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Abstract: Introduction: Treatment of relapsed and refractory (R/R) B acute lymphoblastic leukemia
(B-ALL) represents an unmet medical need in children and adults. Adoptive T cells engineered
to express a chimeric antigen receptor (CAR-T) is emerging as an effective technique for treating
these patients. Areas covered: Efficacy and safety of CAR-T therapy in R/R B-ALL patients. Expert
opinion: CD19 CAR-T infusion induce high CR rates in patients with poor prognosis and few
therapeutic options, while real-life data demonstrate similar results with an interestingly lower
incidence of grade 3/4 toxicity. Nevertheless, despite impressive in-depth responses, more than half
of patients will experience a relapse. Therefore, rather than using CAR-T cell therapy as a stand-
alone option, consolidation with allogeneic stem-cell transplant (Allo-SCT) after CAR-T treatment
might increase long-term outcome. Moreover, CD19 is one target, but several other targets are being
examined, such as CD20 and CD22 and dual-targeting CARs or combination therapy. Another
issue is the time consuming process of CAR-T engineering. New platforms have shortened the
CAR-T cell manufacturing process, and studies are underway to evaluate the effectiveness. Another
way to mitigate waiting is the development of allogeneic “off the shelf” therapy. In conclusion,
CD19-targeted CAR-modified T-cell therapy has shown unprecedented results in patients without
curative options. Future work focusing on target identification, toxicity management and reducing
manufacturing time will broaden the clinical applicability and bring this exciting therapy to more
patients, with longer-term remissions without additional Allo-SCT.

Keywords: B-acute lymphoblastic leukemia; chimeric antigen receptor (CAR-T); relapsed and refrac-
tory ALL; CD19-targeted CAR-modified T-cell

1. Introduction

Acute lymphoblastic leukemia (ALL) is a rare malignancy with 16 years of median
age at diagnosis [1,2]. The first classification of ALL was the French American British
(FAB) that used morphological criteria, identifying three subtypes (L1, L2, and L3) [3].
Twenty years later, the World Health Organization published a classification that considers
both morphology and cytogenetic characteristics and identified three types of ALL: B
lymphoblastic, T lymphoblastic, and Burkitt-cell Leukemia [4]. Later, Burkitt-cell Leukemia
was not considered a separate entity from Burkitt Lymphoma, classifying B-lymphoblastic
leukemia into two subtypes: B-ALL with genetic abnormalities, and B-ALL not otherwise
specified. B-ALL with genetic abnormalities is further delineated based on the specific
chromosomal rearrangement present [5].
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In the modern classification, two new categories were added to the genetic abnormali-
ties, and the hypodiploid was redefined as either hypodiploid or low hypodiploid with
TP53 mutations [6].

ALL is the second most common acute leukemia in adults, with an incidence of
over 6500 cases per year in the United States. In adults, 75% of cases develop from
precursors of the B-cell lineage, with the remainder of cases consisting of malignant T-cell
precursors. Despite advances in management, the backbone of treatment remains multi-
agent chemotherapy with vincristine, corticosteroids and an anthracycline with allogeneic
stem cell transplantation (Allo-SCT) for eligible patients [7]. Although rates of complete
remission (CR) are high, long-term disease-free survival (DFS) can be obtained in only
about 40% of adult patients [8–10]. Fielding and colleagues published the outcome of
609 adults with recurring ALL, where the overall survival (OS) after relapse was globally
7% [11]. Factor predicting a better outcome after salvage therapy was the young age, with
OS of 12% and 3% in patients younger than 20 years and older than 50 years, respectively.
In another study, Tavernier and colleagues showed that the prognosis of recurrent ALL in
adult patients is globally dismal [12].

It is evident that treatment of relapsed/refractory (R/R) B-ALL disease represents an
unmet medical need, and prospective studies involving novel therapeutic agents should
be improved. Agents such as monoclonal antibodies (anti-CD20), anti-CD19 bispecific
T-cell engager, and anti-CD22 antibody-drug conjugate have shown unexpected results
in both upfront and R/R setting and continue to change the treatment paradigm for
ALL [13–15]. In a phase 3 trial, inotuzumab ozogamicin (an anti-CD22 antibody conju-
gated to calicheamicin) demonstrated a significantly higher remission rate, and a better
progression-free survival (PFS) compared with standard intensive chemotherapy in adults
with R/R B-cell ALL. Moreover, more patients achieved MRD-negativity and proceeded
to Allo-SCT (13). In another randomized phase 3 trial involving adults with Ph-negative
R/R B-cell precursor ALL, blinatumomab (a bispecific monoclonal antibody construct
that enables CD3-positive T cells to recognize and eliminate CD19-positive ALL blasts),
resulted in significantly longer overall survival (OS) than standard chemotherapy, and the
risk of death was 29% lower in the blinatumomab group than in the chemotherapy group
(14). Recent data from multiple studies positioned chimeric antigen receptor-modified T
(CAR-T) therapy with a significant edge over these novel agents due to better outcomes
in R/R ALL. While CAR-T therapies targeting the CD19 antigen have produced durable
remissions, potentially severe toxicities may limit their use. Moreover, less discussed is
what can happen during the period in which patients wait for CAR-T cells to be processed
and engineered. This bridging period (2–4 weeks) can leave R/R B-ALL patients extremely
vulnerable and there is always a risk of progression during a time of no treatment. In this
paper, we focus on current evidence in the literature for the efficacy and safety of CAR-T
therapy in B-ALL.

2. CAR-T Constructs

CARs are genetically engineered T cells that express the antigen-binding domain of an
immunoglobulin linked via transmembrane domains to the intracellular T-cell receptor sig-
naling parts [16]. This construct allows the T cells to recognize unprocessed antigens and be
activated in a major histocompatibility complex (MHC)-independent way [17]. Basic CARs
structure include an intracellular T-cell activation domain, an extracellular hinge region,
a transmembrane domain, and an extracellular antigen-recognition moiety that derives
from an antibody (single-chain variable fragment (scFv)) [18]. The hinge, or spacer element,
is conceived to optimize the accessibility of the epitope. Second-generation CAR-T cells
encode for a co-stimulatory domain, such as CD2822, or members of the tumor necrosis
factor receptor family such as CD137 (4-1BB) [19]. This co-stimulation domain provides
better cytokine production and proliferation and enhances CAR-T cells’ persistence [20,21].
Third-generation CARs include a second co-stimulatory domain using the co-stimulatory
mentioned above domains or others as CD27, ICOS, or CD134 (OX40) [22]. CAR T-cell
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therapy involves collecting T cells, introducing the CAR construct, and then, after lym-
phodepletion, the infusion of the modified T cells in the patient. The main characteristics
and targets of the CAR-T cells are summarized on Table 1.

Table 1. CAR T-cell targets for the treatment of B acute lymphoblastic leukemia (ALL).

Antigen Target CAR Structure

CD19 CD3ζ and CD28 or CD3ζ and 4-1BB
CD22 CD3ζ and CD28
CD20 CD3ζ or and CD3ζ and 4-1BB

CD19 is a target for immunotherapy against B-cell ALL due to its near-universal
expression on B-lymphoblasts [23,24] (Figure 1). The idea of adoptive immunotherapy
using lymphocytes to attack leukemia was born in the early 1990s. After cloning the T
cell antigen receptor’s zeta-chain, the first chimeric antigen receptor was conceived by
Eshhar et al. [25]. Many molecular and configurational modifications have been attempted
with this product to optimize its antitumor efficacy [26]. Many North American groups,
such as Memorial Sloan Kettering Cancer Center (MSKCC), University of Pennsylvania
(UPenn), Children’s Hospital of Philadelphia (CHOP), Fred Hutchinson Cancer Research
Center (FHCRC), and the National Cancer Institute (NCI), have developed CAR-T products
and started clinical trials with anti-CD19 therapies for B-cell malignancies [27]. In 2012,
UPenn was the first to create a research alliance with a pharmaceutical company to develop
CAR-T cells for commercialization after its initial clinical success [27]. CTL019, later known
as tisagenlecleucel (Tisacel), was the first CAR-T treatment approved by the US Food
and Drug Administration (FDA). The initial results of CTL019 in ALL were published in
2013 [28]. Since then, many trials are ongoing with various CAR-T products for different
indications and with promising results.
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3. Anti-CD19 CAR T-Cell Studies

The main results are summarized on Tables 2 and 3. Park and colleagues published
the results of a phase I trial in which 53 R/R B-ALL adult patients, with and a median age
of 44 years (range 23–74), received an infusion of CAR-T expressing the 19–28z CAR [29].
The overall CR rate was 83%, with a negative MRD in 66.6% of evaluable patients (n = 48).
With a median follow-up of 29 months, the median EFS and OS were 6.1 and 12.9 months,
respectively. The authors showed that in vivo peak CAR T-cell expansion was the best
predictor of response and toxic effects and that patients with a low disease burden had a
significantly longer EFS and OS.
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Table 2. Clinical efficacy of CD19 CAR T-cells in relapsed/refractory B acute lymphoblastic leukemia in the main clinical
trials.

Author
(Years) Population T-Cell

Product
Age, Med
(Range) NO. Priorhsct CR Post-

Carhsct Survival

Park (2018) Adults 19–28z 44 (23–74) 53 36% 83% 39% 39% relapse (24% CD19-)
Median OS/EFS: 12.9/6.1 months

Hay (2019) Adults 19–41BBz 39 (20–76) 53 43% 85% 40% 49% relapse (27% CD19-)
Buechner

(2017) Pediatrics 19–41BBz 12 (3–23) 68 61% 83% 12% 36% relapse (68% CD19-)
6 months EFS: 73%

Lee (2015) Pediatrics 19–28z 14 (5–27) 20 38% 70% 71% 10 months OS: 51.6%
Gardner
(2017) Pediatrics 19–41BBz 12 (1–25) 45 62% 89% 24% 12 months EFS: 51% (45% relapse)

12 months OS: 70%

Table 3. Key anti-CD19 CAR T-cell therapy trials in relapsed/refractory B acute lymphoblastic leukemia.

ELIANA MSKCC ZUMA-3

CAR T-cell agent Tisagenleucel JCAR015 Brexucabtagene autoleucel
Author (Years) Maude (2018) Park (2018) Shah (2019)

Study phase II I I/II
Study population Pediatric/young adults Adults Adults

No. Patients 75 53 45
CR % MRD negative: 81 Overall: 83 Overall: 68 RP2D: 84

Median OS, mos 19.1 12.9 –
Median EFS, mos NR 6.1 –
Median DoR, mos NR – RP2D: 12.9

Median follow-up, mos 13.1 29 16

DoR, duration of response; EFS, event-free survival; MRD, measurable residual disease; NR, not reached; RP2D, recommended phase II
dose; mos, months.

The group of FHCRC reported a high rate of CR with negative MRD (93%) in adult
R/R B-ALL patients who received an infusion of CD19 CAR T cells with a 4-1BB co-
stimulatory [30]. The same authors published the long-term follow-up of these patients
and analyzed factors associated with durable EFS [31]. Forty-five (85%) of 53 patients
evaluable for response achieved a CR with negative MRD. With a median follow-up
of 30.9 months, EFS and OS were significantly better in the group who achieved a CR
with negative MRD than those who did not (7.6 vs. 0.8 months; p < 0.0001 and 20.0 vs.
5.0 months; p = 0.014, respectively). In multivariate analysis, the factors associated with
better EFS were: a lower LDH concentration, higher platelet count before lymphodepletion,
and use of fludarabine in the lymphodepletion regimen. Despite the high CR rate with a
negative MRD, there was a significant risk of relapse (49%). The occurrence of relapse with
the negativity of CD19 in patients with a substantial CAR T-cell expansion and persistence
was consistent with continued immune pressure, suggesting that strategies to minimize
escape by antigen loss [32]. 40% of patients with a CR and a negative MRD after CAR T-cell
infusion underwent allo-SCT. In this setting, the authors observed a significantly better
EFS. The conclusions were that CD19 CAR T-cells were highly effective at inducing a CR
with negative MRD, but relapse was frequent, especially in the absence of allo-SCT.

A phase 1 trial evaluated CAR-T infusion in 21 young patients (aged 1–30 years) with
R/R B-ALL or non-Hodgkin lymphoma, including eight who had previously undergone
Allo-SCT [33]. CAR-T cells were engineered with a manufacturing process to express a
CD19-CAR incorporating an anti-CD19 single-chain variable fragment plus CD3zeta and
CD28 signaling domains. The maximum tolerated dose was 1 × 106 CD19-CAR T cells per
kg. All toxicities were fully reversible, with the most severe grade 4 CRS in 3 of 21 patients.
The most common non-hematological grade 3 adverse events were: neutropenic fever
(43%); hypokalemia (43%); fever and neutropenia (38%); and CRS (14%). In B-ALL patients,
the CR rate was 70%, with a negative MRD rate of 60%. Ten of 12 patients who became
MRD-negative received an Allo-SCT, and all remain disease-free (median follow-up ten
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months). The authors concluded that CD19-CAR T-cell therapy could be an effective bridge
to Allo-SCT in patients who achieved a CR, or, better, a MRD-negative status.

A phase 1 trial of young patients with R/R B-ALL was performed using a uniform
CD19 CAR expression product of defined CD4/CD8 composition, with limited effector
differentiation [34]. The overall MRD negative remission rate was 89%, with 100% in
the subset of patients who received fludarabine and cyclophosphamide lymphodepletion.
Twenty-one percent of patients developed severe reversible immune effector cell-associated
neurotoxicity syndrome (ICANS), with no deaths attributable to product toxicity. With
a median follow-up of 9.6 months, the estimated 12-month EFS and OS were 50.8% and
69.5%, respectively. The loss of functional CAR T cells adversely affected the risk of CD19-
leukemic relapse. This trial demonstrated that manufacturing a defined-composition CD19
CAR T cell is a strategy for having a CAR T with highly potent antitumor activity and a
tolerable adverse effect profile.

Moreover, the study identified a subset of patients with a durable remission enhanced
by ongoing CAR T-cell persistence. A risk factor for relapse with a disease CD19- was a
short duration of B-cell aplasia that can be predicted by the quantity of CD19- expressing B
cells (malignant and nonmalignant) in the bone marrow before CAR T-cell dosing. The
authors observed that low quantities of CD19-B cells resulted in suboptimal expansion and
persistence of CD19 CAR T cells, indicating a future challenge when this modality is applied
among patients earlier in the course of their therapy. The conclusions were that approaches
to augment CD19 CAR T-cell persistence independent of B-cell/leukemic cell burden
should be warranted. It should be pursued via the provision of T cells transduced to express
CD19 after CAR T-cell infusion. Moreover, the use of fludarabine and cyclophosphamide
lymphodepletion should promote longer persistence of the CAR T cells.

Tisacel is a second-generation CAR-T cell constructed with activating (CD3ζ) and
co-stimulatory signals (4-1BB). This activation then leads to T-cell proliferation, cytokines
secretion, and cytolysis. Results from a single-center phase 1-2a study of CTL019 involving
60 children and young adults with R/R B-cell ALL conducted by CHOP and the UPenn
showed a rate of CR of 93% [35]. CRS occurred in 88% of patients and was effectively
managed with supportive measures and anti-cytokine therapy. Long-term disease control
without additional treatment and with the persistence of Tisacel for up to 4 years has been
observed [36].

The same group designed a nonrandomized Tisacel therapy study (ELIANA trial),
using a global supply chain and 25 study sites in 11 countries across North America,
Europe, Asia, and Australia [37]. Seventy-five children and young adults with R/R B-cell
ALL (61% of whom had had a relapse after Allo) received an infusion of Tisacel and could
be evaluated for efficacy. Within three months, the ORR was 81%, with all patients who
had a response to treatment found to be MRD negative. EFS and OS rates were 73% and
90%, 50% and 76%, at 6 and 12 months, respectively. The persistence of Tisacel in the
blood was observed for as long as 20 months. CRS occurred in 77% of patients, 48% of
whom received tocilizumab. ICANS occurred in 40% of patients and were managed with
supportive care. Tisacel persistence was observed more than one year after infusion in
patients with treatment response. This finding indicated that patients could be effectively
treated with Tisacel across a wide dose range without an apparent expansion and response
effect. The authors concluded that Tisacel produced high remission rates and durable
remissions without additional therapy. The latest analysis of the ELIANA trial results
included four additional patients and another follow-up year [38]. Results were presented
by Grupp et al. at the 2018 American Society of Hematology (ASH) Annual Meeting.
ORR was 82%, and 62% of patients had a CR. 66% of patients who had a CR were still in
remission at 18 months, and the ORR was 70% at 18 months post-infusion, with amedian
OS not reached.

At the 2019 American Society of Clinical Oncology Annual Meeting, Dr. Shah and
colleagues presented the results of ZUMA-3, a single-arm Phase 1/2 study in adult patients
with R/R B-ALL. They used KTE-X19 (Brexucabtagene Autoleucel), an investigational anti-
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CD19 single-chain variable fragment (scFv) coupled to the co-stimulatory signaling domain
CD28 and the zeta chain of the T-cell receptor complex (CD3 zeta) [39]. By the end of Phase
1, 45 patients received KTE-X19 at one of three different doses levels (2 × 106 cells/kg
(n = 6), 1 × 106 cells/kg (n = 23), or 0.5 × 106 cells/kg (n = 16)). Of 41 patients who were
evaluable for efficacy, 68% achieved CR or CR with incomplete hematological recovery
(CRi), and 100% of responders had a negative MRD. Of the 23 patients treated with the
dose level used in the ongoing Phase 2 study, 19 were evaluable for efficacy, and 16 patients
achieved CR or CRi, and 12 patients were in ongoing response, with a median duration
of remission of 12.9 months). Grade ≥3 CRS and ICANS occurred in 29% and 38% of
all patients, respectively. Two patients experienced Grade 5 adverse events; 1 developed
stroke in the context of CRS and ICANS, and one experienced multiorgan failure post-CRS.
Among patients receiving 1 × 106 cell/kg (n = 23), 26% experienced grade ≥3 CRS, and
43% experienced grade ≥3 ICANS. The authors implemented a revised AE management
protocol in 9 patients treated with 1 × 106 cell/kg of KTE-X19 during the study. In
this revised protocol, corticosteroids were initiated at the onset of grade ≥2 ICANS, and
tocilizumab was given to manage toxicities in the context of CRS. Of those patients, 2 had
grade 3 CRS, and 1 had grade 3 neurologic events. There were no grade 4/5 events.

When Tisacel was used in the real-world setting, efficacy outcomes were similar,
and safety was more favorable than the pivotal trial. At the 2020 ASH Annual Meeting,
Schultz et al. reported real-world clinical outcomes using commercially available Tisacel
for pediatric R/R B-ALL [40]. Retrospective data were collected from 15 institutions and
included 185 patients infused with Tisacel, including 161 receiving standard-of-care CAR
T cell products meeting manufacturing release criteria and 24 receiving CD19-CAR T
cells manufactured and provided on the managed access program (n = 14) or with single-
patient IND approval (n = 10). At the time of CAR T cell infusion, the median age was
12 years (range 0–26). Early responses at one month and OS and EFS at 6 and 12 months
are comparable to reported ELIANA trial outcomes. The rate or CRS and ICANS was
low. Comparative analysis of outcomes in patient cohorts with varying disease burden
demonstrates decreasing CR, EFS, and OS in patients with high disease burden compared
to patients with lower disease burden or no detectable disease at last evaluation before
CAR infusion. Recently, Pasquini et al. published the largest set of safety and efficacy
data for Tisacel in a real-world setting from a cellular therapy registry [41]. 410 patients
had follow-up data reported (ALL, n = 255; NHL, n = 155). Among patients with ALL,
the initial CR rate was 85.5% vs. 82.3% observed in the ELIANA trial. Twelve-month
duration of response (DOR), EFS, and OS rates were 60.9%, 52.4%, and 77.2%, respectively
vs. 67.4%, 57.2%, and 77.1% observed in the Eliana trial. Grade ≥3 CRS and ICANS were
reported in 16.1% and 9.0% of patients, respectively, compared with 48.1% and 12.7% of
the ELIANA study. Pivotal Tisacel trial did not include children <3 years of age; however,
almost 6% of the ALL real-world cohort were age <3 years. Prior treatment with Allo-SCT
was less frequent among patients in this study than the Eliana trial (28% vs. 61%). Primary
refractory patients were more common in the registry than in the pivotal trial (15% vs. 8%).
The real-world analysis used the grading scales ASTCT for CRS and ICANS for neurologic
events. In contrast, the ELIANA trial used the Penn Grading Scale for CRS and MedDRA
SQM neurologic events. The NCI and Penn grading systems included a four level scale of
severity with some differences. ASTCT developed a common grading system for both CRS
and neurotoxicity. In this scale, CRS grading is driven by hypotension and/or hypoxia and
CRS grade is determined by the more severe event.

Recently, Anagnostou et al. published the results of a meta-analysis of published
and unpublished clinical trials that reported data on the outcomes of 953 patients treated
with anti-CD19 CAR T cells R/R B-ALL [42]. The meta-analysis showed that the rate of
pooled CR was 80% (95% CI 75·5–84·8), 1-year PFS was 37% (28·1–47·0), and the activity
of anti-CD19 CAR T-cell therapy was similar for adults and children. Analysis by anti-
CD19 CAR T-cell construct type revealed that a higher proportion of patients treated with
4-1BB co-stimulated constructs had undetectable MRD than did patients treated with CD28



Int. J. Mol. Sci. 2021, 22, 2150 7 of 17

co-stimulated constructs. Additionally, compared with patients treated with allogeneic
anti-CD19 CAR T cells, patients treated with autologous CAR T cells had improved CR and
were more likely to have ICANS. Treatment with different anti-CD19 CAR T-cell constructs
was not associated with significant differences in the proportion of patients with CRS
or ICANS.

Zhang et al. published the result of a phase 1/2 study using anti-CD19 CAR T cells to
treat patients with R/R B-ALL, including those with high-risk features such as BCR-ABL
fusion gene, TP53 mutation (12 patients), extramedullary disease (EMD) (including central
nervous system [CNS] leukemia), and those who relapsed after allo-SCT (16 patients) [43].
Kaplan-Meier analysis showed that OS and LFS at six months were much lower for patients
carrying the TP53 mutation than the patients without a TP53 mutation (OS: 51.9% vs. 89.0%;
p =0.0001; LFS: 42.4% vs. 82.6%; p = 0.0002). Patients with a previous transplantation history
had a lower 1-year OS and LFS than the group without a previous transplant (OS: 30.5% vs.
79.2%; p = 0.009; LFS: 25.4% vs. 69.4%; p = 0.011). Of the 102 CR patients, 75 nonrandomly
selected patients subsequently proceeded to allo-SCT. Kaplan-Meier analysis showed that 1-
year OS and LFS for patients proceeded allo-SCT after CAR T-cell therapy were significantly
better than those for patients receiving CAR T-cell therapy alone (OS: 79.1% vs. 32.0%;
p = 0.0001; LFS: 76.9% vs. 11.6%; p = 0.0001). The authors concluded that a high CR rate
could be achieved for patients with R/R B-ALL treated with anti-CD19 CAR T-cell therapy,
including patients with high-risk features. The relapse rate for subgroups with high-risk
features after CAR T-cell treatment alone remains high, and CAR T-cell therapy followed
by subsequent consolidative Allo-SCT has shown better LFS and OS in their study.

4. Relapse after CAR-T

Relapse after CARs therapy can be divided into two groups based on the flow cytome-
try assessment of CD19 expression on B-ALL: CD19-negative relapses and CD19-positive
relapses [44,45]. CD19-positive relapses are often due to low potency and/or loss of CAR
T cells. Several factors limit the power and efficacy of CAR-T cells, including the limited
long-term persistence [46], the immune-suppressive tumor microenvironment [47], and
intrinsic dysfunction associated with T-cell exhaustion [48,49].

While most relapses are CD19+, some ALL tumors evade CAR-T cell-mediated recogni-
tion and clearance by loss of expression of CD19 on the tumor cell surface. Sotillo et al. [50]
looked at the genetic/epigenetic mechanisms of CD19- negative relapses by examining
tumor samples from patients with CD19-negative disease. In these patients, the authors
found deletions in CD19 locus and de novo frameshift and missense mutations in exon
2 of CD19. They also discovered lower levels of SRSF3 (a splicing factor whose function
is to retain exon 2) in patients with R/R ALL, which allowed exon 2 skipping in tumors,
producing a truncated CD19 variant that allowed tumor cells to escape killing by CAR-T
cells. According to the authors, the underlying mechanism for relapse in these tumors
was selecting preexisting alternatively spliced variants. Grupp et al. [28] described the
phenomenon of “selection by immune pressure” in ALL patients treated with CAR-T cells.

5. Future Developments
5.1. CD19 CAR-T: Ongoing Trials

Numerous trials are underway with CARs (Table 4). OBERON (NCT03628053) trial
aims to compare the benefits and risks of Tisacel to blinatumomab or inotuzumab in
adult patients with R/R ALL [51]. This study is a phase III, open-label, multinational,
randomized trial. Eligible patients will be randomized to the Tisacel treatment strategy
(Tisacel after optional bridging chemotherapy and lymphodepleting chemotherapy) or
control arm treatment (blinatumomab or inotuzumab per investigator’s discretion after
optional bridging chemotherapy).
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Table 4. Select ongoing trials with CAR T-cell therapy for patients with ALL relapsed/refractory B acute lymphoblastic
leukemia.

Trial Phase Treatment Population Endpoints

OBERON
(NCT03628053) III

Tisagenlecleucel vs.
blinatumomab or

inotuzumabozogamicin

Adults with B-cell precursor ALL; R/R after
1–2 lines of therapy or ASCT OS

CASSIOPEIA
(NCT03876769) II Tisagenlecleucel Pediatric/young adult high-risk B-cell ALL;

MRD positive after first-line therapy DFS

ZUMA-4
(NCT02625480) I/II Axicabtageneciloleucel Pediatric/adolescent pts with R/R B-precursor

ALL or R/R B-cell NHL AEs, CRR, ORR

CASSIOPEIA (NCT03876769) is a single-arm, open-label, multi-center, phase II study
to determine the efficacy and safety of Tisacel in de novo high-risk pediatric and young
adult B-ALL patients who received first-line treatment and are MRD positive after first-line
therapy [52].

Roddie et al. presented at 2020 ASH annual meeting results of 19 R/R B-ALL patients
with a median age of 43 years (range 18–62), who received a novel CD19 CAR (CAT-41BBz
CAR) (Phase I ALLCAR19-NCT02935257—a study of AUTO1) [53]. AUTO1 was a “fast-
off” CAR-T cell therapy designed to minimize excessive activation and cytokine release,
reducing toxicity. It also claims to reduce T cell exhaustion and enhance engraftment. The
study showed a tolerable safety profile, despite the high disease burden of patients, and
high remission rates with a CR rate of 84% with a negative MRD.

5.2. CD22 CAR T-Cell

Since CD19 negative relapses are seen in 10–20% of patients, CARs directed against
other antigens, such as CD22, are being developed [54]. Pan et al. conducted a CD22 CAR
T-cell therapy in 34 R/R B-ALL pediatric and adult patients who failed from previous CD19
CAR T-cell therapy [55]. The authors showed that treatment with a relatively low dosage
of T-cells transduced with this CAR vector induced CR in 80% (24/30) patients that could
be evaluated on day 30 (76% attained MRD-), and in 70.5% (24/34) of all enrolled patients.
The authors observed low CRS and ICANS in most patients, self-limiting and needing no
specific treatment, suggesting that CD22 CAR T-cell related toxicity was generally low.
The authors concluded that CD22 CAR T-cells were capable of inducing a high remission
rate in B-ALL patients who are R/R after chemotherapy, allo-SCT, and even CD19 CAR
T-cell therapy.

5.3. Dual-Target CARs

A strategy to overcome CD19-negative relapses is developing dual-target CARs by
targeting CD19 and another antigen simultaneously, such as CD22 or CD20.

The anti-CD20-CD19 bispecific CAR induced a full T-cell response upon engagement
of CD19 or CD20 on target cells showing a real “OR” gate recognition in redirecting
T-cell activation [56]. The bispecific CAR T cells cleared pediatric ALL with a mixed
CD19+CD20+/CD20- phenotype from the blood and bone marrow of transplanted mice,
while anti-CD20 CAR T cells left CD20- leukemic cells behind without curing the disease.
Data indicate the superior anti-leukemic activity in the control of leukemia, implying
that the anti-CD20-CD19 bispecific CAR T cells may reduce the risk of relapse through
antigen-loss leukemic cells in the long term.

Dai et al. reported the design of a bispecific CAR simultaneous targeting of CD19
and CD22 [57]. The authors performed a phase 1 trial in R/R B-ALL and demonstrated
bispecific CD19/CD22 CAR T cells could trigger robust cytolytic activity against target
cells. CR with MRD-negative was achieved in 6 out of 6 enrolled patients. Autologous
CD19/CD22 CAR T cells increased in vivo and were detected in the blood, bone marrow,
and cerebrospinal fluid. No ICANS occurred in any of the six patients treated. One patient



Int. J. Mol. Sci. 2021, 22, 2150 9 of 17

had a relapse with blast cells that no longer expressed CD19 and exhibited diminished
CD22 site density approximately five months after treatment. The conclusions were that
autologous CD19/CD22 CAR T cell therapy was feasible and safe and mediated potent
anti-leukemic activity in patients with R/R B-ALL. Schultz and colleagues presented at the
2019 ASH annual meeting the results of a phase I clinical trials of CD19/CD22 bispecific
CAR T cells in 19 patients (10 pediatric; 9 adults) with a median age of 23 years (range,
2–68) and median of 4 (range, 2–11) last lines for ALL [58]. Researchers utilized lentiviral
transduction of a bivalent CAR construct incorporating the fmc63 CD19 and m971 CD22
single-chain variable fragments (scFvs) and a 41BB co-stimulatory endo domain. The
authors tested two dose levels during dose escalation. Twelve patients have reached day
28 and are included in the safety and response analysis. 75% of them experienced CRS,
and 17% developed ICANS. The CRS and ICANS were all grade 1 or 2 across both dose
levels and pediatric and adult patients except for one adult with high disease burden
who experienced grade 4 CRS and grade 4 ICANS, both of which were reversible. No
differences in toxicities were seen across the patient age spectrum, and there were no
treatment-related mortality cases within 28 days following CAR T infusion. Eleven of
12 (92%) patients achieved a CR, and OS for all infused patients was 92% with a median
follow-up of 9.5 months from infusion time (range, 1–20). The authors concluded that the
combined pediatric and adult phase I trials of bispecific CD19/CD22 targeting CAR T cells
in R/R ALL demonstrates safety and tolerability at two dose levels.

Yang et al. reported at the 2020 ASH Annual Meeting data on an anti-CD19/CD22
dual CAR-T (GC022F) therapy in patients with B-ALL based on a novel manufacturing
platform, from a phase I clinical study in treating patients with B-ALL [59]. GC022F cells
were manufactured using a novel FasTCARTM platform, which takes 24 h. In contrast,
the conventional CD19/CD22 dual CAR-T (GC022C) cells used as parallel control in the
preclinical study were manufactured by a traditional process that typically takes about two
weeks. All patients received a conditioning regimen of fludarabine and cyclophosphamide
before GC022F infusion. Compared with the GC022C, GC022F cells showed less exhaustion,
younger phenotypes, higher expansion fold at in vitro culture, and high anti-leukemia
efficacy in mice models. Comparing in vivo, GC022F treatment was more potent and
could reduce tumor burden earlier and faster, leading to the significantly prolonged OS
of the experimental animals. Nine children and one adult with B-ALL were enrolled and
infused with GC022F. The median age was 10 (3–48) years, and the median bone marrow
(BM) blasts were 21.0 (0.1–63.5)% at enrollment. Three patients had prior CD19 CAR-T
cell therapy history, and one of whom had prior allo-SCT. GC022F exerted a superior
safety profile with no observed grade ≥3 CRS and ICANSin all patients. After GC022F
infusion, 6/6 patients achieved CR by day 28, 5/6 with minimal residual disease (MRD)-
negative CR. This study demonstrated that anti-CD19/CD22 dual CAR T-cells could be
successfully manufactured by FasTCARTM technology in 24 h, with younger and less
exhausted phenotypes. Moreover, the Dual FasTCAR-T cells showed more potent efficacy
in a xenograft mouse model than the conventional dual CAR-T cells.

Other trials targeting dual antigens are currently underway [60], including preclinical
data regarding a dual CD19 and CD123 targeting CAR [61]. CD123, the interleukin three
receptor, is strongly associated with leukemic stem cells and is expressed in around 80%
of B-ALL blasts [62]. Yan et al. first showed that the CD19-CD123 CCAR had impressive
cytotoxic activity against leukemic cell lines and patient tumors, ablating a variety of CD19-
positive and CD123- positive leukemic cell lines [57]. The cCAR targeted and responded
to various primary leukemia samples and efficiently ablated CD19+ CD123+ B-ALL cells
and CD123dim AML cells in these samples. CD19-CD123 cCAR ablates over >90% of
double-positive primary B-ALL blasts in 24 h, indicating the compound CAR’s exceptional
targeting capacity in eliminating tumor cells.

CAR-T therapy targeting three targets- CD19, CD20, and CD22, are also under devel-
opment for ALL [63]. Fousek and colleagues designed two trivalent CAR T cell products
with exodomains derived from single-chain variable fragments targeting CD19, CD20, and
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CD22. Each CAR contains the 4-1BB and T-cell receptor zeta chains. Donor T cells were
engineered to express the CARs using a retroviral system. Using primary B-ALL cells, they
observed that trivalent CAR T cells killed ALL cells more robustly than CD19 CAR T cells.
In multiple models of CD19 escape in primary ALL, they showed that trivalent CAR T
cells mitigated CD19 negative relapse, producing IFN-γ/TNF-α and killing CD19-negative
primary ALL, while CD19 CAR T cells remained ineffective.

A chondroitin sulfate proteoglycan 4 (CSPG4) membrane surface receptor has been
found on mixed-lineage leukemia (MLL) rearranged B-ALL cells. A CSPG4-specific CAR is
an active area of investigation for MLL rearranged B-ALL [64].

6. Allogeneic CAR-T

Allogeneic Cytokine Induced Killer (CIK) cells, a T-cell population characterized by
the enrichment of CD3+CD56+ cells, have demonstrated a high safety profile in ALL
patients. CIK cells could be skillfully engineered by the non-viral Sleeping Beauty (SB)
transposon for the clinical application [65,66]. An Italian group generated CIK cells from
50 mL of donor-derived peripheral blood (PB) by electroporation with the GMP-grade
CD19.CAR/pTMNDU3 and pCMV-SB11 plasmids [67]. After lymphodepletion with
Fludarabine and Cyclophosphamide, four pediatric and seven adult patients withB-ALL
patients relapsed after Allo-SCT received a single dose CARCIK-CD19 (n = 2 HLA identical
sibling, n = 4 MUD, n = 5 haploidentical donor). Toxicities reported were a grade I CRS and
an infusion-related DMSO-associated seizure, with the absence of dose-limiting toxicities,
ICANS, and graft-versus-host disease (GvHD) in any of the treated patients. Four out of
5 patients receiving the highest doses achieved CR and CRi on day 28. The three patients
in CR were also MRD-while the CRi was MRD+ and relapsed at day+49. The robust
expansion was achieved in most patients as defined by detectable CAR T-cell detection
in PB. The median time to peak engraftment was 14 days. The magnitude of expansion
correlated with the CD19+ burden in the BM at the infusion time. CD8+ T cells represented
the predominant CARCIK-CD19 T-cell subset (78.88% ± 5.33% D14 n = 6) along with
CD3+CD56+ CIK cells and CD4+ T cells to a lesser extent. The majority of CAR T cells had
a central and effector memory phenotype. CAR T cells were measurable up to 6 months
with a mean persistence of 70.5 ± 14.85 days (follow up ranging from 28 days to 1 year).
No significant difference was observed by integration analyses of the patients PB and
cell products.

The use of CAR-T therapies on a larger proportion of patients has been limited by
variability of the final cell product, feasibility concerns, cost, and toxicity. Off-the-shelf
allo products offer the opportunity to address some of these concerns. Allo products have
their theoretical limitations, including the potential for graft-versus-host disease (GvHD)
causing additional toxicity and host-versus-graft rejection limiting the efficacy.

Zhang et al. presented at the 2020 ASH Annual Meeting the CAR T-cells results derived
from related donors in 37 patients (median age 19 years, range 3–61), with R/R B-ALL [68].
Of the 37 patients, 28 experienced a relapse following allo-SCT and whose lymphocytes
were collected from their transplant donors (3 HLA matched sibling and 25 haploidentical).
For the remaining nine patients without a prior transplant, the lymphocytes were collected
from HLA identical sibling donors (n = 5) or haploidentical donors (n = 4) because CAR-T
cells manufacture from patient samples either failed (n = 5) or blasts in peripheral blood
were too high to collect quality T-cells. The authors showed that manufacturing CD19+
CAR-T cells derived from donors were feasible. For patients who relapse following allo-
HSCT, the transplant donor-derived CAR-T cells were safe and effective with a CR rate as
high as 96.4%. The authors concluded that the efficacy of CAR T-cells from haploidentical
donors was inferior.

UCART22 is a genetically modified T-cell product manufactured from non-HLA
matched healthy donor cells. Donor-derived T-cells are transduced using a lentiviral vector
to express anti-CD22 CAR (anti-CD22 scFv-41BB-CD3ζ) and are further modified using
Cellectis’ TALEN® technology to disrupt the T-cell receptor alpha constant (TRAC) and
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CD52 genes. These modifications minimize graft versus host disease (GvHD) and allow
anti-CD52 directed drugs in the lymphodepletion (LD). UCART22 demonstrated antigen-
specific cytotoxic activity against B-ALL cell lines and primary human samples in vitro.
BALLI-01 (NCT04150497) is a Phase I open-label dose-escalation study designed to assess
the safety, the maximum tolerated dose (MTD), and preliminary anti-leukemic activity
of UCART22 in patients with R/R B-ALL. Jain et al. published the preliminary results of
5 patients who received infusion [69]. UCART22 demonstrated no unexpected toxicities
at tested doses. CRS was observed in 3 patients, all grade 1–2, and was manageable.
No pts had DLT, GvHD, nor ICANS. Two pts achieved CRi. As host immune recovery
was observed early, the addition of alemtuzumab to FC LD is now being explored in
ongoing treatment cohorts to potentially achieve a more profound and more sustained
T-cell depletion and promote expansion and persistence of UCART22.

PBCAR0191 is a novel CD19 targeted allogeneic CAR T therapy candidate being
developed for the treatment of R/R B-cell acute lymphoblastic leukemia (B-ALL) and
non-Hodgkin lymphoma (NHL). PBCAR0191 was designed to limit the risk of GvHD by
precisely inserting a CD19 specific CAR into the TRAC (T cell receptor alpha constant) locus
in cells harvested from healthy donors. Those cells are then expanded. A CD3 elimination
step is performed, followed by another expansion. Then, PBCAR0191 is vialed and frozen
for shipment, then thawing, dilution, and infusion at the treatment site. Currently, it is in
phase I/IIa clinical trial [70].

7. Allo-SCT after CAR-T

Although anti-CD19 CAR T-cell therapy shows promising efficacy in patients with
R/R B-ALL, it fails to improve long-term DFS. Allo-SCT after CAR T-cell therapy has
emerged as a promising strategy to prolong DFS. Nevertheless, which patients are likely to
benefit from consolidative Allo-SCT remain to be studied. Real-life studies highlight that
patients with poor risk disease were at increased risk of relapse after CAR T-cell therapy [71].
Elevated pre-lymphodepletion lactate dehydrogenase, low pre-lymphodepletion platelet
count, absence of fludarabine in lymphodepletion, and persistent leukemic sequence high
throughput sequencing in bone marrow after CAR T-cell treatment and early loss of CAR
T cells have also been linked to relapse after CARs infusion. In patients having these risk
factors, a consolidation with Allo-SCT after CAR T-cell therapy may prolong DFS.

8. Expert Opinion

The cellular immunotherapy field was still in its infancy in 2012 when the first pediatric
patient received the CAR-T therapy CTL019, now known as Tisacel. Since those years,
trial activity has increased dramatically and continues at a rate of nearly 100 new trial
registrations each year. There are no comparative studies between different anti-CD19
CAR T-cell constructs, and we can assess their efficacy and toxicity from meta-analyses
and mechanistic studies. While Tisacel contains the 4-1BB co-stimulatory domain [22],
MSKCC conducted a trial using a CAR construct with a CD28 co-stimulatory domain [29],
and KTE-X19 is another CD19 CAR-T product with a CD28 co-stimulatory domain [39].
The 4-1BB co-stimulatory domain CAR-T shows more durable in vivo persistence than
the CD28 co-stimulatory domain [49]. The trials varied widely by CAR vector constructs,
manufacturing, eligibility criteria, patient population, and dosing schemes. Despite these
differences, the studies have consistently shown that CD19 CAR-T therapy induces high
CR rates in high-risk, heavily pretreated patients with R/R B-ALL. Although Kymriah
(Tisacel) is the only approved therapy available in the ALL market, additional studies and
comparison trials must further determine differences in efficacy between different anti-
CD19 CAR T-cell constructs. Moreover, hematologists begin to have real-life data available,
thanks to international registers. Real-life highlights how the patients treated have worse
clinical characteristics than those included in studies. Despite this, the clinical outcomes
of real-life demonstrate similar results to those of clinical trials. An exciting finding is
that the rate of CRS and ICANS ≥ 3 is lower in real life than in clinical trials, so much
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to suggest a possible use of CAR-T therapy, at least in part, in outpatient setting. These
results may be explained by the early use of tocilizumab or steroids. On the other hand,
our difficulty in comparing toxic events between different constructs and real-life could be
explained partly by the variability in the CRS grading criteria used in the various studies.
Recently, Pennisi et al. [72] compared the five major CRS grading systems’ performance
with the recently released American Society for Transplantation and Cellular Therapy CRS
grading criteria. Agreement between the different grading systems was found only in
25% of patients, resulting in various toxicity management recommendations. The Penn
grading system tended to upgrade mild CRS, and we can observe discrepancies between
the MSKCC, CAR-T toxicity (CARTOX), and ASTCT criteria with regards to hypotension,
and between the Lee, CARTOX, and ASTCT criteria with regards to organ damage [73–76].
We are still learning about what causes this toxicity, but inflammation plays definitely
an important role [74]. Moreover, some patients experience delayed cytopenias, which is
sometimes related to the degree of intensity of the lymphodepletion regimen that they were
given. Moreover, normal B cells can be reduced with this approach, leading to B-cell aplasia,
although this is only temporary. For CAR T-cell therapies to be feasible across institutions,
clinicians’ comprehensive training, and a standardized approach to CRS management will
be necessary to maximize safety and represent a priority for continued research.

Other challenges need to be addressed. Future trials are needed to identify predictors
of response, improve the risk-benefit balance, and minimize unnecessary financial outlay
for individual patients and healthcare systems [77]. This topic could result in those pre-
dicted to respond poorly to chemotherapy but well to CAR-T cells receiving them upfront.
Despite promising response rates in trials, applying this data to real-world patients is chal-
lenging, partly as inclusion criteria favor better prognosis groups. Comparative analysis
of outcomes in patient cohorts with varying disease burden demonstrates an inferior CR,
EFS, and OS in patients with high disease burden compared to patients with lower disease
burden or no detectable disease at last evaluation before CAR infusion. Moreover, baseline
platelet count, lactate dehydrogenase, and lymphodepletion regimen impacted EFS in
MRD patients with negative CR after CD19 CAR T-cell.

With the longer follow-up and durable T cell persistence now reported, we are closer
to answering the question of whether sustained remissions are possible with CAR T cell
monotherapy. As might be expected, with a highly effective therapy using a single mecha-
nism of action, escape pathways have emerged. Nevertheless, despite initial impressive
in-depth responses obtained with this therapy, more than half of patients experienced
relapse, with relapse rates as high as 65–85% in various studies. With these premises, it is
our opinion that CAR-T can represent a bridge therapy to Allo-SCT in patients eligible for
this procedure. Allo-SCT after CD19 CAR-T cell therapy is well tolerated and may improve
EFS and provide optimal clinical benefit in patients with MRD-negative CR, typically
within three months after CAR T-cell therapy. Different studies included variable numbers
of patients that proceeded to Allo-SCT after anti-CD19 CAR T-cell infusion, ranging from
0% to 33%. Some protocols allowed Allo-SCT at the discretion of the treating clinician.
Future trials and long-term outcome data are required to establish the role of Allo-SCT
after CAR T-cell therapy.

Another question where we have no clear answer is whether CD19 must be the only
target of CAR-T. CD19 is one target, but several other targets are being examined, such
as CD20 and CD22. CD22-directed CAR-T cells have shown efficacy against leukemia
as well in a recent clinical trial, representing the first alternative CAR target to approach
comparable efficacy to CD19 CAR-T cells. CARs directed against other antigens may
salvage some of these relapses and are in development for B-cell leukemias. Dual-targeting
CARs or combination therapy may prevent relapses due to escape variants and, therefore,
the way forward. If we only target one antigen, it is possible that leukemia can escape by
no longer expressing that target. However, if we target two antigens, we can increase the
likelihood that leukemia will not relapse. This method is still early in development, and
combinatorial approaches are needed to anticipate and prevent this mode of relapse.
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What is the future of CAR T-cell therapy? Suppose anyone hazards a guess as to
what the future will look like. In that case, off-the-shelf products seem to be the way to
go because we can avoid apheresis and the waiting period to manufacture autologous
CAR T cells. Even though this period can be as short as 2–3 weeks, this is a long time
for patients with R/R disease. To transition to off the shelf products does have some
nuances that need to be addressed. None of these products has obtained FDA approval yet,
but several ongoing clinical trials investigate these approaches. A new “FasT” platform,
which uses electroporation to transduce the CAR gene and has shortened the CAR-T cell
manufacturing process by more than 24 h, has shown superior expansion capability and
younger/less exhausted phenotypes a phase I clinical trial [78]. Other ways to mitigate this
obstacle is to develop allogeneic “off the shelf” therapy [79]; however, allogeneic cells bear
the risk of immune rejection by host T cells, as well as allo-reactivation of the CAR-T cells
via the TCR receptor against host tissues, causing GVHD [80]. Many trials are currently
enrolling “off the shelf” products, including a few trials with gene-edited deletion of the
surface TRAC molecule to prevent GVHD [81].

The last issue is cost. Since the first CAR T-cell therapies gained FDA approval in 2017,
the one-time treatments have led to unprecedented response rates in patients with B-cell
ALL, with remarkable price tags of about $373,000 for a single infusion. The price does not
account for manufacturing the product or managing potential long-term complications,
and managing other therapy lines after relapse. So, we worry about whether health systems
can afford to pay for these therapies. The pharmaceutic company introduced an outcomes-
based pricing model for the ALL indication for Tisacel: if the treatment does not work, no
one pays for it. That proposal is exciting with many problems, the least of which is that the
definition of “not working” is not clear.

9. Conclusions

In conclusion, CAR-T therapy is specifically developed for each patient and involves
reprogramming the patient’s immune system cells, which we can use to target their cancer.
It is a highly complex and potentially risky treatment, but it has been shown in trials to cure
some patients, even those with quite advanced cancers, and were other available therapies
have failed. Although the high initial response rate with CD19-CAR-T cells in B-ALL,
relapses occur in a significant fraction of patients. Current strategies to improve CAR-T cell
efficacy focus on improved CAR-T cells in vivo, multispecific CARs to overcome immune
escape, and new CAR designs. We can use CAR-T cells for bridging to Allo-SCT in patients
with R/R B-ALL since we currently cannot distinguish those CAR-T cell that will persist
without further therapy from those that are likely to be short-lived. Future improvements
in CAR-T cell constructs may allow longer-term remissions without additional Allo-SCT.
Uncertainty about the real costs for administering these relatively new treatments is tied to
questions about reimbursement.
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