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Abstract

The 5-year survival rate for children and adolescents with acute lymphoblastic leukemia (ALL) has improved to more than 90%
in high-income countries. However, further increases in the intensity of conventional chemotherapy would be associated with
significant adverse effects; therefore, novel approaches are necessary. The last decade has seen significant advances in targeted
therapy with immunotherapy and molecular therapeutics, as well as advances in risk stratification for therapy based on somatic
and germline genetic analysis and monitoring of minimal residual disease. For immunotherapy, the approval of antibody-based
therapy (with blinatumomab in 2014 and inotuzumab ozogamicin in 2017) and T cell-based therapy (with tisagenlecleucel in
2017) by the US Food and Drug Administration has significantly improved the response rate and outcomes in patients with
relapsed/refractory B-ALL. These strategies have also been tested in the frontline setting, and immunotherapy against a new
ALL-associated antigen has been developed. Incorporating effective immunotherapy into ALL therapy would enable the inten-
sity of conventional chemotherapy to be decreased and thereby reduce associated toxicity, leading to further improvement in
survival and quality of life for patients with ALL.
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1 Introduction

Contemporary risk-directed treatment has improved the 5-year
event-free survival and overall survival rates for childhood
acute lymphoblastic leukemia (ALL) to over 80% and 90%,
respectively, and has decreased the cumulative risk of relapse
to less than 10% [1, 2]. In the recently completed St. Jude Total
Therapy Study 16, the 5-year event-free survival rate was
88.2% and the cumulative risk of any relapse was 6.6% for
the 598 evaluable patients [3]. Despite the reduction in the
cumulative risk of relapse and the corresponding increase in
event-free survival, the overall survival rate for Total Therapy
Study 16 (94.1%) was similar to that for Total Therapy Study
15 (93.5%) [4]. This suggests that the intensity of conventional
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chemotherapy has been pushed to the limit of tolerance.
Therefore, further improvements in treatment outcome and
quality of life for children with ALL in the coming decade will
need to incorporate novel therapeutic approaches [5]. This re-
view will focus on immunotherapy approaches in ALL, espe-
cially antibody therapy (with blinatumomab and inotuzumab)
and the use of chimeric antigen receptor (CAR) T cells.

2 Blinatumomab
2.1 Mechanisms of action

T cells play a critical role in controlling tumor growth.
Because T cells lack Fcy receptors, conventional antibodies
cannot recruit T cells after binding to the target leukemia cells.
Therefore, an alternative approach has been developed to en-
hance the high cytotoxic potential of T cells by using
bispecific T cell-engaging (BiTE) antibodies [6, 7].
Blinatumomab consists of 2 different single-chain Fv frag-
ments joined by a glycine—serine linker. One specificity is
directed against the CD3 antigen of human T cells, which
activates the cytotoxicity of T cells, and the other site binds
the pan—B cell marker CD19, which is uniformly expressed on
the vast majority of B-ALL cells.
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2.2 Clinical studies on blinatumomab in adults
with refractory or relapsed B-ALL

A phase I study of blinatumomab demonstrated its efficacy
against indolent non-Hodgkin lymphomas, such as follicular
lymphoma and mantle cell lymphoma, and against chronic
lymphocytic lymphoma [7]. A phase II study of
blinatumomab (15 pg/m*/day for 4 weeks) in adults with re-
lapsed or persistent minimal residual disease (MRD) (> 1 x

10~%) B-ALL showed a negative MRD response in 16 of the
20 evaluable patients (80%) and a relapse-free survival of
61% (with a median follow-up of 33 months) (Table 1) [8,
9]. Relapse-free survival was 65% in the 9 patients who re-
ceived a hematopoietic stem cell transplant (HSCT) after
blinatumomab treatment and 60% in the 11 patients who did
not receive an HSCT. These results suggest that some patients
with MRD-positive B-ALL treated with blinatumomab can be
cured without the need for HSCT.

Subsequently, a phase II study of blinatumomab was per-
formed in adults with refractory/relapsed Philadelphia chromo-
some (Ph)negative B-ALL with > 10% blasts in the bone mar-
row (Table 1) [10, 11]. Because of the high disease burden,
blinatumomab was given in stepwise increments (9 pg/day for
1 week followed by 28 pg/day for 3 weeks for cycle 1) to prevent
cytokine release syndrome (CRS). Of the 189 patients enrolled in
the study, 81 (43%) experienced complete remission with or
without hematologic recovery, and 32 (40%) of these 81 patients
subsequently received an HSCT. Blinatumomab was also effec-
tive in patients who had previously received an HSCT, with a
response rate of 45% (29 of 64), which was comparable to the
rate in those patients who had not previously received an HSCT
(43%; 54 of 125) [12]. The US Food and Drug Administration
(FDA) granted accelerated approval of blinatumomab for pa-
tients with Ph-negative relapsed or refractory B-ALL in
December 2014 [13].

In a multi-institutional randomized phase III trial in 405 adults
with refractory/relapsed B-ALL with > 5% bone marrow blasts
(the TOWER study), patients received either blinatumomab (271
patients) or standard-of-care chemotherapy (134 patients) at a 2:1
ratio (Table 1) [14]. Patients treated with blinatumomab had a
better complete remission rate with or without hematologic re-
covery (44% vs. 25%, P<0.001), better event-free survival
(31% vs. 12% at 6 months, P < 0.001), and better median overall
survival (7.7 months vs. 4.0 months, P=0.01) when compared
with those treated on the chemotherapy arm.

To confirm the effects of blinatumomab in an earlier phase
I study [8, 9], blinatumomab was given to adults with B-ALL
with positive MRD (>1x 107) (Table 1) [15]. Of the 113
evaluable patients who received blinatumomab, 88 (78%) ex-
perienced a complete MRD response after 1 cycle of treat-
ment. The median overall survival was 36.5 months, and the
18-month relapse-free survival was 54%, which was better
than the pre-specified boundary of 28%. Of the 74 patients
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who underwent a subsequent HSCT, 36 (49%) remained in
remission. However, of the 36 patients who did not receive a
subsequent HSCT or chemotherapy after blinatumomab treat-
ment, 9 (25%) also remained in complete remission with a
median follow-up of 24.0 months. The authors of the study
suggested that this finding might be of therapeutic relevance
for less fit and elderly patients [15]. This study included 41
patients (35% of the total) who were in second or third remis-
sion. Although the MRD response was similar in these pa-
tients and in those in first remission, relapse-free survival
was, not surprisingly, worse among the former patients
(11.0 months vs. 24.6 months, P=0.004). Hence, earlier ad-
ministration of blinatumomab during the disease course
should be considered for patients with persistent MRD [16].
In March 2018, the FDA expanded the indication for
blinatumomab to pediatric and adult patients with B-ALL in
first or second complete remission with MRD of >0.1% [17].

Blinatumomab was given to adults with Ph-positive ALL
for which tyrosine kinase inhibitor (TKI)-based therapy was
unsuccessful (Table 1) [18]. During the first 2 cycles, com-
plete remission with or without hematologic recovery was
observed in 16 of 45 patients (36%), including 4 of 10 patients
with the T3151 mutation. In another study, 9 adults with
relapsed/refractory Ph-positive ALL and 3 patients with
CML in blast crisis were treated with a combination of
blinatumomab and a TKI (ponatinib [n = 8], dasatinib [n=
3], or bosutinib [#n=1]) [19]. Three of 6 patients with overt
hematologic disease and all 6 patients with MRD had com-
plete remission with negative MRD response.

Due to its short half-life (approximately 2 h), blinatumomab
is administered as a continuous infusion [17]. In one study, after
an average of 2 days of infusion, B cell counts dropped to less
than 1/mm?’ as a result of blinatumomab-induced apoptosis and
they remained below the detection limit thereafter during infu-
sion [20]. The T cell counts declined within a day, recovered to
baseline after 8-9 days, and expanded to more than twice the
baseline count after 2-3 weeks of treatment, with an increase in
the number of CD69-positive cells, consistent with polyclonal
T cell activation. During the first 2 days of infusion, transient
release of cytokines, predominantly interleukin (IL)-6, IL-10,
and interferon (INF)-y, was observed. Long-term survivors
(MRD responders who survived for 30 months or longer) had
greater expansion of T cells and effector memory T cells when
compared with non-responders and those with shorter survival
(<30 months), suggesting the importance of T cell expansion
[21].

2.3 Pediatric experience with blinatumomab

In a phase I/II study, the recommended blinatumomab dosage for
pediatric patients with relapsed/refractory ALL with a high dis-
ease burden (>25% bone marrow blasts) was 5 ug/mz/day for
the first 7 days, followed by 15 pg/m*/day thereafter (Table 1)
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[22]. Complete remission within the first 2 cycles was seen in 27
of 70 patients (39%) who were treated at the recommended dose,
with 14 of these responders (52%) having negative MRD.

In another phase 111 trial in pediatric patients with B-ALL at
high risk of relapse, blinatumomab was compared with con-
ventional consolidation therapy. The patient enrollment was
terminated early because superior disease-free survival and
overall survival, markedly lower toxicities, and better MRD
clearance were observed in the blinatumomab arm [23].

Blinatumomab was given to pediatric patients with ALL in
the setting of overwhelming chemotherapy-associated bacte-
rial and fungal infections [24]. This treatment resulted in the
recovery of all patients and enabled successful bridging to
further anti-leukemia therapy. Blinatumomab was also effec-
tive and safe for eliminating MRD as a bridging therapy be-
fore HSCT in 15 other pediatric patients with B-ALL [25].

2.4 Adverse effects associated with blinatumomab
treatment

The unique and significant toxicities associated with
blinatumomab are CRS and neurologic events (Table 1) [10,
14]. In the randomized phase III TOWER study, the inci-
dences of neutropenia and infection (grade 3 and above) were
lower for the blinatumomab arm than for the chemotherapy
arm, but CRS was seen only in patients treated with
blinatumomab [14]. The incidences of grade 3 or higher neu-
rologic adverse effects were similar for both arms. In this
study, patients who received blinatumomab also had better
health-related quality of life when compared with those who
received chemotherapy [26].

Symptoms of CRS include pyrexia, headache, nausea, fa-
tigue, and hypotension. CRS typically occurs within the first
2 days after the initiation of blinatumomab infusion, which
coincides with the recovery and expansion of T cells and pro-
inflammatory cytokine production [27]. The cytokines IL-6,
IL-10, and INF-y are also elevated in patients with
hemophagocytic lymphohistiocytosis (HLH) or macrophage
activation syndrome (MAS). Severe CRS is associated with
higher leukemia burden and higher initial starting dose of
blinatumomab and can lead to secondary HLH/MAS [28].
To prevent CRS, pre-phase dexamethasone and stepwise in-
creases in blinatumomab dosing should be used for patients
with morphologically evident overt disease. As IL-6 is primar-
ily responsible for an inflammatory response, IL-6 receptor
blockade by tocilizumab is effective at ameliorating
blinatumomab-induced CRS [29].

Neurologic toxicities of any grade have been reported in
approximately 50% of patients, with a median onset of 7 days;
these toxicities include headache, malaise, confusion, somno-
lence, disorientation, encephalopathy, and convulsions [27]. A
possible mechanism for these neurologic effects is cytokine
release after the disruption of the blood-brain barrier by
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activated T cells [28]. Grade 3 or higher neurologic toxicities
have occurred in approximately 15% of patients, and drug
discontinuation and administration of dexamethasone are rec-
ommended for patients who experience such toxicities [15,
16]. In the low-MRD setting, CRS was infrequent, and most
of the neurologic adverse events could be reversed by
interrupting the infusion and providing supportive care [15].

Hypogammaglobulinemia develops as a result of B cell
aplasia after blinatumomab treatment; therefore, monitoring
of immunoglobulin G (IgG) levels is recommended, along
with treatment with intravenous immunoglobulins as neces-
sary [30]. Grade 3 or lower graft-versus-host disease has been
reported in patients who received blinatumomab after HSCT,
but no patients in that study required discontinuation of
blinatumomab or hospitalization [12].

2.5 Mechanisms of resistance to blinatumomab
treatment

The loss of expression of CD19, the target of blinatumomab,
is the major mechanism of resistance to blinatumomab treat-
ment. This is described further in the section on CAR T cells.
Blinatumomab can activate regulatory T cells, which leads to
IL-10 production, suppresses effector T cell proliferation, and
reduces the cytotoxic activity of CD8 T cells against B-ALL
cells [31]. A higher percentage of regulatory T cells in periph-
eral blood were associated with a lower rate of response to
blinatumomab. Treatment with cyclophosphamide and/or
fludarabine can reduce regulatory T cells [32, 33].
Furthermore, the use of checkpoint inhibitors, as in PD-1
blockade therapy, may enhance the efficacy of blinatumomab
by eliminating inhibitor signals.

3 Inotuzumab ozogamicin
3.1 Mechanisms of action

CD22 is expressed on more than 90% of B-ALL cells and
mature B lymphocytes, but not on normal hematopoietic B
cell precursors, non-B lymphoid cells, myeloid cells, hemato-
poietic stem cells, or non-hematopoietic lineage cells [34, 35].
Therefore, CD22 is another attractive target for immunother-
apy. Inotuzumab ozogamicin is a humanized CD22 monoclo-
nal antibody conjugated to calicheamicin [36]. After
inotuzumab binds to CD22, the complex is rapidly internal-
ized to lysosomal vesicles. Similar to the treatment with
gemtuzumab ozogamycin [37], which targets CD33-positive
myeloid cells, the acidic pH environment in the lysozyme
liberates calicheamicin. As a potent cytotoxic antitumor anti-
biotic, calicheamicin binds to DNA in the minor groove and
causes double-strand DNA breaks and apoptotic cell death
[38].
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3.2 Clinical studies on inotuzumab in adults
and children with refractory or relapsed B-ALL

In phase I/II studies of inotuzumab at doses of 1.2 mg/m? to
1.8 mg/m? per cycle (over 3 to 4 weeks) for adults with CD22-
positive refractory or relapsed ALL, the overall response rate
was 57% to 68%, and 63% to 84% of the responders were
MRD negative (Table 2) [39—41]. In a randomized phase III
study in adults with relapsed ALL (the INO-VATE study), the
complete remission rate was significantly higher in patients
who received inotuzumab (80.7%) than in those who were
treated with standard intensive chemotherapy (29.4%)
(P<0.001), with a higher MRD-negative rate among patients
who experienced remission (78.4% vs. 28.1%, P <0.001)
[42]. Inotuzumab treatment resulted in significantly longer
remission (4.6 months vs. 3.1 months, P=0.03),
progression-free survival (5.0 months vs. 1.8 months,
P <0.001), and overall survival (7.7 months vs. 6.7 months,
P =0.04) than did standard intensive chemotherapy. In this
study, inotuzumab ozogamicin was administered weekly for
a total dose of 1.8 mg/m? per cycle (0.8 mg/m” on day 1 and
0.5 mg/m” on days 8 and 15) and was reduced to 1.5 mg/m*
(0.5 mg/m* weekly) once patients experienced remission.
Inotuzumab was approved by FDA as monotherapy for refrac-
tory and relapsed ALL in 2017 [43].

Inotuzumab has been combined with low-intensity chemo-
therapy agents such as mini-hyperfractionated cyclophospha-
mide, vincristine, and dexamethasone, along with methotrex-
ate and cytarabine (m-HCVD) (Table 2) [44]. In that study,
one dose of inotuzumab was given in each cycle (1.3 mg/m?
for cycle 1 and 1 mg/m? for cycles 2 to 4) and each cycle was
administered every 4 weeks. Of the 59 patients treated, 46
(78%) had a morphologic complete response, and negative
MRD was seen in 82% of these 46 patients within 3 cycles.
Compared with historical controls treated with inotuzumab
alone, patients treated with inotuzumab and m-HCVD, after
adjusting for patient characteristics, had a significantly better
overall response rate (75% vs. 63%, P =0.02) and 1-year over-
all survival rate (43% vs. 27%, P =0.02).

A retrospective analysis of an inotuzumab compassionate
use program for pediatric patients found that, among 51 chil-
dren with heavily pretreated relapsed/refractory ALL, com-
plete remission was seen in 67% of the patients, with negative
MRD in 71% of these responders (Table 2) [45].

3.3 Adverse effects and resistance mechanisms
associated with inotuzumab treatment

In the phase 3 randomized INO-VATE study, patient-reported
outcomes analysis showed that patients who received
inotuzumab also reported better quality of life, better function-
ing, and better symptom scores than did those who received
standard chemotherapy [46]. Although the incidence of grade

3 or higher thrombocytopenia was significantly lower for the
inotuzumab arm, liver-associated adverse events were more
common in that arm (occurring in 83 of 164 patients [51%])
than in the standard therapy arm (where they occurred in 49 of
143 patients [34%]) [42, 47]. Sinusoidal obstruction syn-
drome of any grade occurred in only 1 patient (< 1%) in the
standard therapy arm but in 22 patients (13%) in the
inotuzumab arm, including 17 patients after a subsequent
HSCT and 2 who had previously received an HSCT [47].
Therefore, treatment with inotuzumab is associated with in-
creased hepatotoxicity, especially sinusoidal obstruction syn-
drome after HSCT.

A study with a nonbinding antibody—calicheamicin conju-
gate, which contains the same linker as gemtuzumab
ozogamicin and inotuzumab ozogamicin, was performed in
cynomolgus monkeys [48]. Three days after the calicheamicin
conjugate was administered, microscopic evaluation of the
liver revealed midzonal degeneration, loss of sinusoidal endo-
thelial cells, and marked platelet accumulation in the sinu-
soids, which coincided with acute thrombocytopenia.
Furthermore, on day 63, liver histopathology showed variable
endothelial recovery and progression to a combination of si-
nusoidal capillarization and sinusoidal dilation/hepatocellular
atrophy; this is consistent with early signs of sinusoidal ob-
struction syndrome and supports the proposed mechanism of
target-independent liver damage by calicheamicin.

In gemtuzumab, fractionated use and a longer interval
between gemtuzumab and HSCT were associated with low-
er incidences of sinusoidal obstruction syndrome [49, 50].
Similarly, a weekly divided inotuzumab schedule, rather
than a single dose during a treatment cycle, was associated
with lower incidences of sinusoidal obstruction syndrome,
liver dysfunction, and fever/hypotension and had similar
efficacy when compared with a single-dose schedule in
each course, given every 3 to 4 weeks [40]. Bone marrow
response was associated with inotuzumab cumulative AUC
levels and not with peak inotuzumab levels, and sinusoidal
obstruction syndrome was possibly related to peak
inotuzumab levels. In adults with relapsed or refractory
ALL and older patients with newly diagnosed ALL, a lower
dose of inotuzumab with a fractionated schedule in combi-
nation with m-HCVD has been used: a total of 0.9 mg/m?
during cycle 1 (fractionated into 0.6 mg/m? on day 2 and
0.3 mg/m? on day 8 of cycle 1) and a total of 0.6 mg/m>
during each of cycles 2, 3, and 4 (fractionated into 0.3 mg/
m? on day 2 and 0.3 mg/m* on day 8 of the subsequent
3 cycles) [51, 52]. Furthermore, this regimen prolongs the
interval between the last dose of inotuzumab and HSCT and
augments the depth of remission by adding 4 cycles of
blinatumomab after the 4 inotuzumab-based cycles. These
strategies have contributed to lower incidences of sinusoi-
dal obstruction syndrome and improved survival when
compared with historical controls.
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One mechanism of resistance to inotuzumab, downregula-
tion of CD22, has been reported in a few pediatric cases [45,
53]. The modulation of the targeted antigen on leukemia cells
is similar to the antigen loss observed in CD19-directed ther-
apies, although the molecular mechanism of CD22 antigen
loss has not yet been well characterized.

4 Chimeric antigen receptor T cells
4.1 Mechanisms of action

CD19 single-targeting CAR T cell therapy has recently
emerged as a new modality to treat B-lineage malignancies.
A single-chain variant fragment (scFv) domain directed
against a B-lineage—associated CD19 antigen activates intra-
cellular signaling domains such as 4-1BB with CD3( (19-
BBz) or CD28 with CD3( (19-28z) [54, 55]. CAR gene-
modified T cell interaction with target cells occurs in a human
leukocyte antigen (HLA)-independent fashion; therefore, a
single vector can be used to treat all patients with cancers that
express the target antigen. The B cell marker CD19 is an
excellent target in all B cell-derived malignancies because it
is highly expressed on the surface of leukemia cells but is
absent on cells of other lineages and on non-hematopoietic
cells. Integrating signaling domains of the CD28 or 4-1BB
costimulatory receptors in addition to the T cell receptor (-
chain domain in second-generation CARs improves their sig-
naling properties and allows clonal expansion and persistence
of CAR T cells in vivo. CAR T cells can be produced not only
from autologous T cells but also from allogeneic T cells
engrafted after a previous allogeneic HSCT at disease recur-
rence, which rarely cause graft-versus-host disease [56].

4.2 Clinical studies of CAR T cells in patients
with refractory or relapsed B-ALL

The first experience of using CAR T cells to treat B-ALL was
reported in 2013. Two pediatric patients received 19-BBz
CAR T cells, which expanded more than 1000 fold and were
subsequently identified in bone marrow and cerebrospinal flu-
id for at least 6 months, with complete remission being ob-
served in both patients [57]. Thereafter, a case series of 30
children and adults with B-ALL treated with 19-BBz CAR T
cells at a single institution was reported; complete remission
was observed in 27 of the patients (90%), even in those with
blinatumomab-refractory disease or relapse after HSCT
(Table 3) [58]. At 6 months, the discase-free survival was
67% and the overall survival was 78%. Three patients subse-
quently received an HSCT. The persistence of the CAR T cells
and B cell aplasia were important to maintaining remission.
These efficacy and toxicity profiles were confirmed by a
global collaborative study (ELIANA) of 75 pediatric and

young adult patients (Table 3) [59]. The overall remission rate
was 81%, with all patients being negative for MRD. The
event-free survival and overall survival were 73% and 90%,
respectively, at 6 months and 50% and 76%, respectively, at
12 months. Most events were observed within 12 months after
the CAR T cell infusions. Persistence of CAR T cells was
observed for up to 20 months. Only 8 patients in this study
received a subsequent HSCT.

Patients treated with 19-28z CAR T cells have shown sim-
ilar complete remission rates to patients treated with 19-BBz
CAR T cells, with complete remission being observed in 67%
of 21 pediatric and young adult patients in one study [60] and
in 83% of 53 adults in another study [61] (Table 3). However,
compared with 19-BBz CAR T cells, more patients treated
with 19-28z CAR T cells received a subsequent HSCT for
long-term survival.

The use of HSCT after CAR T cell therapy is controversial,
especially in patients who have not previously received an
HSCT [62]. Most of the patients who received 19-28z CAR
T cells and had remission in the early trials went on to HSCT
[60, 63]. However, Park et al. reported no difference in event-
free survival after remission with 19-28z CAR T cell treatment
between patients who received a subsequent HSCT and those
who did not [61]. Long-term survival has been reported in
patients who received 19-BBz CAR T cells only [58, 59].
However, in a study of 17 patients with no history of HSCT
who received 19-BBz CAR T cells, relapse occurred in only 2
of 14 patients who received an HSCT and in 2 of 3 who did
not receive a subsequent HSCT [64].

Interestingly, CAR T cells migrate to extramedullary sites
such as the central nervous system (CNS) or testes and, thus,
can be used to treat isolated and combined extramedullary
relapses [58, 65, 66].

4.3 Adverse effects associated with CAR T cell
treatment

The adverse effects of CAR T cells are on-target effects, which
are usually reversible when the ALL cells have been eliminat-
ed or the engraftment/proliferation of the CAR T cells is com-
plete (Table 3). Adverse effects associated with 19-BBz CAR
T cells (tisagenlecleucel) included CRS (grade 3 + 4 [in 49%
of patients]), neurologic events (grade 3 [in 18%]), febrile
neutropenia (grade 3 + 4 [in 38%]), prolonged cytopenias
(grade 3 + 4 [in 37%]), and infections (grade 3 + 4 [in
27%]) [67]. One patient died from each of the following con-
ditions: cerebral hemorrhage in the context of coagulopathy
and resolving cytokine release syndrome (15 days after infu-
sion); HHV-6—positive encephalitis in association with
prolonged neutropenia and lymphopenia; systemic mycosis
in association with prolonged neutropenia; and unknown
causes.
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In CRS, which has also been reported in blinatumomab
therapy [68], the pretreatment leukemia burden is associated
with the severity of CRS because of the higher level of CART
cell expansion [58, 63]. The levels of cytokines such as IL-6
and I[FN-y are elevated, and an anti—IL-6 receptor antagonist,
tocilizumab, has been approved by the FDA for treating CAR
T cell-induced CRS. Glucocorticoids are also considered
when patients do not respond immediately to tocilizumab.
Predictive biomarker combinations for CRS have been report-
ed and may guide clinicians in providing cytokine-directed
therapy prophylactically or in the early phase of CRS [69].
Early intervention for CRS with tocilizumab and/or cortico-
steroids reduced the incidence of transition from mild to se-
vere CRS and had no detrimental effect on the MRD-negative
complete remission rates or functional CAR T cell persistence
[70].

Neurotoxicity symptoms include encephalopathy, aphasia,
delirium, tremor, and seizures; rare cases of rapid-onset and
lethal diffuse cerebral edema have also been reported [71, 72].
High pretreatment bone marrow disease burden, high CAR T
cell expansion, CRS, and pre-existing neurologic comorbidi-
ties were risk factors. Patients with severe neurotoxicity had
signs of increased blood—brain barrier permeability [71, 72].
Treatment is directed toward managing CRS and preventing
seizures. As tocilizumab may not penetrate the CNS, an IL-6
antagonist may be considered. Updated CRS and neurologic
toxicity grading scales have been published by the American
Society for Transplantation and Cellular Therapy [73].

Infection after CAR T cell therapy is more often seen
during the first 28 days than at later time points, and the
infections, which include invasive fungal infections, can be
life threatening [74]. Heavily pre-treated patient, higher
CAR T cell dose, and severe CRS were associated with an
increased risk of infection. Appropriate prophylaxis and
prompt administration of broad-spectrum antibiotics should
be considered for such patients. The theoretical concerns
regarding adverse reactions include an increased risk of
secondary malignancy due to replication-competent retro-
virus (RCR) or insertional mutagenesis [68]. However,
there have been no reports of RCR infection or insertional
mutagenesis occurring. Because of the lentivirus transduc-
tion technology used to produce CAR T cells, some nucleic
acid testing for human immunodeficiency virus type 1 can
yield false-positive results [75]. Persistence of CAR T cells
is associated with a late adverse reaction of prolonged
hypogammaglobulinemia resulting from the off-tumor,
on-target elimination of normal B cells [68]. Patients
experiencing this adverse event are treated with intravenous
or subcutaneous immunoglobulins. However, several
vaccine/pathogen-specific serum IgG and IgA titers remain
relatively stable after CAR T cell treatment because they are
produced by memory B cell-independent long-lived CD19-
negative plasma cells [76].

4.4 Mechanisms of resistance to CAR T cell treatment

One mechanism of resistance to CAR T cell treatment is the
loss of CAR T cell persistence and B cell aplasia. Early ex-
haustion of robust CAR T cells can limit their anti-leukemia
activity; CD28 co-stimulation appears to augment the exhaus-
tion induced by persistent CAR signaling, whereas 4-1 BB co-
stimulation reduces it [77]. This may explain why 19-BBz
CAR T cells are more persistent in vivo (with a median dura-
tion of 168 days) than are 19-28z CAR T cells (which have a
median duration of approximately 30 days) and why they are
associated with longer remission without HSCT [59, 60].
Calibrating the CAR signaling activation potential by modi-
fying a single immunoreceptor tyrosine-based activation motif
created 19-28z CAR T cells with strong effector functions as
well as appropriate differentiation, proliferation, and longevity
[78]. Whether third-generation CAR T cells, which have 2
costimulatory molecules, can further improve the quality re-
mains to be studied [79]. Furthermore, the binding affinity of
the CAR for the target can affect CAR T cell persistence [80].
CAR T cells with lower-affinity CD19 scFv were associated
with increased in vivo proliferation and cytotoxicity and lon-
ger persistence (median, 215 days) (Table 3).

Reinfusion after CAR T cell loss has had limited success,
possibly as a result of immune-mediated rejection of the CAR
Tcells [81]. As most of the scFv domains are of murine origin,
the use of humanized CD19 CAR T cells has been reported to
prevent anti-mouse reactivity [82]. In a humanized CD19
CAR T cell study, 7 of the 11 patients (64%) who were previ-
ously treated with CAR T cells with murine-origin scFV and
all 19 of the patients who had never had a previous CAR T cell
treatment had a complete response. Furthermore, periodic
in vivo stimulation of the CAR with a CD19-expressing vac-
cine may enhance the persistence of CAR T cells once circu-
lating CD19+ targets have been eliminated [83]. Early T cell
lineage populations, such as naive T cells and stem central
memory cells, show enhanced expansion when compared
with differentiated T cells (effector memory and terminal ef-
fector T cells) [84]. CAR T cells produced from multipotent T
memory stem cells had robust and long-lasting anti-leukemia
responses [85]. Chemotherapy agents such as clofarabine, cy-
clophosphamide, and cytarabine typically deplete T cells, es-
pecially early T-lineage cells. Therefore, it is recommended
that patients have CD3 cell counts of > 150/mm?, and early
collection of T cells should be considered for patients with
refractory or relapsed disease before intensive chemotherapy
is given.

Target-antigen loss is another important resistance
mechanism, even when there is persistence of CAR T cells
and B cell aplasia, and has also been reported in patients
treated with blinatumomab. Acquired genetic mutations in
CD19 exons 2-5 produce a truncated protein with a non-
functional or absent transmembrane domain [86].
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Alternative splicing at exon 2, which is considered to be the
CAR T cell binding site, has also been reported [87].
Sustained pressure against CD19 resulting from the persis-
tence of CAR T cells can induce linecage switches [88],
especially in patients with KMT2A, BCR-ABLI, or
ZNF384 fusions [89-93]. Exposure of a B/myeloid
mixed-phenotype leukemia cell line with KMT2A-AFF1/
t(4;11)(q21;923) to IL-6 induced its differentiation to mye-
loid lineage [94]. Alternatively, pre-existing CD19-nega-
tive leukemia progenitor cells can be selected, as seen in
cases of BCR-ABLI and ZNF384 fusion-positive ALL [91,
95]. Leukemia cells can develop reversible antigen-low sta-
tus by trogocytosis, in which target antigen is transferred to
T cells [96]. This results not only in a lower density of target
antigen on leukemia cells but also in a reduction in CAR T
cell activity by promoting fratricide and exhaustion of CAR
T cells. During CAR T manufacture, the CAR gene can be
introduced into B-ALL cells, which bind in cis to CD19-
positive ALL cells; this masks the target molecule and in-
hibits recognition by CAR T cells [97]. An alteration in
CDS81, a chaperone protein for the maturation and traffick-
ing of the CD19 molecule from the Golgi apparatus to the
cell surface, has been also reported [98]. Although further
studies are required, the use of immunotherapy with
blinatumomab (anti-CD19/CD3) and inotuzumab (anti-
CD22) before the respective CAR T cell therapies may pre-
dispose patients to antigen escape.

In B-ALL, other B-ALL-associated antigens, such as
CD22 and thymic stromal lymphopoietic receptor, can be
targeted [99, 100]. As CD22 is expressed on most B-ALL
cells even after CD19 antigen loss, a phase I study of an
anti-CD22 CAR T cell was performed in 21 children and
adults with refractory/relapse B-ALL, 17 of whom had re-
ceived CD19-targeted immunotherapy (Table 3) [101]. The
response was cell-dose dependent; among 15 patients who
received >1x 10° CD22 CAR T cells, complete remission
was observed in 11 patients (73%), including all 5 patients
in whose ALL cells CD19 expression had been lost or re-
duced. However, the median remission duration was 6 months,
and diminished CD22 site density was associated with relapse.
One-week exposure of ALL cells to bryostatinl, a natural
product that modulates protein kinase C, upregulated CD22
expression on leukemia cells and improved the functionality
and persistence of anti-CD22 CAR T cells [102]. Because of
these escape mechanisms, anti-CD19 and anti-CD22 CAR T
cells were administered sequentially [103]. An MRD-negative
response was observed in 96% of patients with ALL, with
median progression-free survival of 13.6 months. Antigen loss
(CD19/CD22%™) occurred in only 1 patient during follow-
up. As an alternative, CAR T cells have been developed that
can simultaneously target dual antigens, such as CD19/CD22,
CD19/20, and CD19/CD123, and clinical studies with these
cells are ongoing [101, 104, 105].

@ Springer

4.5 Cost analysis of CAR T cell therapy

The price of a single infusion of 19-BBz CAR T cell therapy
(tisagenlecleucel) is $475,000, and it is planned to waive the
charge for treatment that fails by 1 month after infusion.
However, the actual cost of this therapy is estimated to be
around $1 million because of the costs of supportive care,
which includes management of CRS and of chronic
hypogammaglobulinemia. Several cost-effective analyses for
tisagenlecleucel have been performed by measuring the qual-
ity and duration of life with quality-adjusted life-year (QALY)
scores [106—-109]. Lin et al. estimated that tisagenlecleucel
will be cost effective, when compared with currently available
alternative treatments (blinatumomab, clofarabine/cyclophos-
phamide/etoposide combination, or clofarabine monothera-
py), if the 5-year relapse-free survival is 40% with CAR T cell
therapy but that it is less likely to be cost effective if the 5-year
relapse-free survival rate is 20% or less or if CAR T cell
therapy is used for bridging therapy to HSCT unless the price
of tisagenlecleucel is reduced [107].

In a global study of 19-BBz CAR T cell therapy, ELIANA,
patient-reported quality of life was improved, according to all
measured scores, at month 3 after infusion [110].

4.6 CAR T cells against T-ALL and allogeneic CAR T
cells

There have been several preclinical studies on the use of CAR
T cells to treat T cell malignancies. As targetable surface anti-
gens are expressed on both normal and malignant T cells,
CAR T cell therapy can lead to fratricide of CAR T cells and
immunodeficiency. In one study, anti-CD5 CAR T cells effec-
tively eliminated CD5+ T cell malignancies and caused fratri-
cide mostly in the naive T cells, whereas differentiated effector
and memory T cells were selectively reserved [111]. CDla is
expressed on cortical T-ALL cells and on developing cortical
thymocytes, whereas neither CD34-positive progenitors nor
extrathymic T cells express it [112]. Therefore, CDla-CAR
T cells were fratricide resistant, had persistent anti-leukemia
activities, and responded to viral antigens. Other studies found
that downregulation of CD7 by gene editing or the use of a
protein expression blocker on anti-CD7 CAR T cells eliminat-
ed fratricide and that such CAR T cells were highly cytotoxic
against CD7+ T-ALL cells [113, 114]. Interestingly, although
these CAR T cells eliminated the primary T cells, they retained
antiviral responses through their pre-existing naive T cell
receptors.

As it has been difficult to manufacture CAR T cells for
infants or for heavily treated patients, allogeneic CAR T cells
have been used in these patients [115]. Universal CD19 CAR
T cells (UCART19) have been generated in non—HLA-
matched donor cells with simultaneous gene editing of T cell
receptor «-chain and CD52 gene loci by a transcription
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activator—like effector nuclease. Lymphodepleting chemother-
apy and treatment with an anti-CD52 antibody followed by
UCART19 infusion in 2 infants resulted in molecular remis-
sion, and UCART19 persisted until a subsequent HSCT as a
consolidation therapy.

5 Immunotherapy in the frontline ALL
protocol

Based on the excellent outcomes in patients with refractory
or relapsed ALL, immunotherapy has been incorporated
into the frontline therapy for this disease. Rational incor-
poration of immunotherapy into the frontline therapy will
enable the intensity of conventional chemotherapy to be
decreased. In one study in adults, this strategy was used
in older (=60 years) patients with Ph-negative B-ALL
(Table 2) [51, 116]. These patients received a combination
of inotuzumab ozogamicin and mini-HCVD with or with-
out blinatumomab and were compared with those who re-
ceived the standard, intensive, hyperfractionated cyclo-
phosphamide, vincristine, doxorubicin, and dexametha-
sone (HCVAD) regimen. The antibodies combined with
mini-HCVD resulted in better response rates (98% vs.
88%), lower early death rates (0% vs. 8%), and fewer
deaths in complete remission (5% vs. 17%). After adjusting
for patient characteristics, the antibodies with reduced in-
tensified therapy were also associated with better 3-year
event-free survival (64% vs. 34%) when compared with
standard chemotherapy.

In another study, adult patients with Ph-positive ALL
were initially treated with prednisone and dasatinib, and
those who had a complete hematologic response (CHR)
received 2 to 5 courses of post-induction consolidation
treatment with blinatumomab and dasatinib [117]. For the
63 patients enrolled in the study, the 12-month disease-free
survival and overall survival are 91.6% and 96.2%,
respectively.

Several current pediatric frontline ALL protocols incorpo-
rate immunotherapy. The Children’s Oncology Group is
performing randomized studies of blinatumomab in
standard-risk ALL (AALL1731, NCT03914625) and
inotuzumab in high-risk ALL (AALL1732, NCT03959085)
in combination with conventional chemotherapy and of
tisagenlecleucel for MRD-positive high-risk ALL
(AALL1721, NCT03876769). The AIEOP-BFM ALL 2017
protocol (NCT03643276) randomly uses blinatumomab in
intermediate- and high-risk patients. The St. Jude Total 17
protocol (NCT03117751) uses blinatumomab in patients with
B-ALL and MRD of 0.01 to 1% at the end of induction and
19-BBz CAR T cells for those patients with B-ALL and MRD
of 1% or more at the end of induction or isolated CNS relapse.

6 Conclusions

With the development of immunotherapy and molecular
targeted therapy, as well as improved genomic sequencing,
we are entering an exciting era of precision medicine.
Replacing toxic chemotherapy with these novel therapies
promises to improve not only the cure rate but also the quality
of life for patients.
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