRS after CAR-T
infusion therapy were treated with
ertanecept, which mitigated the fever,
hypotension, and arthralgia due to
decreases in TNF-«. (* p = 0.03), IL-6

(* p=0.007), and IL-10 (* p = 0.01)
Ertanecept, a TNF-« inhibitor, is able to
resolve CRS without causing side effects
or decreasing the effectiveness of CAR-T
therapy (p > 0.05).

Chen et al. [38]

Case report

4 patients (3 men and
1 woman)

Tocilizumab

Tocilizumab was able to reduce the
altered levels of IL-2R, IL-6, IL-8, IL-10,
and TNF-« in 2 of the 4 patients.

The use of tocilizumab at low doses

(4 mg/kg) may be useful for patients
with CRS of mild or moderate severity.
The use of tocilizumab at high doses

(8 mg/kg) would be indicated in patients
suffering from persistent fever,
hypotensive shock, acute respiratory
failure, and rapid progression of LCHS.
Even if symptoms do not improve within
8-24 h, another dose of tocilizumab may
be given (2 of 4 patients).

Jatiani et al. [39]

Case report

2 patients (2 men)

Anakinra and
tocilizumab

The administration of anakinra as
anti-IL-1R therapy limits the
development and duration of CRS when
administered as an adjunct to
tocilizumab and decreases the need for
additional doses of tocilizumab or
steroids (immunosuppressant) (1 of

2 patients).

Gutierrez et al. [40]

Cutting studio

11 centers
Unknown patients

Anakinra, siltuximab,
and tocilizumab

Among the 11 hospitals that made up the
study, the specific practices performed
for the treatment of toxicities included
the use of tocilizumab to treat CRS and
neurotoxicity with symptoms of CRS
(82% of centers; n =9).

The use of siltuximab for grade 3 or

4 CRS refractory to tocilizumab (55% of
centers; n = 6)

The use of anakinra in CRS grade 3 or 4,
refractory to tocilizumab, and in
neurotoxicity (55% of centers; n = 6).

Feng et al. [41]

Cohort study

89 patients (48 men and
41 women)

Tocilizumab

Treatment with tocilizumab allows
CAR-T cells to be safely administered in
all and without compromising the
efficacy of therapy (p = 0.061).
Treatment with tocilizumab (0.377; 95%
CI 0.001-0.033; * p = 0.040) is considered
an independent risk factor associated
with total cost during CAR-T therapy
due to its use with CRS.

Chen et al. [42]

Comparative study

4 patients (1 male and
3 female)

Siltuximab and
tocilizumab

The addition of siltuximab reduces IL-6
concentrations by 56% to 74% in patients
undergoing CAR-T therapy (* p = 0.001).
Tocilizumab caused a small but
statistically significant reduction in
sIL-6R concentrations to between 51%
and 70%.
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Table 1. Cont.

First Author

Studio Design Sample Size (n) Drug Main Results

Geyer et al. [43]

Clinical trial

Ibrutinib causes an increase in the levels
of IL-6 (* p = 0.01) and IL-10 (* p = 0.02)
that predisposes the patient to the
appearance of CRS of grade 2 or higher.
Take ibrutinib prior to CAR-T therapy
predisposes the patient to further cell

20 patients (14 men and Ibrutinib and expansion. (p = 0.040)
6 women) tocilizumab 80% of patients with CLL who took
ibrutinib had objective responses after
CAR-T therapy.

Of the 5 patients who received ibrutinib
prior to the infusion of CAR-T therapy,

3 required tocilizumab to reverse grade 2
or 3 CRS.

Abboud et al. [44]

Cohort study

7 patients with CRS were treated with
tocilizumab. Of these, 100% resolved
signs and symptoms within 48 h, CRP
levels fell below 50% of the peak values,
and 86% (6 of 7) survived for 100+ days,
including those with severe CRS.

IL-6 is a key mediator for CRS, so
tocilizumab and siltuximab are possible
effective therapeutic approaches.

75 patients (40 men and Siltuximab and
35 women) tocilizumab

Futami et al. [45]

Clinical trial

New multi-cytosine inhibitor TO-207 has
modest effects on cytokine secretion in
CAR-T cells (* p < 0.001)

In vitro study. Unknown TO-207 TO-207 specifically inhibits

volunteers pro-inflammatory cytokines of

monocytes (IL-6, IL-8, IL-18, MCP-1, and
TNEF-«) without affecting cytokine
production, or CAR-T cell efficacy

Abramson et al. [46]

Multicenter 269 patients (174 men and  Anakinra, siltuximab,
multi-cohort study 95 women) and tocilizumab

Tocilizumab was useful in treating LSS in
53 patients (50% of those with CRS).
Siltuximab and anakinra may be effective
as a treatment for grade 4 CRS (used in
the only patient who had grade 4 CRS).

* Results are considered to be statistically significant when the p-value is less than 0.05.

Multiple interleukin inhibitors that could potentially serve as drugs for the treatment
of CRS are described below:

3.1. Ertanecept

Zhang et al. discovered through their case study that ertanecept was effective in
reducing the levels of TNF-« (p = 0.03), IL-6 (p = 0.007), and IL-10 (p = 0.01) in eight patients
undergoing CAR-T therapy and with symptoms associated with CRS [37]. Therefore,
ertanecept could be effectively used for the management of CRS associated with CAR-T
therapy, especially in patients with high elevations of TNF-«.

3.2. Tocilizumab

Regarding tocilizumab, Cheng et al. demonstrated that it was a powerful IL-6 inhibitor
effective in reducing the symptoms associated with CRS in four patients undergoing CAR-T
therapy. The dose and frequency used depended on the degree of severity and refractoriness
of the presentation [38].

Similarly, in a report on 34 cases, Feng et al. observed that the use of tocilizumab did
not affect the duration of the effect of CAR-T cells against malignant cells (p = 0.040), and
therefore, its use did not affect the efficacy of the therapy (p = 0.061) [41], being a useful
and safe drug.
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3.3. Tocilizumab in Combination

IL-6 inhibitors are the key drugs for managing moderate or severe CRS. These include
tocilizumab and siltuximab, alone or in combination.

The efficacy of these drugs was reaffirmed in the cohort study conducted by Abboud
et al. on 75 patients. In this study, it was found that the use of tocilizumab and siltuximab
alone or in combination reduced CRS even in its most severe forms [44].

On the other hand, through a comparative study of four patients, Chen et al. also
showed that siltuximab could be useful and safe for treating CRS on its own due to its
IL-6-inhibitory capacity (p = 0.001) [42].

The potential benefits of the combined use of interleukin inhibitors were also demon-
strated by the research of Gutierrez et al., which consisted of conducting a questionnaire
in 11 centers that performed CAR-T therapy. Their conclusions were as follows: first,
that tocilizumab also combats neurotoxicity (82% of centers); second, that the siltuximab-
tocilizumab combination could be effective in most refractory cases of CRS (55% of centers);
finally, that anakinra could be a satisfactory complement to tocilizumab for the most severe
and refractory cases of CRS, as well as for the prevention of ICANS (55% of centers), due to
its ability to cross the blood-brain barrier [40].

This last aspect of the usefulness of the combination of tocilizumab and anakinra is
supported by the results obtained in the case study by Jatiani et al. showing that tocilizumab
combined with anakinra helped to prevent CRS in its most severe stages (in both of the
two patients submitted) [39].

Furthermore, Abrams on et al. reported in a multicenter cohort study conducted
with 269 patients that tocilizumab alone was useful for treating CRS secondary to CAR-T
therapy (50% of patients). However, they propose that the administration of anakinra and
siltuximab could be more useful for the most severe or refractory cases of CRS [46].

3.4. TO-207

In addition to the well-known tocilizumab, anakinra, and siltuximab, there are other
inhibitors, such as TO-207 and ibrutinib. TO-207 is a newly discovered inhibitor of multiple
cytokines confirmed in a clinical trial conducted by Futami et al., who discovered its
potential role in mitigating ICANS and CRS secondary to CAR-T therapy due to its ability
to inhibit the secretion of inflammatory cytokines, such as IL-6, IL-8, IL-18, MCP-1, and TNF-
8. It achieves this without affecting the antitumor capacity of CAR-T cells (p < 0.001) [45].

3.5. Ibrutinib

In contrast to TO-207, ibrutinib did not demonstrate effectiveness against CRS or
ICANS. According to Geyer et al., ibrutinib could instead potentiate CRS and ICANS due
to its ability to expand CAR-T cells (p = 0.04) [43].

4. Discussion

CAR-T therapy is an innovative and effective therapeutic option for the treatment of
hematological malignancies refractory to previous treatment lines or multiple
relapses [1-10,12,16-30,32,34,37-46].

It has been approved and recognized in many countries for its ability to prolong
survival and disease-free periods with an appropriate level of safety. However, some of the
adverse effects manifesting after the expansion of CAR-T cells have been a challenge for
scientists and health professionals dedicated to the management of patients undergoing
therapy [1,3-12,17,18,23,26,27,29-31,39].

The most worrisome adverse reactions to CAR-T therapy are cytokine release syn-
drome and neurotoxicity. Both derive from an extensive release of cytokines and are
characterized by increases in the serum levels of interleukins and other cytokines (such as
IL-6, IL-2, IL-8, IL-10, and TNF-«) [1,2,16,20,37-46].
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In all the articles studied, it was observed that the efficacy and usefulness of the
different drugs in combating CRS were based on their ability to reduce the levels of the
pro-inflammatory cytokines IL-1, IL-2R, IL-6, IL-8, IL-10, IL-18, TNF-o, and MCP-1 [35-44].

Depending on the level at which the cells are altered, their modification can generate
CRS or ICANS of lower (grade 1) or greater severity (grade 4), as shown in
Appendices A and B [47].

The results of this review serve to confirm that tocilizumab is the drug with the greatest
efficacy in mitigating the symptoms of CRS grade 1 and 2 due to its ability to reduce the
cytokines IL-2R, IL-6, IL-8, IL-10, and TNF-o without decreasing the cytotoxic capacity
of CAR-T cells [37-41,44,46]. For this reason, tocilizumab is the only interleukin inhibitor
approved for use against CRS caused by first-line CAR-T therapy [48,49].

However, these syndromes are sometimes refractory to the use of tocilizumab, and
other lines of support are required [37-46]. The study by Nagle et al. proposes that corti-
costeroids are a good treatment with which to complement tocilizumab and, in addition,
have significant efficacy against ICANS [48]. However, Brentjens et al. revealed that the
use of corticosteroids decreased the efficacy of CAR-T therapy [50].

In addition, Neelapu et al. showed that tocilizumab was only useful for treating CRS
and neurotoxicity if the latter was secondary to CRS [51]. Furthermore, Nishimoto et al.
demonstrated that its use for the treatment of isolated ICANS was ineffective because its
molecular size prevents it from crossing the blood-brain barrier, and it can only inhibit
serum IL-6, consequently increasing the concentration of IL-6 in the cerebrospinal fluid and
aggravating the situation [52].

To solve this problem, some scientists have investigated other interleukin inhibitors
that may be useful in mitigating CRS and ICANS without affecting the efficacy of the
therapy [44,53-55].

In our research, some drugs, such as siltuximab or anakinra, showed statistically
significant results in the mitigation of CRS grade 3 and 4 induced by CAR-T therapy when
used after treatment with tocilizumab, decreasing the need for subsequent doses of this
drug or the need to use corticosteroids [37,40,42,44,46].

The use of siltuximab after a patient shows resistance to tocilizumab is considered
a good therapeutic alternative to steroid due to siltuximab’s strong ability to reduce the
levels of IL-6 and sIL-6R [40,42,44,46].

Parallel to this research, other studies, such as those carried out by Rivera et al. and
Acharya et al., also show that the combined use of siltuximab and tocilizumab is very effec-
tive in improving the symptoms of CRS and preventing and treating neurotoxicity [54,55].
However, the work of Neelapu et al. considers that the use of both drugs is only useful for
the initial management of CRS in adults and that anti-IL-6 therapy is ineffective in treating
neurotoxicity [56].

Therefore, interest has arisen in anakinra, an IL-1 inhibitor used especially in arthritic
diseases. The selected studies demonstrate the ability of anakinra to act not only on CRS
but also on ICANS induced by CAR-T therapy. Its effects are due to its ability to reduce
IL-1 levels and penetrate the blood-brain barrier to act on neurotoxicity [40]. In addition,
the results of the review show that its use after tocilizumab decreases the need for extra
doses of tocilizumab and steroid use [39,40,46].

Articles such as that published by Riegler et al. also affirm that anakinra is a good
option not only for the treatment of ICANS but also for preventing and reducing the
mortality associated with CRS [57,58].

This review also shows that TNF-o inhibitors, such as ertanecept, have greater efficacy
than tocilizumab in lowering the levels of TNF-« and, therefore, in improving some
of the symptoms, such as fever, hypotension, and arthralgia, without producing side
effects [37,38]. Therefore, ertanecept may be a good substitute for tocilizumab for mitigating
CRS [38].
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Moreover, the studies by Lee et al. and Grupp et al. propose the combination of
tocilizumab with ertanecept and/or corticosteroids in short courses as promising treatment
options for mitigating severe CRS [59-61].

To expand the therapeutic options, TO-207, a multi-cytokine inhibitor, has been devel-
oped and is able to prevent and mitigate CRS. This new inhibitor could be more effective
than tocilizumab in decreasing the secretion of pro-inflammatory cytokines due to its
specific action on monocytes, its lack of effect on CAR-T cells, and, thus, its prevention of
the development of CRS without altering the efficacy of therapy [45].

There have not been many studies in which TO-207 has been used in CAR-T therapy.
Studies such as those conducted by Uesato et al. and Kakegawa et al. demonstrate that
TO-207 improves the symptoms associated with CRS and ICANS and acts with CAR-T
cells to increase antitumor efficacy and increase the survival times of patients who receive
it [45,62,63].

However, the use of anticytokines is not always safe. Ibrutinib is a protein kinase
inhibitor that some patients may take prior to CAR-T therapy. From our research, it can
be concluded that this drug increases the in vivo expansion of CAR-T cells and improves
the tumor response to treatment to a statistically significant degree. It also, however,
predisposes the patient to the development of CRS greater than grade 2, which must be
treated with tocilizumab [43].

The study by Fan et al. states that ibrutinib does not increase pro-inflammatory
interleukins and that it is a good IL-1-receptor inhibitor [64]. In fact, Fraietta et al. and
Turtle et al. support the proposal that the use of ibrutinib supplemented with the CAR-T
cell production process could achieve significantly greater expansion of T cells and could
also achieve significantly higher CAR-T cell yields without any CRS [65-67].

It should be noted that, although there were few articles found in relation to CAR-T
therapy and the use of interleukin inhibitors in hematological neoplasms, articles focusing
on this treatment in solid tumors were even scarcer. This is because CAR-T therapy in
cancer neoplasms is still under study, and few trials have been conducted in humans.
The reason for this is that, in the tumor microenvironment, the lack of specific target
antigens and inactivation by control inhibitors hamper the durability of CAR-T cells, impair
their ability to penetrate the tumor, and increase the severity of side effects, such as CRS
and neurotoxicity. Therefore, the research focuses on studying targets or therapeutic
combinations of CAR-T cells (such as NK cells) that would decrease toxicity, increase the
antitumor capacity of the cells, and prolong the disease-free time of patients who undergo
the treatment [68-70].

As can be seen, there is a wide range of articles and studies dedicated to investigating
new therapies to address the neurotoxicity and CRS of CAR-T therapy. However, they
are clinical trials or in vitro studies in which the drugs are not used in large populations.
This is related to the fact that, although interleukin inhibitors are accepted and approved
for inflammatory diseases, their anti-inflammatory activity in chimeric antigen receptor
therapy is not yet known. However, they are considered potential lines of treatment to
address the adverse effects of CAR-T therapy.

This new approach has especially enhanced the treatment of CRS in patients infected
with SARS-CoV-2. Many of the articles found in the initial search during this study
addressed the use of interleukin inhibitors to effectively treat the severe cytosine cascade
derived from the inflammatory period of infection [71-74].

Due to the lack of consensus and clarifying results in the studies found, more research
should be undertaken with regard to other interleukin inhibitors that may be effective in
reducing or replacing doses of corticosteroids or tocilizumab. That is, it is important to
focus research on clarifying the mechanisms of action and activity of siltuximab, anakinra,
ertanecept, and TO-207 to address the CRS and ICANS derived from CAR-T therapy in
order to clarify a therapeutic and administration plan and to achieve their approval for use
in CAR-T therapy.
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This review has had some limitations. CAR-T therapy is a relatively new line of
anticancer treatment that causes many aspects of the pathophysiology associated with CRS
and ICANS, for which the best options for mitigation are not clearly understood. This
aspect significantly restricted the scope of this review. Firstly, because the number of articles
investigating the use of interleukin inhibitors was very small, we found some experimental
articles about the use of corticoids or Tocilizumab, but few of them were on other inhibitors.
Secondly, because many of the drugs of interest have only been used experimentally in
animals or have been used for the paediatric population also eligible for this treatment.
However, this review expands and contrasts the information of the selected articles.

5. Conclusions

Based on the research reviewed in this paper, it can be concluded that the most
widely used interleukin inhibitor is tocilizumab. This is because tocilizumab is effective in
mitigating the symptoms of CRS.

For addressing tocilizumab-refractory CRS and associated neurotoxicity, siltuximab
may be an effective complementary therapy.

The IL-1 inhibitor anakinra may be used to complement tocilizumab in preventing
and treating ICANS, as well as in decreasing the severity of CRS.

Other drugs, such as TNF-« inhibitors, may also be useful alone or in combination with
tocilizumab to address the side effects of CAR-T therapy without affecting the antitumor
efficacy of cells with the chimeric antigen receptor.

It is unclear whether the use of ibrutinib has an adequate mechanism of action for
treating CRS, although it does increase the efficacy of CAR-T therapy.

Further lines of research should focus on the use of known interleukin inhibitors to
address the adverse effects derived from the expansion of CAR-T cells because they have
been shown to be safe and useful immunomodulators and do not affect antitumor efficacy.
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MCP-1 Monocyte chemotactic protein

GM-CSF Colony-stimulating factor of granulocytes and macrophages
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RevMan Review Manager

MeSH Medical Subject Headings
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Appendix A. ASBMT Consensus on CRS Gradation
Parameter Grade 1 Grade 2 Grade 3 Grade 4
> o
Fever o >38 °C >38°C _3.8 c .
. . >38°C . . Yes. Requires multiple
with/without Yes. No vasopressors Yes. Requires vasopressor with
No . . . vasopressors
Low Blood Pressure required or without vasopressin . .
(excluding vasopressin)
Requires nasal cannula with Requires positive
And/or hvpoxia No Requires nasal high flow, reservoir mask, or pressure (CPAP, BiPAP,
yP low-flow cannula venturi mask with elevated intubation, or
oxygen inspiratory fraction. mechanical ventilation)
The organic toxicity associated with CRS can be categorized according to CTCAE V5.0 but does not influence
classification. Temperature >38 °C not attributable to any other cause. In CRS, the gradation is due to the presence
of hypotension and hypoxia. The degree is determined by which of the two clinical findings is most serious [47].
Appendix B. ASBMT Consensus on ICANS Gradation
Neurotoxicity Grade 1 Grade 2 Grade 3 Grade 4
ICE 9-7 6-3 2-0 0
Level of . Responds to tactile Unc.onsa.ous or
. Awake Responds to voice . requires vigorous
consciousness stimulus . .
stimulation. Stupor
Any type of seizure
focal lized .
(focal or generanze ) Convulsive or
that resolves quickly or .
. . non-convulsive status
Seizures No No non-convulsive .
. without recovery of
seizures (EEEg) that .
. consciousness
resolve without
intervention
Focal motor weakness:
Motor deficit No No No hemiparesis or
paraparesis
Diffuse cerebral edema
ELEVATION Focal cerebral edema on CT or MRI. Brain
No No detected by CT or damage or
ICP/cerebral edema . .
cranial MRI decorticated posture.
Cushing’s triad
General
recommendations: ICE
scale every 4 h. Basal Transfer to the SMI:
EEG, fundus, Assess sedation,
assessment of PL, CT, Transfer to the SMI: intubation, and
. Assess transfer to SMI: . o
and/or MRI according ICE score every hour. ~ mechanical ventilation
. g ICE score every hour. .. . .
Evaluation and to availability. Clinical assessment of for airway protection
o - General . .
monitoring Prophylaxis with . signs of HITC. General ~ and/or seizure status
: . recommendations .
levetiracetam. Avoid . . recommendations control. General
. described in grade 1 . . .
and treat hyponatremia. described in grade 2 recommendations

Avoid medication that
causes depression of
the central
nervous system

described in
grade 3 [47]




Diseases 2022, 10, 41 12 of 15

References

1.  Hunter, B.D.; Jacobson, C.A. CAR T-Cell Associated Neurotoxicity: Mechanisms, Clinicopathologic Correlates, and Future
Directions. J. Natl. Cancer Inst. 2019, 111, 646—654. [CrossRef] [PubMed]

2. Moghanloo, E.; Mollanoori, H.; Talebi, M.; Pashangzadeh, S.; Faraji, F.; Hadjilooei, F.; Mahmoodzadeh, H. Remote controlling of
CAR-T cells and toxicity management: Molecular switches and next generation CARs. Transl. Oncol. 2021, 14, 101070. [CrossRef]
[PubMed]

3. Moreno, M.E,; Vinent, ].; Mufioz, C.; Carreras, M.J. Hospital Pharmacist’s Roles and Responsibilities with CAR-T Medicines.
Farm. Hosp. 2020, 44, 26-31. Available online: http:/ /scielo.isciii.es/scielo.php?script=sci_arttext&pid=51130-6343202000010000
6&Ing=es (accessed on 8 April 2021).

4. Chang, Z.L,; Chen, Y.Y. CARs: Synthetic Inmunoreceptors for Cancer Therapy and Beyond. Trends Mol. Med. 2017, 23, 430-450.
[CrossRef] [PubMed]

5. Halford, Z.; Anderson, M.K,; Bennett, L.L.; Moody, J. Tisagenlecleucel in Acute Lymphoblastic Leukemia: A Review of the
Literature and Practical Considerations. Ann. Pharmacother. 2020, 55, 466—479. [CrossRef] [PubMed]

6.  Harris, D.T.; Kranz, D.M. Adoptive T Cell Therapies: A Comparison of T Cell Receptors and Chimeric Antigen Receptors. Trends
Pharmacol. Sci. 2015, 37, 220-230. [CrossRef] [PubMed]

7. Frey, N. The what, when and how of CAR T cell therapy for ALL. Best Pract. Res. Clin. Haematol. 2017, 30, 275-281. [CrossRef]

8.  Pan,],; Yang, J.F; Deng, B.P.; Zhao, X.J.; Zhang, X.; Lin, YH.; Wu, Y.N.; Deng, Z.L.; Zhang, Y.L.; Liu, S.H.; et al. High efficacy
and safety of low-dose CD19-directed CAR-T cell therapy in 51 refractory or relapsed B acute lymphoblastic leukemia patients.
Leukemia 2017, 31, 2587-2593. [CrossRef]

9. Hu, L,; Charwudzi, A.; Li, Q.; Zhu, W,; Tao, Q.; Xiong, S.; Zhai, Z. Anti-CD19 CAR-T cell therapy bridge to HSCT decreases the
relapse rate and improves the long-term survival of R/R B-ALL patients: A systematic review and meta-analysis. Ann. Hematol.
2021, 100, 1003-1012. [CrossRef]

10. Hu, Y.; Wu, Z; Luo, Y.; Shi, J.; Yu, J.; Pu, C,; Liang, Z.; Wei, G.; Cui, Q.; Sun, |.; et al. Potent Anti-leukemia Activities of Chimeric
Antigen Receptor—-Modified T Cells against CD19 in Chinese Patients with Relapsed /Refractory Acute Lymphocytic Leukemia.
Clin. Cancer Res. 2017, 23, 3297-3306. [CrossRef]

11. Wang, Z.; Wu, Z,; Liu, Y,; Han, W. New development in CAR-T cell therapy. . Hematol. Oncol. 2017, 10, 53. [CrossRef] [PubMed]

12.  Zhang, X.; Lu, X.-A,; Yang, J.; Zhang, G.; Li, J.; Song, L.; Su, Y.; Shi, Y.; Zhang, M.; He, ].; et al. Efficacy and safety of anti-CD19
CAR T-cell therapy in 110 patients with B-cell acute lymphoblastic leukemia with high-risk features. Blood Adv. 2020, 4, 2325-2338.
[CrossRef] [PubMed]

13. Liu, D.; Zhao, J. Cytokine release syndrome: Grading, modeling, and new therapy. J. Hematol. Oncol. 2018, 11, 121. [CrossRef]

14. Kohl, U.; Abken, H. CAR-T cells as advanced therapy medicinal products. Internist 2021, 62, 449-457. [CrossRef] [PubMed]

15. FDA Approves Lisocabtagene Maraleucel for Relapsed or Refractory Large B-Cell Lymphoma. U.S. Food and Drug Administra-
tion. Available online: https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-lisocabtagene-maraleucel-
relapsed-or-refractory-large-b-cell-lymphoma (accessed on 10 January 2021).

16. Giavridis, T.; Van Der Stegen, S.J.C.; Eyquem, J.; Hamieh, M.; Piersigilli, A.; Sadelain, M. CAR T cell-induced cytokine release
syndrome is mediated by macrophages and abated by IL-1 blockade. Nat. Med. 2018, 24, 731-738. [CrossRef]

17.  Mahmoudjafari, Z.; Hawks, K.G.; Hsieh, A.A.; Plesca, D.; Gatwood, K.S.; Culos, K.A. American Society for Blood and Marrow
Transplantation Pharmacy Special Interest Group Survey on Chimeric Antigen Receptor T Cell Therapy Administrative, Logistic,
and Toxicity Management Practices in the United States. Biol. Blood Marrow Transplant. 2019, 25, 26-33. [CrossRef] [PubMed]

18. Marzal-Alfaro, M.B.; Escudero-Vilaplana, V.; Revuelta-Herrero, J.L.; Collado-Borrell, R.; Herranz-Alonso, A.; Sanjurjo-Saez, M.
Chimeric Antigen Receptor T Cell Therapy Management and Safety: A Practical Tool From a Multidisciplinary Team Perspective.
Front. Oncol. 2021, 11, 636068. [CrossRef]

19. Kroschinsky, F.; Stolzel, F.; von Bonin, S.; Beutel, G.; Kochanek, M.; Kiehl, M.; Schellongowski, P. New drugs, new toxicities:
Severe side effects of modern targeted and immunotherapy of cancer and their management. Crit. Care 2017, 21, 89. [CrossRef]

20. Brudno, J.N.; Kochenderfer, ].N. Toxicities of chimeric antigen receptor T cells: Recognition and management. Blood 2016, 127,
3321-3330. [CrossRef]

21. Lee, D.W,; Kochenderfer, J.N.; Stetler-Stevenson, M.; Cui, Y.K,; Delbrook, C.; Feldman, S.A.; Fry, T.].; Orentas, R.; Sabatino, M.;
Shah, N.N; et al. T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in children and young
adults: A phase 1 dose-escalation trial. Lancet 2015, 385, 517-528. [CrossRef]

22. Sheth, V,; Gauthier, J. Taming the beast: CRS and ICANS after CAR T-cell therapy for ALL. Bone Marrow Transplant. 2020, 56,
552-566. [CrossRef] [PubMed]

23.  Scholler, J.; Brady, T.L.; Binder-Scholl, G.; Hwang, W.-T.; Plesa, G.; Hege, K.M.; Vogel, A.N.; Kalos, M.; Riley, ].L.; Deeks, S.G.; et al.
Decade-Long Safety and Function of Retroviral-Modified Chimeric Antigen Receptor T Cells. Sci. Transl. Med. 2012, 4, 132ra53.
[CrossRef] [PubMed]

24. Gauthier, ].; Turtle, C.J. Insights into cytokine release syndrome and neurotoxicity after CD19-specific CAR-T cell therapy. Curr.
Res. Transl. Med. 2018, 66, 50-52. [CrossRef] [PubMed]

25. Rice, J.; Nagle, S.; Randall, J.; Hinson, H. Chimeric Antigen Receptor T Cell-Related Neurotoxicity: Mechanisms, Clinical

Presen-tation, and Approach to Treatment. Curr. Treat. Options Neurol. 2019, 21, 40. [CrossRef] [PubMed]


http://doi.org/10.1093/jnci/djz017
http://www.ncbi.nlm.nih.gov/pubmed/30753567
http://doi.org/10.1016/j.tranon.2021.101070
http://www.ncbi.nlm.nih.gov/pubmed/33789222
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S1130-63432020000100006&lng=es
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S1130-63432020000100006&lng=es
http://doi.org/10.1016/j.molmed.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28416139
http://doi.org/10.1177/1060028020948165
http://www.ncbi.nlm.nih.gov/pubmed/32762363
http://doi.org/10.1016/j.tips.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26705086
http://doi.org/10.1016/j.beha.2017.07.009
http://doi.org/10.1038/leu.2017.145
http://doi.org/10.1007/s00277-021-04451-w
http://doi.org/10.1158/1078-0432.CCR-16-1799
http://doi.org/10.1186/s13045-017-0423-1
http://www.ncbi.nlm.nih.gov/pubmed/28222796
http://doi.org/10.1182/bloodadvances.2020001466
http://www.ncbi.nlm.nih.gov/pubmed/32453841
http://doi.org/10.1186/s13045-018-0653-x
http://doi.org/10.1007/s00108-021-00953-x
http://www.ncbi.nlm.nih.gov/pubmed/33590292
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-lisocabtagene-maraleucel-relapsed-or-refractory-large-b-cell-lymphoma
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-lisocabtagene-maraleucel-relapsed-or-refractory-large-b-cell-lymphoma
http://doi.org/10.1038/s41591-018-0041-7
http://doi.org/10.1016/j.bbmt.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30266675
http://doi.org/10.3389/fonc.2021.636068
http://doi.org/10.1186/s13054-017-1678-1
http://doi.org/10.1182/blood-2016-04-703751
http://doi.org/10.1016/S0140-6736(14)61403-3
http://doi.org/10.1038/s41409-020-01134-4
http://www.ncbi.nlm.nih.gov/pubmed/33230186
http://doi.org/10.1126/scitranslmed.3003761
http://www.ncbi.nlm.nih.gov/pubmed/22553251
http://doi.org/10.1016/j.retram.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29625831
http://doi.org/10.1007/s11940-019-0580-3
http://www.ncbi.nlm.nih.gov/pubmed/31327064

Diseases 2022, 10, 41 13 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.; Lacey, S.F,; et al.
Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Engl. ]. Med. 2014, 371, 1507-1517. [CrossRef]

Frey, N.; Porter, D. Cytokine Release Syndrome with Chimeric Antigen Receptor T Cell Therapy. Biol. Blood Marrow Transplant.
2018, 25, e123—e127. [CrossRef]

Catino, A.B. Cytokines Are at the Heart of It: Cytokine Release Syndrome Underlies Cardiovascular Effects of CAR T Cell. JACC
CardioOnc. 2020, 2, 204-206. [CrossRef]

Agusti, M.A.; Alcaraz, M.; Bello, ].L.; Calvo, G.; Camarero, J.; Duarte, R.E,; Galloso, ].; Juan, M.; Lozano, A. Clinical Protocol for
the Management of Serious Adverse Effects in Patients Treated with CAR-T 19. 2019. Available online: https:/ /www.mscbs.gob.
es/profesionales/farmacia/pdf/20190508_Protocolo_manejo_efectos_adversos_CAR_T.pdf (accessed on 2 February 2021).
Suarez Montero, J.; Caballero Gonzalez, A.; Martin Aguilar, L.; Mancebo Cortés, J. Neurotoxicity syndrome associated with
im-munoeffector cells: A therapeutic approach in the critical patient. Intensive Med. 2020, 46, 201-212.

Varadarajan, I.; Kindwall-Keller, T.; Lee, D. Management of Cytokine Release Syndrome. Chimeric Antigen Receptor T-Cell Therapies for
Cancer; Elsevier: Amsterdam, The Netherlands, 2020; pp. 45-64. [CrossRef]

Santomasso, B.D.; Park, ].H.; Salloum, D.; Riviere, I; Flynn, J.; Mead, E.; Halton, E.; Wang, X.; Senechal, B.; Purdon, T.; et al. Clinical
and Biological Correlates of Neurotoxicity Associated with CAR T-cell Therapy in Patients with B-cell Acute Lymphoblastic
Leukemia. Cancer Discov. 2018, 8, 958-971. [CrossRef]

Kotch, C.; Barrett, D.; Teachey, D.T. Tocilizumab for the treatment of chimeric antigen receptor T cell-induced cytokine release
syndrome. Expert Rev. Clin. Immunol. 2019, 15, 813-822. [CrossRef]

Evidence for Use of Siltuximab or Anakinra as Second Line Therapies (after Failure of Tocilizumab) for Cytokine Release
Syn-drome Following Use of Chimeric Antigen Receptor T-Cell (CAR-T) Therapy. SPS—Specialist Pharmacy Service. Available
online: https:/ /www.sps.nhs.uk/articles/evidence-for-use-of-siltuximab-or-anakinra-as-second-line-therapies-after-failure-
of-tocilizumab-for-cytokine-release-syndrome-following-use-of-chimeric-antigen-receptor-t-cell-car-t-therapy/ (accessed on
5 February 2021).

The World Medical Association. Declaracion de Helsinki de la AMM—Principios Eticos para las Investigaciones Médicas en
seres Humanos. wma.net. 2022. Available online: https://www.wma.net/es/policies-post/declaracion-de-helsinki-de-la-amm-
principios-eticos-para-las-investigaciones-medicas-en-seres-humanos/ (accessed on 4 July 2022).

Resources for Authors—Develop Reviews. es.cochrane.org. 2021. Available online: https://es.cochrane.org/es/recursos-para-
autores-elaborar-revisiones (accessed on 8 April 2021).

Zhang, L.; Wang, S.; Xu, J.; Zhang, R.; Zhu, H.; Wu, Y,; Zhu, L.; Li, J.; Chen, L. Etanercept as a new therapeutic option for cytokine
release syndrome following chimeric antigen receptor T cell therapy. Exp. Hematol. Oncol. 2021, 10, 16. [CrossRef] [PubMed]
Chen, H.; Wang, F.; Zhang, P.; Zhang, Y.; Chen, Y.; Fan, X,; Cao, X,; Liu, J.; Yang, Y.; Wang, B.; et al. Management of cytokine
release syndrome related to CAR-T cell therapy. Front. Med. 2019, 13, 610-617. [CrossRef] [PubMed]

Jatiani, S.S.; Aleman, A.; Madduri, D.; Chari, A.; Cho, H.J.; Richard, S.; Richter, J.; Brody, J.; Jagannath, S.; Parekh, S. Myeloma
CAR-T CRS Management With IL-1R Antagonist Anakinra. Clin. Lymphoma Myeloma Leuk. 2020, 20, 632-636.e1. [CrossRef]
[PubMed]

Gutierrez, C.; Brown, A.R.T,; Herr, M.M,; Kadri, S.S; Hill, B.; Rajendram, P.; Duggal, A.; Turtle, C.J.; Patel, K,; Lin, Y.; et al. The
chimeric antigen receptor-intensive care unit (CAR-ICU) initiative: Surveying intensive care unit practices in the management of
CAR T-cell associated toxicities. J. Crit. Care 2020, 58, 58—-64. [CrossRef]

Zhu, F; Wei, G.; Zhang, M.; Zhao, H.; Wu, W,; Yang, L.; Hu, Y.; Huang, H. Factors Associated with Costs in Chimeric Antigen
Receptor T-Cell Therapy for Patients with Relapsed /Refractory B-Cell Malignancies. Cell Transplant. 2020, 29, 0963689720919434.
[CrossRef] [PubMed]

Chen, E; Teachey, D.; Pequignot, E.; Frey, N.; Porter, D.; Maude, S.L.; Grupp, S.A.; June, C.H.; Melenhorst, ].J.; Lacey, S.F.
Measuring IL-6 and sIL-6R in serum from patients treated with tocilizumab and/or siltuximab following CAR T cell therapy:. J.
Immunol. Methods 2016, 434, 1-8. [CrossRef]

Geyer, M.B,; Riviére, I.; Sénéchal, B.; Wang, X.; Wang, Y.; Purdon, T.J.; Hsu, M.; Devlin, S.M.; Palomba, M.L.; Halton, E; et al.
Safety and tolerability of conditioning chemotherapy followed by CD19-targeted CAR T cells for relapsed/refractory CLL. JCI
Insight 2019, 4, €122627. [CrossRef]

Abboud, R.; Keller, J.; Slade, M.; DiPersio, ].E.; Westervelt, P.; Rettig, M.; Meier, S.; Fehniger, T.A.; Abboud, C.N.; Uy, G.; et al.
Severe Cytokine-Release Syndrome after T Cell-Replete Peripheral Blood Haploidentical Donor Transplantation Is Associated
with Poor Survival and Anti-IL-6 Therapy Is Safe and Well Tolerated. Biol. Blood Marrow Transplant. 2016, 22, 1851-1860.
[CrossRef]

Futami, M.; Suzuki, K.; Kato, S.; Ohmae, S.; Tahara, Y.; Nojima, M.; Imai, Y.; Mimura, T.; Watanabe, Y.; Tojo, A. The novel
multi-cytokine inhibitor TO-207 specifically inhibits pro-inflammatory cytokine secretion in monocytes without affecting the
killing ability of CAR T cells. PLoS ONE 2020, 15, e0231896. [CrossRef]

Abramson, J.; Palomba, M.; Gordon, L.; Lunning, M.; Wang, M.; Arnason, J.; Mehta, A.; Purev, E.; Maloney, D.; Andreadis, C.; et al.
Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND NHL 001): A multicentre
seamless design study. Lancet 2020, 396, 839-852. [CrossRef]


http://doi.org/10.1056/NEJMoa1407222
http://doi.org/10.1016/j.bbmt.2018.12.756
http://doi.org/10.1016/j.jaccao.2020.05.006
https://www.mscbs.gob.es/profesionales/farmacia/pdf/20190508_Protocolo_manejo_efectos_adversos_CAR_T.pdf
https://www.mscbs.gob.es/profesionales/farmacia/pdf/20190508_Protocolo_manejo_efectos_adversos_CAR_T.pdf
http://doi.org/10.1016/C2017-0-04066-1
http://doi.org/10.1158/2159-8290.CD-17-1319
http://doi.org/10.1080/1744666X.2019.1629904
https://www.sps.nhs.uk/articles/evidence-for-use-of-siltuximab-or-anakinra-as-second-line-therapies-after-failure-of-tocilizumab-for-cytokine-release-syndrome-following-use-of-chimeric-antigen-receptor-t-cell-car-t-therapy/
https://www.sps.nhs.uk/articles/evidence-for-use-of-siltuximab-or-anakinra-as-second-line-therapies-after-failure-of-tocilizumab-for-cytokine-release-syndrome-following-use-of-chimeric-antigen-receptor-t-cell-car-t-therapy/
https://www.wma.net/es/policies-post/declaracion-de-helsinki-de-la-amm-principios-eticos-para-las-investigaciones-medicas-en-seres-humanos/
https://www.wma.net/es/policies-post/declaracion-de-helsinki-de-la-amm-principios-eticos-para-las-investigaciones-medicas-en-seres-humanos/
https://es.cochrane.org/es/recursos-para-autores-elaborar-revisiones
https://es.cochrane.org/es/recursos-para-autores-elaborar-revisiones
http://doi.org/10.1186/s40164-021-00209-2
http://www.ncbi.nlm.nih.gov/pubmed/33608054
http://doi.org/10.1007/s11684-019-0714-8
http://www.ncbi.nlm.nih.gov/pubmed/31571160
http://doi.org/10.1016/j.clml.2020.04.020
http://www.ncbi.nlm.nih.gov/pubmed/32553791
http://doi.org/10.1016/j.jcrc.2020.04.008
http://doi.org/10.1177/0963689720919434
http://www.ncbi.nlm.nih.gov/pubmed/32314613
http://doi.org/10.1016/j.jim.2016.03.005
http://doi.org/10.1172/jci.insight.122627
http://doi.org/10.1016/j.bbmt.2016.06.010
http://doi.org/10.1371/journal.pone.0231896
http://doi.org/10.1016/S0140-6736(20)31366-0

Diseases 2022, 10, 41 14 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Lee, D.W.; Santomasso, B.D.; Locke, EL.; Ghobadi, A.; Turtle, C.J.; Brudno, ].N.; Maus, M.V,; Park, ].H.; Mead, E.; Pavletic, S.; et al.
ASTCT Consensus Grading for Cytokine Release Syndrome and Neurologic Toxicity Associated with Immune Effector Cells. Biol.
Blood Marrow Transplant. 2019, 25, 625-638. [CrossRef] [PubMed]

Burns, E.; Gentille, C.; Trachtenberg, B.; Pingali, S.; Anand, K. Cardiotoxicity Associated with Anti-CD19 Chimeric Antigen
Receptor T-Cell (CAR-T) Therapy: Recognition, Risk Factors, and Management. Diseases 2021, 9, 20. [CrossRef] [PubMed]
Nagle, S.J.; Murphree, C.; Raess, PW.; Do, L.S.; Chen, A.; Hayes-Lattin, B.; Nemecek, E.; Maziarz, R.T. Prolonged hematologic
toxicity following treatment with chimeric antigen receptor T cells in patients with hematologic malignancies. Am. J. Hematol.
2021, 96, 455-461. [CrossRef] [PubMed]

Brentjens, R.J.; Davila, M.L.; Riviere, L; Park, J.; Wang, X.; Cowell, L.G.; Bartido, S.; Stefanski, J.; Taylor, C.; Olszewska, M.; et al.
CD19-Targeted T Cells Rapidly Induce Molecular Remissions in Adults with Chemotherapy-Refractory Acute Lymphoblastic
Leukemia. Sci. Transl. Med. 2013, 5, 177ra38. [CrossRef] [PubMed]

Neelapu, S.S.; Tummala, S.; Kebriaei, P.; Wierda, W.; Gutierrez, C.; Locke, FL.; Komanduri, K.V,; Lin, Y.; Jain, N.; Daver, N.; et al.
Chimeric antigen receptor T-cell therapy—assessment and management of toxicities. Nat. Rev. Clin. Oncol. 2017, 15, 47-62.
[CrossRef]

Nishimoto, N.; Terao, K.; Mima, T.; Nakahara, H.; Takagi, N.; Kakehi, T. Mechanisms and pathologic significances in increase
in serum interleukin-6 (IL-6) and soluble IL-6 receptor after administration of an anti-IL-6 receptor antibody, tocilizumab, in
patients with rheumatoid arthritis and Castleman disease. Blood 2008, 112, 3959-3964. [CrossRef]

Nellan, A.; McCully, CM.L.; Garcia, R.C.; Jayaprakash, N.; Widemann, B.C.; Lee, D.W.; Warren, K.E. Improved CNS exposure
to tocilizumab after cerebrospinal fluid compared to intravenous administration in rhesus macaques. Blood 2018, 132, 662-666.
[CrossRef]

Rivera, A.M.; May, S.; Lei, M; Qualls, S.; Bushey, K.; Rubin, D.B.; Barra, M.E. CAR T-Cell-Associated Neurotoxicity. Crit. Care
Nurs. Q. 2020, 43, 191-204. [CrossRef]

Acharya, U.; Dhawale, T,; Yun, S.; Jacobson, C.; Chavez, J.; Ramos, ].; Appelbaum, J.; Maloney, D.G. Management of cytokine
release syndrome and neuro-toxicity in chimeric antigen receptor (CAR) T cell therapy. Expert Rev. Hematol. 2019, 12, 195-205.
[CrossRef]

Neelapu, S.S.; Tummala, S.; Kebriaei, P.; Wierda, W.; Locke, EL.; Lin, Y,; Jain, N.; Daver, N.; Gulbis, A.M.; Adkins, S; et al. Toxicity
management after chimeric antigen receptor T cell therapy: One size does not fit “ALL". Nat. Rev. Clin. Oncol. 2018, 15, 218.
[CrossRef]

Norelli, M.; Camisa, B.; Barbiera, G.; Falcone, L.; Purevdorj, A.; Genua, M.; Sanvito, F.; Ponzoni, M.; Doglioni, C.; Cristofori, P,; et al.
Monocyte-derived IL-1 and IL-6 are differentially required for cytokine-release syndrome and neurotoxicity due to CAR T cells.
Nat. Med. 2018, 24, 739-748. [CrossRef] [PubMed]

Riegler, L.L.; Jones, G.P,; Lee, D.W. Current approaches in the grading and management of cytokine release syndrome after
chimeric antigen receptor T-cell therapy. Ther. Clin. Risk Manag. 2019, 15, 323-335. [CrossRef] [PubMed]

Lee, D.W.; Gardner, R.; Porter, D.L.; Louis, C.U.; Ahmed, N.; Jensen, M.C.; Grupp, S.A.; Mackall, C.L. Current concepts in the
diagnosis and management of cytokine release syndrome. Blood 2014, 124, 188-195. [CrossRef] [PubMed]

Grupp, S.A.; Kalos, M,; Barrett, D.; Aplenc, R.; Porter, D.L.; Rheingold, S.R.; Teachey, D.T.; Chew, A.; Hauck, B.; Wright, ].E,; et al.
Chimeric Antigen Receptor-Modified T Cells for Acute Lymphoid Leukemia. N. Engl. . Med. 2013, 368, 1509-1518. [CrossRef]
[PubMed]

Bonifant, C.L.; Jackson, H.]J.; Brentjens, R.J.; Curran, K.J. Toxicity and management in CAR T-cell therapy. Mol. Ther. Oncolytics
2016, 3, 16011. [CrossRef]

Uesato, N.; Fukui, K.; Maruhashi, J.; Tojo, A.; Tajima, N. JTE-607, a multiple cytokine production inhibitor, ameliorates disease in
a SCID mouse xenograft acute myeloid leukemia model. Exp. Hematol. 2006, 34, 1385-1392. [CrossRef]

Kakegawa, J.; Sakane, N.; Suzuki, K.; Yoshida, T. JTE-607, a multiple cytokine production inhibitor, targets CPSF3 and inhibits
pre-mRNA processing. Biochem. Biophys. Res. Commun. 2019, 518, 32-37. [CrossRef]

Fan, F; Yoo, H.].; Stock, S.; Wang, L.; Liu, Y.; Schubert, M.-L.; Wang, S.; Neuber, B.; Hiickelhoven-Krauss, A.; Gern, U.; et al.
Ibrutinib for improved chimeric antigen receptor T-cell production for chronic lymphocytic leukemia patients. Int. J. Cancer 2020,
148, 419-428. [CrossRef]

Fraietta, J.; Beckwith, K,; Patel, P; Ruella, M.; Zheng, Z.; Barrett, D.; Lacey, S.F.; Melenhorst, J.J.; McGettigan, S.E.; Cook, D.R ; et al.
Ibrutinib enhances chimeric antigen receptor T-cell en-graftment and efficacy in leukemia. Blood 2016, 127, 1117-1127. [CrossRef]
Turtle, C.J.; Hay, K.; Hanafi, L.-A.; Li, D.; Cherian, S.; Chen, X.; Wood, B.; Lozanski, A.; Byrd, J.C.; Heimfeld, S.; et al. Durable
Molecular Remissions in Chronic Lymphocytic Leukemia Treated With CD19-Specific Chimeric Antigen Receptor-Modified T
Cells After Failure of Ibrutinib. . Clin. Oncol. 2017, 35, 3010-3020. [CrossRef]

Gautbhier, J.; Hirayama, A.V.; Purushe, J.; Hay, K.A.; Lymp, J.; Li, D.H.; Yeung, C.C.S,; Sheih, A.; Pender, B.S.; Hawkins, R.M.; et al.
Feasibility and efficacy of CD19-targeted CAR T cells with concurrent ibrutinib for CLL after ibrutinib failure. Blood 2020, 135,
1650-1660. [CrossRef] [PubMed]

Jo, Y,; Ali, L.A; A Shim, J.; Lee, B.H.; Hong, C. Innovative CAT-T Cell Therapy for Solid Tumor; Current Duel between CAR-T
Spear and Tumor Shield. Cancers 2020, 12, 2087. [CrossRef]

Ma, S.; Li, X.; Wang, X.; Cheng, L.; Li, Z.; Zhang, C.; Ye, Z.; Qian, Q. Current Progress in CAR-T Cell Therapy for Solid Tumors.
Int. . Biol. Sci. 2019, 15, 2548-2560. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbmt.2018.12.758
http://www.ncbi.nlm.nih.gov/pubmed/30592986
http://doi.org/10.3390/diseases9010020
http://www.ncbi.nlm.nih.gov/pubmed/33802788
http://doi.org/10.1002/ajh.26113
http://www.ncbi.nlm.nih.gov/pubmed/33529419
http://doi.org/10.1126/scitranslmed.3005930
http://www.ncbi.nlm.nih.gov/pubmed/23515080
http://doi.org/10.1038/nrclinonc.2017.148
http://doi.org/10.1182/blood-2008-05-155846
http://doi.org/10.1182/blood-2018-05-846428
http://doi.org/10.1097/CNQ.0000000000000302
http://doi.org/10.1080/17474086.2019.1585238
http://doi.org/10.1038/nrclinonc.2018.20
http://doi.org/10.1038/s41591-018-0036-4
http://www.ncbi.nlm.nih.gov/pubmed/29808007
http://doi.org/10.2147/TCRM.S150524
http://www.ncbi.nlm.nih.gov/pubmed/30880998
http://doi.org/10.1182/blood-2014-05-552729
http://www.ncbi.nlm.nih.gov/pubmed/24876563
http://doi.org/10.1056/NEJMoa1215134
http://www.ncbi.nlm.nih.gov/pubmed/23527958
http://doi.org/10.1038/mto.2016.11
http://doi.org/10.1016/j.exphem.2006.05.016
http://doi.org/10.1016/j.bbrc.2019.08.004
http://doi.org/10.1002/ijc.33212
http://doi.org/10.1182/blood-2015-11-679134
http://doi.org/10.1200/JCO.2017.72.8519
http://doi.org/10.1182/blood.2019002936
http://www.ncbi.nlm.nih.gov/pubmed/32076701
http://doi.org/10.3390/cancers12082087
http://doi.org/10.7150/ijbs.34213
http://www.ncbi.nlm.nih.gov/pubmed/31754328

Diseases 2022, 10, 41 15 of 15

70.

71.

72.

73.

74.

Vazquez Rodriguez, A.; Mendoza-Rincon, J. Natural killer cells with the chimeric antigen receptor (CAR-NK). Nova 2021, 19,
11-24. [CrossRef]

Mendoza-Pinto, C.; Garcia-Carrasco, M.; Munguia Realpozo, P.; Méndez-Martinez, S. Therapeutic options in the management of
severe COVID-19: A perspective of Rheumatology. Clin. Rheumatol. 2020, 8, 431-436. [CrossRef]

Figuero-Pérez, L.; Olivares-Hernandez, A.; Escala-Cornejo, R.; Teran-Brage, E.; Lopez-Gutiérrez, A.; Cruz-Hernandez, J. Anakinra,
a potential alternative in the treatment of severe respiratory infection by SARS-CoV-2 refractory to tocilizumab. Clin. Rheumatol.
2021, 17, 559-561. [CrossRef] [PubMed]

Diaz, E.; Amézaga Menéndez, R.; Vidal Cortés, P.; Escapa, M.; Suberviola, B.; Serrano Lazaro, A.; Neira, PM.; Diaz, M.Q;
Gonzalezi, M.C. Pharmacological treatment of COVID-19: Narrative review of the Infectious Diseases and Sepsis Working Groups
(GTEIS) and the Blood Derivative Transfusions Working Group (GTTH). Intensive Med. 2021, 45, 104-121. [CrossRef]

Gritti, G.; Raimondi, F; Bottazzi, B.; Ripamonti, D.; Riva, I.; Landi, F.; Alborghetti, L.; Frigeni, M.; Damiani, M.; Mico, C.; et al.
Siltuximab downregulates interleukin-8 and pentraxin 3 to improve ventilatory status and survival in severe COVID-19. Leukemia
2021, 35,2710-2714. [CrossRef]


http://doi.org/10.22490/24629448.5472
http://doi.org/10.1016/j.reumae.2020.05.002
http://doi.org/10.1016/j.reumae.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/34823820
http://doi.org/10.1016/j.medin.2020.06.017
http://doi.org/10.1038/s41375-021-01299-x

	Introduction 
	Methods 
	Results 
	Ertanecept 
	Tocilizumab 
	Tocilizumab in Combination 
	TO-207 
	Ibrutinib 

	Discussion 
	Conclusions 
	Appendix A
	Appendix B
	References

