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Simple Summary: B-cell lymphomas are the most commonly occurring blood cancer and the second
leading cause of cancer-related death among blood cancers. Chemotherapy and stem cell trans-
plantation have long served as the standard therapies for relapsed or refractory aggressive B-cell
lymphomas with very poor survival, historically. Recently, the development of multiple chimeric
antigen receptor T-cell (CAR-T) products has translated into dramatically improved outcomes and
survival for patients with relapsed or refractory B-cell lymphoma. Meanwhile, basic, translational
and clinical development within the field has progressed rapidly. The aim of this review is to summa-
rize the current state of the art of CAR-T therapies for B-cell lymphomas within this rapidly evolving
field, focusing on current United States Food and Drug Administration (US FDA)-approved products
and a selection of promising areas of future clinical development.

Abstract: Non-Hodgkin Lymphoma accounts for >460,000 cases and >240,000 deaths globally and
>77,000 cases and >20,000 deaths in the U.S. annually, with ~85% of cases being B-cell malignancies.
Until recently, patients with relapsed/refractory B-cell lymphoma following standard chemotherapy
in combination with anti-CD20 monoclonal antibodies and autologous stem cell transplantation
experienced a median overall survival (OS) of <6 months. However, with the approval of four
different CD-19 CAR-T therapies between 2017 and 2021, approximately 60–80% of patients receiving
CAR-T therapy now achieve an objective response with >3 years median OS. Here, we review the
current state of the art of CD19 CAR-T therapies for B-cell lymphomas, focusing on current updates in
US FDA-approved products, along with their associated efficacy and toxicities. Lastly, we highlight
a selection of promising clinical developments in the field, including various novel strategies to
increase CAR-T therapy efficacy while mitigating toxicity.

Keywords: CAR-T cell; adoptive cell therapy; chimeric antigen receptor; B-cell lymphoma; tisagen-
lecleucel; axicabtagene ciloleucel; brexucabtagene autoleucel; lisocabtagene maraleucel; cytokine
release syndrome; immune effector cell-associated neurotoxicity syndrome

1. Introduction

Non-Hodgkin Lymphoma (NHL) is the most common hematologic neoplasm, rep-
resenting a relatively heterogenous group of lymphoproliferative malignancies arising
from lymphoid tissues [1–8]. NHL can be broadly categorized into T-cell and B-cell lym-
phomas, with B-cell lymphomas comprising ~85% of all NHL [2]. B-cell NHL can be
further sub-classified, ranging from relatively indolent lymphomas to highly aggressive
lymphomas [9,10].

Diffuse large B-cell lymphoma (DLBCL) represents the most frequently occurring
aggressive B-cell lymphoma. Standard therapy for advanced DLBCL involves multi-
agent chemoimmunotherapy, typically with rituximab, cyclophosphamide, doxorubicin,
vincristine and prednisone (R-CHOP), which is associated with long-term remissions in
75–80% of patients [11]. However, depending on the International Prognostic Index (IPI)
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and the presence of adverse genetic features (MYC, BCL2, BCL6), as many as 50% of
patients will be refractory to R-CHOP or will experience disease relapse after an initial
response [12]. In such patients with high-risk disease, higher-intensity chemoimmunother-
apy regimens may be utilized in an effort to reduce the rate of relapse. However, for those
who develop relapsed or refractory (R/R) disease, <40% will achieve a durable response
to salvage chemotherapy [13,14]. Meanwhile, among those who receive autologous stem
cell transplantation (ASCT), up to 50% will ultimately relapse post-ASCT [15,16]. Similar
to DLBCL, high-grade (3B) follicular lymphoma (FL), primary mediastinal large B-cell
lymphoma (PMBCL), high-grade B-cell lymphoma (HGBCL) not otherwise specified (NOS)
and transformed FL (tFL) represent related lymphoma subtypes that are generally treated
with combination chemoimmunotherapy followed by salvage chemotherapy and/or ASCT
for R/R disease with relatively similar efficacy [17].

Mantle cell lymphoma (MCL) represents a unique subtype of aggressive NHL, which
tends to present in older patients and with a more indolent presentation at diagnosis
compared to other aggressive lymphomas. Nevertheless, MCL is generally thought to
be incurable, with a median OS ranging broadly from 5–10 years depending on multiple
factors including disease risk and treatment response [18,19]. Advanced age (>70 years),
elevated LDH, high WBC, complex karyotype, increased Ki-67, high mitotic rate, ele-
vated beta-2 microglobulin and the presence of TP53 mutations have all been described
as adverse risk factors associated with poor prognosis and decreased responses to ther-
apy [19–22]. While there is no single standard induction regimen for MCL, commonly
used multi-agent chemoimmunotherapy regimens may include, but are not limited to,
bendamustine plus R (BR), R-CHOP with R maintenance or R-CHOP with consolidation
ASCT [23–25]. In certain subgroups, higher-intensity induction may be considered using
regimens such as rituximab, hyperfractionated cyclophosphamide, vincristine, doxorubicin
and dexamethasone, alternating with high-dose methotrexate and cytarabine (R-Hyper-
CVAD/MTX/Ara-C) or R-CHOP alternating with rituximab, dexamethasone, cytarabine
and a platinum chemotherapy (R-DHAP) or rituximab and high-dose cytarabine [23–25].
Nevertheless, the majority of patients will experience R/R disease with no standard salvage
regimen and poor long-term outcomes often characterized by serial relapse.

The concept of immune surveillance of neoplastic tissues was proposed in the early
1900s by Paul Ehrlich alongside his seminal studies of humoral immunity [26]. Over the
following decades, numerous scientific advances in the understanding of humoral and cell-
mediated immune effector functions coupled with technological advances have enabled the
development of cellular-based cancer therapeutics. One critical advance in the development
of cellular immunotherapy was that of Jim Allison and colleagues, who first described
the T-cell receptor in 1983 [27]. Subsequent research further elucidated the structure and
function of the TCR, including the highly variably TCR-alpha and -beta chains, which play
a pivotal role in recognizing antigens in the context of major histocompatibility complex
(MHC); the -gamma, -delta and -epsilon chains; and the intracellular -zeta chains, which
play a critical role in transmitting TCR ligand binding into intracellular T-cell signaling
and activation [28]. Of note, TCR recognition of cancer neo-antigens and the subsequent
regulation of T-cell effector functions targeting neoplastic cells represent a highly relevant
aspect of immune system cancer surveillance. In 1988, Steven Rosenberg and collaborators
published the first-in-human data using adoptive cell therapy (ACT) with tumor infiltrating
lymphocytes (TILs) to treat metastatic melanoma with >50% response rates [29]. Rosenberg
and colleagues quickly followed up by publishing data in 1990 on the use of ACT with
retroviral gene-transduced TILs to track the location and persistence of TILs in vivo, serving
as the first-in-human use of gene-edited cellular therapies for the treatment of cancer [30].
These pivotal studies established the feasibility and potential effectiveness of cellular
therapy platforms in the treatment of cancer, while demonstrating the safety of genetically
modified cellular therapies.

In parallel to these landmark experiments defining the TCR’s structure/function
and evaluating ACT with TILs, in 1987 Yoshihisa Kuwana, Yoshikazu Kurosawa and
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colleagues first published their work on the development of a genetically engineered T-
cell expressing a 1st generation chimeric antigen receptor (CAR) containing the variable
antigen-recognition domains of an antibody linked to the constant transmembrane and
intracellular CD3-zeta signaling domains of a TCR [31]. By 1989, Gideon Gross and Zelig
Eshhar published subsequent work describing the generation of a genetically engineered
CAR T-cell (CAR-T) capable of recognizing antigens in the absence of MHC presentation
and activating T-cell effector functions [32]. However, it would take nearly 20 years
and numerous additional advances before these CAR-Ts successfully moved from the
bench to the bedside, including increased transduction efficiency using both viral and
non-viral methods, CAR-T activation and expansion and CAR construct optimization.
In particular, the 1st generation CAR construct underwent notable revisions leading to a
2nd generation CAR, which contains the addition of either a CD28 or 41BB intracellular
co-stimulatory domain to augment CD3-zeta mediated intracellular signaling and optimize
T-cell activation. In 2017, data from the pivotal ZUMA-1 trial evaluating the 2nd generation
CD19 CAR-T therapy axicabtagene ciloleucel demonstrated the remarkable efficacy of
CD19 CAR-T therapies and led to the first US FDA approval of a CAR-T therapy for
the indication of R/R large B-cell lymphoma (LBCL) [4]. Since that time, additional
pivotal trials evaluating 2nd generation CD-19 CAR-T products for B-cell lymphoma have
led to three more FDA approvals, including tisagenlecleucel in 2018 [5], brexucabtagene
autoleucel in 2020 [6] and lisocabtagene maraleucel in 2021 [7].

However, despite the notable efficacy and high remission rates observed in these
pivotal studies, CD19 CAR-T therapies are also associated with unique and potentially
life-threatening toxicities including cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS). CRS is associated with elevated serum
levels of pro-inflammatory cytokines, including interferon gamma (IFN-gamma), TNF,
IL-6 and IL-10, which contribute to a systemic hyper-inflammatory syndrome character-
ized most commonly by fevers, hypotension and hypoxemic respiratory failure [33,34].
The pathophysiologic mechanism of ICANS is less well understood but may be related
to underlying endothelial dysfunction and the leakage of elevated serum cytokine levels
across the blood–brain barrier, resulting in an inflammatory encephalopathy [35]. Never-
theless, both immune effector cell (IEC)-associated toxicities present unique challenges for
both clinical management and research development.

Here, we review the current state of the art of CD19 CAR-T therapies for B-cell lym-
phomas, focusing on current updates in US FDA-approved products, along with their
associated efficacy and toxicities. Lastly, we highlight areas of promising clinical devel-
opment including various novel strategies to increase CAR-T therapy efficacy, overcome
post-CAR-T relapse and mitigate IEC-associated toxicity.

2. US FDA-Approved CAR-T Therapies for B-Cell Lymphomas

The details of US FDA-Approved CAR-T therapies for B-cell lymphomas can be seen
in Table 1.

2.1. Axicabtagene Ciloleucel

Axicabtagene ciloleucel (axi-cel) (Yescarta) is a CD19-directed genetically modified
autologous CAR-T immunotherapy that was approved by the US FDA in 2017 for the
treatment of adult patients (≥18 years) with R/R LBCL after two or more lines of systemic
therapy, including DLBCL NOS, DLBCL arising from FL, HGBCL and PMBCL. Addition-
ally, axi-cel was recently granted FDA approval for use in FL relapsing after two or more
lines of systemic therapy in 2021.

2.1.1. CAR Construct

The axi-cel CAR consists of a 2nd generation CD19-directed extracellular domain
linked via a hinge and transmembrane domain to the intracellular CD28/CD3-zeta co-
stimulatory domain transduced into unselected T-cells using a gamma-retrovirus vector.
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Table 1. Summary table of the 4 FDA-approved CD19 CAR-T products for B-cell lymphomas and the results of their pivotal
trials. Abbreviations: US: United States; FDA: Food and Drug Administration; gen: generation; DLBCL: diffuse large B-cell
lymphoma; tFL: transformed follicular lymphoma; ALL: acute lymphoblastic leukemia; PMBCL: primary mediastinal B-cell
lymphoma; MCL: mantle cell lymphoma; post-ASCT: post autologous stem cell transplantation; chemo: chemotherapy;
Flu: fludarabine; Cy: cyclophosphamide; CAR-T: chimeric antigen T-cell; yrs: years; kg: kilogram; max: maximum; DL: dose
level; OR: overall response; CR: complete response; Med.: median; DOR: duration of response; PFS: progression-free
survival; OS: overall survival; mo: months; CRS: cytokine release syndrome; AE: adverse event.

Axicabtagene Ciloleucel
(axi-cel, Yescarta)

Tisagenlecleucel
(tisa-cel, Kymriah)

Brexucabtagene
Autoleucel (brexu-cel,

Tecartus)

Lisocabtagene
Maraleucel (liso-cel,

Breyanzi)

US FDA
Approval

2017: LBCL
2021: FL

2017: ALL (age < 26 years)
2018: LBCL 2020: MCL 2021: LBCL

CAR
Construct

•2nd gen, CD28
•Retroviral vector

•2nd gen, 41BB
•Lentiviral vector

•2nd gen, CD28
•Retroviral vector

•2nd gen, 41BB
•Lentiviral vector

Pivotal Trial ZUMA-1 [4]
Phase 1/2

JULIET [5]
Phase 2

ZUMA-2 [6]
Phase 2

TRANSCEND [7]
Phase 2

Study
Population

111 enrolled; 101 dosed
•76% DLBCL; 16% tFL;

8% PMBCL
•79% refractory
•21% post-ASCT

165 enrolled; 111 dosed
•80% DLBCL; 18% tFL

•54% refractory
•49% post-ASCT

74 enrolled, 68 dosed
•100% MCL

•40% refractory
•43% post-ASCT

344 enrolled, 269 dosed
•51% DLBCL,

13% HGBCL, 6% PMBCL,
1% FL grade 3b
•67% refractory
•35% post-ASCT

Bridging Chemo No Yes, 59% Yes, 37% Yes, 59%

Lymphodepleting Chemo
Flu 30 mg/m2 and Cy

500 mg/m2 on Days −5,
− 4, and − 3

•Flu 25 mg/m2 and Cy
250 mg/m2 on Days −5,

− 4, and − 3
•Bendamustine

(90 mg/m2) daily for
2 days

Flu 30 mg/m2 and Cy
500 mg/m2 on Days −5,

− 4, and − 3

Flu 30 mg/m2 and Cy
300 mg/m2 × 3 days,
2–7 days before CAR

infusion

CAR-T Dose
•2.0 × 106 CAR-T cells/kg

•If >100 kg, max.
2.0 × 108 CAR-T cells

•Median, 3 × 108

CAR-T cells
•Range, 0.1–6.0 × 108 cells

•2.0 × 106 CAR-T cells/kg
•If >100 kg, max.

2.0 × 108 CAR-T cells)

•DL1: 50 × 106

CAR-T cells (n = 45)
•DL1: 100 × 106

CAR-T cells (n = 183)
•DL3: 150 × 106

CAR-T cells (n = 41)
(CD4:CD8 in 1:1 ratio)

Efficacy

OR: 82%
CR: 54%

Med. DOR: 11.1 mo
Med. PFS: 5.9 mo
OS at 18 mo: 52%

OR: 52%
CR: 40%

Med. DOR: NR at 17 mo
Med. OS: 11.1 months

OR: 85%
CR: 59%

Med. DOR: NR at 12 mo
PFS at 12 mo: 61%
OS at 12 mo: 83%

OR: 61%
CR: 44%

Med. DOR: NR at 12 mo
Med. PFS: 6.8 mo
Med. OS: 21.1 mo

Safety

CRS:
•All Grades: 93%
•≥ Grade 3: 13%

Neurotoxicity:
•All Grades: 64%
•≥ Grade 3: 28%
Grade 5 AEs: 6%

CRS:
•All Grades: 58%
•≥ Grade 3: 22%

Neurotoxicity:
•All Grades: 21%
•≥ Grade 3: 12%
Grade 5 AEs: 3%

CRS:
•All Grades: 91%
•≥ Grade 3: 15%

Neurotoxicity:
•All Grades: 63%
•≥ Grade 3: 31%
Grade 5 AEs: 3%

CRS:
•All Grade: 42%
•≥ Grade 3: 2%
Neurotoxicity:

•All Grades: 30%
•≥ Grade 3: 10%
Grade 5 AEs: 0%

2.1.2. Efficacy

The efficacy of axi-cel was demonstrated in the pivotal ZUMA-1 trial, initially pub-
lished in 2017 [4] with longer-term follow-up data in 2019 [36]. In the ZUMA-1 trial,
patients on study did not receive bridging chemotherapy. Lymphodepleting chemotherapy
(LDC) consisted of fludarabine (Flu) 30 mg/m2 and cyclophosphamide (Cy) 500 mg/m2

on days-5, -4 and -3 followed by infusion of axi-cel on day 0, which was dosed at
2.0 × 106 CAR-T cells/kg (if >100 kg, maximum upper limit dose of 2.0 × 108 CART
cells/kg). A total of 111 adult patients with R/R DLBCL, PMBCL and tFL were enrolled,
with 101 patients ultimately receiving axi-cel infusion and 108 patients being included in
the modified intent-to-treat analysis. In the initial efficacy reports, the objective response
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(OR) rate was 82% with a complete response (CR) rate of 54%. The observed median time
to response was 1 month, while 22 out of 57 patients (39%) who achieved an initial partial
response (PR) or stable disease (SD) subsequently achieved a CR, suggesting ongoing
CAR-T activity for months following the initial infusion. Most responses were observed
within 6 months. In addition, the level of CAR-T expansion within the first 28 days of
infusion was strongly correlated with response rate and risk of severe ICANS, but not CRS.
At a median follow-up of 15.4 months, 42% of patients remained in remission with 40%
being in a CR. OS at 18 months was 52%. The relatively high response rates in previously
treatment-refractory patients coupled with a high proportion of long-term remissions
generated considerable optimism regarding the potential of CAR-T therapies for B-cell
lymphomas and led to the FDA approval of axi-cel for the indications listed above.

Longer-term data from ZUMA-1 at a median follow-up of 27.1 months demonstrated
that the median duration of response (DOR) for all patients was 11.1 months [36]. However,
among those achieving a CR, the median DOR was not reached and 39% of patients
maintained a sustained remission on long-term follow-up. The median overall OS was not
reached, while the median progression-free survival (PFS) was 5.9 months. Following FDA
approval, real-world data on the use of axi-cel have also demonstrated similar results as
reported with ZUMA-1, including data from the US Lymphoma CAR-T Consortium on
298 patients with R/R DLBCL achieving an OR rate of 82% and CR rate of 64% at a median
follow-up of 12.9 months [37]. In addition, results from the ZUMA-5 trial evaluating axi-cel
in indolent NHL (FL and marginal zone lymphoma (MZL)) demonstrated an OR rate
of 94% with 76% of patients maintaining a sustained remission at 17.5 months median
follow-up [38]. These data led to an accelerated FDA approval for axi-cel for the indication
of FL relapsing after two or more lines of systemic therapy.

2.1.3. Toxicity

In the ZUMA-1 trial, grade 3 or higher adverse events (AEs) occurred in 95% of
patients, with the most common high-grade AEs being cytopenias (neutropenia 78%,
anemia 43%, thrombocytopenia 38%). CRS and ICANS of any grade occurred in 93%
and 64% of patients, respectively. However, severe (grade 3 or higher) CRS and ICANS
occurred in only 13% and 28%, respectively. Treatment-related mortality was rare, with
non-relapse mortality (NRM) accounting for only 3 out of 44 deaths on study (6%). A total
of 43% of patients experiencing CRS and/or ICANS received tocilizumab (an anti-IL-6
receptor monoclonal antibody), while 27% received glucocorticoids without any apparent
impact on treatment efficacy. In the larger US Lymphoma CAR-T Consortium experience
following FDA approval, grade 3 or higher CRS and ICANS with axi-cel occurred in 7%
and 31% of patients, respectively, with NRM accounting for 4.4% of deaths [37].

2.2. Tisagenlecleucel

Tisagenlecleucel (tisa-cel) (Kymriah) is a CD19-directed genetically modified autolo-
gous CAR-T immunotherapy US FDA approved for the treatment of adult patients with
R/R LBCL after two or more lines of systemic therapy, including DLBCL NOS, DLBCL
arising from FL and HGBCL. Of note, tisa-cel was also FDA approved for the treatment
of pediatric and young adult (<26 years) patients with R/R B-cell acute lymphoblastic
leukemia in 2017. However, this review will focus on B-cell lymphomas specifically.

2.2.1. CAR Construct

The tisa-cel CAR consists of a 2nd generation CD19-directed extracellular domain
linked via a hinge and transmembrane domain to the intracellular 41BB/CD3-zeta co-
stimulatory domain transduced into selected T-cells using a lentivirus vector.

2.2.2. Efficacy

The efficacy of tisa-cel for the treatment of LBCL was demonstrated in the pivotal
JULIET trial initially published in 2019 [5]. In the JULIET trial, bridging chemotherapy
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was allowed, with 92% of patients receiving some form of bridging therapy during the
manufacturing period. The most common agents used for bridging on study included
some combination of the following agents: rituximab (54%), gemcitabine (40%), etoposide
(26%), dexamethasone (25%), cisplatin (19%) and cytarabine (19%). LDC consisted of either
Flu 25 mg/m2 and Cy 250 mg/m2 on days -5, -4 and -3 or bendamustine 90 mg/m2 for
2 days administered 1 week prior to infusion of tisa-cel on day 0, which was dosed at a
median of 3.0 × 108 CAR-T cells (range, 0.1 × 108 to 6.0 × 108). A total of 165 adult patients
were enrolled, with 111 patients ultimately receiving tisa-cel infusion and 93 patients
being included in the initial efficacy analysis with at least 3 months of follow-up. In the
initial efficacy reports, the OR rate was 52% with a CR rate of 40%. Interestingly, 79% of
patients who achieved CR and 65% of patients achieving any response maintained that
response at 12 months of follow-up, with the median DOR not reached at a follow-up of
18 months. Additionally, no increased response rate was seen in the JULIET study based
on the expansion or persistence of tisa-cel in vivo. These data led to the FDA approval of
tisa-cel for the indications listed above.

Longer-term data from the JULIET trial demonstrated that 60.4% of patients main-
tained their response at 30 months, with the median DOR still not reached at a median
follow-up of 40.3 months [39]. The median overall OS was 11.1 months for all patients.
However, for patients who achieved a response at 3 months, the median OS was not
reached with 40 months follow-up, highlighting the durable nature of responses to tisa-cel
when they were achieved. Most recently in 2021, the 5-year outcomes from the JULIET
trial with a median follow-up of 60.7 months demonstrated an OR rate of 58% with CR
rate of 46% and median DOR of 61.4 months in patients with DLBCL [40]. Meanwhile,
for patients with FL, the OR rate was 79% with a CR rate of 71% and median DOR not
reached [40]. Interestingly, when late relapses were observed (>1 year after initial response),
loss of CD19 expression on tumor cells by flow cytometry was not detected, suggesting
the mechanism of late relapse to tisa-cel may be unrelated to antigen dropout. Following
FDA approval, additional real-world data on the use of tisa-cel have demonstrated similar
results as reported in JULIET, including data from the Center for International Blood and
Marrow Transplant Research (CIBMTR) with 155 patients with R/R NHL achieving an OR
rate of 61.8% and CR rate of 39.5% at a median follow-up of 11.9 months [41].

2.2.3. Toxicity

In the JULIET trial, grade 3 or higher AEs occurred in 85% of patients, with the
most common AEs being cytopenias (neutropenia 34%, anemia 48%, thrombocytopenia
33%). CRS and ICANS of any grade occurred in 58% and 21% of patients, respectively.
However, severe (grade 3 or higher) CRS and ICANS occurred in only 22% and 12%,
respectively. Treatment-related mortality was not observed in the JULIET trial, with three
deaths reported within the first 30 days after infusion being related to the progression of
disease. A total of 14% of patients experiencing CRS and/or ICANS received tocilizumab,
while 10% received glucocorticoids without any apparent impact on treatment efficacy.
In the real-world CIBMTR experience following FDA approval, grade 3 or higher CRS and
ICANS with tisa-cel occurred in 11.6% and 7.5% of patients, respectively [41].

2.3. Brexucabtagene Autoleucel

Brexucabtagene autoleucel (brexu-cel) (Tecartus) is a CD19-directed genetically mod-
ified autologous CAR-T immunotherapy with accelerated approval for the treatment of
adult patients with R/R MCL.

2.3.1. CAR Construct

The brexu-cel CAR consists of a 2nd generation CD19-directed extracellular domain
linked via a hinge and transmembrane domain to the intracellular CD28/CD3-zeta co-
stimulatory domain transduced into selected T-cells using a gamma-retrovirus vector.
Notably, while the CAR construct and transduction method for brexu-cel are similar to
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axi-cel, one significant difference in the manufacturing of brexu-cel is the selection of T-cells
in order to ensure the removal of any CD19-expressing malignant cells prior to transduction
of the CAR [6].

2.3.2. Efficacy

The efficacy of brexu-cel was demonstrated in the pivotal ZUMA-2 trial, initially
published in 2020 [6]. In the Zuma-2 trial, bridging chemotherapy using glucocorticoids
and/or BTK inhibition (ibrutinib or acalibrutinib) was allowed, with 37% of patients receiv-
ing some form of bridging therapy. LDC consisted of Flu 30 mg/m2 and Cy 500 mg/m2

on days-5, -4 and -3 followed by infusion of brexu-cel on day 0, which was dosed at
2.0 × 106 CAR-T cells/kg (if >100 kg, maximum upper limit dose of 2.0 × 108 CART
cells/kg). A total of 74 adult patients with R/R MCL were enrolled, with 68 patients
ultimately receiving brexu-cel infusion and 60 patients being included in primary efficacy
analysis. In the initial efficacy reports, the best OR rate was 93% with a CR rate of 67%.
However, based on the intention-to-treat analysis, the OR rate was 85% with a CR rate
of 59%. The median time to response was 1 month (range 0.8–3.1 months) and median
time to CR was 3 months. Moreover, among the 42 patients who achieved an initial PR
or SD, 57% went on to develop a CR within a median of 2.2 months, suggesting ongoing
anti-tumor activity for months following the initial CAR-T infusion. At a median follow-up
of 12.3 months, 57% of patients remained in remission. OS at 12 months was 83% with
PFS of 61%. The relatively high response rates in previously treatment-refractory MCL
patients coupled with durable remission rates at 12 months led to an accelerated approval
of brexu-cel by the FDA for the indications listed above. Continued approval of brexu-cel
will be contingent upon the results of an ongoing confirmatory trial demonstrating similar
clinical benefit (NCT04880434).

2.3.3. Toxicity

In the ZUMA-2 trial, grade 3 or higher AEs occurred in 99% of patients, with the most
common high-grade AEs being cytopenias (neutropenia 85%, anemia 50%, thrombocytope-
nia 51%). Notably, 26% of patients experienced prolonged cytopenias of grade 3 or higher
for more than 90 days. CRS and ICANS of any grade occurred in 91% and 63% of patients,
respectively. However, severe (grade 3 or higher) CRS and ICANS occurred in only 15%
and 31%, respectively. Treatment-related mortality was rare, with NRM accounting for
two deaths (3%) due to infectious complications. A total of 59% of patients experiencing
CRS and/or ICANS received tocilizumab, while 38% received glucocorticoids without any
apparent impact on treatment efficacy.

2.4. Lisocabtagene Maraleucel

Lisocabtagene maraleucel (liso-cel) (Breyanzi) is a CD19-directed genetically modified
autologous CAR-T immunotherapy FDA approved for the treatment of adult patients with
R/R LBCL after two or more lines of systemic therapy, including DLBCL NOS, DLBCL
arising from indolent NHL, HGBCL and FL (grade 3B).

2.4.1. CAR Construct

The liso-cel CAR consists of a 2nd generation CD19-directed extracellular domain linked
via a hinge and transmembrane domain to the intracellular 41BB/CD3-zeta co-stimulatory
domain transduced into selected T-cells (1:1 CD4:CD8 ratio) using a lentivirus vector.

2.4.2. Efficacy

The efficacy of liso-cel in the treatment of LBCL was demonstrated in the pivotal
TRANSCEND trial, initially published in 2020 [7]. In the TRANSCEND trial, bridging
chemotherapy was allowed, with 59% of patients receiving some form of bridging therapy
during the manufacturing period. The most common bridging regimens used in >10%
of patients were a combination of rituximab, gemcitabine and oxaliplatin (R-GEMOX)
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(11%), dexamethasone (11%) and radiotherapy. A number of other agents were used less
frequently. LDC consisted of Flu 30 mg/m2 and Cy 300 mg/m2 for 3 days administered
between 2 and 7 days prior to liso-cel infusion. Liso-cel was infused at three different dose
levels in the TRANSCEND trial, including 50 × 106 CAR-T cells, 100 × 106 CAR-T cells
and 150 × 106 CAR-T cells, which were administered as sequential infusions of the two
separate components of CD4+ and CD8+ CAR-T cells. There were no significant differences
in efficacy or safety across the dose levels and therefore the recommended target dose level
was determined to be ~100 × 106 CAR-T cells. A total of 344 adult patients were enrolled,
with 269 patients ultimately receiving at least one infusion of liso-cel and 256 patients being
included in the efficacy analysis. The OR rate was 73% with a CR rate of 53% at a median
follow-up of 18.8 months. Meanwhile, in the intention-to-treat analysis, the OR rate was
61% with a CR rate of 44%. The median duration of response was not reached at 12 months,
with 55% of all patients and 65% of those in a CR maintaining remission. Median PFS was
6.8 months and OS was 21.1 months. These data led to the FDA approval of liso-cel for the
indications listed above.

2.4.3. Toxicity

In the TRANSCEND trial, grade 3 or higher AEs occurred in 79% of patients, with the
most common high-grade AEs being cytopenias (neutropenia 60%, anemia 37%, throm-
bocytopenia 27%). Notably, CRS and ICANS were particularly rare relative to other
FDA-approved CAR-T cell products, with CRS and ICANS of any grade occurring in 42%
and 30% of patients, respectively. Moreover, severe (grade 3 or higher) CRS and ICANS
occurred in only 2% and 10%, respectively. This translated into lower requirements for
tocilizumab and glucocorticoids, with total of 20% of patients requiring tocilizumab and/or
glucocorticoids. However, a total of seven (3%) patients did experience NRM with one
case of each of the following: diffuse alveolar damage, pulmonary hemorrhage, multiple
organ dysfunction syndrome, cardiomyopathy, leukoencephalopathy, septic shock and
progressive multifocal leukoencephalopathy.

3. Promising Cellular Therapy Research for B-Cell Lymphomas

The results of the presented pivotal trials and subsequent FDA approval of four
different CD19-directed CAR-T products for the treatment of a spectrum of R/R B-cell
lymphomas have dramatically improved patient outcomes [4–7]. However, refractoriness
to CAR-T treatment, relapse after initial response, CAR-T toxicity and the cost of CAR-T
therapies represent significant areas for improvement upon the current standard of care.
Here, we present a selected review of promising translational and clinical research focused
on addressing some of these unmet needs (Table 2).

3.1. Targeting New Antigens

Currently, the four different CAR-T therapies US FDA approved for B-cell lymphomas
all target CD19, a commonly expressed mature B-cell antigen. However, the antigen
recognition portion of the CAR consists of the single-chain variable (scFv) region of an
antibody, allowing the antigen specificity of a CAR to be customizable and the development
of CARs targeting a broad array of antigens. In addition, the selection of antigens that
are highly and consistently expressed on malignant cells while not expressed on normal,
healthy tissues is an important consideration in optimizing on-target on-tumor CAR-T
activity (i.e., cancer-cell killing) while minimizing on-target off-tumor activity (i.e., toxicity
to normal tissue). Meanwhile, antigen dropout with loss of CD19 on malignant cells
represents one well-described mechanism of relapse after initial responses to CD19 CAR-T
treatment. Therefore, the development of CAR-Ts to target alternative antigens remains an
active area of investigation.
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Table 2. Summary table of promising future directions of translational and clinical CAR-T develop-
ment. Abbreviations: TALENs: transcription activator-like effector nucleases; CAR: chimeric antigen
receptor; Gen: generation; PD-1: programmed cell death protein 1; PD-L1: programmed cell death
protein ligand 1; JAK: janus kinase; STAT: signal transducer and activator of transcription.

Future Directions in Translational and Clinical CAR-T Development

Targeting New Antigens CD20, CD22, BAFF-R, CD29a, CD37, Ig-kappa
and others

Multi-specific CARs

Co-administration of ≥2 antigen-specific
CAR-Ts; Bi-cistronic CAR-Ts expressing ≥2

different antigen-specific CARs; Tandem
CAR-Ts expressing 1 CAR with dual antigen
specificity (furthest in clinical development:

CD19/CD20 and CD19/CD22)

Allogeneic “off-the-shelf” Universal CAR-Ts
TCR and/or HLA modifications using various

gene editing techniques (e.g., zinc finger
nucleases, TALENs and CRISPR-Cas9)

Optimizing CAR-T Function
CAR modification (3rd and 4th Gen CAR-Ts),

cytokine stimulation/priming (e.g., IL-7),
checkpoint inhibition (e.g., PD-1/PD-L1)

Reducing CAR-T Toxicity

Prophylactic tocilizumab and/or
glucocorticoids, CAR modification, CAR-T

“on/off” switches, CAR-T “suicide” switches,
targeted inhibitors of relevant inflammatory

signaling pathways (e.g., JAK/STAT)

Following CD19, targeting the antigens CD22 and CD20 represents two of the more
promising strategies in clinical development for CAR-T therapies for B-cell lymphoma.
CD20 is a commonly expressed mature B-cell antigen and is also expressed on a large
proportion of B-cell lymphomas, whereas CD22 is an inhibitory co-receptor expressed on
a range of mature B-cells, immature B-cells and B-cell lymphomas. As of 2021, as many
as 39 different CD22 CAR-T products and 26 CD20 CAR-T products have been reported
to be in various stages of pre-clinical and clinical development, including 10 phase II
clinical trials of CD22 CAR-Ts and 8 phase II trials for CD20 CAR-Ts underway [42].
Meanwhile, other antigen targets for B-cell lymphomas have been explored in pre-clinical
development, including B-cell activating factor receptor (BAFF-R), CD79a, CD37 and Ig-
kappa, as well as others. The BAFF-R is a pro-survival receptor expressed on B-cells and
a large proportion of malignant B-cells that plays an important role in the proliferation
of both normal B-cells and malignant lymphoma in response to BAFF, a member of the
tumor necrosis factor (TNF) family of ligands [43]. Preclinical mouse models have shown
BAFF-R CAR-T cells are capable of killing B-cell lymphoma cells, and notably remain
efficacious against malignant B-cells that have lost CD19 antigen expression [44]. CD79a
is a cell surface protein that forms a dimer with the immunoglobulin of a B-cell to form
the B-cell antigen receptor. Targeting CD79a with cellular therapies has been explored
in pre-clinical studies with signs of efficacy [45]. Mature B-cells also commonly express
immunoglobulins (Ig) with non-restricted (i.e., polyclonal) kappa and lambda expression,
whereas malignant B-cells commonly are monoclonal and thus express a restricted Ig-
kappa or lambda phenotype. CAR-Ts targeting Ig-kappa have been explored in pre-clinical
and early-phase clinical trials with minimal toxicity and the notable benefit of sparing
the lambda-expressing lymphocytes [46]. CD37 is an antigen that is widely expressed on
various immune cells, but is found in highest abundance in B-cells and a large number
of lymphomas. CD37 CAR-Ts have been explored in preclinical models with signs of
activity, but the potential for on-target off-tumor toxicity to CD37+ immune cells remains
an important consideration [47]. In summary, the development of CAR-Ts targeting new
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malignancy-associated antigens is underway in multiple clinical trials and is likely to yield
new therapeutic options for patients with antigen-positive B-cell malignancies.

3.2. Multi-Specific CARs

Antigen dropout, as previously noted, is one mechanism of relapse after CD19 CAR-T
therapies. In addition, B-cell lymphomas can be heterogenous and dynamic in their antigen
presentation. Therefore, one strategy to increase the effectiveness of CAR-T cells has been
the development of bi-specific and/or multi-specific CAR-T cells that express CARs with
affinity to more than one antigen. Both CD19/CD20 and CD19/CD22 bi-specific CAR-
Ts have been evaluated in early-phase clinical trials with acceptable safety profiles and
signals of efficacy [48,49]. Various other tri-specific and novel multi-specific strategies
have been reported in pre-clinical stages of development [50]. One strategy involves the
co-administration of a mixture of two or more CAR-T lines with each CAR-T expressing
a different CAR construct with single-antigen specificity. Another strategy described
involves the generation of a bi-cistronic CAR-T line with each CAR-T expressing two
different CAR constructs that each have single-antigen specificity. Lastly, the generation of
tandem CAR-Ts has been described, with the infusion of a single CAR-T line that expresses
a single CAR construct that has an extracellular domain with scFv portions in a number of
potential configurations capable of recognizing two or more antigens [51,52].

3.3. Allogeneic “Off the Shelf” CAR-Ts

One significant limitation to the use of CAR-Ts is the considerable time and finan-
cial resources necessary for the manufacturing process. CAR-T manufacturing typi-
cally takes a minimum of 3–6 weeks and involves patients undergoing leukapheresis
to collect autologous T-cells, the transport of the T-cells to a GMP facility, the isola-
tion/selection/stimulation of the necessary T-cells, gene editing (depending on the CAR-T
product), CAR transduction, expansion/purification of CAR-positive T-cells, quality con-
trol checks, the transportation of cells back to the site of patient care, the administration
of lymphodepleting conditioning chemotherapy and finally the infusion of the CAR-T
cells into the patient (Figure 1). During this process, the manufacturing time, potential
manufacturing failures/delays and risk of disease progression in patients can all represent
significant barriers to treatment. In addition, the logistics and personalized generation of
each CAR-T treatment significantly increase costs. Therefore, considerable interest and
research has focused on the concept of developing “off-the-shelf” CAR-T products that can
be manufactured and stored ahead of time and are available to be administered to a patient
in need within a matter of days, rather than multiple weeks.

One of the most promising approaches to addressing these challenges with autol-
ogous CAR-Ts is the development of allogeneic CAR-T cells, which could make use of
T-cells collected from healthy donors manufactured into CAR-Ts in advance, stored in
cryopreservation and then shipped to the treating facility on demand. Such an approach
would significantly minimize time to treatment, eliminate manufacturing delays/failures
and would also allow for significant reductions in cost. However, a major barrier to the
use of allogeneic CAR-Ts has been the risk of T-cell-mediated graft-versus-host disease
(GVHD). Fortunately, advances in the field of gene editing using various techniques,
such as zinc finger nucleases, transcription activator-like effector nucleases (TALENs) and
CRISPR/Cas-9 gene editing, have enabled the potential to modify allogeneic T-cells during
the manufacturing process by editing genomic sequences in the constant regions of the
endogenous alpha- or beta-subunits of the TCR and the HLA-A locus to disrupt allo-
antigen recognition and T-cell activation [53–56]. The resulting CAR-Ts have been termed
“universal” CAR-Ts or UCARTs, owing to their ability to be universally administered
to HLA-unmatched recipients with limited risk of allo-reactivity and GVHD. UCARTs
have been explored in preclinical studies with promising pre-clinical activity targeting a
variety of antigens [56–59]. Currently, multiple clinical trials are underway to determine
the efficacy and toxicity of various allogeneic CAR-T products, with the potential to signifi-
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cantly improve upon the manufacturing challenges and costs associated with autologous
CAR-T therapies.
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3.4. Optimizing CAR-T Signaling, Expansion and Persistence

During early development of CAR-T cells, the first generation of CARs consisted of
an extracellular antigen recognition (scFv) domain connected via a hinge and transmem-
brane domain to the intracellular domain, which consisted of the CD3-zeta portion of the
TCR [31,32]. These early CAR-Ts demonstrated the proof of principle. However, it was not
until the 2nd generation CAR-Ts with additional co-stimulatory endodomains (CD28 or 4-
1BB) were developed that the true clinical efficacy of CAR-Ts was fully demonstrated [4–7].
Subsequent research has led to additional co-stimulatory domain modification in the
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form of 3rd generation CAR-Ts, for example, using CD28/4-1BB/CD3-zeta or CD28/OX-
40/CD3-zeta [60]. Additionally, 4th generation CAR-Ts with additional endodomains have
been described, which are capable of inducing the production and release of cytokines
such as IL-12, IL-15 or IL-18 to enhance the activity of CAR-T cells, change the tumor
microenvironment, recruit additional inflammatory cells and achieve CAR-T self-activation
by autocrine pathways [61,62] (Figure 2). Additionally, the degree of CAR-T expansion and
persistence has been linked to increased response rates in some but not all FDA-approved
CAR-T products [4,5]. Therefore, ongoing research has sought to understand the under-
lying mechanisms of CAR-T expansion and to evaluate interventions that may increase
CAR-T expansion and/or persistence. One such approach to improve in vivo CAR-T
expansion being currently evaluated in an ongoing phase 1/2 clinical trial is the admin-
istration of a long-acting, humanized recombinant IL-7 receptor agonist in combination
with CAR-T infusion, which has been shown to increase T-cell expansion and persistence
in a number of other clinical trials for other diseases. Additionally, the up-regulation of
programmed cell death protein 1 (PD-1) has been described as a marker of T-cell exhaustion,
while the up-regulation of PD-L1 on malignant cells has been shown to inhibit CAR-T
effector functions [63]. Clinical trials investigating the addition of check-point inhibitors
to CAR-T are ongoing with early signs of clinical activity, but also with increased AE
rates including ICANS [64–66]. Currently, there are multiple pre-clinical and clinical trials
ongoing to evaluate a broad array of additional strategies to optimize CAR-T function and
efficacy in both FDA-approved CAR-Ts as well as investigational CAR-Ts.
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3.5. Reducing CAR-T Toxicity

The considerable effectiveness of CD19 CAR-T therapies for B-cell malignancies has
dramatically improved clinical outcomes. However, these therapies are also associated with
significant toxicities including CRS and ICANS. CRS has been associated with elevated
serum levels of cytokines, such as IFN-gamma, TNF, IL-6 and IL-10, which contribute
to a systemic hyper-inflammatory syndrome characterized by fevers, hypotension and,
in severe cases, hypoxemic respiratory failure and multi-organ failure [33,34]. Overall,
CRS rates across the four US FDA-approved CD19 CAR-T products for B-cell lymphoma
range from 42–93%, with 2–22% being grade 3 or higher [4–7]. Meanwhile, the underlying
mechanism of ICANS is incompletely characterized but is thought to be mediated in part
by endothelial damage and/or activation leading to the leakage of elevated serum cytokine
levels across the blood–brain barrier and an inflammatory encephalopathy [35]. ICANS
rates across the four US FDA-approved CD19 CAR-T products for B-cell lymphoma range
from 21–64%, with 10–31% being grade 3 or higher [4–7]. Interestingly, CAR-Ts with a
CD28 costimulatory domain seem to be associated with higher rates of CRS and ICANS
compared to CAR-Ts with 4-1BB costimulatory domains, although these various CAR-Ts
have not been compared in head-to-head trials. Moreover, making cross-trial comparisons
of CRS and ICANS rates between different CD19 CAR-T therapies for B-cell lymphomas
has been further confounded by different methods used for grading CRS and ICANS. As a
result of the need to standardize the grading and management of IEC-associated toxicities,
the American Society of Transplantation and Cellular Therapy (ASTCT) developed and
published a consensus guideline for grading and reporting CRS and ICANS [67].

In the clinical management of CRS and ICANS, the use of tocilizumab and gluco-
corticoids along with supportive care has become the standard (Figure 3). In addition,
supportive care must be adjusted to meet each patient’s medical needs in accordance with
the respective grade of CRS and/or ICANS, including, but not limited to: close monitoring
with continuous telemetry and pulse oximetry; IV fluids and vasopressors for hypotension;
supplemental O2 with or without non-invasive or invasive positive pressure ventilatory
support for hypoxemia and respiratory distress; G-CSF, thrombopoietin mimetics and
transfusion support for prolonged cytopenias; a complete infectious work-up and prompt
initiation of empiric broad spectrum antibiotics for neutropenic fever; and acetaminophen
for pyrexia, IVIG for clinically significant immunoparesis due to prolonged hypogamma-
globulinemia and appropriate antimicrobial prophylaxis for herpes simplex, Pneumocystis,
fungal, bacterial and other opportunistic infections, as indicated [67]. Meanwhile, ongoing
research efforts to reduce and/or prevent these IEC-associated toxicities have taken nu-
merous forms. One such approach has focused on the modification of the CAR construct
to mitigate CRS and ICANS, given that the CAR and its individual domains contribute
significantly to downstream CAR-T activation and cytokine production. For example,
a phase I study of a CD19 CAR-T with a modified CD8-alpha hinge/transmembrane do-
main demonstrated significantly lower levels of inflammatory serum cytokines, no ICANS
and no grade 3 or higher CRS while still achieving >50% OR rates [68]. In some cases,
on/off switches and “suicide” switches have been engineered into the CAR construct to
allow physicians the ability to disable CAR-Ts when a patient experiences high-grade
AEs [69]. In addition, a number of clinical trials are ongoing to evaluate the administration
of novel prophylactic strategies to reduce the risk of CRS and ICANS while not hindering
the therapeutic effect, including the inhibition of the JAK/STAT pathway (NCT04071366).
Meanwhile, there are numerous other pre-clinical and clinical studies underway aimed at
modeling and ultimately improving the toxicity profile of CAR-Ts.
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4. Conclusions

B-cell lymphomas are the most commonly occurring hematologic malignancy and
the second leading cause of death among hematologic neoplasms. Historically, outcomes
for R/R B-cell lymphoma treated with traditional chemoimmunotherapy have been poor.
The development and subsequent US FDA approval of four different CD19 CAR-T therapies
for B-cell lymphomas have dramatically improved outcomes and survival for these patients.
However, refractoriness to CAR-T therapy, post-CAR-T relapse, CAR-T toxicity and the
financial costs associated with CAR-T therapy represent significant challenges to the
field. Fortunately, a number of translational and clinical studies are underway with the
aim of solving these unmet needs, including targeting new cancer antigens, generating
effective/safe multi-specific and “off-the-shelf” allogeneic UCARTs, optimizing CAR-T
function and reducing CAR-T-related medical and financial toxicity. Moreover, CAR-T
therapy as a broad anti-cancer platform to treat a diverse array of hematologic and solid
malignancies is rapidly growing with over 1150 CAR-T cell therapies in development
globally in 2021, including 512 ongoing phase I–III human trials targeting numerous



Cancers 2021, 13, 5181 15 of 18

antigens for both hematologic (e.g., CD19, BCMA, CD22, CD20, CD123, CD33) and solid
malignancies (HER2, PSMA, MSLN, GD2, EGFR, GPC2/3, NYESO1, etc.).
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