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Abstract
Purpose of Review Chimeric antigen receptor T-cell (CAR-T) therapy is a form of adoptive cellular therapy that has revolution-
ized the treatment landscape in hematologic malignancies, especially B-cell lymphomas. In this review, we will discuss some of
the landmark data behind these therapies and then lay out our approach to utilizing this new therapy.
Recent Findings CD19-directed CAR-Ts are the most common type currently used in treatment of relapsed B-cell lymphoid
neoplasms. There are currently three FDA-approved products: axicabtagene ciluecel and tisagenlecleucel for the treatment of
relapsed/refractory large B-cell lymphoma and pediatric B-cell acute lymphocytic leukemia (tisagenlecleucel only) and
brexucabtagene autoleucel for the treatment of relapsed/refractory mantle cell lymphoma. These therapies are associated with
distinctive acute toxicities such as cytokine release syndrome and neurotoxicity and chronic toxicities such as cytopenias and
hypogammaglobulinemia.
Summary CAR-T therapy provides significant potential in the treatment of relapsed B-cell lymphomas despite current limita-
tions. Several novel CAR cell designs are currently being studied in clinical trials which include tandem CAR-Ts, allogeneic
CAR-Ts, and CAR-NK cells.

Keywords Chimeric antigen receptorT-cell (CAR-T) .B-cell lymphoma .Cytokine release syndrome .CAR-NK .NovelCAR-T
constructs

Introduction

Non-Hodgkin lymphomas affect about 70,000 patients a year
in the USA and have an estimated 5-year survival of about
70% [1]. Diffuse large B-cell lymphoma (DLBCL) followed
by follicular lymphoma (FL) and then mantle cell lymphoma
(MCL) constitute the most common types of B-cell non-
Hodgkin’s lymphoma (B-NHL). While chemoimmunotherapy
approaches such as R-CHOP (cyclophosphamide, doxorubicin,
vincristine, prednisone with rituximab) in aggressive B-cell lym-
phomas and BR (bendamustine with rituximab) in indolent B-cell
lymphomas have significantly improved outcomes for patients [2,
3], those with relapsed and refractory disease can have very poor

prognosis. A good example of that is what was shown in the
SCHOLAR-1 study wherein the median overall survival (OS)
was about 6 months for patients with refractory DLBCL [4].

Chimeric antigen receptor T-cell (CAR-T) therapy is a
form of adoptive cellular therapies that have revolutionized
the treatment of relapsed B-cell lymphoid malignancies [5,
6]. The Food and Drug Administration (FDA) has approved
both axicabtagene ciluecel (axi-cel) and tisagenlecleucel (tisa-
cel) for the treatment of large B-cell lymphoma (LBCL) that
have progressed after two lines of systemic therapies and
brexucabtagene autoleucel for the treatment of relapsed and
refractory MCL. All these products are second generation
CAR-Ts directed against CD19 [7]. The history of CAR-T
therapy started in the 1980s with the production of first gen-
eration CAR-Ts that lacked clinical efficacy and then later the
addition of costimulatory molecules (CD28 or 4-1BB) to
make second generations constructs which were shown to
persist and have efficacy [8–12].

Most CAR-Ts are produced from autologous T-cells ob-
tained from patients via leukopheresis. This process typically
involves T-cell selection, gene transfer usually via a retrovi-
rus, T-cell expansion, and transfer of a cryopreserved product
and then infusion of the cells. This process can be as short as
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14–21 days or up to even several weeks [13]. Patients receive
lymphodepletion chemotherapy that commonly consists of
fludarabine and cyclophosphamide for 3 days prior to CAR-
T infusion [14]. In this review, we will discuss the current and
new promising CAR-T constructs in the treatment of B-NHL
and will also discuss our approach to choose the “optimal”
CAR for patients.

Aggressive Lymphomas

Aggressive LBCLs were the very first diseases to get FDA
approval for CAR-T products. This success is at least in part
related to high unmet need for patients with active relapsed or
refractory disease as seen in the SCHOLAR-1 study and due
to the unique characteristics of CD19 which these CAR-T
products have been targeting. The SCHOLAR-1 was an inter-
national multicenter retrospective study that evaluated the out-
comes of patients with refractory DLBCL and those relapsed
within 12 months of autologous stem cell transplant. The
study showed that remission was only achievable in less than
10% of patients and the median OS was only around 6 months
[4]. What has made CD19 an optimal therapeutic target is the
fact that CD19 is ubiquitously expressed on the surface B-
lymphocytes and patients can survive with B-cell aplasia de-
spite having variable degrees of hypogammaglobulinemia.
[15]. The two FDA-approved CAR-T products in this area
are axi-cel and tisa-cel. Lisocabtagene maraleucel (liso-cel)
is another CD19 CAR-T that has shown similar efficacy and
is expected to get FDA approval in the near future [16••].

The safety and efficacy of axi-cel was evaluated in the
multicenter phase 2 ZUMA-1 study [17••]. One hundred and
one patients with relapsed and refectory LBCL were treated
on this study with a target dose of 2 × 106 CAR-T/kg after
receiving a lymphodepletion regimen that consisted of low-
dose cyclophosphamide and fludarabine. The primary end-
point for this study was overall response rate that was found
to be 82% (54% were complete response). With extended
follow-up, we know now that about half of these patients will
have a durable remission, which suggest a cure rate of 30–
40% for these extremely high risk patients. Adverse events
(AEs) were noted in 100% of patients, including 95% that
were grade 3 or above. The most common AEs were fever
and hematologic toxicities which happened in more than 80%
of patients. The most common grade 3 toxicities were neutro-
penia (78%), anemia (43%), and thrombocytopenia (38%).
AEs of notable interest were those that are somewhat unique
to CAR-T therapies such as cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity syndrome
(ICANS). CRS happened in 93% of patients; however, only
13% were grade 3 or above, including 1% that were grade 5.
Neurotoxicity occurred in 64% of patients including 28% that
were grade 3 or higher.

Similar results were also seen with standard of care use of
axi-cel in “real world” setting [18••]. Nastoupil and colleagues
retrospectively analyzed the data from 17 institutions in the
USA. They found out that 92% of the patients that underwent
leukapheresis were able to receive the CAR-T infusion, and
43% of them would not have met eligibility for ZUMA-1
study due to their comorbidities. Median progression-free sur-
vival (PFS) was 8.3 months andmedian OSwas not reached at
a median follow-up of 12.9 months. Overall response rate was
82% including 64% with complete remission. Nonrelapse
mortality was 4.4%. Grade 3 or above CRS and neurotoxicity
were seen in 7 and 31%, respectively.

The safety and efficacy of tisa-cel was evaluated in the
phase 2 JULIET study which had a similar design to
ZUMA-1 (Table 1). The study involved 93 patients, and the
overall response rate was found to be 52% (40% were com-
plete responses). AEs happened in 100% of the patients with
CRS, fever, and hematologic toxicities being the most com-
mon. CRS occurred in 58% of patients with 22% being grade
3 or above. Neurotoxicity occurred in 21% of patients, with
12% being grade 3 or higher.

It is important to note few key differences between these
two landmark studies apart from their outcomes. The ZUMA-
1 study did not allow bridging therapy unlike JULIETwherein
90% of patients had received such therapies to control disease
during the time between collection and infusion of CAR-T
cells. The percentage of patients enrolled in ZUMA-1 and
JULIET that actually were able to receive the CAR-T infusion
were 91 and 40%, respectively, usually due to manufacturing
issues or lymphoma progression and death. The median time
from enrollment to CAR-T infusion was 17 and 54 days, re-
spectively [19••]. The CRS toxicity grading was also different
as ZUMA-1 used the Lee criteria while JULIET used Penn
criteria [20].

Liso-cel was evaluated in the multicenter TRANSCEND
NHL 001 study. The study design was similar to the afore-
mentioned trials but with few key differences that included the
sequential infusions of two T-cell components, CD4 and CD8
CAR-T cells, and also the inclusion of patients with secondary
CNS involvement. Two hundred sixty-nine patients out of a
total of 344 patients who had undergone leukapheresis were
able to receive the CAR-T infusion indicating a success rate of
78% in achieving cell infusion. Failure to receive CAR-T
therapy was primarily due to death from disease progression
which occurred in 33 patients. The median time from pheresis
to infusion was 37 days. The objective response rate was 73%
including 53% with complete remission. Ninety-nine percent
of the patients experienced AEs with the most common being
neutropenia (63%), anemia (48%), and fatigue (44%). CRS
occurred in 42% of patients, but grade 3 or above was only
2%. Neurotoxicity occurred in 30% of patients including 10%
that were grade 3 and above. No treatment-related deaths were
reported. Bridging therapy was allowed in this study similar to
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JULIET and was utilized in 59% of the patients. Bridging
therapy was associated with poorer efficacy and higher inci-
dence of CRS and ICANS [16••]. Liso-cel is currently under-
going FDA review for clinical approval [21]. Table 1 shows a
comparison of the results of these three main studies.

The CD19 CAR-T brexucabtagene autoleucel (formerly
known as KTE-X19) was evaluated in the treatment of re-
lapsed MCL in the ZUMA-2 trial. Seventy-four patients were
enrolled, but only 68 were able to receive the infusion which
indicated about 92% success rate in delivering the treatment to
patients. The objective response rate was 85% in the treated
patients including 59% with complete remission. The PFS
was 61% at 1 year, and the authors also reported durable
remissions in some of the early treated patients. AEs occurred
in 100% of the patients, and most commonly were fevers
(94%) and hematologic toxicities (>70%). CRS occurred in
91% of patients including 15% that were grade 3 or higher.
ICANS occurred in 63% of patients including 31%with grade
3 or higher. A total of two patients had grade 5 AE, one was
from organizing pneumonia and the other from staphylococ-
cus bacteremia, both were thought to be related to condition-
ing chemotherapyapy [22]. Brexucabtagene autoleucel was
approved by the FDA in July 2020 for the treatment of re-
lapsed or refractory MCL [23].

It is also important that long-term toxicities can also happen
with these therapies more commonly including cytopenias

and hypogammaglobulinemia potentially requiring prolonged
replacement therapy [24–27]. Jain and others retrospectively
analyzed the time to hematologic recovery in patients that
have received CAR-T therapy. They found that normalization
of blood counts only happened in about two thirds of the
patients at 1-year post infusion and was inversely associated
with higher grade of CRS or ICANS [24]

Indolent Lymphomas

FL is the most common indolent lymphoma. While the prog-
nosis of most patients with FL is favorable and often they can
be observed for long periods of time without requiring treat-
ment, however, the prognosis for those relapsing within 2
years of initial chemoimmunotherapy (POD24) can be quite
poor. A study by Casulo and others showed that 5-year OS is
about 50% in these patients, compared to 90% in those with
late relapses [28].

Axi-cel was evaluated for the treatment of indolent B-cell
lymphomas in the ZUMA-5 study. ZUMA-5 was a multicen-
ter phase 2 study that included patients with relapsed and
refractory FL (grades 1–3a) or marginal zone lymphoma
(MZL) who had received two lines of therapy including
anti-CD20 monoclonal antibody and alkylating agent. The
study design was otherwise very similar to ZUMA-1.

Table 1 Overview of the three landmark phase 2 studies evaluating anti-CD19 CAR-T in aggressive B-cell lymphomas

Characteristic ZUMA-1 (axi-cel) JULIET (tisa-cel) TRANSCEND (liso-cel)

Study phase I/II II I

Indications DLBCL/PMBCL/tFL DLBCL DLBCL/PMBCL/FL3b/HGBCL

Number of patients, infused/enrolled (%) 108/119 (91%) 115/165 (70%) 269/342 (79%)

Patient age, median (range) 58 (23–76) 56 (22–76) 63 (18–86)

ECOG PS > 1 0% 0% 1%

Prior autologous SCT 21% 49% 33%

Refractory lymphoma 79% 55% 67%

Costimulatory domain CD28 4-1BB 4-1BB

Patients receiving bridging therapy None 90% 59%

Leukapheresis to CAR-T infusion time
(median in days)

17 54 37

Lymphodepletion regimen Fludarabine and
cyclophosphamide

Fludarabine and cyclophosphamide or
bendamustine

Fludarabine and
cyclophosphamide

ORR/CR 83%/58% 52%/38% 73%/53%

Nonrelapse or treatment-related mortality 3% 0% 3%

Progression-free survival (median, time) 5.8 35% at 1 year 6.8

Overall survival (median, months) NR, 59% at 1 year 12 21.1

Cytokine release syndrome, grade 3 or more 11% 22% 2%

Neurotoxicity, grade 3 or more 32% 11% 10%

Neutropenia, G3 or more, >d28 20% 23% 16%

Thrombocytopenia, G3 or more, >d28 24% 39% 22%
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Ninety-four patients including 84 with FL had been treated at
the time of interim results reporting. The majority (73%) of
patients had advanced and refractory disease, and 66% met
criteria for POD24. Despite that, all the patients had good
performance status (ECOG PS 0-1). The objective response
rate was found to be 94% with 79% achieving complete re-
mission. Patients with FL had ORR of 95% with 80% achiev-
ing CR. Sixty-eight percent of patients had ongoing response
at the time of data cut-off. In terms of safety, 83% experienced
grade 3 or above AEs, most commonly hematologic toxicities.
CRS grade 3 or above occurred in 11% of patients and neu-
rotoxicity occurred in 19% of patients. There were two grade 5
toxicities including one related to axi-cel [29].

An early phase study by Hirayama showed similar results
using CD19 CAR-T cells with 4-1BB costimulation in FL.
The study included 8 patients with R/R FL and 13 patients
with transformed FL. Complete remission was reported to be
88% in patients with FL along with all those patients remain-
ing in remission at median follow-up of 24 months. CRS
occurred in 50% and neurotoxicity in 39% of FL patients;
however, none of them were grade 3 or above [30].

Geyer et al. reported on a phase 1 study investigating CD19
CAR-T cells with CD28 costimulation primarily in relapsed/
refractory chronic lymphocytic leukemia (CLL). The study
included 16 patients with CLL and 4 patients with indolent
B-NHL (2 with MZL, 1 with MCL, and 1 with FL). Three of
the twelve evaluable patients with CLL had complete remis-
sion including two with negative minimal residual disease. All
patients that achieved CR remained in remission at median
follow-up of 53 months. CRS occurred in all patients, but
grade 3 or above was only in 10%. Neurotoxicity grade 3 or
above was seen in 10% of patients as well [31].

Finally, liso-cel is being currently investigated in in the
international phase 2 (TRANSCEND FL) study in adult pa-
tients with R/R FL and MZL (NCT04245839).

Novel CAR-T Designs

CAR-T cell therapy has fundamentally changed the field of
immunoncology and adoptive cellular therapies; however,
further progress is still greatly needed. Autologous CD19
CAR-T cell therapy faces challenges such as barriers to suc-
cessful cell manufacturing and delivery, low treatment effica-
cy, immune exhaustion, and immune escape. As a result, in-
vestigators continue to work on novel and improved CAR-T
designs to improve efficacy (Table 2).

Shah and colleagues developed on-site noncryopreserved
bispecific anti-CD-20 and anti-CD19 CAR-T cells. They en-
rolled 26 patients with B-NHL and CLL in their phase 1 study,
and 22 patients received the target CAR-T dose. Grade 3 or
higher CRS and neurotoxicity were only seen in 5% and 14%
of patients, respectively. Objective treatment response was

seen in 82% of patients including 64% with CR. The investi-
gators also showed that CD19 loss was not seen in patients
who relapsed [32]. A similar CD19/CD20 tandem CAR-T
study was conducted by investigators in China. Tong et al.
enrolled 33 patients with R/R B-NHL however only 28 were
able to receive the cell infusion. Grade 3 or above CRS oc-
curred in 14% of patients. No grade 3 or higher neurotoxicity
were seen. The overall response rate was seen in 79% of
patients including 71% with complete response. The 1-year
PFS was 64% [33].

Off-the-shelf allogeneic CAR-Ts that utilize T-cells from
healthy donors are another promising cell therapy platform.
This approach could offer many advantages that include faster
access to treatment, healthier T-cell products, less risk of con-
tamination with lymphoma cells, ability for redosing when
needed, and potentially lower costs [36]. Potential disadvan-
tages include risks of graft versus host disease (GVHD) and
CAR-T failure/elimination by patient’s own immune system
[37, 38]. Neelapu and others presented first in human data of
ALLO-051 and ALLO-647 in R/R LBCL and R/R FL.
ALLO-051 is an allogeneic anti-CD19 CAR-T wherein the
TCR alpha gene is disrupted to prevent GVHD, in addition
to disrupting the CD52 gene to allow for voluntary host
lymphodepletion via ALLO-647 which is an anti-CD52
monoclonal antibody. The investigators successfully treated
5 patients with LBCL and 4 with FL. None of the patients
experienced GVHD. Most common grade 3 or higher AEs
were hematologic toxicities, which occurred in more than half
of the patients. Two patients experienced CRS, but both were
less than grade 3. Neurotoxicity occurred in 1 patient and was
grade 1. Three patients had complete remission, and four had
partial response [34]. Other investigators reported success in
using donor-derived allogeneic CAR-Ts in stem cell trans-
plant patients who relapsed after allogeneic stem cell trans-
plantation. These small studies showed clinical efficacy with
low incidence of GVHD using this approach [39–42].

Another promising approach is the use of CAR-NK cells.
Natural killer (NK) cells can recognize tumor antigens inde-
pendent of patient’s human leukocyte antigen (HLA) pheno-
type and potentially can lead to development of cell banks that
make treating large number of patients feasible with this
type of a product. Several studies have now shown the
viability and efficacy of CAR-NK production and their
tumor immunogenicity [43–45]. Liu et al. reported using
CAR-NK cells directed towards CD19 in CD19-positive
lymphoid malignancies. They treated 11 patients using
HLA-mismatched anti-CD19 CAR-NK cells derived
from cord blood. Interestingly, they noted mild toxicity
including no CRS, and the maximum tolerated dose was
not reached in the study. Eight out of the 11 patients
had responses including 7 with complete response
[35••]. CAR-NK cells are being investigated in clinical
trials for other diseases too such as BCMA CAR-NK in
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multiple myeloma (NCT03940833) and ROBO1 CAR-
NK in solid tumors (NCT03940820) [46].

Lastly, armored CAR-T cell designs are another area of
research to optimize these therapies. These cells undergo
additional genetic modification that allow them to secrete
cytokines or express proteins that enable them to interact
with other immune cells and potentially overcome the im-
munosuppressive tumor microenvironment [47]. It is impor-
tant to point out that most of these novel CAR-T constructs
have only been evaluated in small studies with relatively
short follow-up. While these results can serve as a proof of
principle, it is still very early to predict their clinical efficacy
and future success.

How to Optimize CAR-T Therapy

CAR-T cell therapy is a very promising treatment option for
DLBCL; however, more than 50% of patients treated in the
relapsed refractory setting do not attain a durable response.
Several mechanisms of resistance to autologous CAR-T cell
therapy have been identified, and this continues to be an
active area of research [48]. Broadly speaking, resistance
mechanisms can be due to tumor evasion or CAR-T cell
failure [49]. In terms of tumor-based mechanisms of resis-
tance, tumor cells can undergo antigen loss such as loss of
CD19 in the case of CD19 directed CAR-T [50–52]; tumor
cells can also express antigen masking [53] or take advan-
tage of their suppressive microenvironment [49]. There are
various mechanisms of CAR-T failure, these include de-
struction of the CAR-T cells by patient’s immune system
[54], poor T-cell fitness [55, 56], or insufficient
costimulation [57]. Targeting these known factors may in-
crease efficacy of this technology [58–60]. This would entail
that future research efforts should not only focus on improv-
ing and designing novel CAR-T constructs but also better
understand the disease and patient’s characteristic that lead
to treatment failure. Possibly off-the-shelf healthy donor-
derived allogeneic CAR-T cell products may bypass the
need for autologous T-cells and decrease time to first infu-
sion as well as overcome poor T-cell fitness [61].

Selection of Optimal CAR-T Cell Therapy
and Future Directions

CAR-T therapy is a major milestone in the treatment of
relapsed/refractory B-cell lymphomas and has lead to a
change in treatment paradigm. Due to the favorable outcome
data reported for CAR-T cells, they are now preferred in
comparison to allogeneic hematopoietic stem cell transplant,
which should be restricted to situations where CAR-T cell
therapy is deemed not feasible [62]. The results of clinicalTa
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trials studies evaluating autologous CD-19 CAR-T for the
treatment of DLBCL in the second line setting compared with
high dose chemotherapy and autologous stem cell transplant
are anxiously awaited. In our current treatment model, our
initial choice for patients in first relapse for DLBCL, we prefer
to enroll them on a trial with randomization between autolo-
gous transplant and CAR-T cell therapy. In the absence of
clinical trial options, for patients who are beyond first relapse,
we tend to use axi-cel for fit patients with aggressive disease
given the rapid turnaround for cell manufacture with the ca-
veat that axi-cel tends to have a higher incidence of CRS and
neurotoxicity. Most commonly, these patients require an in-
patient stay after infusion of cells for observation and treat-
ment of toxicity. For older, less fit patients and more indolent
disease, we tend to choose tisa-cel with the added benefit that
a considerable number of patients can be treated in the outpa-
tient setting.

The next frontier in this field will be expanding the efficacy
of CAR-T cell therapy while making it safer, more accessible,
and perhaps even cheaper.
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