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Introduction

ABSTRACT

Akin to the introduction of tyrosine kinase inhibitors to Philadelphia chromosome-positive acute lym-
phoblastic leukemia (ALL), pediatric-based asparaginase-heavy approaches have revolutionized the treat-
ment of young adults with the Philadelphia chromosome-negative subset the past decades. Once again,
we are approaching a new era. An era of precision medicine with immunotherapy and other molecularly
targeted treatments that offers unique opportunities to customize treatment intensity with or without
hematopoietic stem cell transplantation, reduce the burden of toxicities, and combat persistent residual
disease. Recently approved agents for refractory/relapsed B-cell precursor ALL include the chimeric anti-
gen receptor-modified T-cells, the anti-CD22 monoclonal antibody-drug conjugate, inotuzumab ozogam-
icin, and the bispecific anti-CD19 T-cell engager, blinatumomab. These agents are expected to move
widely into the frontline setting along with the proteasome inhibitors, bortezomib and carfilzomib, as
well as tyrosine kinase inhibitors for Philadelphia-like rearrangements that are especially frequent among
young adults. To this add the BH3 mimetics, venetoclax and navitoclax, which are being widely explored
in refractory/relapsed as well as frontline settings for B- and T-cell ALL. The promising anti-CD38 mono-
clonal antibody, daratumumab, is entering the scene of refractory/relapsed T-ALL, whereas the old purine
analogue, nelarabine, is being evaluated in a new upfront setting. This review focuses on 2 main ques-
tions: How do we optimize frontline as well as salvage ALL treatment of young adults in the 2020s? Not
least, how do we address the current burden of serious toxicities unique to young adults?
© 2020 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

agents such as vincristine, asparaginase, and glucocorticoids;
earlier and more intensive intrathecal prophylaxis; and longer

Young adults belong in the adolescent and young adult (AYA)
group according to international consensus [1]. When treated
according to either pediatric-inspired or fully adopted pediatric
regimens as opposed to traditional adult protocols, AYAs with
Philadelphia chromosome (Ph)-negative B- and T-cell ALL have
far superior outcomes [2-9] (Appendix, Tables A and B; Figure A).
Generally, pediatric regimens contain more nonmyelosuppressive
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maintenance. On the other hand, traditional adult treatment
protocols are characterized by use of higher doses of cytarabine,
cyclophosphamide, and daunorubicin as well as more frequent
use of allogeneic hematopoietic stem cell transplantation (HSCT)
in first complete remission (CR1). Results from the prospective
multicenter pediatric Nordic society Of Pediatric Hematology and
Oncology (NOPHO) ALL2008 trial have recently been published,
reporting an impressive 5-year event-free survival (EFS) of 74%
and overall survival (OS) of 78% in adults up to the age of 45 years
[10]. Accordingly, the US Cancer and Leukemia Group B (CALGB)
pediatric-based 10403 trial for ALL patients aged 17 to 39 years
has demonstrated 3-year EFS of 59% and OS of 73% [11]. Not to
mention the US Dana-Farber Cancer Institute (DFCI) pediatric-
inspired 06-254 trial for adults up to the age of 50 years with
3-year disease-free survival (DFS) of 73% and OS of 75% [12]. Other
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larger groups using a pediatric-inspired for young adults include
the French Group for Research on Adult Acute Lymphoblastic
Leukemia (GRAALL) and the German Multicenter study group for
adult ALL (GMALL). The GRAALL-2005 trial found a 5-year EFS of
52% and OS of 59% in adults up to the age of 59 years [13], and the
GMALL 07/03 trial reported a 5-year OS of 65% in patients aged 15
to 35 years [14]. Although some young adults with Ph-positive ALL
have been included in the pediatric-based trials during the past
decades, a similar standard of care for the Ph-positive subset in
young adults has not been standardized—apart from the addition
of tyrosine kinase inhibitors (TKIs).

Despite the use of pediatric treatment strategies, the early re-
sponse and the survival rates of young adults are still inferior
to that of children with ALL [10]. Furthermore, they are bur-
dened by a higher incidence of thromboembolism, pancreatitis,
and osteonecrosis compared with children—even in risk group
stratified analysis of patients treated according to the same pro-
tocol [10,15-17]. The explanation for this is multifactorial. First,
adults rarely have the classical childhood good prognostic cyto-
genetic risk factors (high-hyperdiploidy >50 chromosomes and
t(12;21)-translocation encoding ETV6-RUNX1) but a higher inci-
dence of high-risk features (T-cell immunophenotype, KMT2A re-
arrangements, iAMP21, t(9;22)/Ph-translocation encoding the BCR-
ABL1 fusion transcript, and Ph-like aberrations) [10,18-21]. Ph-like
ALL is especially common in young adults. Although somewhat
different definitions of the Ph-like signature itself across Euro-
pean and North American study groups exist, it is a distinct sub-
group of B-cell precursor (BCP)-ALL with a kinase-activated gene
expression profile similar to Ph-positive ALL driven by various gene
fusions, truncations, and insertions/deletions in kinase/cytokine
signaling—rendering them targetable with TKIs [22]. Still, this sub-
set is associated with low CR rate, minimal residual disease (MRD)
persistence, and poor survival [23,24]. The incidence of Ph-like
ALL reaches 20% among adolescents and almost 30% in young
adults, whereas it is rare in elderly patients [19,23]. Second, age-
dependent changes in body composition and drug distribution, co-
morbidities and co-medication, and hormonal changes may also in-
fluence treatment efficacy and toxicity in young adults [25]. Third,
psychosocial issues and competing motives may jeopardize adher-
ence to oral steroids and methotrexate/thiopurine-based mainte-
nance therapy and, thus, increase relapse rates [26,27]. Finally, pe-
diatric protocols have for decades fine-tuned all treatment phases
and consequently optimized the use of traditional antileukemic
drugs, whereas the lower incidence of ALL in the AYA group and
the lower inclusion rate in research programs have slowed a simi-
lar learning trajectory.

Novel targeted and personalized approaches
Refractory/relapsed setting

BCP-ALL

The bispecific anti-CD19/-CD3 T-cell engager antibody construct
(BiTE antibody), blinatumomab, has been successful in several clin-
ical trials of refractory/relapsed (R/R) ALL by engaging CD3-positive
cytotoxic T-cells to kill CD19-positive B-cells. Of note, nearly all
BCP-ALL blasts are CD19-positive [28]. In 2 blinatumomab single-
arm phase II trials enrolling adults with R/R Ph-negative/-positive
ALL, 36% to 43% of patients (median age 39-55 years) achieved
CR/CR with partial hematologic recovery, of whom 40% to 44% pro-
ceeded to HSCT [29,30]. The median DFS and OS ranged 5.9 to
6.7 months and 6.1 to 71 months, respectively [29,30]. In an up-
date from one of these trials enrolling adults with Ph-positive ALL
(the ALCANTARA trial), outcomes with single-arm blinatumomab
were compared with historical controls receiving standard of care
chemotherapy in a propensity score analysis [31]. The response

rate and hazard ratio for OS were 36%/0.81 (95% confidence inter-
val [CI] 0.57-1.14) with blinatumomab and 25%/0.77 (95% CI 0.61-
0.96) with standard of care, respectively. In the phase Il TOWER
trial randomizing heavily pretreated adults with R/R Ph-negative
ALL to either blinatumomab or standard of care chemotherapy,
the overall direction of the results favored blinatumomab with
respect to overall response (44 vs 25%, P < .001); CR (34% vs
16%, P < .001); MRD negativity among responders (76% vs 48%);
6-month EFS (31% vs 12%); and median OS (7.7 months vs 4.0
months) [32]. Twenty-four percent underwent allogeneic HSCT in
each arm [32]. In a recent update of the responders (in remis-
sion the following 5 months) evaluating administration of addi-
tional cycles of blinatumomab, OS and DFS seemed longer among
those who received blinatumomab maintenance (median OS/DFS
not reached/14.5 months) compared with those who did not (me-
dian OS/DFS 15.5/9.8 months) [33]. Severe neurotoxicity and cy-
tokine release syndrome (CRS) were seen with blinatumomab in-
duction in 9% and 5%, respectively [32]. Similar findings have been
shown for childhood ALL [34]. Consequently, blinatumomab has
been approved by the US Food and Drug Administration (FDA) for
R/R pediatric/adult BCP-ALL. An overview of the supportive trials
is provided in Table 1. To overcome resistance to blinatumomab
and/or enhance efficacy, ongoing trials in the R/R setting com-
bine blinatumomab with PD-1/CTLA-4 checkpoint inhibitors that
turn on the antileukemic T-cell function or Bruton tyrosine kinase
(BTK)-inhibitors that target B-cell receptor signaling (Table 2) [35].

Another agent with remarkable clinical results in the R/R set-
ting is inotuzumab ozogamicin, which has been FDA approved as
monotherapy for R/R Ph-negative/-positive adult BCP-ALL (Table 1).
This monoclonal anti-CD22 antibody is conjugated to the cytotoxic
antibiotic calicheamicin, which induces apoptosis in CD22-positive
BCP-ALL by DNA double-strand cleavage. Of note, >90% of BCP-ALL
blasts express CD22 [28]. Inotuzumab proved markedly superior to
standard of care chemotherapy in the phase III INO-VATE random-
ized trial of adult R/R Ph-negative/-positive ALL with longer 2-year
0S (23 vs 10%, P = .01) [36,37]. The CR rate was higher with ino-
tuzumab (81% vs 29%, P < .0001), and among responders a greater
proportion achieved MRD-negativity (78 vs 28%, P < .0001) and
proceeded to HSCT (41 vs 11%, P < .0001) [36,37]. Patients achiev-
ing MRD-negativity had significantly superior survival when com-
pared with MRD-positive patients at the end of inotuzumab ther-
apy [38]. The risk of sinusoidal obstruction syndrome (SOS; 14%
with inotuzumab vs 2% with chemotherapy [37]) has been a major
concern, but is primarily restricted to post-HSCT patients treated
with dual alkylator HSCT conditioning [36]. Interestingly, the SOS
incidence was markedly reduced from 12% to 5% with the addi-
tion of blinatumomab to a combination of inotuzumab and mini-
hyper-CVD (mini-hyperfractionated cyclophosphamide, vincristine,
and dexamethasone), allowing a fractionated lower dose of ino-
tuzumab in adults with R/R B-cell ALL (B-ALL) [39,40]. An over-
all response rate of 92% including 85% achieving MRD negativity
along with 3-year EFS and OS of 31% and 42%, respectively, were
demonstrated [40] Fifty-four percent received allogeneic HSCT in
CR2 [40]. Several ongoing trials explore inotuzumab dose modi-
fications and combinations with chemotherapy (Table 2). Of note
is another anti-CD19 antibody-drug conjugate ADCT-402 (loncas-
tuximab tesirine) that demonstrated antileukemic activity and was
well tolerated without any evidence of SOS in a recent phase I
study of R/R adult B-ALL [41].

The more recent revolutionizing avenue for BCP-ALL patients
is the chimeric antigen receptor (CAR) T-cells, where autologous
T lymphocytes are engineered to express CARs directed toward
the B-cell specific antigens CD19 and CD22. The CD19-specific
CAR T-cells, tisagenlecleucel, have been FDA approved for chil-
dren and AYAs up to the age of 25 years in the R/R setting.
The approval is based on results from the phase II ELIANA trial



Table 1
FDA-approved agents for ALL.

Agent FDA approval Trial basis CT-identifier ALL subtype Age N Treatment Young adult-specific data Selected adverse events grade
range, y >3
Nelarabine Oct, 2005: R/R T-ALL Phase Il multicenter COG - R/R T-ALL/LBL 0.6-21.7 153* Nelarabine CR (T-ALL): 35% (28/79). Neurotoxicity (T-ALL+LBL): 18%
trial (single-arm) [174] single-arm (27/151).
Phase II multicenter CALGB - R/R T-ALL/LBL >16 397 Nelarabine CR/CRi (T-ALL): 31% (8/26). Neurotoxicity (T-ALL+LBL): 18%
19801 trial (single-arm) single-arm (7/39).
[61]
Blinatumomab Dec, 2014: BCP-ALL Phase II multicenter trial NCT01466179 R/R Ph-neg CD19+ >18 189  Blinatumomab CR/CRh: 43% (39/90, <35y) and Neurotoxicity: 13% (24/189).
(single-arm) [29] BCP-ALL single-arm 46% (21/46, 35 to <55y). CRS: 2% (3/189).
Sep, 2016: Pediatric R/R Phase I/Il multicenter '205 NCT01471782 R/R Ph-neg/-pos <17 70' Blinatumomab CR within the first 2 cycles: Neurotoxicity: 4% (3/70). CRS:
Ph-neg BCP-ALL trial (single-arm) [34] CD19+ BCP-ALL single-arm 39% (27/70); 33% (13/40, 6% (4/70).
7-17y). MRD response: 52%
(14/27).
July, 2017: Full approval for Phase III multicenter NCT02013167 R/R Ph-neg 18-80 405% Blinatumomab vs  Remission rate (<35y): 43% Neurotoxicity: 9% (25/267;
R/R Ph-neg/-pos TOWER RCT [32] CD19+BCP-ALL standard of care (blinatumomab arm) vs 25% (blinatumomab vs 8% (9/109;
pediatric/adult BCP-ALL chemotherapy (chemotherapy arm); OR 2.27 chemotherapy arm). arm)
(95% CI 1.15-4.50). Median CRS: 5% (13/267;
survival (<35y): 9.9 blinatumomab arm) 0% (0/109;
(blinatumomab arm) vs 4.5 chemotherapy arm).
months (chemotherapy arm)
(not significant).
Phase II multicenter NCT02000427 R/R Ph-pos 23-78 45!l Blinatumomab CR/CRh: 0% (0/5, <35y) and Neurotoxicity: 7%. CRS: 0% (7%
ALCANTARA trial CD19+BCP-ALL single-arm 47% (8/17, 35 to <55y). grade 1-2).
(single-arm) [30]
March, 2018: Expanded Phase II multicenter NCT01207388 Ph-neg/-pos 18-76 1167  Blinatumomab Complete MRD response Neurotoxicity: 11%. CRS: 2%.
approval for MRD-+ BLAST trial (single-arm) CD19+BCP-ALL in single-arm (negativity) after cycle 1: 91%
BCP-ALL [175] CR1/2 with MRD (29/32, <35y) and 71% (25/35,
>0.1% 35 to <55y).
Inotuzumab Aug, 2017: R/R Ph-neg/-pos Phase Il multicenter NCT01564784 R/R Ph-neg/-pos 18-79 326% Inotuzumab vs CR/CRi rate (<55y) 75% SOS: 14% (23/164) (inotuzumab
0zogamicin adult BCP-ALL INO-VATE RCT [36,37] CD22+ BCP-ALL standard of care (104/207; inotuzumab arm) vs  arm) vs 2% (3/143)
chemotherapy 28% (103/207; (chemotherapy (chemotherapy arm).
arm) (P < .0001). Median OS:
8.6 months (inotuzumab arm)
vs 8.0 months (chemotherapy
arm). 2-year OS (all included
patients) 22.8% (inotuzumab
arm) vs 10% (chemotherapy
arm).
Tisagenlecleucel ~ Aug, 2017: R/R BCP-ALL Phase II multicenter NCT02435849 R/R CD19+ BCP-ALL 3-23 75 Tisagenlecleucel CR: 60% (45/75). CRi: 21% CRS: 47%. Neurotoxicity: 13%.

patients <25y ELIANA trial single-arm

[42,43]

CTLO19 (single-arm)

(16/75).
All patients with MRD-negative
CR.

AYA, adolescents and young adults; BCP-ALL, B-cell precursor acute lymphoblastic leukemia; CALGB, Cancer and Leukemia Group B; COG, Children’s Oncology Group; CRS, cytokine release syndrome; CT-identifier, ClinicalTri-
als.gov identifier; CR/CRh/CRi; complete remission/complete remission with partial hematologic recovery/complete remission with incomplete hematologic recovery; CRS, cytokine release syndrome; FDA, US Food and Drug
Administration; HR, hazard ratio; LBL, Lymphoblastic lymphoma; MRD, minimal residual disease; N, number of patients; OR, odds ratio; OS, overall survival; Ph, Philadelphia chromosome; RCT, randomized controlled trial; R/R,

refractory or relapsed, SAEs, serious adverse events; T-ALL, T-cell acute lymphoblastic leukemia; SOS, sinusoidal obstruction syndrome; y, years.
* N=118 T-ALL. Intent-to-treat cohort N=153, of whom N =136 were used assessable for efficacy analyses; N=151 who received at least 1 dose of nelarabine were included in the safety analyses.

T N=18 aged 16 to 30 years; 26 T-ALL.

49 (phase I; dose-escalation)/44 (phase II); 70 received the recommended blinatumomab dosage of 5ug/m?2/d (first 7 days) followed by 15ug/m?/d and were included in the efficacy and safety analyses.

§ N =183 aged <35 years. N =405 patients randomized; 376/405 received open-label trial treatment. Efficacy analyses based on the intent-to-treat cohort (N =405), and safety analyses based on the as-treated cohort (N = 376).

I'N=22 aged <55 years.

9 N=36 aged 18.0 to 34.9 years and N=41 aged 35.0 to 54.9 years. Intent-to-treat cohort N=116; N =103 after exclusion of patients with no central MRD assay result, assay sensitivity not reached, without hematologic CR

or MRD <0.1% at study entry. Efficacy analyses based on the as-treated cohort (N=103), and safety analyses based on the intent-to-treat cohort (N =116).

# N=207 aged <55 years. Intent-to-treat cohort N =326 (at second data cutoff); efficacy analyses are based on this cohort. N=307 (at second data cutoff) received >1 dose of study treatment and were included in the safety

population.
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Table 2
Ongoing R/R approaches.
Phase CT-identifier Accrual date Est. completion ALL subtype Age Regimen
date range, y
[ NCT02879695 May, 2017 Nov, 2021 R/R Ph-neg/-pos CD19+ >16 single-arm blinatumomab + nivolumab +/—
BCP-ALL ipilimumab®
Il NCT02997761 Jun, 2017 Jan, 2021 R/R Ph-neg/-pos CD19+ >18 single-arm blinatumomab + ibrutinib’
B-ALL
/1 NCT03512405 Aug, 2019 Apr, 2022 R/R Ph-neg/-pos CD19+ >18 single-arm
B-ALL blinatumomab + pembrolizumab
I/ NCT03160079 Apr, 2017 Aug, 2023 R/R Ph-neg/-pos CD19+ >18 single-arm
B-ALL blinatumomab + pembrolizumab*
11 NCT03263572 Nov, 2017 Nov, 2023 R/R Ph-pos CD19+ B-ALL >18 single-arm blinatumomab + ponatinib to
methotrexate/cytarabine backbone
I NCT03518112 Apr, 2018 Dec, 2035 R/R Ph-neg CD19+ B-ALL >18 single-arm blinatumomab + mini-hyperCVD
Il NCT03739814 Nov, 2018 Feb, 2021 R/R Ph-neg CD22+ B-ALL >18 single-arm inotuzumab followed by
blinatumomab
Ib/ll NCT03851081 Mar, 2020 Dec, 2022 R/R Ph-neg/-pos CD22+ >18 single-arm inotuzumab + liposomal
B-ALL vincristine
I NCT01925131 Apr, 2014 Jan, 2023 R/R CD22+ B-ALL >18 single-arm inotuzumab + CVP
I NCT03094611 Nov, 2017 Nov, 2023 R/R CD22+ B-ALL >12 single-arm low dose inotuzumab
IV (RCT) NCT03677596 Jul, 2019 Aug, 2025 R/R CD22+ B-ALL, HSCT 18-75 inotuzumab approved dose vs lower dose
eligible
I NCT03962465 Nov, 2019 Nov, 2025 R/R CD22+ BCP-ALL 18-55 single-arm inotuzumab + aBFM
re-induction +/— pegaspargase
I NCT03991884 Sep, 2019 Feb, 2026 R/R Ph-neg/-pos CD22+ >18 single-arm dose-escalated
B-ALL inotuzumab + DA-EPOCH chemotherapy
I NCT02746952 Aug, 2016 Oct, 2020 R/R CD19+ B-ALL 16-69 single-arm allogeneic CD19 CAR-T
TCR/CD52-deficient RQR8+*
I/ NCT03614858 Sep, 2017 Jan, 2021 R/R CD19/22+ B-ALL 6-65 single-arm CD19/22 CAR-T
I NCT04004637 Jun, 2019 Jun, 2021 R/R CD7+ T-ALL 7-70 single-arm gene-edited CD7-specific CAR-T
I NCT02650414 Jan, 2016 Dec, 2022 R/R CD22+ B-ALL <25 single-arm autologous CD22 CAR-T
I NCT04173988 Nov, 2019 Jul, 2022 R/R Ph-neg/-pos CD19+ 1-18 single-arm allogeneic CD19 CAR-T
BCP-ALL
I NCT04204161 Oct, 2019 Oct, 2024 R/R CD19/22+ B-ALL <18 single-arm autologous CD19/22 CAR-T
I NCT01853631 Feb, 2014 Feb, 2033 R/R CD19+ B-ALL <75 single-arm autologous/allogeneic CD19
CAR-T CD28+ CD137+/— ¢
I/ NCT02028455 Feb, 2014 Sep, 2035 R/R CD19+ BCP-ALL <27 single-arm autologous/allogeneic CD19
CAR-T + EGFRt!
I NCT03081910 Nov, 2017 Jun, 2036 R/R CD5+ T-ALL <75 single-arm autologous gene-edited
CD5-specific CAR-T CD28+
I NCT03690011 Mar, 2021 May, 2038 R/R CD7+ T-ALL <75 single-arm autologous gene-edited
CD7-specific CAR-T CD28+
11 NCT01700946 Apr, 2013 Apr, 2021 R/R CD20+ BCP-ALL <21 rituximab + standard of care
chemotherapy + infusion of haploidentical
NK cells
Il NCT03384654 May, 2018 Aug, 2021 R/R BCP-/T-ALL <30 daratumomab + chemotherapy
III (RCT) NCT01802814 May, 2014 Nov, 2023 R/R B-/T-ALL <18 ALL-REZ BFM 2002/ALL-R3 chemotherapy
backbone +/— epratuzumab
11 NCT03136146 Aug, 2017 Aug, 2026 R/R Ph-neg/-pos CD20+ >1 rituximab/ofatumumab + clofarabine-based
BCP-ALL chemotherapy
Ib NCT02303821 Feb, 2015 May, 2020 R/R B-/T-ALL 1-21 single-arm carfilzomib + induction
chemotherapy
1I (RCT) NCT03590171 Sep, 2017 Aug, 2023 Relapsed B-/T-ALL <17 BFM ALL-R3 chemotherapy backbone +/—
bortezomib
I NCT03181126 Nov, 2017 Oct, 2020 R/R Ph-neg/-pos/-like >4 single-arm
B-/T-ALL venetoclax + navitoclax + chemotherapy
I/11 NCT03576547 Jun, 2018 Jan, 2020 R/R Ph-pos B-ALL >18 venetoclax + ponatinib + dexamethasone
Ib/Il NCT03504644 Apr, 2018 Apr, 2021 R/R B-/T-ALL >18 venetoclax + liposomal vincristine
I NCT03236857 Nov, 2017 Apr, 2022 R/R ALL <25 venetoclax +/— chemotherapy
Ib NCT03319901 Oct, 2017 Apr, 2023 R/R B-/T-ALL >18 single-arm venetoclax + chemotherapy
/1 NCT03808610 Apr, 2019 Dec, 2024 R/R B-/T-ALL >18 venetoclax + low dose chemotherapy
I/1I (RCT) NCT04029688 Jan, 2020 May, 2024 R/R BCP-ALL <30 idasanutlin + venetoclax/chemotherapy’
I NCT03218683 Aug, 2017 Jan, 2022 R/R ALL 18-85 single-arm monotherapy AZD-5991*
I/ NCT03705507 May, 2018 May, 2022 R/R Ras pathway-mutated <18/>18 selumetinib + dexamethasone*
BCP-/T-ALL
I NCT03515200 Apr, 2018 Sep, 2022 R/R Ph-neg/-pos/-like <22 palbociclib + chemotherapy '
BCP-ALL
11 NCT02420717 Jul, 2015 Jul, 2024 R/R Ph-like BCP-ALL >10 ruxolitinib/dasatinib + hyper-CVAD

aBFM, augmented Berlin-Frankfurt-Miinster; B-ALL, B-cell acute lymphoblastic leukemia; BCP-ALL, B-cell precursor acute lymphoblastic leukemia;
CAR-T;  chimeric  antigen receptor T-cells; CT-identifier, ClinicalTrials.gov  identifier; CVP, cyclophosphamide + vincristine + prednisone; =~ DA-EPOCH,
dose-adjusted etoposide + prednisone + vincristine + cyclophosphamide + doxorubicin; Est., estimated; hyperCV(A)D, hyperfractionated cyclophos-
phamide + vincristine + (adriamycin) + dexamethasone; MPAL, mixed phenotype acute leukemia; Ph, Philadelphia chromosome; RCT, randomized-controlled trial; R/R,
refractory or relapsed; SWOG, SouthWest Oncology Group; T-ALL, T-cell acute lymphoblastic leukemia; y, years. Clinical trials arranged according to the main agent of
interest and in accordance with estimated completion date in increasing order.

* Check-point inhibitors: pembrolizumab/nivolumab (monoclonal anti- PD-1 antibodies), ipilimumab (monoclonal anti- CTLA-4 antibody).

T Ibrutinib, a BTK-inhibitor.

t Allogeneic 'off-the-shelf gene-edited CAR-T with a RQR8 transgene (potentially antineoplastic) resistant to the anti-CD52+ monoclonal antibody alemtuzumab used for
lymphodepletion.

§ Adding proteins that stimulate T-cells; second-/third-generation CAR-T.

Il T-cells transduced to express CD19 CAR and truncated EGFR (EGFRt) that has no signaling capacity; second-generation CAR-T.

9 Idasanutlin, a small molecule MDM2 inhibitor.

# AZD-5991, a mcl-1 inhibitor.

** Selumetinib, a MEK-inhibitor.

Tt Palbociclib, a CDK4/-6 inhibitor.
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of single-arm tisagenlecleucel including 61% with prior allogeneic
HSCT [42,43] (Table 1). Eighty-one percent of patients achieved
CR/CR with incomplete hematologic recovery, of whom all ob-
tained MRD eradication [43]. The 1.5-year EFS and OS were 66%
and 70%, respectively; with the majority of leukemic relapses be-
ing CD19-negative [44]. Similar striking responses have also been
reported both in heavily pretreated children and adults (some
blinatumomab-refractory and post-HSCT) with CR rates up to 90%
and MRD eradication in 60% to 80% of the responders [45-47].
However, CAR-T therapy has been challenged by inability to har-
vest enough lymphocytes from heavily treated patients, manufac-
turing waiting time, loss of persistence of CAR-T-cells, CD19 anti-
gen escape/relapse, and severe CRS (in up to 48% [44]) and acute
neurotoxicity (in up to 13% [44]). Clinical trials using different viral
genetic transfer methods, CAR platform co-stimulatory domains,
tandem/bispecific, and ‘off-the-shelf donor-derived CAR-T-cells are
ongoing (Table 2). Recent findings from a phase I/II trial of autolo-
gous bispecific CD19/CD22 CAR-T-cells demonstrated a 100% MRD-
negative CR rate in six R/R B-ALL patients aged 17 to 44 years [48].
No neurotoxicity was observed. One CD19-negative relapse with di-
minished CD22 site density was detected five months after treat-
ment [48].

Naked monoclonal antibodies have also found their way into
several drug combination trials in the R/R setting. The mono-
clonal anti-CD20 antibodies, rituximab and ofatumumab (~40%
of BCP-ALL blasts express CD20 [28]), as well as the monoclonal
anti-CD22 antibody, epratuzumab, are being tested (Table 2). Of
note, the SWOG S0910 study of epratuzumab combined with clo-
farabine/cytarabine in adults with R/R BCP-ALL demonstrated a
promising response rate of 52% compared with historical data of
17% (clofarabine/cytarabine) [49]. Only responses of very short du-
ration have been reported with the monoclonal anti-CD52 anti-
body, alemtuzumab [50].

Mainly pediatric trials are exploring the proteasome inhibitors,
carfilzomib and bortezomib, added to a pediatric chemotherapy
backbone (Table 2). Bortezomib in combination with vincristine,
dexamethasone, asparaginase, and doxorubicin has provided en-
couraging results with a CR rate of 80% in a phase II trial of 20
relapsed BCP-ALL patients aged 1 to 22 years [51]. However, no re-
sponse was seen in 2 included T-cell ALL (T-ALL) patients.

As preliminary BH3 profiling has confirmed dependence of
patient-derived ALL cells on bcl-xl and/or bcl-2 [52-54], addition
of BH3 mimetics seems promising, that is, the bcl-2 inhibitor vene-
toclax and the bcl-2/bcl-xl/bcl-w inhibitor navitoclax. Preliminary
results from an ongoing phase I study combining venetoclax, nav-
itoclax, and chemotherapy in 36 heavily pretreated children and
adults with R/R ALL (including prior HSCT and CAR-T treatment)
have demonstrated a 50% response rate. To this adds MRD eradi-
cation in 56% of the responders [54]. Accordingly, several prospec-
tive trials are evaluating combined therapy with bcl-2 inhibitors in
adult R/R ALL (Table 2).

Philadelphia chromosome-like B-ALL

Young adults with Ph-like ALL have a significantly lower MRD
eradication rate compared with the non-Ph-like comparator. Fur-
thermore, outcomes remain poor even after MRD eradication [55].
Ph-like B-ALL has been characterized by a wide range of ge-
nomic alterations listing >70 kinase mutations with various fusion
partners, the commonest being ABL-class and CRLF2/JAK pathway-
associated translocations [20-23,56,57]. Trials adding JAK inhibitors
to a chemotherapy backbone (eg, the JAK1/2 inhibitor ruxolitinib)
are ongoing, as CRLF2 rearrangements are involved in activation of
JAK-STAT signaling (Table 2). Worryingly, neither continued expres-
sion of mutant JAK2 nor JAK2 enzymatic activity was required for
maintenance of leukemia survival in B-ALL mouse models [58]. For
patients with ABL-class fusions, TKIs have been successfully added

but so far documented only by case reports of refractory EBFI-
PDGFRB (ABL-class rearrangements) BCP-ALL [59,60]. To this add
several ongoing trials involving the addition of second and third-
generation TKIs (primarily dasatinib and ponatinib) (Table 2).

T-ALL

More than a decade ago, the CALGB 19801 study of single-arm
nelarabine, a purine analogue, for R/R T-ALL/-lymphoblastic lym-
phoma demonstrated a CR rate of 31%, median DFS of 20 weeks,
and 1-year OS 28% [61]. Although this trial led to the FDA ap-
proval of nelarabine for adult R/R T-ALL (Table 1), novel and effec-
tive drugs for T-ALL have been somewhat unexplored since then.

Ongoing trials are combining bcl-2 inhibitors with a chemother-
apy backbone (Table 2), as 60% of R/R adult T-ALL patients achieved
bone marrow blasts <5% in a small study evaluating venetoclax
combination therapy [62]. Interestingly, the early T-cell progenitor
ALL subset that is associated with high risk of relapse was con-
versely bcl-2 dependent in preclinical studies [63]. Additionally,
the mcl-1 inhibitor S63845 has shown synergy with venetoclax
in zebrafish models of T-ALL [64] but awaits to be explored in a
clinical trial setting. Another promising agent for T-ALL blasts with
high CD38 surface expression is daratumumab, an anti-CD38 mon-
oclonal antibody [65] (Table 2). To this add reports of significantly
higher levels of AKR1C3 expression in T-ALL xenografts [66], for
which the selective prodrug OBI-3424 that is converted by AKR1C3
to a potent DNA-alkylating agent is being studied [67]. Promis-
ing in vivo efficacy against T-ALL patient-derived xenograft models
for both daratumumab and OBI-3424 have been presented [65,67],
and the results of clinical trials are awaited. Moreover, given pres-
ence of activating Notchl mutations in > 50% of T-ALL, gamma
secretase inhibitors (GSIs) that block activation of Notch receptors
have been explored [68,69]. A phase I trial enrolling adults with
R/R T-ALL has suggested anti-leukemic activity of the GSI BMS-
906024 but at the expense of gastrointestinal toxicity [70]. Addi-
tionally, targeted pharmacological inhibition of the Notch-mediated
E3 ubiquitin ligase F-box protein SKP2 critical for T-ALL leukemo-
genesis antagonized disease in murine and xenograft T-ALL models
and may represent a new therapeutic target [71]. Noteworthy as
well are the histone methyltransferase disrupter of telomeric si-
lencing 1-like (DOT1L) small-molecule inhibitors, which are par-
ticularly promising agents in KMT2A rearranged and T-ALL. The
DOT1L enzyme indirectly contributes to leukemogenesis by upreg-
ulating the HOXA5 gene—through H3K79 methylation [72]. A phase
[ trial for advanced acute leukemias has provided promising phar-
macodynamic evidence of reduction in H3K79 methylation during
dose escalation of the DOTIL inhibitor, pinometostat (EPZ-5676)
[73]. Furthermore, preclinical studies of the mitogen-activated pro-
tein kinase (MEK) 1/2 inhibitor selumetinib have demonstrated sig-
nificant sensitivity against Ras pathway-mutated ALL [74], which
is currently being tested in a phase I/Il clinical trial of R/R Ras
pathway-mutated ALL (Table 2).

Last but not least, gene-edited ‘off-the-shelf donor CAR-T-cells
against T-ALL are being tested in phase I trials, in which the
antigen CD7 (present in ~95% of T-ALL) has been deleted using
CRISPR/Cas9 editing with subsequent transduction of CD7 targeting
CAR [75] (Table 2). Most recently, preliminary results from a phase
I study of CD7 CAR-T-cells for heavily pretreated adult R/R T-ALL
demonstrated CR in all patients (N=5) including one relapse (me-
dian follow-up of 3 months). No evidence of graft-vs-host disease
or CRS was found [55,76].

Frontline setting

The markedly superior outcomes for patients with early re-
sponse including MRD negativity have inaugurated various up-
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front prospective trials integrating novel agents to achieve early re-
sponse and deepen remission [77].

BCP-ALL

Most recently, blinatumomab has undergone expanded FDA ap-
proval for the treatment of MRD-positive (>.001) Ph-negative/-
positive BCP-ALL (Table 1). The approval was based on results from
the phase II BLAST trial of single-arm blinatumomab, in which 78%
of adults (median age 45 years) achieved MRD eradication [78].
When compared with MRD nonresponders, patients with MRD
eradication had longer DFS (23.6 vs 5.7 months, P = .002) and OS
(38.9 vs 12.5 months, P=.002) [78]. An ongoing single-arm phase
Il trial exploring the addition of blinatumomab to a hyper-CVAD
(hyperfractionated cyclophosphamide, vincristine, adriamycin, and
dexamethasone) backbone in ALL patients aged 18 to 59 years re-
cently demonstrated CR rate and MRD eradication in 100% and
96%, respectively [79]. Thirty percent proceeded to HSCT due to
high-risk features. One-year DFS and OS were 76% and 89%, respec-
tively [79]. In addition to blinatumomab, ongoing trials are adding
both inotuzumab ozogamicin and CAR-T-cells to the upfront treat-
ment of de novo B-ALL in combination with other antileukemic
agents or as monotherapy (Table 3). In the ALLTogether1 study, in-
termediate risk Ph-negative ALL patients with positive MRD at the
end of consolidation will be randomized to chemotherapy with or
without inotuzumab prior to maintenance therapy (NCT03911128).

Addition of the naked CD20 monoclonal antibody, rituximab,
into frontline treatment of young adults with Ph-negative CD20-
positive B-ALL (>20% CD20 expression on blasts) improved 2-year
EFS from 52% to 65% (P=.038) in the GRAALL-2005/R randomized
study [80]. Enhanced efficacy of asparaginase therapy by rituximab
mediated removal of B-cell depleting antiasparaginase antibodies
has been one explanation for the observed reduction in relapse, as
allergic reactions to asparaginase were less common in the ritux-
imab group [80]. Noteworthy is that the ongoing UKALL14 phase
Il trial randomizes adults with B-ALL irrespective of their CD20
expression level (NCT01085617). Ofatumumab is a more potent
second-generation CD20 monoclonal antibody [81]. Preliminary re-
sults from the recently completed frontline phase II trial with ad-
dition of ofatumumab to hyper-CVAD backbone for B-ALL showed
response in 98% including MRD eradication in 63% at the time of
CR and in 93% overall. The 2-year OS was 81% with no difference
in CD20 expression level [82]. Another anti-CD20 monoclonal an-
tibody, obinotuzumab, is being tested in frontline treatment com-
bined with zanubrutinib, a BTK-inhibitor interfering with B-cell re-
ceptor signaling (Table 3). The proteasome inhibitors, bortezomib
and carfilzomib, are being explored in the upfront setting as well
(Table 3).

Philadelphia chromosome-like B-ALL

Addition of dasatinib and ponatinib to a chemotherapy back-
bone treating Ph-like ALL patients with ABL-class fusions is
currently being evaluated (Table 3). The TKI imatinib is used in
the frontline ALLTogether1 study for Ph-like B-ALL with ABL-class
fusions (NCT03911128). For Ph-like ALL with CRLF2 rearrangements
and/or other JAK pathway mutations, JAK inhibitors (primarily
ruxolitinib) combined with chemotherapy are being tested (Table
3). Novel approaches combining blinatumomab or the new histone
deacetylase inhibitor, chidamide, with TKIs/JAK inhibitors and
chemotherapy in clinical trials are also being investigated (Table
3). Preliminary results from the single-arm study of chidamide
addition to a pediatric-inspired regimen with dasatinib in Ph-like
ALL patients aged 14 to 55 years demonstrated CR rates of 77%
(60% with MRD eradication) and an estimated 2-year EFS of
70% (NCT03564470) [83]. Ultimately, upfront Ph-like profiling is
paramount for newly diagnosed ALL and can guide treatment in
patients with very high white blood cell counts, high MRD at the

end of induction, or induction failure [19]. In addition, ongoing
trials are incorporating a personalized approach basing the choice
of TKI (dasatinib, idelalisib, ponatinib, sorafenib, sunitinib, or rux-
olitinib) on individual TKI activity profiling (Ph-like adult frontline:
NCT02779283; Ph-positive adult R/R: NCT01620216).

Last, targeted pharmacological inhibition by BI2536/BI6727
(volasertib) of the Notch-mediated Polo-like kinase I (PLK1), with
the highest expression in the Ph-like B-ALL, effectively induced cell
death in B-ALL patient-derived xenograft models and awaits to be
tested in clinical trials [84].

T-ALL

The Children’s Oncology Group (COG) AALL0434 study of front-
line augmented BFM chemotherapy treatment with or without ad-
dition of nelarabine in T-ALL patients aged 1 to 30 years reported
4-year DFS of 89% vs 83% (P=.03), respectively [85]. However, the
benefit of nelarabine was lees convincing with longer follow-up
[86]. Importantly, no increased incidence of neurotoxicity was re-
ported in the nelarabine arm, as the agent has been associated
with severe dose-limiting neurotoxicity in previous trials [87]. Up-
front addition of nelarabine to chemotherapy regimens for T-ALL is
currently being evaluated (Table 3).

Treatment intensity
Philadelphia chromosome-negative ALL

It remains unknown, if further intensification of pediatric(-
inspired) regimens can improve the outcomes of young adults
even further. On the other hand, intensification may introduce
a higher risk of treatment-related death, second malignant neo-
plasm, unacceptable persistent toxicities, and excess costs [13].
Yet, under-treatment will increase relapse rates [88]. Trials testing
risk-adapted chemotherapy regimens, including reduced intensity
for low-risk AYA patients, are ongoing: COG includes ALL patients
aged 1 to 30 years (NCT01190930) and the new ALLTogether Con-
sortium across 14 European countries (NCT03911128) will include
children aged 1 to 18 years in all countries and young adults in
several countries. The risk-adapted modification of dose intensity
will be guided by MRD measured during the first months of ther-
apy, as this is the most important risk factor in both children and
adults with ALL [89-93]. Novel advances in MRD detection includ-
ing next generation sequencing (NGS)-based MRD assays have in-
creased sensitivity and specificity, thus competing with the tradi-
tional polymerase chain reaction (PCR)- and flowcytometry-based
methods for MRD detection [94-96]. Although it remains to be
shown that the detection of very low MRD levels improves treat-
ment stratification. Trials using NGS-MRD are currently tested in
the R/R ALL setting (NCT02551718).

Philadelphia chromosome-positive ALL

The common goal of ALL therapy is to achieve and maintain
early response as well as to deepen remission. Especially for the
Ph-positive subset, early complete molecular response (CMR) has
been associated with markedly improved survival [97]. To date, no
separate trial for AYA Ph-positive ALL exists. Although the addi-
tion of TKIs to Ph-positive ALL therapy has become the standard
of care, the optimal choice of treatment backbone remains unclear.
The current use of backbone varies with the approach being either
intensive (pediatric) or less intensive (adult).

Frontline addition of imatinib, a first-generation TKI, to a stan-
dard ALL regimen significantly doubled long-term OS from 20% to
40% in Ph-positive ALL patients (median age 42 years) [98]. Fur-
ther improvement was seen in phase II trials combining second-
generation TKIs (dasatinib/nilotinib) with chemotherapy demon-
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Table 3
Ongoing frontline approaches.
Phase CT-identifier Accrual date Est. completion ALL subtype Age Regimen
date range, y
Il NCT02877303 Nov, 2016 Nov, 2020 CD19+ BCP-ALL >14 single-arm blinatumomab + hyper-CVAD
11l (RCT) NCT02003222 Dec, 2013 Jun, 2021 Ph-neg CD19+ B-ALL 30-70 combination chemotherapy +/— blinatumomab
Il NCT02744768 May, 2017 Jun, 2021 Ph-pos CD19+ B-ALL >18 single-arm dasatinib + steroids (induction) followed by
blinatumomab
11 NCT04329325 Mar, 2020 Mar, 2023 Ph-pos B-ALL >18 blinatumomab + TKI as consolidation and maintenance
Il NCT03367299 Jun, 2018 Sep, 2023 Ph-neg CD19+ BCP-ALL 18-65 single-arm blinatumomab + chemotherapy
Il NCT03147612 Feb, 2018 Feb, 2024 Ph-pos/-like CD19+ B-ALL >18 single-arm low intensity chemotherapy + ponatinib followed
by ponatinib + blinatumomab
11 NCT03541083 Jun, 2018 Dec, 2026 Ph-neg/-pos CD19-+ 18-70 single-arm blinatumomab addition to
BCP-ALL prephase + consolidation chemotherapy
11l (RCT) NCT03914625 Jun, 2019 Jun, 2027 Standard risk CD19+ 1-31 combination chemotherapy +/— blinatumomab
B-ALL
1 NCT03643276 Jul, 2018 Jul, 2028 Ph-neg CD19+ B-/T-ALL <17 blinatumomab + bortezomib + chemotherapy backbone'
11 NCT03709719 Oct, 2018 Oct, 2028 High risk CD19+ BCP-ALL 18-59 single-arm blinatumomab-based consolidation and
in CR1* maintenance
St. Jude NCT03117751 Apr, 2017 - B-ALL MRD+ 1-18 chemotherapy + blinatumomab/bortezomib/nelarabine/
Total 17 dasatinib/ruxolitinib
protocol
I/ NCT02311998 Apr, 2015 Apr, 2020 Ph-pos CD22+ B-ALL >18 single-arm bosutinib + inotuzumab
Ila NCT03610438 Dec, 2018 Nov, 2022 Ph-neg/-pos CD22+ >18 single-arm inotuzumab
BCP-ALL MRD+
Il NCT03441061 Feb, 2018 Feb, 2023 CD22+ B-ALL MRD+ >18 single-arm inotuzumab
III (RCT) NCT03150693 Jun, 2017 Aug, 2024 Ph-neg CD22+ BCP-ALL 18-39 C10403 chemotherapy backbone +/— inotuzumab
III (RCT) NCT03959085 Oct, 2019 May, 2027 High risk CD22+ B-ALL 1-24 post-induction chemotherapy +/— inotuzumab
Il NCT03913559 Apr, 2019 - CD22+ BCP-ALL MRD-+ <21 single-arm inotuzumab
11/ NCT03027739 Nov, 2016 Dec, 2020 CD19+ B-ALL MRD+ 1-60 single-arm CD19 CAR-T
I NCT03685786 Jun, 2018 Sep, 2021 CD19+ B-ALL, 14-75 single-arm autologous CD19 CAR-T + autologous HSCT
0.01%<MRD<10%
I NCT02529813 Dec, 2015 Dec, 2021 CD19+ B-ALL 1-80 single-arm CD19 CAR-T
Il NCT04225676 Feb, 2020 Feb, 2022 CD19+ B-ALL with B-cell <25 single-arm tisagenlecleucel re-infusion
recovery’
71l NCT04033302 Sep, 2019 Dec, 2023 T-ALL 6mo-75 single-arm allogeneic/autologous gene-edited CD7-specific
CAR-T
11 NCT03876769 Jun, 2019 Aug, 2027 Ph-neg high risk CD19+ 1-25 single-arm tisagenlecleucel
B-ALL MRD+
Il NCT01319981 Mar, 2013 Dec, 2020 B-ALL >18 hyper-CVAD + liposomal vincristine (hyperCMAD)
Ib NCT02569476 Jan, 2016 Mar, 2020 B-cell lymphoid >18 single-arm obinotuzumab + zanubrutinib
malignancies
III (RCT) NCT01085617 Dec, 2010 Jul, 2023 Ph-neg/-pos ALL 25-65 UKALL14 chemotherapy backbone + rituximab (B-ALL) or
nelarabine (T-ALL)
Il NCT00501826 Jul, 2007 Oct, 2020 T-ALL >1 single-arm nelarabine + hyper-CVAD
III (RCT) NCT02112916 Sep, 2014 Mar, 2020 T-ALL 2-30 modified aBFM backbone +/— bortezomib
ALL-MB NCT03390387 Nov, 2015 Nov, 2025 BCP-ALL with initial 1-50 bortezomib + chemotherapy
2015 WBC>100,000/uL
protocol
11/11 NCT03564470 Feb, 2016 Aug, 2020 Ph-like B-ALL 14-55 single-arm dasatinib + chidamide + pediatric-inspired
chemotherapy
III (RCT) NCT02883049 Feb, 2012 Jun, 2021 Ph-like (TKI-sensitive 1-30 dasatinib + combined chemotherapy
mutations) high risk
B-ALL
Il NCT02723994 Aug, 2016 May, 2024 Ph-like <21 ruxolitinib + combined chemotherapy

(CRLF2-rearranged and/or
JAK pathway mutant)
high risk B-ALL®
I NCT03571321 Sep, 2019 Sep, 2024 Ph-like 18-39 ruxolitinib + pediatric chemotherapy backbone
(CRLF2-rearranged and/or
JAK2/EPOR fusions and/or
other JAK pathway
alterations) BCP-ALL
11l (RCT) NCT03589326 Aug, 2018 Sep, 2025 Ph-pos B-ALL >18 ponatinib / imatinib + reduced-intensity chemotherapy

AEIOP, Associazione Italiana di Ematologia e Oncologia Pediatrica; B-ALL, B-cell acute lymphoblastic leukemia; BCP-ALL, B-cell precursor acute lymphoblastic leukemia; aBFM,
augmented Berlin-Frankfurt-Miinster; CAR-T; chimeric antigen receptor T-cells; COG, Children’s Oncology Group; CR1, first complete remission; CT-identifier, ClinicalTrials.gov
identifier; ECOG, Eastern Cooperative Oncology Group; Est., estimated; GIMEMA, Gruppo Italiano Malattie EMatologiche dell’Adulto; GRAALL, Group for Research on Adult
Acute Lymphoblastic Leukemia; HOVON, Hemato-Oncologie voor Volwassenen Nederland; HSCT, hematopoietic stem cell transplantation; hyper-CVAD, hyperfractionated
cyclophosphamide -+ vincristine + adriamycin + dexamethasone; mo, months; MRD, minimal residual disease; Ph, Philadelphia chromosome; RCT, randomized-controlled trial;
T-ALL, T-cell acute lymphoblastic leukemia; TKI, tyrosine kinase inhibitor; UKALL, United Kingdom Acute Lymphoblastic Leukemia; WBC, white blood cell count; y, years.
Clinical trials arranged according to the main agent of interest and in accordance with estimated completion date in increasing order.

* High risk defined as presence of KMT2A gene rearrangement and/or IKZF1 (Ikaros) intragenic deletion and/or high postinduction Ig-TCR MRD >0.01%.

T Blinatumomab for intermediate risk patients; bortezomib for patients with slow response to induction chemotherapy.

¥ B-cell recovery defined as peripheral blood absolute B-lymphocyte count >50/uL or peripheral blood B-lymphocyte >10% of the total lymphocytes or peripheral blood
absolute B-lymphocyte count >200/uL.

§ High risk defined as age >10 years, WBC >50 x 10*/uL, CNS3 leukemia at diagnosis, systemic steroid pretreatment without presteroid WBC documentation.

strating CR rates of 88% to 96%, CMR rate of 65%, 3-year OS and to a hyper-CVAD backbone showed a CR rate of 100% including
DFS of 69% and 62%, respectively, for dasatinib (72-97 patients, CMR rate of 74% at 3 months and 84% overall. The estimated 5-year
median age 44-55 years) [99-101]. Not to mention 2-year OS of continuous CR, EFS, and OS rates were 84%, 68%, and 73%, respec-
72% for nilotinib (90 patients, median age 47 years) [102]. Most tively (86 patients, median age 46 years) [103-105]. Two ponatinib-
recently, frontline addition of the third-generation TKI, ponatinib, related deaths from myocardial infarction raised concerns and re-
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sulted in an amendment with ponatinib dose reduction. Yet, a
great benefit of ponatinib involves the activity against common
resistance mutations to earlier generation TKIs such as T315l
Forty-seven percent of heavily pretreated Ph-positive ALL patients
with resistance/unacceptable side effects from dasatinib/nilotinib
achieved major molecular response with ponatinib [106]. However,
no direct head-to-head comparisons of the different TKIs in Ph-
positive ALL have been done, although ponatinib-based regimens
seem superior over regimens based on earlier generation TKIs both
in propensity-matched score and meta-analyses [107,108].

In contrast to the use of an intensive backbone with TKIs,
combination with lower intensity regimens has proven feasible
with just as excellent outcomes but less toxicity. In the GRAAPH-
2005 phase III trial randomizing Ph-positive ALL patients to ima-
tinib combined with higher or lower intensity regimens, no dif-
ference in 5-year EFS (42 vs 32%, P=.13) and OS (48 vs 43%,
P=.37) was found (268 patients, median age 47 years) [109].
Even chemotherapy-free regimens may be associated with favor-
able outcomes in a selected group of Ph-positive patients with
early, deep response. The GIMEMA LAL1509 trial evaluated dasa-
tinib and steroids in induction combined with a risk-adapted ap-
proach, in which 18% of patients achieved early CMR (on day 85)
and continued with dasatinib alone—resulting in a 2.5-year DFS of
75%. The remaining patients who did not achieve CMR on day 85
continued with subsequent chemotherapy with/without HSCT. The
overall 3-year OS and 2.5-year DFS were 58% and 49%, respectively
(60 patients, median age 42 years) [110]. Thus, trials based on low
intensity or chemotherapy-free regimens with TKIs in combination
with novel agents are ongoing (Tables 2 and 3) such as the front-
line phase I GIMEMA LAL2116 D-ALBA trial (NCT02744768). This
trial is including dasatinib induction followed by dasatinib in com-
bination with blinatumomab postinduction for patients achieving
complete hematologic response. Preliminary results demonstrated
molecular response rates of 26% at the end of induction and of
54%, 68%, and 80% after 2, 3, and 4 cycles of blinatumomab, re-
spectively. One-year DFS and OS were 92% and 96% (63 patients,
median age 55 years) [111].

The role of HSCT

Advances in our understanding of ALL disease biology (cytoge-
netics, genomics, and MRD) along with refinement of risk-adapted
frontline approaches have allowed for reservation of HSCT for a se-
lect group of patients with high-risk ALL in CR1 (eg, MRD persis-
tence, KMT2A rearrangement, early T-cell precursor (ETP-), Ph-like
or Ph-positive ALL) [112-114]. Yet, the role of HSCT in CR1 in gen-
eral is being questioned with the unprecedented results of novel
agents—but still remains routine practice in CR2 or later [115,116].

Excellent long-term OS rates (5-year OS up to 83%) have been
demonstrated in adults with Ph-positive ALL (median age 46 years)
who achieve early deep molecular remissions following TKI (pona-
tinib) plus an intensive regimen without HSCT in CR1 [55,97,105].
Accordingly, the benefit in DFS of HSCT in the GRAAPH-2005 ran-
domized trial of imatinib combined with higher or lower intensity
regimens was restricted to patients (median age 47 years) with
persistent MRD after 2 cycles [109]. In contrast, Ph-positive pa-
tients (median age 44 years) significantly benefitted in DFS and
0S from HSCT in CR1 following dasatinib plus hyper-CVAD in a
landmark analysis from the SWOG study [101]. Noteworthy is that
MRD data were not available. Another important point is the com-
plete absence of trials evaluating the role of HSCT in AYAs with Ph-
positive ALL, thus limiting extrapolation of existing data to this dis-
tinct subgroup of patients associated with a highly different treat-
ment response as well as toxicity profile [117].

In AYAs with Ph-negative ALL, significant survival benefit
with allogeneic HSCT in CR1 over conventional adult ALL regi-

mens was established in the pre-MRD era [118,119]. Yet, recent
retrospective studies have evaluated the optimal postremission
treatment in AYAs, comparing allogeneic HSCT with contempo-
rary pediatric-inspired non-HSCT regimens (DFCI/CALGB 10403) in
age-matched comparative analyses. These findings clearly favor
pediatric-inspired regimens over HSCT in CR1 with superior OS
(73 vs 45%, P < .0001) and DFS (71 vs 40%, P < .0001) as well
as lower nonrelapse mortality (6% vs 37%, P < .0001) [120,121].
Accordingly, allogeneic HSCT has been associated with inferior OS
(HR 2.0, P < .001), inferior DFS (HR 1.5, P=.002), and increased
nonrelapse mortality (HR 3.9, P < .001) in multivariate analyses
[120,121]. Interestingly, relapse was more likely with HSCT within
15 months from the time of CR1, whereas relapse became more
likely with chemotherapy beyond 15 months [121]. Yet, neither
MRD data nor high-risk genetics such as Ph-like aberrations were
included in the analyses. Importantly, allogeneic HSCT has been as-
sociated with significant longer DFS in a subgroup of AYAs with
persistent MRD postinduction of pediatric-inspired protocol treat-
ment (GMALL 06/99 |/ 07/03 and GRAALL-2003/5) as well as with
presence of focal IKZF1 gene deletion in BCP-ALL patients [122],
when compared with no HSCT [122,123]. However, MRD eradica-
tion at the time of remission did not change the inferior outcome
of the Ph-like ALL subset in adults in a small study by Jain et al.
[112,124]. It is currently unclear whether allogeneic HSCT in CR1 is
superior to pediatric-based regimens in Ph-like ALL and whether
these patients should be treated with allogeneic HSCT irrespective
of the MRD status.

Using MRD-based guidance as the only risk factor for
stratification of postremission therapy (maintenance or HSCT
in CR1) in adults with ALL, impressive survival rates for
nontransplanted/MRD-negative compared with transplanted/MRD-
positive patients have been demonstrated (ie, 5-year OS and DFS
of 75 vs 33% and 72 vs 14%, respectively) [125]. Generally, MRD
guides contemporary postinduction treatment given its powerful
ability to predict relapse, and persistent MRD is regarded as an in-
dication for HSCT in CR1 [56,112,114,116,126,127]. However, even
after HSCT outcomes still remain poor in this subset of patients
[92,128]. Recently published Northern American expert guidelines
recommend blinatumomab prior to HSCT in patients with de-
tectable MRD, given the impressive efficacy for MRD eradication
[114]. To this add that clinical trials evaluating the efficacy of in-
otuzumab for MRD-positive B-ALL are ongoing (Table 3). However,
we do not know from existing evidence whether patients, in whom
novel agents eradicate MRD, will benefit from subsequent consol-
idative HSCT. Although the data should be interpreted with cau-
tion, no difference between patients in CR1 with HSCT after bli-
natumomab and patients without HSCT was found in an under-
powered ad hoc Mantel-Byar analysis of OS (110 patients; odds
ratio 1.8, P=.2) from the phase II BLAST trial for MRD-positive
Ph-negative or -positive B-ALL in CR1/2 [78]. Interestingly, for pa-
tients treated in CR2 in the BLAST trial, the outcome of patients
without HSCT after blinatumomab was inferior (odds ratio 0.3,
P=.02) [78]. In contrast, no survival benefit was found between
those who received consolidative HSCT and those who did not
among responders to single-arm blinatumomab in the TOWER trial
[129] and among patients achieving MRD eradication following
CD19-CAR-T-cells [47] in an R/R B-ALL setting. However, none of
these trials were sufficiently powered to conclude on post-HSCT
outcomes.

Treatment-related toxicities of the pediatric-based approach

Aside from the common myelotoxicity-associated burden of
chemotherapy as well as the toxicity characteristics of TKIs and
novel agents addressed in the previous sections, young adults dis-
play a unique toxicity profile related to the pediatric-based ap-
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proach. However, it is a myth that the pediatric-based approach
characterized by the intensive asparaginase use is too toxic for
young adults [10-12,130]. In general, young adults tolerate the pe-
diatric regimens as well as children, given the almost identical tol-
erated intervals between treatment phases across age groups when
adjusting for the assigned treatment intensity [131]. Yet, the over-
all toxicity burden will increase with older age as a result of more
frequent stratification to higher risk arms for older patients, given
the more frequent presence of T-lineage ALL and high-risk kary-
otypes as well as poorer responses to induction therapy [131]. To
this adds the higher burden of a few serious asparaginase- and/or
steroid-related toxicities in young adults when compared with the
toxicity profile in children with ALL—irrespective of the assigned
risk group [10]. These include venous thromboembolism (VTE),
asparaginase-associated pancreatitis (AAP), and osteonecrosis (ON)
with cumulative incidences ranging 15% to 18%, 10% to 11%, and
15% to 20%, respectively [10,15-17,132]. In addition, hepatotoxicity
with hyperbilirubinemia and/or transaminitis is one of the com-
monest toxicities to pegylated asparaginase therapy in adults be-
ing reported in 25% to 50% of patients, not least in the older and
obese patients [133-135]. Generally, hepatotoxicity is transient and
without hepatic failure [135]. Asparaginase high-grade hyperbiliru-
binemia mostly occurs during the early part of induction therapy,
that is, when patients have leukemic liver infiltration [136,137],
and case reports indicate that L-carnitine may reduce pegylated
asparaginase-induced hyperbilirubinemia [138-142].

Preventive strategies to reduce asparaginase-associated toxici-
ties include use of lower asparaginase doses [143-145], intermit-
tent rather than continuous asparaginase [146], and novel asparag-
inase formulations. L-asparaginase loaded red blood cells (GRASPA)
is a new asparaginase formulation with the ability to protect
the drug against proteolytic enzymes and neutralizing antibod-
ies, enhancing its half-life, and reducing the frequency of ad-
verse events [147]. The GRASPALL 2005-01 phase I/Il randomized
trial of GRASPA vs Escherichia coli-derived L-asparaginase in re-
lapsed ALL patients aged 1 to 55 years demonstrated the effi-
cacy of GRASPA and a reduction in hypersensitivity reactions [148].
There is a paucity of evidence regarding more toxicity-specific ap-
proaches, for example, thromboprophylaxis of VTE in adult ALL pa-
tients. The recent randomized THROMBOTECT trial included 949
children with ALL and demonstrated a significantly lower risk of
thromboembolism during induction therapy with prophylactic an-
tithrombin or low molecular weight heparin (enoxaparin) com-
pared with low-dose unfractionated heparin (1.9% and 3.5% vs
44%, both P < .01) without any difference in bleeding events
[149]. Of note, the study was open-label, 33% declined treatment
of the subcutaneously injected enoxaparin, and cross-over between
the treatment arms was allowed. Yet, the results were confirmed
in an as-treated analysis. Additionally, the ongoing PREVAPIX-ALL
study is randomizing ALL patients aged 1 to 17 years to the di-
rect oral anticoagulant apixaban vs standard of care for VTE pre-
vention (NCT02369653). An ongoing Cochrane systematic review
explores the efficacy and safety of thromboprophylaxis in adults
with ALL undergoing asparaginase-based therapy [150]. Further,
the synthetic somatostatin analogue, octreotide, has proven safe
and effective as prophylactic treatment preventing AAP recurrence
in smaller ALL patient cohorts [151-154]. Other suggested preemp-
tive strategies involve alcohol avoidance and statins/gemfibrozil for
serum triglyceride >1000 mg/dL to obviate AAP [144], although ev-
idence of steroid- and asparaginase-induced hypertriglyceridemia
as a harbinger for AAP is conflicting [135,155-162]. As are data re-
garding hypertriglyceridemia and ON [161,163]. Given that steroids
are considered the primary risk factor for ON, preemptive ap-
proaches have involved new dosage strategies. Split vs continuous
dexamethasone dosage significantly reduced ON incidence in the
COG-1961 randomized trial of high-risk ALL patients aged 1 to 21

years, being most pronounced in patients aged >16 years (11.3 vs
37.5%, P=.0003) [132].

Importantly, evidence-based primary as well as secondary pre-
ventive strategies are warranted in dealing with treatment-related
toxicities, as the greatest threat to the patient is not the toxic-
ity itself but rather the consequence on ALL treatment. Serious
treatment-related toxicities often cause delay or premature discon-
tinuation of key antileukemic agents, for example, asparaginase,
translating into an increased risk of relapse [164-169]. Pre-emptive
tactics along with the use of novel agents may allow downscaling
of the toxic chemotherapy backbone and in turn reduce the burden
of toxicities, as we know it today.

Adherence

Studies of childhood ALL have associated nonadherence to oral
treatment with increased risk of relapse; a challenge that increases
with age [170,171]. So far, the data for adolescents are very lim-
ited [172] and nonexisting for young adults, but application of
MEMS TrackCap technology to assess adherence in young adults
with ALL is ongoing (NCT03150693). Adherence in young adults in-
volves complex psychosocial challenges that stress the need for a
multidisciplinary care team to handle this age group [26,27,173].

Conclusion

The optimal treatment approach to young adults with ALL
in 2020 inevitably involves immunotherapy and molecularly tar-
geted therapy, but the role remains to be defined. Replacing toxic
chemotherapy with these novel agents has the potential not only
to improve the cure rate and deepen the responses but also reduce
the burden of therapy. The markedly improved survival emphasizes
that most patients are chemo-sensitive. Yet, collaborative strategies
are needed to address all causes of treatment failure including cy-
togenetic profiling, sensitive MRD monitoring, drug exposure opti-
mization and adherence as well as recruitment of a higher propor-
tion of AYA patients into clinical trials.
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