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Simple Summary: Chimeric antigen receptor T-cell (CAR-T) therapy has revolutionized the treatment
of hematological malignancies but is often associated with significant adverse events. As these events
affect up to 80% of patients, they constitute a crucial problem to overcome. This review focuses on
the monitoring process of CAR-T cell therapy including the monitoring of the persistence, activity,
and phenotyping of the cells. The implementation of tools like flow cytometry and polymerase chain
reaction provides insights into cellular responses, enabling the optimization of CAR-T cell therapy
for more precise and personalized treatment and addressing the challenge of tumor relapse.

Abstract: Chimeric antigen receptor T-cell (CAR-T) therapy has revolutionized the treatment for re-
lapsed/refractory B-cell lymphomas. Despite its success, this therapy is accompanied by a significant
frequency of adverse events, including cytokine release syndrome (CRS), immune-effector-cell-
associated neurotoxicity syndrome (ICANS), or cytopenias, reaching even up to 80% of patients
following CAR-T cell therapy. CRS results from the uncontrolled overproduction of proinflammatory
cytokines, which leads to symptoms such as fever, headache, hypoxia, or neurological complications.
CAR-T cell detection is possible by the use of flow cytometry (FC) or quantitative polymerase chain
reaction (qPCR) assays, the two primary techniques used for CAR-T evaluation in peripheral blood,
bone marrow (BM), and cerebrospinal fluid (CSF). State-of-the-art imaging technologies play a crucial
role in monitoring the distribution and persistence of CAR-T cells in clinical trials. Still, they can also
be extended with the use of FC and digital PCR (dPCR). Monitoring the changes in cell populations
during disease progression and treatment gives an important insight into how the response to CAR-T
cell therapy develops on a cellular level. It can help improve the therapeutic design and optimize
CAR-T cell therapy to make it more precise and personalized, which is crucial to overcoming the
problem of tumor relapse.

Keywords: chimeric antigen receptor T-cell (CAR-T); immunotherapy; monitoring; biomarkers; flow
cytometry (FC); polymerase chain reaction (PCR)

1. Introduction

Chimeric antigen receptor T-cell (CAR-T) therapy approved for relapsed/refractory
B-cell lymphomas and acute lymphoblastic leukemia (ALL) has led to improved disease out-
comes with notable success [1,2]. However, several challenges hinder the full effectiveness
of CAR-T therapy, including antigen escape, limited anti-tumor activity, poor trafficking,
and restricted tumor infiltration [3]. Furthermore, CAR-T cell therapy often results in
adverse effects like cytokine release syndrome (CRS), immune-effector-cell-associated neu-
rotoxicity syndrome (ICANS), and cytopenias [4]. One of the major obstacles to widespread
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clinical use is cancer relapse, driven by the tumor cells’ inherent factors and superior adapt-
ability [5]. Until now, treatment effectiveness has primarily been evaluated through clinical
outcomes rather than the specific characteristics of the CAR-T cells themselves. Incorporat-
ing cell monitoring could offer additional insights by analyzing CAR-T cell expansion and
persistence [6,7]. CAR-T cells can be detected using flow cytometry (FC) and/or quantita-
tive PCR (qPCR), the two main methods for evaluating CAR-T in peripheral blood, bone
marrow (BM), and cerebrospinal fluid (CSF) [7,8]. Monitoring CAR-T therapy through flow
cytometry, digital PCR (dPCR), and the immunophenotypic characterization of circulating
CAR-T cells could complement imaging techniques in assessing clinical outcomes [9]. The
two main aspects of these cells that determine them to be effective are quantity and qual-
ity [10]. A decrease in CAR-T cell dynamics between days 7 and 14 correlates with higher
overall relapse rates and lower levels of CAR-T cells present at day +14 post infusion may
be associated with early progression [11]. Thus, another analyzed parameter comprises
the kinetics of these cells, which may be helpful to guide clinical decisions for patients
subjected in the future [12].

Laboratory testing can aid in predicting severity and in CAR-T cell therapy mon-
itoring CRS, ICANS, and other toxicities such as cytopenias/marrow hypoplasia and
hypogammaglobulinemia [13]. The measurement of circulating DNA is developmental and
promising in predicting cancer relapse after CAR-T cell therapy [13]. The presence of these
specific complications underscores the necessity for tailored, extended-term monitoring.
Despite many markers, there still exists a critical need to establish universal standards for
CAR-T cell analysis, especially in early-phase studies to predict long-term efficacy [14].
Therefore, in this paper, we present the current options and both laboratory as well as
clinical parameters and markers to monitor the effectiveness of CAR-T cell therapy in
hematological malignancies.

2. CAR-T Cell Monitoring

The primary factor consistently linked to sustained long-term remissions post CAR-T
cell therapy is the extent of the initial response to treatment, typically measurable within the
initial months following cell infusion [15–18]. The assessment of disease response following
CAR-T cell therapy in patients diagnosed with ALL and NHL typically occurs within
the first month of administration [19]. This assessment comprises several components,
including peripheral blood (PB) parameters and bone marrow (BM) aspirate examination
for morphological changes. It can also bring additional information for the evaluation of
Minimal Residual Disease (MRD), which is primarily achieved using imaging techniques
like positron emission tomography (PET) scanning accompanied with CT or MR [20–22].
In order to obtain standardized MRD evaluation from a PET-CT, the nuclear medicine
radiologist has to assign the Deauville score based on both the visual assessment as well as
measured SUV max [23]. As there are no official guidelines for imaging-based CAR-T cell
therapy follow-up, the use of PET-CT is not reimbursed by some health insurances, which
may be a crucial limiting factor [24]. Furthermore, the assessment could be extended to
cerebrospinal fluid (CSF) analysis to detect any signs of malignant disease involvement in
the central nervous system (CNS) [25].

The initial evaluations of disease status in NHL adhere to the International Working
Group Response Criteria for Malignant Lymphoma, also known as the Lugano criteria [26].
These assessments are reported as Overall Response Rate (ORR) values and include two pri-
mary categories: Complete Response (CR), which incorporates a complete metabolic
response even if a residual mass is present, and Partial Response (PR), defined as a reduc-
tion of over 50% in the sum of the perpendicular diameters of up to six representative
nodes or lesions [26]. Significantly, in cases where NHL patients exhibit PR during the
initial disease evaluation, typically conducted around 1–2 months following CAR-T cell
therapy, it is noteworthy that more than half of these patients can subsequently experience
continued response and transition to a state of CR [27]. Stable disease (SD) and progressive
disease (PD) are other disease response categories commonly employed in the setting of
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NHL [28]. In case of ALL patients, the treatment response evaluation is lacking the stan-
dardization of the terminology. Even though it does not have a universal definition in this
context, the term CR is also commonly used [29]. According to the consensus guidelines
published by the International Myeloma Working Group Immunotherapy Committee in
August 2024, the response to CAR-T cell therapy is based on principles similar to response
assessment in stem cell transplantation [30]. CR to the multiple myeloma (MM) treatment
is defined as negative immunofixation on the serum and urine and the disappearance of
any soft tissue plasmacytomas and <5% plasma cells in bone marrow aspirates. Moreover,
a stringent complete response is achieved when a patient meets the above-mentioned
criteria of CR and also has a κ/λ ratio ≤ 4:1 or ≥1:2 for κ or λ patients, respectively, after
counting ≥ 100 plasma cells and there are no clonal cells in bone marrow biopsy detectable
by immunohistochemistry [31]. Recently, one of the updates of the criteria introduced the
assessment of minimal residual disease (MRD) as a part of the response evaluation pro-
cess [31]. Following the typical inpatient care regimen designed to address acute toxicities
such as CRS, neurotoxicity, and neutropenic fever or infection, the subsequent phase of
management primarily revolves around rectifying and providing support for any residual
complications associated with CAR-T cell therapy.

During CAR-T cell therapy, one option is to monitor the levels of CAR-T constructs
during treatment. Measuring CAR-T cells’ number and physical parameters associated
with their presence can help determine whether a therapy is effective and whether CAR-T
cells continue to function appropriately in a given number. An emerging principle of
clinical CAR-T cell therapy is the effector-to-target (E:T) ratio [32]. In vitro, this metric
pertains to the proportion of CAR-T cells introduced during an experimental setup to tumor
cells, where an elevated E:T ratio yields enhanced cytotoxicity [33]. In the context of patient
applications, findings from the ZUMA-1 clinical trial, which evaluated CAR-T cell therapy
for Diffuse Large B-cell Lymphoma (DLBCL), revealed that the E:T ratio offered a more
accurate prognostic indicator of treatment outcomes compared to solely considering tumor
burden [34]. The data suggest that the expansion of CAR-T cells demonstrates a positive
correlation with increasing tumor burden until it reaches a point of saturation in individuals
with the most extensive tumor burden, beyond which expansion diminishes [34,35].

2.1. Quantitative Monitoring of CAR-T Cells
2.1.1. Polymerase Chain Reaction

CAR-T cell quantification using polymerase chain reaction (PCR) is based on detecting
the DNA copies of the CAR transgene [36]. The PB sample undergoes DNA extraction
and then the primers targeted to the specific parts of the modified lymphocyte’s genome
coding the CAR are used. One of the common targets is the FMC63 region, which codes the
anti-CD19 oligopeptide, responsible for binding to the CD19 protein on tumor cells [11,37].
A crucial advantage of quantitative polymerase chain reaction (qPCR) monitoring is its
high sensitivity. According to San Sebastian et al., using qPCR CAR-T cells can be detected
in dilutions of up to 1% [11] whereas Wang et al. report the sensitivity of this method to be
0.1% [38]. The qPCR technique is the most reliable method of detection for CAR-T cells
in small concentrations such as 0.02–0.01% [39]. To optimize the efficiency of the vector
copy number assessment, Schubert et al. have proposed a validated single copy gene
(SCG)-based duplex (DP)-qPCR assay (SCG-DP-PCR) [37].

Novel genetic techniques are still being developed to achieve even more accurate
monitoring standards. Digital PCR (dPCR) is an advanced version of qPCR that quantifies
the absolute copy numbers of the CAR transgene, in contrast to qPCR, which is only an
estimation as it is calculated based on the captured fluorescent signal [40,41]. During the
two-step dPCR process, the samples are diluted to a concentration of ½ copy per well and
each well is analyzed individually for the presence of the PCR product [42]. This method
is known for its excellent accuracy and sensitivity, taking into consideration the ability to
detect genetically modified cells in small concentrations. Therefore, it is used in hematology
for chimerism assessment [7,43,44]. These features are also applicable in the setting of the
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identification of genetically modified cells [45]. During the monitoring process of B-cell
lymphoma patients, dPCR has shown the sensitivity of detecting CAR-T cells in a 0.01%
concentration compared to 1% for qPCR, allowing for greater precision in the monitoring
process. Cheng et al. report that the digital droplet PCR (ddPCR) is more sensitive than
flow cytometry [46]. Digital PCR is a superior technique, taking into consideration that the
time-effectiveness and cost-effectiveness of both PCR methods are similar [11]. This highly
sensitive method can be especially useful during the first period post infusion, before the
expansion of CAR-T cells or during late follow-up, when the CAR-T cell count drops below
0.1% and the use of a high-sensitivity method is recommended [11,40].

As genetic techniques, PCR-based methods only monitor the process of the CAR
transgene expression, not the protein synthesis itself. Their main drawback is the risk of
the overestimation of the functional CAR-T cell count as they also detect methylated DNA
regions, which are not available for transcription; therefore, these cells lack the CAR on
their surfaces [47].

2.1.2. Flow Cytometry

Flow cytometry (FC) allows the detection of CAR proteins on the surfaces of particular
populations of lymphocytes [36]. Its main advantage is the ability to distinguish CAR-T
cells subpopulations [48]. The process begins with an incubation of the patient’s whole
PB or BM with a staining product. Then, the stain index is calculated based on mean
fluorescent intensity [49]. Sarikonda et al. point out that the selection of appropriate
staining regent is crucial for the assay specificity. Reagents comprising fusion proteins like
CD19Fc that bind to the antigen-binding site of the CAR construct are unique for each
CAR and highly specific. They present low affinity and nonspecific binding. Anti-idiotypic
monoclonal antibodies also are highly specific and unique for each CAR, but their main
limitation is their high cost. Protein L binds to the kappa light chain of Ig. Although it
is a low-cost, universal reagent for scFV-based CAR, it leads to high nonspecific staining.
Another low-cost method, which can only be used to monitor CARs with surrogate tags
built into the construct design, uses anti-tag monoclonal antibodies [50].

When comparing indirect staining methods like the use of CD19 recombinant protein
conjugated with histidine (CD19his) or biotin (CD19bio) to the direct method using CD19
conjugated with the fluorochrome (CD19-FITC), they appear to be more precise monitoring
tools. In studies, the unspecific binding for CD19his and CD19bio occurred at 0.06% and
0.07%, respectively, while for CD19-FITC, it reached 0.53%. Overall, all of the above-
mentioned methods can detect CAR cells with good discrimination between the CD19-
positive and -negative cell populations. As the use of CD19his is more cost-effective than
that of CD19bio, it is thought to be the best staining method during CAR-T cell therapy
monitoring [49]. A comparison of three FC detection methods for BCMA-CAR-T cells
proved that all of them are capable of clearly distinguishing between BCMA-CAR-positive
and -negative T cells. Moreover, the sensitivity also did not differ significantly. The BCMA
detection reagent had a very low false-positive staining of 0.04 ± 0.02% compared to a
PE-labeled human BCMA peptide, which showed a false-positive staining of 0.25 ± 0.06%.
Overall, the polyclonal anti-human IgG PE antibody showed the highest false-positive
staining of 7.2 ± 9.2% as it is not a BCMA-specific reagent and it binds to the CH2-CH3-
hinge region of the CAR [39]. Schanda et al. also compared the sensitivity and specificity of
nonspecific (Protein L and F(ab’) fragment) detection reagents to those specifically binding
to the CD19 binding site of the scFv. They showed that the CD19 CAR detection reagent
yielded the highest frequencies of CAR-T cells. Moreover, it showed almost no unspecific
binding, which should be especially important for cases with low CAR-T cell concentrations.
Contrary to the above-mentioned advantages of specific staining, the main limitation of
this method is its high cost [7].

Generally, the sensitivity of FC ranges from 0.1% to 0.01% [11]. To perform with
the highest accuracy, the FC laboratory should meet the regulatory requirements and the
analysis should be performed by fully trained staff [50]. Classical FC sample processing
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takes around 30 min for cell lysis with a total turnaround time of 1 hour, a 20 min hands-
on time, and a relative final price per patient of 20 EUR. Time-effectiveness is a crucial
advantage over dPCR, which comes with a total turnaround time of 4h and hands-on time
of 30 min with a similar cost per patient [11]. To achieve higher sensitivity, the use of
time-consuming bulk lysis proceedings is necessary [11]. An alternative method called
image cytometry is performed on 96-well plates containing patients’ undisrupted cells.
This modification to the standard flow cytometry method can lead to higher time efficiency
and quality in the results. Moreover, it also allows for the analysis of the samples over
time [38].

Most researchers agree that flow cytometry and qPCR/dPCR are complementary
methods [7,39,46]. The use of qPCR or even dPCR is recommended in cases of small
concentrations of CAR-T cells to achieve more accurate results about CAR-T cell persis-
tence [8,39].

2.2. Monitoring of the Activity of CAR-T Cells

The monitoring process of CAR-T cell therapy should also cover the activity of the
infused cells. In patients undergoing CAR-T cell therapy, we aim not only for the modified
lymphocytes to be present in their PB but also to preserve their cytotoxic function against
tumor cells. It is proposed that functional persistence is measurable by assessing B cell
aplasia, which is associated with a lower risk of relapse [36]. There are a wide variety of
assays used for measuring CAR-T-mediated cytotoxicity. Four of the most commonly used
include the chromium (51Cr) release assay (Cr assay), the luciferase-mediated biolumi-
nescence imaging (BLI) assay, the impedance-based assay, and the flow cytometry assay
(FCA) [32].

Dating back to 1968 is what used to be the gold-standard method—the Cr assay. The
release of radioactive chromium isotopes to the medium took place during the loss of the
integrity of the cell membrane in pre-labelled target cells, which were killed by the effector
cells. The radioactivity of the supernatant, which correlates with the number of killed cells,
was usually measured after a few hours of incubation. What is worth highlighting is that
the Cr assay involved the use of a radioactive reagent, which put the staff’s health at the
risk of radiation [51]. Therefore, it has been replaced in recent years with modern, more
complex methods.

During the luciferase-mediated BLI, the target cells are transduced with the luciferase
reporter gene, leading to bioluminescence, which acts as a marker of cell viability. Decreased
bioluminescence, detected and measured by a luminometer, is a proof of effector-cell cyto-
toxic activity resulting in target cells’ death [52,53]. With the application of biotechnology to
transduce cells, the BLI assay is not only easier to perform than the Cr assay but also more
time-efficient. Additionally, the bioluminescence can be measured at many time points,
and it is characterized by a higher signal-to-noise ratio, leading to more precise results.
Taking all of the above-mentioned advantages into consideration, BLI turns out to be a safe,
radiation-free alternative to the gold-standard method [52].

A fully automated, kinetic-based method for measuring cytotoxicity is the impedance-
based assay. The procedure involves seeding the target cells on microtiter plates integrated
with microelectrodes at the bottom of the well [54]. The real-time cell electronic sensing
(RT-CES) system is responsible for detecting the electrical impedance, which depends on
the number, morphologic aspect viability, and degree of adhesion of the cells [55,56]. When
comes to effector-mediated target cell death, it is followed by structural changes in the
cell’s cytoskeleton, leading to the loss of adhesion to the plate depicted by a decrease
in measured impedance [54]. Cytotoxicity assessment using RT-CES was found to be
equally sensitive when compared to the use of a neutral red uptake assay at specific time
points [55]. The results obtained from this system also correlate with those from MTT
assays and crystal violets [54]. Both Erskine et al. as well as Peper et al. confirmed that
the impedance-based assay’s sensitivity is higher compared to that of the Cr assay [57,58].
Moreover, this is a radiation-free method allowing for real-time measurements [32]. It can
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be particularly useful for CAR-T cell therapy monitoring as Eugene-Norbert et al. proposed
an optimized cytotoxicity assay with enhanced specificity towards CD19 to overcome the
problem of alloreactivity. This improved version of the impedance-based assay measures
only cytotoxicity against tumor cells expressing CD19 on their surface and its sensitivity is
comparable to FC and microscopy [59]. The highly sensitive impedance-based xCELLigence
assay is the most commonly used to evaluate the cytotoxic activity of CAR-T cells [60,61].

As mentioned previously, FC can function as a tool for CAR-T cell persistence monitor-
ing. However, it can not only measure the number of cells but also detect their phenotypes
and divide them into subpopulations [8,36]. Therefore, it can separate the effector and
the target cells based on the differences in their sizes and granularities. FC allows for the
use of a wide variety of monoclonal antibodies, which target specific proteins of the cell.
Different approaches to cell death detection using FC have been proposed by researchers.
Riccardi et al. showed that it can be evaluated using DNA-intercalating fluorescent agents
like propidium iodide or 7-aminoactinomycin D [62]. Liu et al. developed an assay based
on a fluorescent substrate for the caspases [63], similar to Packard and Komoriya, who
focused on the activation of intracellular proteases [64].

Along with the rapid development of cellular therapies, there is an increasing need
for the development of precise and optimal monitoring tools. One of the innovative
techniques is carboxyfluorescein diacetate succinimidyl ester staining combined with FC
assay. The use of this particular reagent allows for following the number of cell divisions
each cell undergoes. Therefore, when combined with the ability of FC to divide the cells
into subpopulations, it gives an important insight into the target cell population [65].
FC is a powerful tool to perform multiparameter analysis, which can be used for the
detailed monitoring of CAR-T cell therapy. An antibody panel called CAR-T3 for assessing
the effector function of anti-CD19 CAR-T cells has been proposed by Blache et al. It
is a 13-colour/15-parameter assay targeting both intra- and extracellular proteins. The
authors suggest that in the future, this strategy might be combined with growing machine
learning technologies to develop even more complex quality control tools for CAR-T cell
products [48].

In summary, the main advantage of FC over other assays is its ability to measure the
cytotoxicity on heterogeneous targets [32]. Moreover, the FC assay is more sensitive than
the outdated Cr assay [63] and allows for fast analysis at a single-cell level [48].

2.3. Phenotyping of T-Cell Subsets

One of the most essential methods involves analyzing the phenotypic composition of
CAR-T cells from blood samples by FC [66,67]. Various studies indicate a connection between
the attributes of T cells in the infused product and the ensuing CAR responses [68–71]. The
essential information is comparing the proportion between CD4+ and CD8+ CAR-T cells.
When contrasting the utilization of separate T-cell subsets for CAR-T cells, the concurrent
application of CD4+ and CD8+ subsets demonstrates synergistic anti-cancer properties [72].
A recent study tracking the progress of two patients a decade after CAR-T cell therapy
found that over 99% of the CAR-T cells were CD4+ while fewer than 1% were CD8+.
These findings suggest a significantly increased presence of CD4+ T cells in the body over
time [67,73,74]. The results show that CAR-T cell expansion, particularly of the CD4+
subtype, is associated with a better response and higher toxicity [75].

Another important step is analyzing the CAR-T subsets, which can vary depending
on the individual and culture methods used [66,67,76]. The proliferative and survival
capacities abilities of T cells are influenced by their stage of differentiation. There is a
significant link between T cell proliferation, survival, and anti-tumor effectiveness once
these cells enter into the body [77,78]. The initial immunophenotype of the cells used to
generate CAR-T cells is associated with the treatment outcomes. For instance, sustained
remission is often linked to the presence of CD27+/CD45RO−/CD8+ T cells with memory-
like characteristics [71,79]. The phenotypic analysis of circulating CAR-T cells requires a
sufficient number of CAR-T cells to identify rare subsets [80,81].
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Consequently, during the persistence phase of CAR-T cell therapy, many patient
samples are not evaluable as they are close to the detection limit [3,81]. The optimal time
for this analysis is within 14 days after CAR-T cell administration, during which there is a
vigorous expansion phase followed by a rapid contraction phase. After this, the persistence
phase begins, characterized by a gradual decline in CAR-T cell counts [82].

T-cell subsets are categorized based on their differentiation levels and can be dif-
ferentiated by the presence of various surface markers. The established theory of T-cell
differentiation suggests that when quiescent naive T cells (TN) undergo differentiation,
they transform into effector T cells (TEFF), which are specialized killer cells responsible for
cytotoxic effects [79,83]. The TEFF phenotype was initially considered optimal for T-cell ther-
apies because of their strong killing capabilities. Nonetheless, TEFF cells struggle to increase
and endure in a living organism [71,84]. Thus, the CAR-T cell therapy field is shifting its fo-
cus toward developing protocols that maintain T cells in a less differentiated state. Initially,
the efforts were concentrated on creating T cell products with two distinct cell phenotypes:
naive central memory T cells (TCM) and effector memory T cells (TEM). TCM cells are known
to have improved replicative capacity but limited effector functions. The second type, TEM
cells, are more cytolytic, express chemokine receptors, and possess adhesion molecules
necessary for migration to peripheral tissues but have the worst replication capability [85].
On the contrary, in vitro studies have shown that TCM cells express fewer genes linked
to effector functions than TEM cells [86]. Experimental models before clinical trials have
been employed to assess CAR-T cells’ endurance and operational attributes originating
from memory and naive T-cell groups. Findings have indicated that CAR-T cells crafted
from CD4+ and CD8+ TN and TCM subsets exhibit heightened tumor-fighting potency and
proliferation compared to those originating from TEM [72]. Additionally, it was found in a
study that TSCM CAR T cells were observed to provide enduring anti-leukemic reactions
in xenograft models [87] and in humans [88]. The optimal T cell composition remains
uncertain; however, fewer numbers of TSCM or TCM cells appear crucial for a response to
adoptive cell therapies [72,77,86]. Thus, the potential monitoring of the composition of
the infused product through these therapies could yield an additional predictor factor of
effectiveness and remission. So far, guidelines have been developed for creating CAR-T
cell treatments with abundant T cells resembling memory cells. Consequently, a phase I
trial has showcased the safety and viability of using these TCM-like CAR-T cells [89].

The cellular composition of T-cell subsets can influence CAR-T cell function and the
currently available commercial CAR-T are different. Improved outcomes with CAR-T cell
therapy have been seen in patients in whom the CAR-T product contains a greater propor-
tion of less differentiated T-cell subsets [71,89,90]. Additionally, the effectiveness of T cells
treatment hinges on their ability to proliferate and maintain prolonged functionality [80].
Clinical findings have indicated that the enduring in vivo presence of adoptively trans-
ferred CAR-T cells necessitates the presence of less specialized memory T cells. Conversely,
positive treatment responses are associated with TN, TCM, and stem-like memory (TSCM)
lymphocytes, attributed to their capacity for proliferation and extended longevity [22].
Effector T-lymphocyte (TE) subsets have a limited self-renewal capacity, a reduced ability
to home to tumor sites, and lower survival rates compared to memory lymphocyte T (TM)
subpopulations [91–93]. Preclinical studies have suggested that CAR-T cells derived from
TN and TCM cells demonstrate greater anti-tumor activity and proliferation then those
originating from effector memory T lymphocytes [72]. These findings highlight the im-
portance of naive and memory T cells in CAR-T therapy due to their ability to sustain
prolonged proliferation and persistence in vivo [94,95]. The surface markers linked to
different T-cell differentiation stages are presented in Table 1 [22,72,96–103]. The studies
above have indicated that the critical feature of influential lymphocyte groups is a high
potential for differentiation and proliferation.

Regulatory T cells (Tregs) express CD95+ and CD127low and are observed in the
TME in inflamed and non-inflamed tumors [104]. Increased numbers of CD4(+) Tregs
expressing the transcription factor FoxP3 in malignant tumors promote tumor progression
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by suppressing effective anti-tumor immunity. It has been shown that decreased ratios of
CD8(+) T cells to Tregs among tumor-infiltrating lymphocytes are correlated with poor
prognosis in various types of human cancers [105]. The phenotypic and functional diversity
of intratumoral immunosuppressive regulatory T cells (Tregs) can impact their response
to therapy and may offer new targets to modulate specific Treg subsets [106]. Therefore,
the final CAR-T cell product should be defined by phenotyping T cells to improve their
anti-tumor efficacy in vivo [67,104–106].

Table 1. Surface markers associated with T-cell differentiation stages. Abbreviations: naive T cells
(TN), stem-cell-memory T cells (TSCM), central memory T cells (TCM), effector memory T cells (TEM),
and effector T cells (TEFF).

T-Cell Subset Surface Marker
Expression References

Naive T Cells (TN)
CD45RO-, CCR7+,

CD45RA+, CD62L+,
CD95-,

[22,72,96–99]
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3. Biomarkers and Parameters for Monitoring CAR-T Cell Therapy

Biomarkers constitute a crucial component of precision medicine, enabling the ob-
jective characterization of biological processes [107]. Beyond simply enhancing the un-
derstanding of a disease, they can act as predictive, prognostic, or therapeutic markers.
Different types of biomarkers offer distinct insights into the disease process [108]. In the
context of CAR-T cell therapy, they are particularly valuable for evaluating the treatment’s
effectiveness [109]. One of the earliest biomarkers this therapy uses is lactate dehydroge-
nase (LDH), which is consistently linked to a more significant tumor burden. This enzyme
belongs to the acute-phase protein (APP) group, which includes C-reactive protein (CRP)
or ferritin. Thus, each is associated with developing CRS and ICANS [110,111]. It has been
shown that higher LDH levels are associated with worse outcomes in patients with B-cell
malignancies undergoing CAR-T cell therapy [112–114]. Elevated levels of CRP, ferritin,
and D-dimer have been shown to correlate with more severe CRS while lower levels have
been associated with a better response to tocilizumab and corticosteroids [115].

3.1. Immune Checkpoint Molecules

Immune checkpoint inhibitory molecules, such as PD-1, LAG-3, and TIM-3, are signifi-
cant indicators for forecasting the effectiveness and longevity of CAR-T cell therapy [116].
These markers are most extensively studied and are associated with T cell exhaustion,
leading to an inadequate response to CAR-T cell treatment [117,118]. PD-1, a biomarker
found on activated T cells, NK natural killer cells, and B cells, can suppress T cell prolifera-
tion, cytokine secretion, and cytotoxic activity, leading to the escape of tumor cells from
the immune system [119–122]. It was shown in a study that functional and dysfunctional
responders had similar frequencies of PD-1+ CD4+ CAR-T cells and PD-1+ CD8+ CAR-T
cells. In contrast, the dysfunctional response group had a significantly higher percentage
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of LAG-3+ T cells [123]. LAG-3 and TIM-3 represent two emerging immune checkpoint
proteins found on various immune cell varieties, and they share a standard function in
lowering T cell activity [124,125]. It was shown in a study that the high expression of
LAG-3 was associated with early therapeutic failure [123]. The main immune checkpoint
molecules are presented below in Figure 1.
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Figure 1. The immune checkpoint molecules on the surface of CAR-T cell. Abbrevia-
tions: Glucocorticoid-induced tumor-necrosis-factor-receptor-related protein (GITR), cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4), programmed death-1 (PD-1), T-cell immunoglobulin
and mucin domain 3 (TIM-3), B and T lymphocyte attenuator (BTLA), V-domain immunoglobulin
suppressor of T cell activation (VISTA), lymphocyte activation gene 3 (LAG-3), and chimeric antigen
receptor T (CAR-T) [122].

3.2. Cytokines

Cytokines have prompted improvements in CAR-T cell therapy, boosting their prolifera-
tion, reversing T cell exhaustion, and enhancing their anti-tumor capabilities [69,114,126–129].
Various inflammatory cytokines, including IL-6, IL-7, IL-8, IL-12, IL-15, IL-18, IFN-γ, and
TNF-α, have demonstrated the ability to amplify T-cell cytotoxic functions [69,114,126–129].
Moreover, monitoring the plasma concentrations of these molecules is of major clinical
significance as they are biomarkers of CRS, a life-threatening complication described pro-
foundly in a separate paragraph below [130,131]. It has also been proposed that such
elevated concentrations may depict the possibly happening tumor lysis [132]. Conversely,
IL-10, TGF-β, and IL-4 are suppressive cytokines that may impair CAR-T cells [133,134].
Moreover, the release of various cytokines and chemokines by versatile T cells, such as
IFN-γ, MIP-1, IL-8, granzyme B, IL-17A, and IL-5, can alleviate the immunosuppressive
effects induced by the tumor microenvironment (TME) and enhance the therapeutic out-
comes in CD19 CAR-T cell treatment [69]. This release has the potential to improve CAR-T
cell anti-tumor effectiveness by fostering the growth of CD8+ T cells while decreasing the
presence of immunosuppressive cells [128,135].

It has been proposed by Klaver et al. that during the monitoring process of CAR-T cell
therapy, the plasma levels of IFN-γ and IL-6 should be measured as these two cytokines
serve as indicators for T-cell persistence. The authors have also highlighted the need for
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further studies on this topic to determine whether the levels of these cytokines correlate
with anti-tumor activity [136].

3.3. ctDNA

Our recent understanding acknowledges that the blood of cancer patients contains
circulating tumor DNA (ctDNA), which can offer insights into tumor characteristics and
treatment effectiveness. CtDNA exists as fragmented pieces, with a predominant size peak
at 166-167 base pairs [137,138]. CtDNA can be a valuable tool for tracking the response to
CAR-T cell therapy, with day-28 ctDNA levels proving more effective than PET imaging
in predicting future relapses [107]. In a different research investigation, the assessment of
ctDNA on day 7 post infusion successfully differentiated between different early therapy
outcomes. At the 3-month follow-up, the majority of patients who had achieved a >5-fold
molecular response went into CR in opposite to the <5-fold molecular response group,
where CR was not reported. These promising results highlight the need for future studies
validating the association between the early therapy outcomes and long-term effectiveness
of CAR-T cell therapy [70]. In an ideal scenario, the early assessment of the tumor response
following CAR-T cell treatment would enable timely intervention in cases of inadequate
tumor elimination. For instance, if day 7 ctDNA levels correlated with poor outcomes,
these patients could be considered for additional CAR-T cell dosing [70].

4. Monitoring of the Adverse Effects of CAR-T Cell Therapy—Current Practice and
Future Options
4.1. Cytokine Release Syndrome

CAR-T cell immunotherapy releases large numbers of cytokines, leading to cytokine
release syndrome (CRS) and neurotoxicity [139–145]. CRS is a clinical syndrome resulting
from widespread immune activation, associated with the expansion of CAR-T cells and
significant increases in serum inflammatory markers and cytokines [131]. Initial clinical
manifestations of CRS include tachycardia, hypotension, hypoxia, nausea, and vomiting,
and it can progress to life-threatening complications such as severe hypoxia or organ
dysfunction [146,147]. The incidence of CRS in patients treated with CAR-T cells ranges
from 37% to 93% [27,28,148,149]. The onset of CRS varies depending on the CAR-T cell
product and patient population, typically peaking 2–7 days after infusion, though delays of
up to 3 weeks have been reported [146,150]. Consequently, mortality is observed in up to
9.1% of cases [146,151].

The development of CRS can lead to various clinical symptoms and elevated con-
centration of biomarkers such as IL-1β, IL-2, IL-6, IL-7, IL-8, IL-10, IL-15, TNF-α, and
IFN-γ [130]. While some of them are only utilized in research settings, parameters like
lactate dehydrogenase, uric acid, ferritin, and CRP are used on a regular basis in the mon-
itoring process [152]. The patient’s symptoms used for the classification of the grades
of CRS are presented in Table 2, derived from the American Society for Transplantation
and Cellular Therapy (ASTCT) consensus guidelines for CRS grading [139,153–155]. In
the case of CRS, most centers require reevaluation every 4 hours for grades 1 and 2, and
more frequent assessments, ranging from 1 to 2 hours for grades 3 and 4 CRS, following
established guidelines [156,157].

CRS is primarily treated using IL-6 inhibitors such as tocilizumab for milder cases
and corticosteroids for severe, persistent, or more severe cases of CRS [131,157–162]. While
there are limited data on other treatments, alternative IL-6 blockers like siltuximab and
clazakizumab may be considered for cases where tocilizumab is ineffective. However, there
have been no direct comparative studies assessing the effectiveness of these IL-6 blockers.
Anakinra, an IL-1 receptor antagonist, has been shown to alleviate CRS in some recipients
of CAR-T-cell therapy experiencing severe CRS [131,157–163].
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Table 2. American Society for Transplantation and Cellular Therapy (ASTCT) CRS consensus grading.

CRS Parameter Grade 1 Grade 2 Grade 3 Grade 4

Fever Temperature ≥ 38 ◦C Temperature ≥ 38 ◦C Temperature ≥ 38 ◦C Temperature ≥ 38 ◦C

Hypotension None Not requiring
vasopressors

Requiring a vasopressor
with or

without vasopressin

Requiring multiple
vasopressors

(excluding vasopressin)

Hypoxia None Requiring low-flow nasal
cannula or blow-by

Requiring high-flow
nasal cannula, facemask,
nonrebreather mask, or

Venturi mask

Requiring positive
pressure (e.g., CPAP, BiPAP,

intubation and
mechanical ventilation)

Fever is defined as a temperature ≥38 ◦C not attributable to any other cause. In patients who have CRS and
then receive antipyretic or anticytokine therapies such as tocilizumab or steroids, fever is no longer required
to grade subsequent CRS severity. In this case, CRS grading is driven by hypotension and/or hypoxia. (Note:
CRS—cytokine release syndrome, CPAP—continuous positive airway pressure, and BiPAP—bi-level positive
airway pressure.)

4.2. Immune-Effector-Cell-Associated Neurotoxicity Syndrome

ICANS is described as a condition involving the central nervous system (CNS) that is
triggered by immune effector therapies that activate or involve both natural and infused
T cells along with other immune effector cells. Figure 2 presents the main mechanism
leading to the CRS and ICANS. Symptoms or signs can advance and may involve apha-
sia, changes in consciousness, declines in cognitive abilities, muscle weakness, seizures,
cerebral edema, headaches, compromised attention and consciousness, lethargy, agitation,
hallucinations, tremors, aphasia, encephalopathy, and seizures [160,163]. The median
time to onset is 4 days after infusion [150]. A comprehensive evaluation involves clinical
manifestations and a lumbar puncture for cerebrospinal fluid (CSF) analysis, neuroimag-
ing, and EEG to assess the severity of ICANS-related damage and to exclude alternative
organic factors [157,160]. Indeed, the expeditiousness of CAR-T cells’ in vivo expansion
has been correlated with the initiation and intensity of ICANS [164–167]. In some cases,
ICANS symptoms may coincide with CRS, particularly when toxicities reach more severe
grades [168,169].

The diagnosis and severity of ICANS rely on clinical manifestations and lumbar
puncture, neuroimaging, and EEG [157]. So far, numerous risk factors associated with
CAR-T cell neurotoxicity have been delineated, including pre-treatment disease burden, the
in vivo expansion of CAR-T cells, the onset of early and severe CRS, and the administered
dose of CAR-T cells [2].

In the clinical assessment of ICANS, laboratory analysis encompasses biomarkers
analogous to those employed for CRS. Numerous clinical studies have associated various
cytokines with the onset and intensity of ICANS. In studies, patients with B-cell lym-
phoblastic leukemia following CAR-T cell therapy presented elevated levels of IL-1α, IL-2,
IL-3, IL-5, IL-6, IL-8 IL-10, IL-15, IFN- γ, procalcitonin, CRP, G-CSF, GM-CSF, and MCP-1,
and their levels were linked to the severity of neurotoxicity [159,170]. In particular, a close
association persists between the emergence of ICANS and elevated IL-6 levels following
treatment [22,28,171]. Alongside high levels of IL-6 in patients experiencing ICANS, ele-
vated levels of IL-15, a cytokine known for promoting the proliferation and activation of T
and NK cells have been presented [166,170–176]. Low platelet counts before treatment have
also been linked to an increased risk of CRS [170]. In fact, low platelet levels might serve as
biomarkers for blood–brain barrier disruption, which has been previously connected to the
development of CAR-T-related ICANS [166]. The myeloid proliferation and activation of
the cytokine GM-CSF represent a frequently observed blood marker [16,170,174,176]. The
function of GM-CSF in bolstering the activity of inflammatory macrophages and mono-
cytes leads to the production of CRS and ICANS [177]. Santomasso et al. identified initial
elevations in IL-6, IL-10, GM-CSF, and G-CSF levels, excluding ferritin, in individuals un-
dergoing CAR-T cell therapy who subsequently manifested ICANS. In contrast, Faramand
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et al. noted baseline elevations in IL-6 and ferritin among patients treated with CAR-T cells
who later experienced ICANS. Overall, baseline IL-6 and ferritin elevations are indicators
of proinflammatory state and are possible ICANS risk factors [178,179]. Additionally, one
study created a successful forecast model to predict the risk of ICANS following CAR-T cell
therapy. This study included only a few parameters: maximum daily temperature, CRP,
IL-6, and procalcitonin. It presented that even a few relatively simple markers could be
beneficial for monitoring patients treated with CAR-T cell therapy, predicting the risk of
ICANS [180].
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Figure 2. Mechanism leading to CRS and ICANS. The red dots indicate TNF-α and IFN-γ, yellow dots
indicate TNF-α, and purple dots indicate IL-1, IL-6, IFN-γ, MIP, MCP-1, and NOS. The interactions
between them are bidirectional. Abbreviations: tumor necrosis factor α (TNF-α), interferon gamma
(IFN-γ), macrophage inflammatory proteins (MIP), monocyte chemotactic protein 1 (MCP-1), nitric
oxide synthases (NOS), chimeric antigen receptor (CAR), cytokine release syndrome (CRS), immune-
effector-cell-associated neurotoxicity syndrome (ICANS), and blood–brain barrier (BBB) [143–145].

Two scales have been created to assess the severity of ICANS: the CAR-T-cell-therapy-
associated TOXicity 10 (CARTOX-10) and the immune-effector-cell-associated encephalopa-
thy (ICE) scales [149,157,181]. The ASTCT has issued guidelines for the consensus grading
of ICANS, employing the ICE score, alongside considerations such as a diminished level of
consciousness, seizures, motor manifestations, and cerebral edema [153,182].

Currently, according to the 2021 best-practice recommendations of the European
Society for Blood and Marrow Transplantation (EBMT) and the Joint Accreditation Com-
mittee of ISCT and EBMT (JACIE) and the European Haematology Association (EHA),
anti-seizure prophylaxis should only be used in high-risk cases, rather than in every patient
after CAR-T cell infusion. The mainstay of treatment ICANS comprises supportive care
and corticosteroids. Additionally, levetiracetam and benzodiazepines should be adminis-
tered to patients presenting with seizures in clinical examination or detectable by EEG [2].
Several additional treatment options are currently being studied in clinical trials, including
anakinra, lenzilumab, and defibrotide [183].
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4.3. Hemophagocytic Lymphohistiocytosis

Hemophagocytic lymphohistiocytosis (HLH) is marked by the accumulation of his-
tiocytes and lymphocytes in organs such as the skin, spleen, and liver, leading to the
destruction of other blood cells. It is relatively uncommon, with an incidence rate of about
3.5% [184]. CAR-T-induced HLH can present with symptoms like fever; the enlargement
of the spleen and liver; swollen lymph nodes; skin rashes; jaundice; respiratory problems
such as coughing and difficulty breathing; gastrointestinal issues like abdominal pain, vom-
iting, and diarrhea; and neurological symptoms including headaches, difficulty walking,
visual problems, and weakness. The diagnostic criteria for CAR-T-cell-related HLH suggest
ferritin levels above 10,000 ng/mL, accompanied by at least two organ dysfunctions, which
may include hemophagocytosis in the bone marrow or organs or severe transaminitis,
kidney impairment, or grade 3 or higher pulmonary edema. Corticosteroids and IL-6 in-
hibitors have been employed to manage HLH in CAR-T-cell therapy patients experiencing
an organ toxicity of grade 3 or higher. Etoposide is another potential treatment option,
though there are limited data available specifically for CAR-T-cell therapy recipients [185].
Anakinra has been administered to CAR-T-cell therapy recipients with refractory HLH, but
its clinical effectiveness remains uncertain [163].

4.4. Cytopenias/Marrow Hypoplasia

Cytopenias are prevalent after CAR-T cell therapy, with neutropenia emerging as
the most frequently observed variety [186,187]. Cytopenias, such as anemia, thrombocy-
topenia, leukopenia, and neutropenia, are characterized by a decrease in the number of
mature blood cells. Symptoms associated with CAR-T-cell-therapy-induced cytopenias
can include fatigue, weakness, shortness of breath, difficulty concentrating, dizziness or
lightheadedness, cold extremities, frequent infections, fever, and bleeding [188]. Their
incidence ranges between 20 and 80% among patients and may extend beyond 30 days
post administration [2,189]. In a systematic analysis of post-CD19 CAR-T cell therapy, the
frequencies of anemia, thrombocytopenia, and neutropenia of all grades were reported
as 65%, 55%, and 78%, respectively. Age, gender, disease, prior lines of therapy, and
the target and costimulatory domain have been identified as influential determinants in
cytopenias after CAR-T cell therapy [190]. In the majority of cases, cytopenias tend to
resolve spontaneously with time. In persistent or delayed cytopenias, conducting a bone
marrow biopsy is advisable to assess the potential presence of secondary bone marrow
malignancies [190]. The management of cytopenias encompasses the administration of
packed red blood cell (PRBC) and platelet transfusions, as well as the utilization of growth
factors like eltrombopag to address persistent severe thrombocytopenia. In cases of se-
vere neutropenia, granulocyte-colony-stimulating factor (G-CSF) may also be employed to
stimulate the production of neutrophils [190–193].

4.5. B-Cell Aplasia and Hypogammaglobulinemia

An indirect measure of anti-CD19 CAR T-cell presence is B-cell aplasia (BCA), defined
as a disorder caused by the depletion or absence of B cells. Related symptoms of CAR-T-
induced BCA include low B-cell counts and low immunoglobulin levels [188,194]. BCA and
hypogammaglobulinemia are expected on-target, off-tumor effects of CD19+ targeted CAR-
T cells. The disorder is caused by malignant B cells expressing CD19 [195]. New CAR-T
cell constructs targeting the BCMA protein used for MM treatment deplete both malignant
cells and normal B cells, which reach late stages of differentiation including as plasma cells
producing immunoglobulins [196]. A comparison of the clinical trials submitted to the FDA
during the products’ registration showed that the anti-BCMA CAR-T cell construct resulted
in the highest rate of hypogammaglobulinemia (41%) [195]. Hypogammaglobulinemia,
defined as IgG < 400 mg/dL, is more frequent in children compared to adults and may
occur for up to four years [195,197,198]. Hypogammaglobulinemia resulting from BCA
can be associated with an increased risk of infections [199,200]. Significantly, cytopenias
and hypogammaglobulinemia are associated with significant morbidity and mortality after
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CAR-T cell therapy [201–203]. The management comprises immunoglobulin replacement
therapy, which should not be used as a prophylaxis but is recommended in patients
suffering from recurrent or severe bacterial infections. Children and patients treated with
anti-BCMA CAR-T cell products may require more intensive IgG replacement [202,204]. It is
recommended to conduct a baseline evaluation of lymphocyte subsets and immunoglobulin
levels in all adult patients prior to lymphodepletion chemotherapy, followed by monthly
monitoring thereafter [149,205]

5. Conclusions and Future Direction

Despite its challenges, CAR-T cell therapy has brought new hope to patients with
hematological malignancies. So far, the focus has primarily been on monitoring the clinical
effects of CAR-T cell treatment. Numerous parameters and biomarkers hold promise
for the early, reliable, and rapid identification of patients most at risk for CRS or ICANS.
The therapeutic spectrum of cancer immunotherapy may be expanded by identifying
new therapeutic targets. Also, the effectiveness of immune precision therapy depends
on conditions in the TME. Advanced imaging technologies are crucial for monitoring the
distribution and persistence of CAR-T cells. Therefore, the detailed analysis of immune cell
functions combined with a better understanding of the generation of the T-cell subsets may
be important in effective monitoring CAR-T cell therapy.
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CAR T cells in peripheral blood by flow cytometry following Tisagenlecleucel in Fundeni Clinical Institute, Bucharest. Rev.
Romana Med. Lab. 2023, 31, 175–184. [CrossRef]

83. Ahmed, R.; Bevan, M.J.; Reiner, S.L.; Fearon, D.T. The precursors of memory: Models and controversies. Nat. Rev. Immunol. 2009,
9, 662–668. [CrossRef] [PubMed]

84. Lecuroux, C.; Girault, I.; Urrutia, A.; Doisne, J.M.; Deveau, C.; Goujard, C.; Meyer, L.; Sinet, M.; Venet, A. Identification of a
particular HIV-specific CD8+ T-cell subset with a CD27+ CD45RO-/RA+ phenotype and memory characteristics after initiation
of HAART during acute primary HIV infection. Blood 2009, 113, 3209–3217. [CrossRef] [PubMed]

85. Wherry, E.J.; Teichgraber, V.; Becker, T.C.; Masopust, D.; Kaech, S.M.; Antia, R.; von Andrian, U.H.; Ahmed, R. Lineage relationship
and protective immunity of memory CD8 T cell subsets. Nat. Immunol. 2003, 4, 225–234. [CrossRef]

86. Klebanoff, C.A.; Gattinoni, L.; Torabi-Parizi, P.; Kerstann, K.; Cardones, A.R.; Finkelstein, S.E.; Palmer, D.C.; Antony, P.A.; Hwang,
S.T.; Rosenberg, S.A.; et al. Central memory self/tumor-reactive CD8+ T cells confer superior antitumor immunity compared
with effector memory T cells. Proc. Natl. Acad. Sci. USA 2005, 102, 9571–9576. [CrossRef]

87. Sabatino, M.; Hu, J.; Sommariva, M.; Gautam, S.; Fellowes, V.; Hocker, J.D.; Dougherty, S.; Qin, H.; Klebanoff, C.A.; Fry, T.J.;
et al. Generation of clinical-grade CD19-specific CAR-modified CD8+ memory stem cells for the treatment of human B-cell
malignancies. Blood 2016, 128, 519–528. [CrossRef]

88. Biasco, L.; Izotova, N.; Rivat, C.; Ghorashian, S.; Richardson, R.; Guvenel, A.; Hough, R.; Wynn, R.; Popova, B.; Lopes, A.; et al.
Clonal expansion of T memory stem cells determines early anti-leukemic responses and long-term CAR T cell persistence in
patients. Nat. Cancer 2021, 2, 629–642. [CrossRef]

89. Wang, X.; Popplewell, L.L.; Wagner, J.R.; Naranjo, A.; Blanchard, M.S.; Mott, M.R.; Norris, A.P.; Wong, C.W.; Urak, R.Z.; Chang,
W.C.; et al. Phase 1 studies of central memory-derived CD19 CAR T-cell therapy following autologous HSCT in patients with
B-cell NHL. Blood 2016, 127, 2980–2990. [CrossRef]

90. Xu, Y.; Zhang, M.; Ramos, C.A.; Durett, A.; Liu, E.; Dakhova, O.; Liu, H.; Creighton, C.J.; Gee, A.P.; Heslop, H.E.; et al. Closely
related T-memory stem cells correlate with in vivo expansion of CAR.CD19-T cells and are preserved by IL-7 and IL-15. Blood
2014, 123, 3750–3759. [CrossRef]

91. Kaartinen, T.; Luostarinen, A.; Maliniemi, P.; Keto, J.; Arvas, M.; Belt, H.; Koponen, J.; Makinen, P.I.; Loskog, A.; Mustjoki, S.; et al.
Low interleukin-2 concentration favors generation of early memory T cells over effector phenotypes during chimeric antigen
receptor T-cell expansion. Cytotherapy 2017, 19, 689–702. [CrossRef] [PubMed]

92. McLellan, A.D.; Ali Hosseini Rad, S.M. Chimeric antigen receptor T cell persistence and memory cell formation. Immunol. Cell
Biol. 2019, 97, 664–674. [CrossRef] [PubMed]

93. Blaeschke, F.; Stenger, D.; Kaeuferle, T.; Willier, S.; Lotfi, R.; Kaiser, A.D.; Assenmacher, M.; Doring, M.; Feucht, J.; Feuchtinger, T.
Induction of a central memory and stem cell memory phenotype in functionally active CD4(+) and CD8(+) CAR T cells produced
in an automated good manufacturing practice system for the treatment of CD19(+) acute lymphoblastic leukemia. Cancer Immunol.
Immunother. 2018, 67, 1053–1066. [CrossRef] [PubMed]

94. Busch, D.H.; Frassle, S.P.; Sommermeyer, D.; Buchholz, V.R.; Riddell, S.R. Role of memory T cell subsets for adoptive immunother-
apy. Semin. Immunol. 2016, 28, 28–34. [CrossRef] [PubMed]

95. Riddell, S.R.; Sommermeyer, D.; Berger, C.; Liu, L.S.; Balakrishnan, A.; Salter, A.; Hudecek, M.; Maloney, D.G.; Turtle, C.J.
Adoptive therapy with chimeric antigen receptor-modified T cells of defined subset composition. Cancer J. 2014, 20, 141–144.
[CrossRef]

96. Hinrichs, C.S.; Borman, Z.A.; Cassard, L.; Gattinoni, L.; Spolski, R.; Yu, Z.; Sanchez-Perez, L.; Muranski, P.; Kern, S.J.; Logun,
C.; et al. Adoptively transferred effector cells derived from naive rather than central memory CD8+ T cells mediate superior
antitumor immunity. Proc. Natl. Acad. Sci. USA 2009, 106, 17469–17474. [CrossRef]

97. Brummelman, J.; Pilipow, K.; Lugli, E. The Single-Cell Phenotypic Identity of Human CD8(+) and CD4(+) T Cells. Int. Rev. Cell
Mol. Biol. 2018, 341, 63–124. [CrossRef]

98. van den Broek, T.; Borghans, J.A.M.; van Wijk, F. The full spectrum of human naive T cells. Nat. Rev. Immunol. 2018, 18, 363–373.
[CrossRef]

99. Benoit-Lizon, I.; Jacquin, E.; Rivera Vargas, T.; Richard, C.; Roussey, A.; Dal Zuffo, L.; Martin, T.; Melis, A.; Vinokurova, D.;
Shahoei, S.H.; et al. CD4 T cell-intrinsic STING signaling controls the differentiation and effector functions of T(H)1 and T(H)9
cells. J. Immunother. Cancer 2022, 10, e003459. [CrossRef]

100. Xu, N.; Palmer, D.C.; Robeson, A.C.; Shou, P.; Bommiasamy, H.; Laurie, S.J.; Willis, C.; Dotti, G.; Vincent, B.G.; Restifo, N.P.; et al.
STING agonist promotes CAR T cell trafficking and persistence in breast cancer. J. Exp. Med. 2021, 218, e20200844. [CrossRef]

101. Chan, J.D.; Lai, J.; Slaney, C.Y.; Kallies, A.; Beavis, P.A.; Darcy, P.K. Cellular networks controlling T cell persistence in adoptive cell
therapy. Nat. Rev. Immunol. 2021, 21, 769–784. [CrossRef] [PubMed]

102. Demaria, O.; De Gassart, A.; Coso, S.; Gestermann, N.; Di Domizio, J.; Flatz, L.; Gaide, O.; Michielin, O.; Hwu, P.; Petrova, T.V.;
et al. STING activation of tumor endothelial cells initiates spontaneous and therapeutic antitumor immunity. Proc. Natl. Acad. Sci.
USA 2015, 112, 15408–15413. [CrossRef] [PubMed]

https://doi.org/10.3389/fimmu.2022.830773
https://www.ncbi.nlm.nih.gov/pubmed/35309367
https://doi.org/10.2478/rrlm-2023-0019
https://doi.org/10.1038/nri2619
https://www.ncbi.nlm.nih.gov/pubmed/19680250
https://doi.org/10.1182/blood-2008-07-167601
https://www.ncbi.nlm.nih.gov/pubmed/19098272
https://doi.org/10.1038/ni889
https://doi.org/10.1073/pnas.0503726102
https://doi.org/10.1182/blood-2015-11-683847
https://doi.org/10.1038/s43018-021-00207-7
https://doi.org/10.1182/blood-2015-12-686725
https://doi.org/10.1182/blood-2014-01-552174
https://doi.org/10.1016/j.jcyt.2017.03.067
https://www.ncbi.nlm.nih.gov/pubmed/28411126
https://doi.org/10.1111/imcb.12254
https://www.ncbi.nlm.nih.gov/pubmed/31009109
https://doi.org/10.1007/s00262-018-2155-7
https://www.ncbi.nlm.nih.gov/pubmed/29605883
https://doi.org/10.1016/j.smim.2016.02.001
https://www.ncbi.nlm.nih.gov/pubmed/26976826
https://doi.org/10.1097/PPO.0000000000000036
https://doi.org/10.1073/pnas.0907448106
https://doi.org/10.1016/bs.ircmb.2018.05.007
https://doi.org/10.1038/s41577-018-0001-y
https://doi.org/10.1136/jitc-2021-003459
https://doi.org/10.1084/jem.20200844
https://doi.org/10.1038/s41577-021-00539-6
https://www.ncbi.nlm.nih.gov/pubmed/33879873
https://doi.org/10.1073/pnas.1512832112
https://www.ncbi.nlm.nih.gov/pubmed/26607445


Cancers 2024, 16, 3339 19 of 23

103. Samji, T.; Khanna, K.M. Understanding memory CD8(+) T cells. Immunol. Lett. 2017, 185, 32–39. [CrossRef] [PubMed]
104. Nishikawa, H.; Koyama, S. Mechanisms of regulatory T cell infiltration in tumors: Implications for innovative immune precision

therapies. J. Immunother. Cancer 2021, 9, e002591. [CrossRef] [PubMed]
105. Takeuchi, Y.; Nishikawa, H. Roles of regulatory T cells in cancer immunity. Int. Immunol. 2016, 28, 401–409. [CrossRef]
106. Kang, J.H.; Zappasodi, R. Modulating Treg stability to improve cancer immunotherapy. Trends Cancer 2023, 9, 911–927. [CrossRef]
107. Frank, M.J.; Hossain, N.M.; Bukhari, A.; Dean, E.; Spiegel, J.Y.; Claire, G.K.; Kirsch, I.; Jacob, A.P.; Mullins, C.D.; Lee, L.W.; et al.

Monitoring of Circulating Tumor DNA Improves Early Relapse Detection After Axicabtagene Ciloleucel Infusion in Large B-Cell
Lymphoma: Results of a Prospective Multi-Institutional Trial. J. Clin. Oncol. 2021, 39, 3034–3043. [CrossRef]

108. Caligaris-Cappio, F.; Bertilaccio, M.T.; Scielzo, C. How the microenvironment wires the natural history of chronic lymphocytic
leukemia. Semin. Cancer Biol. 2014, 24, 43–48. [CrossRef]

109. Olejarz, W.; Sadowski, K.; Szulczyk, D.; Basak, G. Advancements in Personalized CAR-T Therapy: Comprehensive Overview of
Biomarkers and Therapeutic Targets in Hematological Malignancies. Int. J. Mol. Sci. 2024, 25, 7743. [CrossRef]

110. 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. J. Med. 2014, 371, 1507–1517. [CrossRef]

111. Lee, D.W.; Kochenderfer, J.N.; Stetler-Stevenson, M.; Cui, Y.K.; Delbrook, C.; Feldman, S.A.; Fry, T.J.; 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]

112. Rabinovich, E.; Pradhan, K.; Sica, R.A.; Bachier-Rodriguez, L.; Mantzaris, I.; Kornblum, N.; Shastri, A.; Gritsman, K.; Goldfinger,
M.; Verma, A.; et al. Elevated LDH greater than 400 U/L portends poorer overall survival in diffuse large B-cell lymphoma
patients treated with CD19 CAR-T cell therapy in a real world multi-ethnic cohort. Exp. Hematol. Oncol. 2021, 10, 55. [CrossRef]
[PubMed]

113. Vercellino, L.; Di Blasi, R.; Kanoun, S.; Tessoulin, B.; Rossi, C.; D’Aveni-Piney, M.; Oberic, L.; Bodet-Milin, C.; Bories, P.; Olivier, P.;
et al. Predictive factors of early progression after CAR T-cell therapy in relapsed/refractory diffuse large B-cell lymphoma. Blood
Adv. 2020, 4, 5607–5615. [CrossRef] [PubMed]

114. Hirayama, A.V.; Gauthier, J.; Hay, K.A.; Voutsinas, J.M.; Wu, Q.; Gooley, T.; Li, D.; Cherian, S.; Chen, X.; Pender, B.S.; et al. The
response to lymphodepletion impacts PFS in patients with aggressive non-Hodgkin lymphoma treated with CD19 CAR T cells.
Blood 2019, 133, 1876–1887. [CrossRef] [PubMed]

115. Hu, Y.; Wu, Z.; Luo, Y.; Shi, J.; Yu, J.; Pu, C.; Liang, Z.; Wei, G.; Cui, Q.; Sun, J.; 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] [PubMed]

116. Odorizzi, P.M.; Wherry, E.J. Inhibitory receptors on lymphocytes: Insights from infections. J. Immunol. 2012, 188, 2957–2965.
[CrossRef]

117. Zolov, S.N.; Rietberg, S.P.; Bonifant, C.L. Programmed cell death protein 1 activation preferentially inhibits CD28.CAR-T cells.
Cytotherapy 2018, 20, 1259–1266. [CrossRef]

118. Hui, E.; Cheung, J.; Zhu, J.; Su, X.; Taylor, M.J.; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, J.M.; Mellman, I.; et al. T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017, 355, 1428–1433. [CrossRef]

119. Baumeister, S.H.; Freeman, G.J.; Dranoff, G.; Sharpe, A.H. Coinhibitory Pathways in Immunotherapy for Cancer. Annu. Rev.
Immunol. 2016, 34, 539–573. [CrossRef]

120. Armand, P. Immune checkpoint blockade in hematologic malignancies. Blood 2015, 125, 3393–3400. [CrossRef]
121. Tunger, A.; Sommer, U.; Wehner, R.; Kubasch, A.S.; Grimm, M.O.; Bachmann, M.P.; Platzbecker, U.; Bornhauser, M.; Baretton, G.;

Schmitz, M. The Evolving Landscape of Biomarkers for Anti-PD-1 or Anti-PD-L1 Therapy. J. Clin. Med. 2019, 8, 1534. [CrossRef]
[PubMed]

122. Mellman, I.; Coukos, G.; Dranoff, G. Cancer immunotherapy comes of age. Nature 2011, 480, 480–489. [CrossRef] [PubMed]
123. Finney, O.C.; Brakke, H.M.; Rawlings-Rhea, S.; Hicks, R.; Doolittle, D.; Lopez, M.; Futrell, R.B.; Orentas, R.J.; Li, D.; Gardner, R.A.;

et al. CD19 CAR T cell product and disease attributes predict leukemia remission durability. J. Clin. Investig. 2019, 129, 2123–2132.
[CrossRef] [PubMed]

124. Qin, S.; Xu, L.; Yi, M.; Yu, S.; Wu, K.; Luo, S. Novel immune checkpoint targets: Moving beyond PD-1 and CTLA-4. Mol. Cancer
2019, 18, 155. [CrossRef]

125. Cherkassky, L.; Morello, A.; Villena-Vargas, J.; Feng, Y.; Dimitrov, D.S.; Jones, D.R.; Sadelain, M.; Adusumilli, P.S. Human CAR
T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-mediated inhibition. J. Clin. Investig. 2016, 126, 3130–3144.
[CrossRef]

126. Berraondo, P.; Etxeberria, I.; Ponz-Sarvise, M.; Melero, I. Revisiting Interleukin-12 as a Cancer Immunotherapy Agent. Clin.
Cancer Res. 2018, 24, 2716–2718. [CrossRef]

127. Liu, J.; Cao, S.; Kim, S.; Chung, E.Y.; Homma, Y.; Guan, X.; Jimenez, V.; Ma, X. Interleukin-12: An update on its immunological
activities, signaling and regulation of gene expression. Curr. Immunol. Rev. 2005, 1, 119–137. [CrossRef]

128. Hu, B.; Ren, J.; Luo, Y.; Keith, B.; Young, R.M.; Scholler, J.; Zhao, Y.; June, C.H. Augmentation of Antitumor Immunity by Human
and Mouse CAR T Cells Secreting IL-18. Cell Rep. 2017, 20, 3025–3033. [CrossRef]

129. Kueberuwa, G.; Kalaitsidou, M.; Cheadle, E.; Hawkins, R.E.; Gilham, D.E. CD19 CAR T Cells Expressing IL-12 Eradicate
Lymphoma in Fully Lymphoreplete Mice through Induction of Host Immunity. Mol. Ther. Oncolytics 2018, 8, 41–51. [CrossRef]

https://doi.org/10.1016/j.imlet.2017.02.012
https://www.ncbi.nlm.nih.gov/pubmed/28274794
https://doi.org/10.1136/jitc-2021-002591
https://www.ncbi.nlm.nih.gov/pubmed/34330764
https://doi.org/10.1093/intimm/dxw025
https://doi.org/10.1016/j.trecan.2023.07.015
https://doi.org/10.1200/JCO.21.00377
https://doi.org/10.1016/j.semcancer.2013.06.010
https://doi.org/10.3390/ijms25147743
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1016/S0140-6736(14)61403-3
https://doi.org/10.1186/s40164-021-00248-9
https://www.ncbi.nlm.nih.gov/pubmed/34886908
https://doi.org/10.1182/bloodadvances.2020003001
https://www.ncbi.nlm.nih.gov/pubmed/33180899
https://doi.org/10.1182/blood-2018-11-887067
https://www.ncbi.nlm.nih.gov/pubmed/30782611
https://doi.org/10.1158/1078-0432.CCR-16-1799
https://www.ncbi.nlm.nih.gov/pubmed/28039267
https://doi.org/10.4049/jimmunol.1100038
https://doi.org/10.1016/j.jcyt.2018.07.005
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1146/annurev-immunol-032414-112049
https://doi.org/10.1182/blood-2015-02-567453
https://doi.org/10.3390/jcm8101534
https://www.ncbi.nlm.nih.gov/pubmed/31557787
https://doi.org/10.1038/nature10673
https://www.ncbi.nlm.nih.gov/pubmed/22193102
https://doi.org/10.1172/JCI125423
https://www.ncbi.nlm.nih.gov/pubmed/30860496
https://doi.org/10.1186/s12943-019-1091-2
https://doi.org/10.1172/JCI83092
https://doi.org/10.1158/1078-0432.CCR-18-0381
https://doi.org/10.2174/1573395054065115
https://doi.org/10.1016/j.celrep.2017.09.002
https://doi.org/10.1016/j.omto.2017.12.003


Cancers 2024, 16, 3339 20 of 23

130. Morris, E.C.; Neelapu, S.S.; Giavridis, T.; Sadelain, M. Cytokine release syndrome and associated neurotoxicity in cancer
immunotherapy. Nat. Rev. Immunol. 2022, 22, 85–96. [CrossRef]

131. Teachey, D.T.; Lacey, S.F.; Shaw, P.A.; Melenhorst, J.J.; Maude, S.L.; Frey, N.; Pequignot, E.; Gonzalez, V.E.; Chen, F.; Finklestein, J.;
et al. Identification of Predictive Biomarkers for Cytokine Release Syndrome after Chimeric Antigen Receptor T-cell Therapy for
Acute Lymphoblastic Leukemia. Cancer Discov. 2016, 6, 664–679. [CrossRef] [PubMed]

132. Brentjens, R.; Yeh, R.; Bernal, Y.; Riviere, I.; Sadelain, M. Treatment of chronic lymphocytic leukemia with genetically targeted
autologous T cells: Case report of an unforeseen adverse event in a phase I clinical trial. Mol. Ther. 2010, 18, 666–668. [CrossRef]
[PubMed]

133. Mirlekar, B. Tumor promoting roles of IL-10, TGF-beta, IL-4, and IL-35: Its implications in cancer immunotherapy. SAGE Open
Med. 2022, 10, 20503121211069012. [CrossRef] [PubMed]

134. Jin, M.Z.; Jin, W.L. The updated landscape of tumor microenvironment and drug repurposing. Signal Transduct. Target. Ther. 2020,
5, 166. [CrossRef] [PubMed]

135. Chmielewski, M.; Abken, H. CAR T Cells Releasing IL-18 Convert to T-Bet(high) FoxO1(low) Effectors that Exhibit Augmented
Activity against Advanced Solid Tumors. Cell Rep. 2017, 21, 3205–3219. [CrossRef] [PubMed]

136. Klaver, Y.; van Steenbergen, S.C.L.; Sleijfer, S.; Debets, R.; Lamers, C.H.J. Plasma IFN-gamma and IL-6 levels correlate with
peripheral T-cell numbers but not toxicity in RCC patients treated with CAR T-cells. Clin. Immunol. 2016, 169, 107–113. [CrossRef]
[PubMed]

137. Underhill, H.R.; Kitzman, J.O.; Hellwig, S.; Welker, N.C.; Daza, R.; Baker, D.N.; Gligorich, K.M.; Rostomily, R.C.; Bronner, M.P.;
Shendure, J. Fragment Length of Circulating Tumor DNA. PLoS Genet. 2016, 12, e1006162. [CrossRef]

138. Snyder, M.W.; Kircher, M.; Hill, A.J.; Daza, R.M.; Shendure, J. Cell-free DNA Comprises an In Vivo Nucleosome Footprint that
Informs Its Tissues-Of-Origin. Cell 2016, 164, 57–68. [CrossRef]

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

140. Hirayama, A.V.; Turtle, C.J. Toxicities of CD19 CAR-T cell immunotherapy. Am. J. Hematol. 2019, 94, S42–S49. [CrossRef]
141. Chou, C.K.; Turtle, C.J. Insight into mechanisms associated with cytokine release syndrome and neurotoxicity after CD19 CAR-T

cell immunotherapy. Bone Marrow Transplant. 2019, 54, 780–784. [CrossRef] [PubMed]
142. Schubert, M.L.; Schmitt, M.; Wang, L.; Ramos, C.A.; Jordan, K.; Muller-Tidow, C.; Dreger, P. Side-effect management of chimeric

antigen receptor (CAR) T-cell therapy. Ann. Oncol. 2021, 32, 34–48. [CrossRef] [PubMed]
143. Zhou, X.; Rasche, L.; Kortüm, K.M.; Danhof, S.; Hudecek, M.; Einsele, H. Toxicities of Chimeric Antigen Receptor T Cell Therapy

in Multiple Myeloma: An Overview of Experience From Clinical Trials, Pathophysiology, and Management Strategies. Front.
Immunol. 2020, 11, 620312. [CrossRef] [PubMed]

144. Markouli, M.; Ullah, F.; Unlu, S.; Omar, N.; Lopetegui-Lia, N.; Duco, M.; Anwer, F.; Raza, S.; Dima, D. Toxicity Profile of Chimeric
Antigen Receptor T-Cell and Bispecific Antibody Therapies in Multiple Myeloma: Pathogenesis, Prevention and Management.
Curr. Oncol. 2023, 30, 6330–6352. [CrossRef] [PubMed]

145. Cosenza, M.; Sacchi, S.; Pozzi, S. Cytokine Release Syndrome Associated with T-Cell-Based Therapies for Hematological
Malignancies: Pathophysiology, Clinical Presentation, and Treatment. Int. J. Mol. Sci. 2021, 22, 7652. [CrossRef]

146. Abramson, J.S.; Solomon, S.R.; Arnason, J.; Johnston, P.B.; Glass, B.; Bachanova, V.; Ibrahimi, S.; Mielke, S.; Mutsaers, P.;
Hernandez-Ilizaliturri, F.; et al. Lisocabtagene maraleucel as second-line therapy for large B-cell lymphoma: Primary analysis of
the phase 3 TRANSFORM study. Blood 2023, 141, 1675–1684. [CrossRef]

147. National Cancer Institute. Common Terminology Criteria for Adverse Events Version 6.0; National Cancer Institute: Bethesda, MD,
USA, 2020.

148. Locke, F.L.; Ghobadi, A.; Jacobson, C.A.; Miklos, D.B.; Lekakis, L.J.; Oluwole, O.O.; Lin, Y.; Braunschweig, I.; Hill, B.T.;
Timmerman, J.M.; et al. Long-term safety and activity of axicabtagene ciloleucel in refractory large B-cell lymphoma (ZUMA-1):
A single-arm, multicentre, phase 1-2 trial. Lancet Oncol. 2019, 20, 31–42. [CrossRef]

149. Maus, M.V.; Alexander, S.; Bishop, M.R.; Brudno, J.N.; Callahan, C.; Davila, M.L.; Diamonte, C.; Dietrich, J.; Fitzgerald, J.C.;
Frigault, M.J.; et al. Society for Immunotherapy of Cancer (SITC) clinical practice guideline on immune effector cell-related
adverse events. J. Immunother. Cancer 2020, 8, e001511. [CrossRef]

150. Frey, N.; Porter, D. Cytokine release syndrome with chimeric antigen receptor T cell therapy. Biol. Blood Marrow Transplant. 2018,
25, e123–e127. [CrossRef]

151. Xiao, X.; Huang, S.; Chen, S.; Wang, Y.; Sun, Q.; Xu, X.; Li, Y. Mechanisms of cytokine release syndrome and neurotoxicity of CAR
T-cell therapy and associated prevention and management strategies. J. Exp. Clin. Cancer Res. 2021, 40, 367. [CrossRef]

152. Chou, C.K.; Turtle, C.J. Assessment and management of cytokine release syndrome and neurotoxicity following CD19 CAR-T cell
therapy. Expert Opin. Biol. Ther. 2020, 20, 653–664. [CrossRef] [PubMed]

153. Lee, D.W.; Santomasso, B.D.; Locke, F.L.; Ghobadi, A.; Turtle, C.J.; Brudno, J.N.; Maus, M.V.; Park, J.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]

154. Porter, D.; Frey, N.; Wood, P.A.; Weng, Y.; Grupp, S.A. Grading of cytokine release syndrome associated with the CAR T cell
therapy tisagenlecleucel. J. Hematol. Oncol. 2018, 11, 35. [CrossRef] [PubMed]

https://doi.org/10.1038/s41577-021-00547-6
https://doi.org/10.1158/2159-8290.CD-16-0040
https://www.ncbi.nlm.nih.gov/pubmed/27076371
https://doi.org/10.1038/mt.2010.31
https://www.ncbi.nlm.nih.gov/pubmed/20357779
https://doi.org/10.1177/20503121211069012
https://www.ncbi.nlm.nih.gov/pubmed/35096390
https://doi.org/10.1038/s41392-020-00280-x
https://www.ncbi.nlm.nih.gov/pubmed/32843638
https://doi.org/10.1016/j.celrep.2017.11.063
https://www.ncbi.nlm.nih.gov/pubmed/29241547
https://doi.org/10.1016/j.clim.2016.06.014
https://www.ncbi.nlm.nih.gov/pubmed/27377533
https://doi.org/10.1371/journal.pgen.1006162
https://doi.org/10.1016/j.cell.2015.11.050
https://doi.org/10.1080/17474086.2019.1585238
https://doi.org/10.1002/ajh.25445
https://doi.org/10.1038/s41409-019-0602-5
https://www.ncbi.nlm.nih.gov/pubmed/31431714
https://doi.org/10.1016/j.annonc.2020.10.478
https://www.ncbi.nlm.nih.gov/pubmed/33098993
https://doi.org/10.3389/fimmu.2020.620312
https://www.ncbi.nlm.nih.gov/pubmed/33424871
https://doi.org/10.3390/curroncol30070467
https://www.ncbi.nlm.nih.gov/pubmed/37504327
https://doi.org/10.3390/ijms22147652
https://doi.org/10.1182/blood.2022018730
https://doi.org/10.1016/S1470-2045(18)30864-7
https://doi.org/10.1136/jitc-2020-001511
https://doi.org/10.1016/j.bbmt.2018.12.756
https://doi.org/10.1186/s13046-021-02148-6
https://doi.org/10.1080/14712598.2020.1729735
https://www.ncbi.nlm.nih.gov/pubmed/32067497
https://doi.org/10.1016/j.bbmt.2018.12.758
https://www.ncbi.nlm.nih.gov/pubmed/30592986
https://doi.org/10.1186/s13045-018-0571-y
https://www.ncbi.nlm.nih.gov/pubmed/29499750


Cancers 2024, 16, 3339 21 of 23

155. Pennisi, M.; Jain, T.; Santomasso, B.D.; Mead, E.; Wudhikarn, K.; Silverberg, M.L.; Batlevi, Y.; Shouval, R.; Devlin, S.M.; Batlevi,
C.; et al. Comparing CAR T-cell toxicity grading systems: Application of the ASTCT grading system and implications for
management. Blood Adv. 2020, 4, 676–686. [CrossRef] [PubMed]

156. Yanez, L.; Sanchez-Escamilla, M.; Perales, M.A. CAR T Cell Toxicity: Current Management and Future Directions. Hemasphere
2019, 3, e186. [CrossRef]

157. Neelapu, S.S.; Tummala, S.; Kebriaei, P.; Wierda, W.; Gutierrez, C.; Locke, F.L.; 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. 2018, 15, 47–62.
[CrossRef]

158. Davila, M.L.; Riviere, I.; Wang, X.; Bartido, S.; Park, J.; Curran, K.; Chung, S.S.; Stefanski, J.; Borquez-Ojeda, O.; Olszewska, M.;
et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci. Transl. Med.
2014, 6, 224ra225. [CrossRef]

159. Hay, K.A.; Hanafi, L.A.; Li, D.; Gust, J.; Liles, W.C.; Wurfel, M.M.; Lopez, J.A.; Chen, J.; Chung, D.; Harju-Baker, S.; et al. Kinetics
and biomarkers of severe cytokine release syndrome after CD19 chimeric antigen receptor-modified T-cell therapy. Blood 2017,
130, 2295–2306. [CrossRef]

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

161. Brudno, J.N.; Kochenderfer, J.N. Recent advances in CAR T-cell toxicity: Mechanisms, manifestations and management. Blood
Rev. 2019, 34, 45–55. [CrossRef]

162. Fishman, J.A.; Hogan, J.I.; Maus, M.V. Inflammatory and Infectious Syndromes Associated With Cancer Immunotherapies. Clin.
Infect. Dis. 2019, 69, 909–920. [CrossRef] [PubMed]

163. Westin, J.R.; Neelapu, S.S.; Green, M.R.; Shpall, E.J.; Nair, R.; Rodriguez, M.A.; Do, B.; Brown, A.R.T.; Horowitz, S.B.; Watson, G.;
et al. Clinical efficacy of anakinra to mitigate CAR T-cell therapy–associated toxicity in large B-cell lymphoma. Blood Adv. 2020,
4, 3123–3127. [CrossRef]

164. Holtzman, N.G.; Xie, H.; Bentzen, S.; Kesari, V.; Bukhari, A.; El Chaer, F.; Lutfi, F.; Siglin, J.; Hutnick, E.; Gahres, N.; et al.
Immune effector cell-associated neurotoxicity syndrome after chimeric antigen receptor T-cell therapy for lymphoma: Predictive
biomarkers and clinical outcomes. Neuro Oncol. 2021, 23, 112–121. [CrossRef] [PubMed]

165. Karschnia, P.; Jordan, J.T.; Forst, D.A.; Arrillaga-Romany, I.C.; Batchelor, T.T.; Baehring, J.M.; Clement, N.F.; Gonzalez Castro,
L.N.; Herlopian, A.; Maus, M.V.; et al. Clinical presentation, management, and biomarkers of neurotoxicity after adoptive
immunotherapy with CAR T cells. Blood 2019, 133, 2212–2221. [CrossRef] [PubMed]

166. Gust, J.; Hay, K.A.; Hanafi, L.A.; Li, D.; Myerson, D.; Gonzalez-Cuyar, L.F.; Yeung, C.; Liles, W.C.; Wurfel, M.; Lopez, J.A.; et al.
Endothelial Activation and Blood-Brain Barrier Disruption in Neurotoxicity after Adoptive Immunotherapy with CD19 CAR-T
Cells. Cancer Discov. 2017, 7, 1404–1419. [CrossRef]

167. Brown, B.D.; Tambaro, F.P.; Kohorst, M.; Chi, L.; Mahadeo, K.M.; Tewari, P.; Petropoulos, D.; Slopis, J.M.; Sadighi, Z.; Khazal, S.
Immune Effector Cell Associated Neurotoxicity (ICANS) in Pediatric and Young Adult Patients Following Chimeric Antigen
Receptor (CAR) T-Cell Therapy: Can We Optimize Early Diagnosis? Front. Oncol. 2021, 11, 634445. [CrossRef]

168. Rubin, D.B.; Al Jarrah, A.; Li, K.; LaRose, S.; Monk, A.D.; Ali, A.B.; Spendley, L.N.; Nikiforow, S.; Jacobson, C.; Vaitkevicius,
H. Clinical Predictors of Neurotoxicity After Chimeric Antigen Receptor T-Cell Therapy. JAMA Neurol. 2020, 77, 1536–1542.
[CrossRef]

169. Maziarz, R.T.; Schuster, S.J.; Romanov, V.V.; Rusch, E.S.; Li, J.; Signorovitch, J.E.; Maloney, D.G.; Locke, F.L. Grading of neurological
toxicity in patients treated with tisagenlecleucel in the JULIET trial. Blood Adv. 2020, 4, 1440–1447. [CrossRef]

170. Santomasso, B.D.; Park, J.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]

171. Turtle, C.J.; Hanafi, L.A.; Berger, C.; Hudecek, M.; Pender, B.; Robinson, E.; Hawkins, R.; Chaney, C.; Cherian, S.; Chen, X.;
et al. Immunotherapy of non-Hodgkin’s lymphoma with a defined ratio of CD8+ and CD4+ CD19-specific chimeric antigen
receptor-modified T cells. Sci. Transl. Med. 2016, 8, 355ra116. [CrossRef]

172. Jacobson, C.A.; Chavez, J.C.; Sehgal, A.R.; William, B.M.; Munoz, J.; Salles, G.; Munshi, P.N.; Casulo, C.; Maloney, D.G.; de Vos, S.;
et al. Axicabtagene ciloleucel in relapsed or refractory indolent non-Hodgkin lymphoma (ZUMA-5): A single-arm, multicentre,
phase 2 trial. Lancet Oncol. 2022, 23, 91–103. [CrossRef] [PubMed]

173. Kochenderfer, J.N.; Somerville, R.P.T.; Lu, T.; Shi, V.; Bot, A.; Rossi, J.; Xue, A.; Goff, S.L.; Yang, J.C.; Sherry, R.M.; et al. Lymphoma
Remissions Caused by Anti-CD19 Chimeric Antigen Receptor T Cells Are Associated With High Serum Interleukin-15 Levels.
J. Clin. Oncol. 2017, 35, 1803–1813. [CrossRef] [PubMed]

174. Park, J.H.; Santomasso, B.; Riviere, I.; Senechal, B.; Wang, X.; Purdon, T.; Wang, Y.; Halton, E.; Diamonte, C.; Li, D.; et al. Baseline
and early post-treatment clinical and laboratory factors associated with severe neurotoxicity following 19-28z CAR T cells in
adult patients with relapsed B-ALL. J. Clin. Oncol. 2017, 35, 7024. [CrossRef]

175. Gofshteyn, J.S.; Shaw, P.A.; Teachey, D.T.; Grupp, S.A.; Maude, S.; Banwell, B.; Chen, F.; Lacey, S.F.; Melenhorst, J.J.; Edmonson,
M.J.; et al. Neurotoxicity after CTL019 in a pediatric and young adult cohort. Ann. Neurol. 2018, 84, 537–546. [CrossRef]

https://doi.org/10.1182/bloodadvances.2019000952
https://www.ncbi.nlm.nih.gov/pubmed/32084260
https://doi.org/10.1097/HS9.0000000000000186
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1126/scitranslmed.3008226
https://doi.org/10.1182/blood-2017-06-793141
https://doi.org/10.1182/blood-2016-04-703751
https://doi.org/10.1016/j.blre.2018.11.002
https://doi.org/10.1093/cid/ciy1025
https://www.ncbi.nlm.nih.gov/pubmed/30520987
https://doi.org/10.1182/bloodadvances.2020002328
https://doi.org/10.1093/neuonc/noaa183
https://www.ncbi.nlm.nih.gov/pubmed/32750704
https://doi.org/10.1182/blood-2018-12-893396
https://www.ncbi.nlm.nih.gov/pubmed/30808634
https://doi.org/10.1158/2159-8290.CD-17-0698
https://doi.org/10.3389/fonc.2021.634445
https://doi.org/10.1001/jamaneurol.2020.2703
https://doi.org/10.1182/bloodadvances.2019001305
https://doi.org/10.1158/2159-8290.CD-17-1319
https://doi.org/10.1126/scitranslmed.aaf8621
https://doi.org/10.1016/S1470-2045(21)00591-X
https://www.ncbi.nlm.nih.gov/pubmed/34895487
https://doi.org/10.1200/JCO.2016.71.3024
https://www.ncbi.nlm.nih.gov/pubmed/28291388
https://doi.org/10.1200/JCO.2017.35.15_suppl.7024
https://doi.org/10.1002/ana.25315


Cancers 2024, 16, 3339 22 of 23

176. Shalabi, H.; Wolters, P.L.; Martin, S.; Toledo-Tamula, M.A.; Roderick, M.C.; Struemph, K.; Kane, E.; Yates, B.; Delbrook, C.;
Mackall, C.L.; et al. Systematic Evaluation of Neurotoxicity in Children and Young Adults Undergoing CD22 Chimeric Antigen
Receptor T-Cell Therapy. J. Immunother. 2018, 41, 350–358. [CrossRef]

177. Singh, N.; Hofmann, T.J.; Gershenson, Z.; Levine, B.L.; Grupp, S.A.; Teachey, D.T.; Barrett, D.M. Monocyte lineage-derived IL-6
does not affect chimeric antigen receptor T-cell function. Cytotherapy 2017, 19, 867–880. [CrossRef]

178. Faramand, R.; Jain, M.; Staedtke, V.; Kotani, H.; Bai, R.; Reid, K.; Lee, S.B.; Spitler, K.; Wang, X.; Cao, B.; et al. Tumor
Microenvironment Composition and Severe Cytokine Release Syndrome (CRS) Influence Toxicity in Patients with Large B-Cell
Lymphoma Treated with Axicabtagene Ciloleucel. Clin. Cancer Res. 2020, 26, 4823–4831. [CrossRef]

179. Butt, O.H.; Zhou, A.Y.; Caimi, P.F.; Luckett, P.H.; Wisch, J.K.; Derenoncourt, P.R.; Lee, K.; Wu, G.F.; de Lima, M.J.G.; Campian, J.L.;
et al. Assessment of Pretreatment and Posttreatment Evolution of Neurofilament Light Chain Levels in Patients Who Develop
Immune Effector Cell-Associated Neurotoxicity Syndrome. JAMA Oncol. 2022, 8, 1652–1657. [CrossRef]

180. Amidi, Y.; Eckhardt, C.A.; Quadri, S.A.; Malik, P.; Firme, M.S.; Jones, D.K.; Jain, A.; Danish, H.H.; Rubin, D.B.; Jacobson, C.A.; et al.
Forecasting immune effector cell-associated neurotoxicity syndrome after chimeric antigen receptor t-cell therapy. J. Immunother.
Cancer 2022, 10, e005459. [CrossRef]

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

182. Stone, J.B.; DeAngelis, L.M. Cancer-treatment-induced neurotoxicity--focus on newer treatments. Nat. Rev. Clin. Oncol. 2016,
13, 92–105. [CrossRef] [PubMed]

183. Danish, H.; Santomasso, B.D. Neurotoxicity Biology and Management. Cancer J. 2021, 27, 126–133. [CrossRef] [PubMed]
184. Sandler, R.D.; Tattersall, R.S.; Schoemans, H.; Greco, R.; Badoglio, M.; Labopin, M.; Alexander, T.; Kirgizov, K.; Rovira, M.; Saif,

M.; et al. Diagnosis and management of secondary HLH/MAS following HSCT and CAR-T cell therapy in adults; A review of
the literature and a survey of practice within EBMT centres on behalf of the Autoimmune Diseases Working Party (ADWP) and
Transplant Complications Working Party (TCWP). Front. Immunol. 2020, 11, 524. [CrossRef]

185. Hashmi, H.; Bachmeier, C.; Chavez, J.C.; Song, J.; Hussaini, M.; Krivenko, G.; Nishihori, T.; Kotani, H.; Davila, M.L.; Locke, F.L.;
et al. Haemophagocytic lymphohistiocytosis has variable time to onset following CD19 chimeric antigen receptor T cell therapy.
Br. J. Haematol. 2019, 187, e35–e38. [CrossRef] [PubMed]

186. Penack, O.; Peczynski, C.; Koenecke, C.; Polge, E.; Kuhnl, A.; Fegueux, N.; Daskalakis, M.; Kroger, N.; Dreger, P.; Besley, C.; et al.
Severe cytopenia after CD19 CAR T-cell therapy: A retrospective study from the EBMT Transplant Complications Working Party.
J. Immunother. Cancer 2023, 11, e006406. [CrossRef]

187. Logue, J.M.; Peres, L.C.; Hashmi, H.; Colin-Leitzinger, C.M.; Shrewsbury, A.M.; Hosoya, H.; Gonzalez, R.M.; Copponex, C.;
Kottra, K.H.; Hovanky, V.; et al. Early cytopenias and infections after standard of care idecabtagene vicleucel in relapsed or
refractory multiple myeloma. Blood Adv. 2022, 6, 6109–6119. [CrossRef]

188. Santomasso, B.D.; Nastoupil, L.J.; Adkins, S.; Lacchetti, C.; Schneider, B.J.; Anadkat, M.; Atkins, M.B.; Brassil, K.J.; Caterino, J.M.;
Chau, I.; et al. Management of Immune-Related Adverse Events in Patients Treated With Chimeric Antigen Receptor T-Cell
Therapy: ASCO Guideline. J. Clin. Oncol. 2021, 39, 3978–3992. [CrossRef]

189. Sharma, N.; Reagan, P.M.; Liesveld, J.L. Cytopenia after CAR-T Cell Therapy-A Brief Review of a Complex Problem. Cancers 2022,
14, 1501. [CrossRef]

190. Xia, Y.; Zhang, J.; Li, J.; Zhang, L.; Li, J.; Fan, L.; Chen, L. Cytopenias following anti-CD19 chimeric antigen receptor (CAR) T cell
therapy: A systematic analysis for contributing factors. Ann. Med. 2022, 54, 2951–2965. [CrossRef]

191. Jain, T.; Olson, T.S.; Locke, F.L. How I treat cytopenias after CAR T-cell therapy. Blood 2023, 141, 2460–2469. [CrossRef] [PubMed]
192. Nahas, G.R.; Komanduri, K.V.; Pereira, D.; Goodman, M.; Jimenez, A.M.; Beitinjaneh, A.; Wang, T.P.; Lekakis, L.J. Incidence

and risk factors associated with a syndrome of persistent cytopenias after CAR-T cell therapy (PCTT). Leuk. Lymphoma 2020,
61, 940–943. [CrossRef]

193. Schaefer, A.; Saygin, C.; Maakaron, J.; Hoelscher, T.; Purdin, Z.; Robinson, J.; Lamprecht, M.; Penza, S.; Brammer, J.E.; Efebera,
Y.A.; et al. Cytopenias after Chimeric Antigen Receptor T-Cells (CAR-T) Infusion; Patterns and Outcomes. Biol. Blood Marrow
Transplant. 2019, 25, S171. [CrossRef]

194. Gabelli, M.; Oporto-Espuelas, M.; Bonney, D.K.; Burridge, S.; Farish, S.; Mullanfiroze, K.; Lazareva, A.; Samarasinghe, S.; Ancliff,
P.; Vora, A.; et al. Maintenance therapy for early loss of B-cell aplasia after CD19 CAR T-cell therapy. Blood Adv. 2023, 8, 1959–1963.
[CrossRef] [PubMed]

195. Wat, J.; Barmettler, S. Hypogammaglobulinemia After Chimeric Antigen Receptor (CAR) T-Cell Therapy: Characteristics,
Management, and Future Directions. J. Allergy Clin. Immunol. Pract. 2022, 10, 460–466. [CrossRef] [PubMed]

196. O’Connor, B.P.; Raman, V.S.; Erickson, L.D.; Cook, W.J.; Weaver, L.K.; Ahonen, C.; Lin, L.L.; Mantchev, G.T.; Bram, R.J.; Noelle, R.J.
BCMA is essential for the survival of long-lived bone marrow plasma cells. J. Exp. Med. 2004, 199, 91–98. [CrossRef] [PubMed]

197. Kochenderfer, J.N.; Wilson, W.H.; Janik, J.E.; Dudley, M.E.; Stetler-Stevenson, M.; Feldman, S.A.; Maric, I.; Raffeld, M.; Nathan,
D.A.; Lanier, B.J.; et al. Eradication of B-lineage cells and regression of lymphoma in a patient treated with autologous T cells
genetically engineered to recognize CD19. Blood 2010, 116, 4099–4102. [CrossRef]

198. Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.; Stefanski, H.E.; Myers, G.D.;
et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N. Engl. J. Med. 2018, 378, 439–448.
[CrossRef]

https://doi.org/10.1097/CJI.0000000000000241
https://doi.org/10.1016/j.jcyt.2017.04.001
https://doi.org/10.1158/1078-0432.CCR-20-1434
https://doi.org/10.1001/jamaoncol.2022.3738
https://doi.org/10.1136/jitc-2022-005459
https://doi.org/10.1182/blood-2014-05-552729
https://doi.org/10.1038/nrclinonc.2015.152
https://www.ncbi.nlm.nih.gov/pubmed/26391778
https://doi.org/10.1097/PPO.0000000000000507
https://www.ncbi.nlm.nih.gov/pubmed/33750072
https://doi.org/10.3389/fimmu.2020.00524
https://doi.org/10.1111/bjh.16155
https://www.ncbi.nlm.nih.gov/pubmed/31410842
https://doi.org/10.1136/jitc-2022-006406
https://doi.org/10.1182/bloodadvances.2022008320
https://doi.org/10.1200/JCO.21.01992
https://doi.org/10.3390/cancers14061501
https://doi.org/10.1080/07853890.2022.2136748
https://doi.org/10.1182/blood.2022017415
https://www.ncbi.nlm.nih.gov/pubmed/36800563
https://doi.org/10.1080/10428194.2019.1697814
https://doi.org/10.1016/j.bbmt.2018.12.311
https://doi.org/10.1182/bloodadvances.2023011168
https://www.ncbi.nlm.nih.gov/pubmed/37820111
https://doi.org/10.1016/j.jaip.2021.10.037
https://www.ncbi.nlm.nih.gov/pubmed/34757064
https://doi.org/10.1084/jem.20031330
https://www.ncbi.nlm.nih.gov/pubmed/14707116
https://doi.org/10.1182/blood-2010-04-281931
https://doi.org/10.1056/NEJMoa1709866


Cancers 2024, 16, 3339 23 of 23

199. Arnold, D.E.; Maude, S.L.; Callahan, C.A.; DiNofia, A.M.; Grupp, S.A.; Heimall, J.R. Subcutaneous immunoglobulin replacement
following CD19-specific chimeric antigen receptor T-cell therapy for B-cell acute lymphoblastic leukemia in pediatric patients.
Pediatr. Blood Cancer 2020, 67, e28092. [CrossRef]

200. Hill, J.A.; Giralt, S.; Torgerson, T.R.; Lazarus, H.M. CAR-T—And a side order of IgG, to go?—Immunoglobulin replacement in
patients receiving CAR-T cell therapy. Blood Rev. 2019, 38, 100596. [CrossRef]

201. Hernani, R.; Benzaquen, A.; Solano, C. Toxicities following CAR-T therapy for hematological malignancies. Cancer Treat. Rev.
2022, 111, 102479. [CrossRef] [PubMed]

202. Kampouri, E.; Walti, C.S.; Gauthier, J.; Hill, J.A. Managing hypogammaglobulinemia in patients treated with CAR-T-cell therapy:
Key points for clinicians. Expert Rev. Hematol. 2022, 15, 305–320. [CrossRef] [PubMed]

203. Buechner, J.; Grupp, S.A.; Hiramatsu, H.; Teachey, D.T.; Rives, S.; Laetsch, T.W.; Yanik, G.A.; Wood, P.; Awasthi, R.; Yi, L.; et al.
Practical guidelines for monitoring and management of coagulopathy following tisagenlecleucel CAR T-cell therapy. Blood Adv.
2021, 5, 593–601. [CrossRef] [PubMed]

204. Wang, Y.; Li, C.; Xia, J.; Li, P.; Cao, J.; Pan, B.; Tan, X.; Li, H.; Qi, K.; Wang, X.; et al. Humoral immune reconstitution after
anti-BCMA CAR T-cell therapy in relapsed/refractory multiple myeloma. Blood Adv. 2021, 5, 5290–5299. [CrossRef]

205. Los-Arcos, I.; Iacoboni, G.; Aguilar-Guisado, M.; Alsina-Manrique, L.; Diaz de Heredia, C.; Fortuny-Guasch, C.; Garcia-Cadenas,
I.; Garcia-Vidal, C.; Gonzalez-Vicent, M.; Hernani, R.; et al. Recommendations for screening, monitoring, prevention, and
prophylaxis of infections in adult and pediatric patients receiving CAR T-cell therapy: A position paper. Infection 2021, 49, 215–231.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/pbc.28092
https://doi.org/10.1016/j.blre.2019.100596
https://doi.org/10.1016/j.ctrv.2022.102479
https://www.ncbi.nlm.nih.gov/pubmed/36308910
https://doi.org/10.1080/17474086.2022.2063833
https://www.ncbi.nlm.nih.gov/pubmed/35385358
https://doi.org/10.1182/bloodadvances.2020002757
https://www.ncbi.nlm.nih.gov/pubmed/33496754
https://doi.org/10.1182/bloodadvances.2021004603
https://doi.org/10.1007/s15010-020-01521-5

	Introduction 
	CAR-T Cell Monitoring 
	Quantitative Monitoring of CAR-T Cells 
	Polymerase Chain Reaction 
	Flow Cytometry 

	Monitoring of the Activity of CAR-T Cells 
	Phenotyping of T-Cell Subsets 

	Biomarkers and Parameters for Monitoring CAR-T Cell Therapy 
	Immune Checkpoint Molecules 
	Cytokines 
	ctDNA 

	Monitoring of the Adverse Effects of CAR-T Cell Therapy—Current Practice and Future Options 
	Cytokine Release Syndrome 
	Immune-Effector-Cell-Associated Neurotoxicity Syndrome 
	Hemophagocytic Lymphohistiocytosis 
	Cytopenias/Marrow Hypoplasia 
	B-Cell Aplasia and Hypogammaglobulinemia 

	Conclusions and Future Direction 
	References

