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Abstract

receptor-T cells

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is currently the standard of care for adult acute lymphoblasb
leukemia (ALL) patients. In recent years, with the continuous development of immunotherapy, such as chimeric antigen receptor T
cells, blinatumomab, and inotuzumab ozogamicin, a series of vital clinical studies have confirmed its high response rate and
favorable outcomes for ALL. Although the emergence of immunotherapy has expanded relapsed or refractory (r/r) ALL patients’
opportunities to receive allo-HSCT, allo-HSCT is associated with potential challenges. In this review, the role of allo-HSCT in the
treatment of adult ALL in the era of immunotherapy will be discussed.
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Introduction

Acute lymphoblastic leukemia (ALL) is a kind of
malignant disease derived from hematologic stem cells.
Intensive induction/consolidation chemotherapy followed
by allo-geneic hematopoietic stem cell transplantation
(allo-HSCT) is currently the standard of care (SOC) for
adult patients. Recently, several new immunotherapies
have shown promising efficacy for relapsed or refractory
(r/r) ALL patients in early-phase clinical trials. For
example, blinatumomab, a bispecific T-cell-engaging
(BiTE) antibody against CD19, and inotuzumab ozoga-
micin (InO), an anti-CD22 antibody drug conjugate
(ADC), both demonstrated promising remission rates in
ALL. Chimeric antigen receptor (CAR)-T cells, which
constitute an immunotherapy featuring adoptive transfer
of genetically modified effector T cells, show a high
response rate of up to 73% to 83% and can even achieve
long-term control of r/r ALL. In 2017, the Food and Drug
Administration (FDA) approved CD19 CAR-T cell
therapy for the treatment of r/r B-cell acute lymphocytic
leukemia (B-ALL) and large B-cell lymphoma. Based on
the outstanding outcomes in the treatment of r/r ALL,
immunotherapies are believed to have broad prospects in
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the next 5years. Could immunotherapies rewrite the
guidelines of standard treatment for ALL or eventually
replace transplantation as the first-line treatment for ALL?
In this review, we discuss the role of allo-HSCT in the
treatment of ALL in the era of immunotherapy and the
opportunities and challenges associated with allo-HSCT.

Allo-HSCT remains the SOC for ALL in the era of
immunotherapy

Matched sibling allogeneic transplantation is the first-line
therapy for ALL

Allo-HSCT is an effective and widely used method to treat
hematological malignancies.!"?! Since the 1990s, various
prospective clinical trials with large sample sizes have
validated the role of allo-HSCT in ALL. In a large
multicentric trial (LALA87), Sebban et al'® compared the
outcome of allo-hematopoietic stem cell transplantation
(HSCT) with those of other post-remission therapies
(chemotherapy or autologous transplantation). Patients
with human leukocyte antigen (HLA)-identical sibling
donors were assigned to the HSCT group, while the other
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patients constituted the control group. The outcomes of
patients with high-risk ALL were better in the HSCT group
than those in the control group, with 5-year overall survival
(OS) rates of 44% vs. 20% and S-year disease-free survival
(DFS) rates of 39% vs. 14%. In the study of MRC UKALL
XII/ECOG E2993, Goldstone et al'*! evaluated the efficacy
of allo-HSCT for adults with ALL and compared autolo-
gous transplantation with standard chemotherapy. For
adults with standard-risk ALL, the greatest benefit
was achieved in the matched sibling donor (MSD) allo-
HSCT group for the first complete remission (CR1),
and autologous transplantation was less effective than
conventional consolidation/maintenance chemotherapy for
ALL patients. In the era before imatinib, allo-HSCT was
considered an effective method for Philadelphia chromo-
some-positive (Ph-positive) ALL patients. The results of the
UKALLXII/ECOG 2993 trial showed the superiority of
allo-HSCT over chemotherapy in Ph-positive ALL patients,
with 5-year OS rates of 44% for patients who underwent
sibling donor allo-HSCT and 19% for patients who
received chemotherapy. Even in the era of imatinib, MSD
allo-HSCT was still superior to tyrosine kinase inhibitor
maintenance therapy for patients with Ph-positive ALL
based on the results of a prospective randomized
controlled study named GRAAPH-2003.°! Thus, imatinib
did not impact the role of MSD allo-HSCT as a first-line
treatment for ALL. Therefore, allo-HSCT is regarded as
front-line therapy in the age of MSD-HSCT for adult ALL
patients. According to the definition of the National
Comprehensive Cancer Network (NCCN) 2021, allo-
HSCT remains the SOC for adult Ph-positive ALL, high-
risk Ph-negative ALL, and minimal residual disease
(MRD)-positive Ph-negative ALL. However, clear dis-
crepancies regarding MRD status were evident in both the
NCCN guidelines and Chinese Society of Hematology
guidelines. Lv et al'® reported that haploidentical (haplo)-
HSCT was superior to chemotherapy in terms of a lower
incidence of relapse (CIR) and improved leukemia-free
survival (LFS) and OS in all enrolled CR1 patients. When
stratified by MRD status, haplo-HSCT decreased the CIR
in both subgroups (MRD+ vs. MRD—) and improved LFS
and OS in the MRD+ group, while LFS and OS were
comparable between haplo-HSCT and chemotherapy in
the MRD group. Thus, the Chinese Society of Hematology
suggests that all adult ALL patients, regardless of MRD
status, should be advised to receive allo-HSCT.!"!

Haplo-allogeneic transplantation achieves significant
progress in ALL and can be standard therapy for adult ALL

In the past two decades, breakthroughs have been
achieved in haplo-HSCT with either granulocyte col-
ony-stimulating factor (G-CSF) plus anti-thymocyte
globulin (ATG)-based regimens with unmanipulated T-
cell replete grafts invented by a Peking group in China!®1°!
or post-transplantation cyclophosphamide (PT/Cy) for
tolerance induction.!"'""3! Can haplo-HSCT be used as the
first-line treatment for ALL patients?

Yan et al™ confirmed that haplo-HSCT with G-CSF and
ATG-based regimens was a better post-remission therapy
in adults with standard-risk adult ALL in CR1 than
chemotherapy alone. In a multicenter phase III study, Lv
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et al'® reported that the 2-year CIR, LFS, and OS with
haplo-HSCT were all better than those with adult
chemotherapy for young patients with standard-risk
Ph-negative ALL in CR1. A study conducted by Sun
et al'™ also confirmed that haplo-HSCT was superior to
conventional consolidation/maintenance chemotherapy
as postremission therapy for high-risk adult ALL. The
above studies indicate that unmanipulated haplo-HSCT
with G-CSF and ATG is effective for the treatment of ALL.
Can haplo-HSCT achieve the same or even a superior
effect compare with MSD allo-HSCT? In a retrospective
study, Chen et al''® demonstrated that haplo-HSCT for
the treatment of Ph-positive ALL achieved promising
long-term survival, which was comparable with that of
MSD HSCT in the imatinib era. Han et all'”! retrospec-
tively demonstrated that the outcomes of haplo-HSCT
were equivalent to those of MSD for adults with standard-
risk ALL in CR1. In a phase IIl randomized study, Wang
et al"® demonstrated that haplo-HSCT achieved out-
comes similar to those of MSD-HSCT for Ph-negative
high-risk ALL patients in CR1. A study from the Acute
Leukemia Working Party of the European Society for
Blood and Marrow Transplantation (EBMT) evaluated
haplo-HSCT and MSD transplants in patients with ALL.
The outcomes of adult patients with ALL in CR receiving
allo-HSCT from haplo-donors were not significantly
different from those of patients receiving transplants
from MSDs in terms of LFS, OS, and GvHD-free relapse-
free survival.'” In a multicenter study in Southwest
China, patients with haplo-HSCT had a lower recurrence
rate than patients with MSD allo-HSCT, indicating that
the effect of haplo-HSCT on Ph-positive ALL may be
superior to that of MSD allo-HSCT.!*! In addition, Guo
et al*" identified stronger graft-versus-leukemia effects
with haplo-allografts than with HLA-matched stem cell
transplantation. These studies confirm that the outcome of
haplo-HSCT with G-CSF and ATG-based regimens is
equivalent to that of MSD-HSCT in ALL and that allo-
HSCT is still the first choice for ALL patients.

A series of studies have confirmed that haplo-HSCT with a
post-transplant cyclophosphamide regimen is a poten-
tially curative treatment for ALL. Srour et al** analyzed
the outcomes of 109 consecutively treated high-risk adult
ALL patients who received haplo-transplantation with
post-transplant cyclophosphamide. Non-relapse mortal-
ity, the relapse rate and DFS at 1year post-transplant
were 21%, 27%, and 51%, respectively. Malki and his
colleagues compared the outcomes of 1461 adult patients
with ALL after haplo-PTCy or matched unrelated donor
(MUD) transplantation. The 3-year probabilities of OS
were comparable, with rates of 44% and 51% in haplo-
PTCy and MUD transplantation patients, respectively.!*!
Sanz et al®¥ retrospectively analyzed the outcomes of
adult patients with ALL in CR1 who had received allo-
HSCT with PTCy from MSDs (n=78), MUDs (n = 94)
and haplo-donors (7=297) registered in the EBMT
database between 2010 and 2018. For haplo-HSCT,
MUD, and MSD patients, the 2-year CIR and NRM were
comparable. The LFS and OS for haplo, MUD, and MSD
patients were 59%, 62%, and 51% and 66 %, 69%, and
62%, respectively. Similarly, the above studies demon-
strated that donor type did not significantly affect
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transplant outcomes in patients with ALL receiving allo-
HSCT and that allo-HSCT is the current SOC for ALL
patients.

The application of haplo-HSCT is a growing trend for
ALL in both China and other areas throughout the world.
By 2019, the number of cases of haplo-HSCT for ALL
increased to approximately 2300/year, accounting for
24% of total haplo-HSCT cases in China. In the USA, the
number of haplo-HSCT for ALL cases increased from
fewer than 50 cases in 2010 to >300 cases/year by 2019.
Even in the contemporary era, when immunotherapy
develops rapidly, significant progress has been achieved
for CAR-T cell therapy, BiTE antibodies, and ADCs.
According to both 2021 NCCN Guidelines for ALL and
the Chinese Consensus for allo-HSCT, high-risk ALL
patients (including Ph+ patients) were advised to receive
allo-HSCT. For MRD status, allo-HSCT was recom-
mended for ALL patients in CR1 with MRD+, while the
Chinese Society of Hematology suggests that all adult ALL
patients, regardless of MRD status, are advised to receive
allo-HSCT.

Immunotherapy provides more opportunities for allo-HSCT

The outcome of relapsed/refractory ALL is poor

Although more than 80% of adult ALL patients can
achieve CR with intensive induction chemotherapy, the
problem is that adult patients have a high recurrence rate.
An estimated 74% of adult ALL patients ultimately
relapse within 18 months after diagnosis. The median OS
after recurrence is merely 8.6 months, with a 3-year
survival rate of 24%.1*°! The only established curative
option for relapsed ALL is allo-HSCT. However, the CR
rate of reinduction salvage chemotherapy is only 40%.!%¢!
Most patients with relapsed ALL cannot achieve CR and
are not eligible for transplantation. Even though patients
receive salva§e transplantation, the prognosis is not
optimistic. ! Currently, adult r/r ALL patients face a
low CR rate and short survival. Therefore, new treatment
regimens are urgently needed to achieve disease remission,
prolong survival, and provide a bridge to transplantation.

Immunotherapy expands r/r ALL patients’ opportunities to
receive allo-HSCT

The increased availability of alternative donors, especially
haplo-donors, has resulted in the rapid growth of allo-
HSCT, which ushered in a new era of “everyone has a
donor.” All adult ALL patients are recommended to
receive allo-HSCT once they achieve CR based on the
Chinese Consensus for allo-HSCT. However, most 1/r
ALL patients cannot achieve CR and thus lose their
opportunity for allo-HSCT. With the development of
immunotherapy, this problem may be solved. A series of
clinical studies have demonstrated that approved CAR-T
cell therapy has a favorable response rate in r/r ALL. In a
single-center phase I-Ila study by Grupp et al in 2014, a
total of 30 children and adults received the anti-CD19
CAR-T cell therapy tisagenlecleucel (CTL- 019 Kymrlah)
and CR was achieved in 27 patients (90%).1*°! Later, in
2018, Grupp et al reported a phase II, single- cohort
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25-center, global study of tisagenlecleucel in pediatric and
young adult patients with CD19+ r/r B- ALL The overall
remission rate within 3 months was 81%.1*%! Studies from
other centers have also demonstrated the best CR rates in
r/r B-ALL after tisa%enlecleucel treatment which ranged
from 67% to 93%.1%°?! Fry et al*? reported that for
patients with BALL who relapsed after receiving CD19
CAR-T cell therapy and were treated with CD22 CAR-T
cell therapy, the CR rate reached 73%, and the median
remission time was 6 months. CAR-T cell therapy also
showed lon% term survival in the treatment of r/r ALL.
Shah et al'**" reported the results of a phase II study named
ZUMA-3, an international, multicenter, single-arm, open-
label study evaluating the efficacy and safety of the
autologous anti-CD19 CAR-T cell therapy KTE-X19 in
adult patients with r/r B-precursor ALL; 71% of patients
had CR or complete remission with incomplete hemato-
logical recovery (CRi), and the median durations of
remission, relapse-free survival (RFS), and OS were 12.8,
11.6, and 18.2 months, respectively. For those who
responded, the median OS was not reached, and 97%
of them had MRD negativity. In China, CAR-T cell
therapies in clinical trials have also shown very high
remission rates. Hu et al reported that a total of 53 r/r B-
ALL patients received split infusions of anti-CD19 CAR-T
cells, and the overall 1-month remission rate of the 53
patients was 88.7%.°% Qian ez al also observed that a
total of 10r/r ALL patients were treated with second-
generation CD19 CAR-T cells, and six patients (60%)
achieved CR.**! Therefore, considering its high remission
rate and outstanding efﬁcacy, CAR-T cell therapy offers a
novel treatment option for r/r ALL. The current strategies
for allo-HSCT in r/r ALL are as follows: with CAR-T cell
infusion, r/r patients can achieve CR2 before transplanta-
tion and then bridge to allo-HSCT. The emergence of
CAR-T cell therapy has expanded the opportunity for
patients with r/r ALL to receive allo-HSCT and ultimately
improved outcomes.

Blinatumomab is a bispecific T-cell engager antibody
construct that directs CD3-positive cytotoxic T-cells to
eradicate CD19- -positive ALL blasts and has played a
p1votal role in improving the outcomes of patients with r/r
ALL.P®® In a phase I clinical trial enrolling MRD- -positive
B-ALL patients, blinatumomab vyielded a promlslng
response regardless of MRD after chemotherapy.”! In
a phase II trial enrolling r/r pre-B-ALL patients,
blinatumomab improved the treatment efficacy signifi-
cantly compared with standard therapy, with CR or CR
with partial hematologlc recovery (CRh) of 69% and mOS
of 9.8 months.!*®! In another multicenter phase II trial that
contributed to the FDA approval of blinatumomab to
treat Ph-negative r/r pre-B-ALL, the CR rate was 32%, the
median remission time was 6.7 months, and 31% of
patients had an MRD- neg]atlve response, while the
toxicity was controllable.®” Therefore, blinatumomab
is a feasible and effective therapeutic option for r/r ALL.
The emergence of blinatumomab gives more r/r ALL
patients the opportunity to receive allo-HSCT.

Currently, the anti-CD22- ta Jgeted ADC InO is the most
studied agent for r/r ALL.1**"In a phase III clinical trial
enrolling 326 r/r ALL patients, the experimental and
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control groups with 1:1 randomization received InO or
standard care with intensive chemotherapy.*'! The CR
rates in the InO and SOC groups were 80.7% and 29.4%,
respectively. Patients in the InO group showed a signifi-
cantly higher MRD-negative rate of 78.4% vs. 28.1% in the
SOC group. Both the progress-free survival (PFS) and OS of
the InO group were much longer than those of the SOC
group, with a median PFS of 5.0 months and a median OS of
7.7 months compared with 1.8 and 6.7 months, respec-
tively. Notably, InO significantly enhanced the remission
rate of r/r ALL patients regardless of whether CD22
expression was above or below 90%. Consequently, InO
provides more patients with disease control and is an
effective treatment for r/r ALL; these patients can
subsequently receive allo-HSCT to improve their prognosis.
A table comparing the efficacies of each immunotherapy
modality for r/r ALL is shown in [Table 1].

Bridging to allo-HSCT post-immunotherapy significantly
improves outcomes for r/r ALL patients

High recurrence rates were observed in many clinical trials
when CAR-T cells were applied alone to treat r/r ALL,
with rates of 21 to 45% in ALL adults and 21 to 67% in
ALL children.??3242%31 park et al*?! revealed that
patients with CAR-T cell infusion alone have short
event-free survival (EFS) and OS in the long term, with
median EFS and OS rates of 6.1 and 12.9 months,
respectively. A study conducted by Huang et al also
confirmed that although the CR rates are relatively high
for relapsed patients after CAR-T cell therapy, the
cumulative recurrence rate at 18 months was 68.3%,
and the OS rate for CR patients was 30.0% at 18 months,
with a median OS of 12.7 months,** indicating that the
long-term outcome of CAR-T cell therapy alone is
unsatisfactory. However, some viewpoints suggest that
certain ALL patients who are MRD negative after CAR-T
cell therapy may not need to be bridged to allo-HSCT. The
results from the Memorial Sloan Kettering Cancer Center
showed that ALL patients with a low disease burden
(<5% bone marrow blasts) before CAR-T cell treatment
had markedly enhanced remission durations and survival,
with a median EFS time of 10.6 months and a median OS
time of 20.1 months,*?! indicating that this is a contro-
versial topic. In the future, if clinicians can distinguish
patients who are prone to relapse from MRD-negative
patients, for example, by screening out some biomarkers,
not all MRD-negative patients need allo-HSCT. In
addition, the survival rate of childhood ALL is higher,
and perhaps in the future, children will not require
bridging to allo-HSCT. However, a current trend for r/r
adult ALL patients is to bridge to allo-HSCT once CR is
achieved after CAR-T cell therapy.

A study from Peking University assessed the efficacy and
safety of bridging CAR-T cell therapy to haplo-HSCT.
Fifty-two patients with r/r Ph-negative B-ALL underwent
haplo-HSCT after CAR-T cell therapy. After a median
follow-up of 24.6 months, the 2-year probabilities of EFS,
0OS, and CIR were 76.0%, 84.3%, and 19.7%, respec-
tively.[*>] In a clinical trial conducted by Lu Daopei
Hospital, a total of 51 r/r ALL patients received CD19
CAR-T cell infusion, 90% of whom achieved CR or CRi;
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27 CR/CRIi patients then bridged to allo-HSCT, 85% of
whom remained MRD negative with a median follow-up
time of 206 days, and 9 of 18 CR/CRi patients without
allo-HSCT relapsed.*®! In another study by Hu et al, 58 r/
r BALL patients received split doses of CD19 CAR-T cells
after lymphodepleting chemotherapy, and 51 (87.9%)
patients achieved CR. Then, 21/47 MRD-negative CR
patients bridged to allo-HSCT, while the remaining 26
patients did not receive HSCT. EFS and RFS were
significantly prolonged by allo-HSCT.** Recently, Shah
et al*”! examined the role of allo-HSCT following CD19
CAR-T cell therapy in improving long-term outcomes in
50 children and young adults (CAYAs). Thirty-one
(62.0%) patients achieved CR, 28 (90.3%) of whom
were MRD-negative. After a median follow-up of
4.8 years, the median OS was 10.5 months, and 21 of
28 (75.0%) patients achieved MRD-negative CR after
receiving allo-HSCT. For those who received allo-HSCT,
the median OS was 70.2 months. The CIR after allo-
HSCT was 9.5% at 24 months; the 5-year EFS following
allo-HSCT was 61.9%. To comprehensively evaluate and
compare the efficacy and safety of consolidative HSCT
after CD19 CAR-T cell therapy with non-HSCT in the
treatment of ALL, a systematic review and meta-analysis
were conducted. The study screened a total of 3441 studies
and identified 19 eligible studies with 690 patients. Among
the patients who achieved CR after CD19 CAR-T cell
therapy, consolidative HSCT was beneficial for OS, the
relapse rate, and LFS. For patients who achieved MRD-
negative CR after CD19 CAR-T cell therapy, consolida-
tive allo-HSCT was beneficial for OS, the relapse rate, and
LFS.1*8 Thus, CAR-T cell therapy creates an opportunity
for more r/r ALL patients to access allo-HSCT. On the
other hand, bridging to allo-HSCT may be a safe and
effective treatment strategy to improve EFS and OS after
CAR-T cell therapy. A table comparing the outcomes of
CAR-T cells alone vs. CAR-T cells followed by allo-HSCT
is shown in [Table 2].

While remission rates of r/r ALL patients treated with
blinatumomab have improved compared to those with
conventional chemotherapies, remission is not durable
when blinatumomab is used alone. The median duration
of remission ranges from 4.6 to 7.3 months according to
different clinical studies.***! Bridging to allo-HSCT after
blinatumomab may overcome the short duration of
remission and improve outcomes. Badar et al'**! reported
a real-world study in which 106 (47%) patients received
allo-HSCT post-blinatumomab treatment. Consolidation
therapy with allo-HSCT after blinatumomab showed
favorable prognostic significance, with PFS and OS rates
at 2years post-allo-HSCT of 48% and 58%, respec-
tively,*”! suggesting that allo-HSCT may improve outcomes
post blinatumomab therapy for patients with r/r ALL.

Similar to CAR-T cell therapy and blinatumomab, the short
duration of remission without bridging to allo-HSCT post
InO complicates its use as the ultimate treatment for r/r
ALL. The INO-VATE clinical trial revealed that the median
OS was only 7.7 months in the InO group, with a 2-year OS
rate of 22.8%.°" Fujishima et all?! reported that the
median OS for InO arms was 5.8 monthsinr/r ALL patients.
Bridging to allo-HSCT after InO may improve long-term
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Table 1: A comparison of the efficacies between each immunotherapy modalities for r/r ALL.

Number in
treatment Immunotherapy
Studies arm modalities/target Patients type Prior HSCT Response rate MRD-CR rate Long-term survival
TOWER 271 Blinatumomab/CD19 >18 years with heavily 34.7% CR 33.6%, CRh 8.9%, - mOS: 7.7 months; EFS
(NCT02013167)13¢! pretreated BCP ALL CRi 1.5%, CR+CRh+CRi (6 months): 31.0%; DOR for
43.9% CR/CRp/CR: 7.3 months
MT103-211 189 Blinatumomab/ CD19 Adults with B-precursor 33.9% CR/CRh 49.3% - OS (6 months): 57.6%, OS
(NCT02003612) 162! Ph-negative r/r ALL (12 months): 39.0%
INO-VATE 164 InO/CD22 >18 with R/R CD22+ BCP 17.7% CR/CRi 73.8% 70.7% (87/123) mOS: 7.7 months, DOR and
(NCT01564784)15!! ALL, and were PES for CR/CRi: 5.4 months
scheduled to receive and 5.0 months
their first or second
salvage treatment. Ph+
patients were eligible if
treatment with one or
more second-generation
BCR-ABL TKIs had
failed
NCT02000427!63:641 45 Blinatumomab/CD19 Ph+ ALL who were r/r to 44.0% CR 31.0%, CRh 4.0%, 88.0% (14/16) mRFS: 6.8 months; mOS: 9.0
at least 1 second- CRi 4.0% months
generation TKI
MT103-205 70 Blinatumomab/CD19 Pediatric patients with r/r 57.0% CR 38.6% (27/70) 52.0% (14/27)  mOS: 7.5 months
(NCT01471782)te5-6¢l BCP-ALL
ELIANA 75 Tisagenlecleucel KYMRIAH  Pediatric and young adults 61.0% 81.0% 100.0% for CR 6 months EFS and OS rate:
NCT02228096!3°! CD19-CAR-T with r/r 73.0% and 90.0%;
12 months EFS and OS rate:
50.0% and 76.0%
NCT02975687'¢7! 20 for infused; 22 for ITT ~ CNCT19 CD19-CAR-T Pediatric and adult B-ALL - 18 (90.0%) for infused 100.0% for CR mOS 12.91 months for N=20
patients with r/r B-ALL 18 (82.0%) for ITT infused mPFS 6.93 months
for N=20 infused
NCT0231561213% 21 CNCT19 CD19-CAR-T r/r B-ALL treated children 100.0% 12/21 (57.0%) 9/12 (75.0%)  Median remission duration:
and adults, including 17 6 months
who were previously
treated with CD19-
directed immunotherapy
NCT01044069!4% 83 enrolled; 53 treated CD22-CAR-T Adult patients with r/r B- 100.0% CR 44/53 (83%) 32/44 mEFS 6.1 months for N=53
ALL treated, 12.5 months for CR;
mOS 12.9 months for
treated, 20.7 months for CR
ChiCTR-ONC- 32 enrolled 27 infused CD19 CAR-T and CD22 Relapsed B-ALL after allo- 100.0% 23/27 (85.0%) - OS and EFS rate at 12 months

17013648155

ZUMA-3
NCT02614066'°8!

NCT03389035'°!

ChiCTR1900025419!7%

CD19 CAR-T, then 21
infused CD22 CAR-T

54 enrolled 45 infused

13 (4 pediatric and 9 adult

patients infused)

CAR-T

KTE-X19, CD19 CAR-T

CD19 CAR-T

CD19 CAR-T

HSCT

Adult r/r B-ALL

B-ALL patients relapsed
after allo-HSCT

Relapsed B-ALL post allo-
HSCT

13/45 (29.0%)

100.0%

100.0%

CR 53.0% (24/45), CRi
16.0% (7/45), CR/CRi
69.0% (31/45)

CR 7, CRi 1, CR/CRi 8/13

(61.5%)
100.0%

100.0% (31/31)

75.0% (6/8)

100.0%

and 18 months for N=27:
84.0% and 84.0%;0S and
EFS rate at 12 months and
18 months for N=21 infused
with CD19 and CD22:
67.5% and 67.5%

mDOR: 14.5 months, mRFS:
7.3 months, mOS:
12.1 months

mLFS: 18.1 months, mOS
(2 years): 87.5%, mOS
(2.5 years): 52.5%

ALL: Acute lymphoblastic leukemia; allo-HSCT: Allogeneic hematopoietic stem cell transplantation; B-ALL: B-cell acute lymphoblastic leukemia; BCP: B-cell precursor; CART: Chimeric antigen receptor T;
CR: Complete remission; CRi: Complete remission with incomplete hematologic recovery; CRh: Complete remission with partial hematologic recovery; DOR: Duration of response; EFS: Event-free
survival; HSCT: Hematopoietic stem cell transplantation; InO: Inotuzumab ozogamicin; ITT: Intention-to-treat; LFS: Leukemia-free survival; MRD: Minimal residual disease; OS: Overall survival; PFS:
Progress-free survival; r/r: Relapsed or refractory; RFS: Relapse-free survival; TKI: Tyrosine kinase inhibitor; -: No data.
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Table 2: A comparison of the outcomes of CAR-T cells alone vs. CAR-T cells followed by allo-HSCT.

Number
patients Target/ Patient number and time Outcomes for those ~ Outcomes for those
(treated/ Age costimulatory for consolidative received consolida-  without consolidative
Studies enrolled)  (Years) Prior HSCT domain CR/CRi rate MRD-CR rate Long-term survival allo-HSCT Relapse rate tive HSCT HSCT
NCT01044069'! 53/83 >18 35.8% (19/53) CD19/CD28 83.0% (44/53) 66.7% (32/48)  OS: median 12.9 months, Patient number: 50.0%  50.0% (16/32) - CR Relapse rate Relapse rate 62.5%
EFS: median 6.1 months (16/32) - MRD CR MRD patients 37.5% (6/16) (10/16)
patients, time: 44—
312 (median 74)
days
NCT020284557!1 43/45 1.3-25.3  65.1% (28/43) CD19/4-1BB  93.0% (40/43) 93.0% (40/43)  OS: 69.5% (12 months), Patient number: 28.0%  45.0% (18/40) — Relapse rate Relapse rate 55.2%
EFS: 50.8% (12 months) (11/40) - MRD CR MRD CR patients 18.1% (2/11) (16/29)
patients, time:-
NCT02435849130 75192 3-23 61.3% (46/75) CD19/4-1BB  81.3% (61/75) 81.3% (61/75)  OS: 90.0% (6 months), Patient number: 13.1%  36.1% (22/61) CR/ Relapse rate 0.0%  Relapse rate 41.5%
76.0% (12 months), EFS: (8/61) CR/CRi CRi patients (0/4), four (22/53)
73.0% (6 months), 50.0% patients, time: within others with
(12 months), LFS: 80.0% 6 months unknown status
(6 months), 59.0% (12
months)
NCTO1593696! 20/20 5-27 35.0% (7/20)  CD19/CD28 70.0% (14/20) 60.0% (12/20)  OS: 51.6% after 9.7 months,  Patient number: 83.3%  16.7% (2/12) - CR Relapse rate 0.0%, Relapse rate 100.0%
EFS: 78.8% after 4.8 (10/12) - MRD CR MRD patients (0/10) 2/2)
months patients, time: 45-82
(median 51) days
ChiCTR-Ilh- S51/51 2-68 - CD19/4-1BB  91.8% (45/49) 87.8% (43/49)  OS: -, LFS: 81.3% (6 m) Patient number: 60.0%  24.4% (11/45) CR/ Relapse rate 7.4%  Relapse rate 50.0%
16008711 after HSCT (27/45) CR/CRi CRi patients (2127) (9/18)
patients, time: 35—
293 (median 84)
days
NCT01626495 and  30/30 5-60 60.0% (18/30) CD19/4-1BB  90.0% (27/30) 73.3% (22/30)  OS: 78.0% (6 months), EFS:  Patient number: 11.1%  25.9% (7/27) CR Relapse rate 0.0%  Relapse rate 29.2%
NCT01029366! 67.0% (6 months) (3/27) CR patients, patients (0/3) (7/24)
time:-
NCT01865617!7%! 53/59 20-76  43.4% (23/53) CD19/4-1BB  84.9% (45/53) 84.9% (45/53)  (for MRD CR patients) OS:  Patient number: 40.0%  48.9% (22/45) - CR Relapse rate Relapse rate 70.4%
median 20.0 months, EFS: (18/45) = CR MRD MRD patients 16.7% (3/18) (19/27)
median 7.6 months patients, time: 44—
138 (median 70)
days
NCT02965092 and ~ 58/60 <70 5.2% (3/58) CD19/4-1BB  87.9% (51/58) 81.0% (47/58)  OS: median 16.1 months, Patient number: 44.7%  38.3% (18/47) — CR Relapse rate 9.5%  Relapse rate 61.5%
NCT03366350134 68.9% for OS (6 months), (21/47) = MRD CR MRD patients (2/21) (16/26)
61.1% for OS (12 patients, time: 33-89
months); EFS: median 7.3 (median 44) days
months
NCT02772198!73! 20/21 5-48 50.0% (10/20) CD19/CD28 90.0% (18/20) 78.6% (11/14)  OS: 90.0% (12 months), Patient number: 77.8%  22.2% (4/18) CR Relapse rate Relapse rate 50.0%
EFS: 73.0% (12 months) (14/18) CR patients, patients 14.3% (2/14) (2/4)
time: median 68 days
NCT03173417'74 110/115 2-61 14.5% (16/110) CD19/4-1BB  92.7% (102/110) 87.3% (96/110) OS: 63.9% (12 months), Patient number: 73.5%  22.5% (23/102) CR Relapse rate Relapse rate 48.1%
LFS: 57.9% (12 months) (75/102) CR patients, patients: 10.1% (7/ 13.3% (10/75) (13/27)
69 MRD-, 6 MRD+; 69) MRD-CR allo-
time: 36-120 HSCT, 50.0% (3/6)
(median 63) days MRD+ CR allo-
HSCT, 48.1% (13/
27) CRA-T alone
patients
NCT0273529117% 47/51 3-72 9/47 (19.1%)  CD19/4-1BB  38/47 (80.9%) 97.4% (37/38)  mOS for N=47: 415.0 days, Patient number: 26.3% allo-HSCT vs. no allo-HSCT: OS HR
1 year OS for N=47: (10/38) CR time:- 0.187, P=0.105; RFS HR 0.533,
53.0%; mRFS for N=47: P=0.285
319.0 days; 1 year RFS for
N=47:45.0%
NCT02315612!7¢! 58/64 4.4-30.6  67.2% (39/58) CD22/4-1BB  70.2% (40/57 87.5% (35/40)  mOS for CR: 13.4 months, 14 participants: 1 MRD  75.0% (30/40) CR Receipt of HSCT was favorably associated

evaluable)

mRFS for CR: 6.0 months,
mEFS for evaluable
N =157 3.2 months

+, 13 MRD-; time:
72 days

patients

with OS (P=0.09) and very favorably
associated with RFS (P =0.0083) and

EFS (P =0.016)

allo-HSCT: Allogeneic hematopoietic stem cell transplantation; CART: Chimeric antigen receptor T; CR: Complete response; CRi: Complete remission with incomplete hematologic recovery; DOR:
Duration of response; EFS: Event-free survival; HSCT: Hematopoietic stem cell transplantation; HR: High risk; LFS: Leukemia-free survival; MRD: Minimal residual disease; OS: Overall survival; PFS:
Progress-free survival; r/r: Relapsed or refractory; RFS: Relapse-free survival; -: No data.
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outcomes. Marks ez al**! investigated the role of allo-HSCT
after remission in the setting of InO treatment for r/r ALL.
Of 236 InO-treated patients, 101 (43 %) patients proceeded
to allo-HSCT. The median post-transplant OS was
9.2 months with a 2-year survival probability of 41%.
Thus, InO followed by allo-HSCT may provide an optimal
long-term survival benefit.

Immunotherapy can be used as a powerful means to treat/
prevent post-transplant relapsed ALL

As a powerful means to treat or prevent relapse after allo-
HSCT, CAR-T cell therapy can be used for patients with
relapsed ALL, for patients who are MRD positive and for
prophylactic infusion in patients with high-risk B-ALL. For
patients with donor-type or recipient-type recurrence, the
efficacy of CAR-T cell treatment may not be affected by
chimerism post-transplant, and the clinical outcome may
not be substantially different. Patients with poor hemato-
poietic reconstitution may have a high probability of failure
to manufacture CAR-T cells, but CAR-T cell reinfusion may
have no effect on efficacy. Peking University Institute of
Hematology reported an MRD-negative CR rate as high as
83.3% by HSCT donor-derived CAR-T cell infusion in
patients with relapsed BALL after haplo-HSCT.* How-
ever, the long-term efficacy was unsatisfactory, with an OS
rate of 30.0% at 18 months.!**! Additional treatment must
be optimized, including a second HSCT, to further improve
long-term efficacy after CAR-T cell infusion. Liu et a/l*"!
combined CD19 and CD22 CAR-T cells to treat post-
transplant relapsed B-ALL patients. Twenty-seven patients
received the initial CD19 CAR-T cells, and 23 (85%)
patients achieved CR. Subsequently, 21 of 27 patients
received the secondary CD22 CAR-T cells, 14 patients
remained in CR, and seven patients relapsed, two of whom
died from disease progression; the OS and EFS rates
were 88.5% and 67.5% at 18 months. This combination
strategy of sequential CD19 and CD22 CAR-T cell therapy
significantly improved the long-term survival of B-ALL
patients who relapsed after transplantation. Moreover,
donor lymphocyte infusion (DLI) has been widely used in
the management of relapsed hematologic malignancies
after allo-HSCT.1*®! As an effective method, CAR-T cell
therapy can also be used to prevent relapse in adult ALL
post transplantation. For example, Peking University
Institute of Hematology confirmed that donor-derived
CAR-T cell therapy was effective for patients who were
MRD positive and showed no response to DLIs in B-ALL
after haplo-HSCT, with an 83.3% MRD-negative remis-
sion rate; half of the patients are currently alive without
leukemia.l’”! In a prospective clinical study carried out by
the Peking University Institute of Hematology, the safety
and efficacy of CAR T-cell therapy in 11 MRD-positive B-
ALL patients after allo-HSCT were evaluated. All patients
(100%) achieved MRD-negative remission after donor-
derived CAR T-cell infusion, with DFS and OS rates of
65.6% and 100%, respectively. Fourteen of 21 (66.7%)
patients achieved MRD remission following DLI therapy,
which was significantly lower than that following CAR T-
cell therapy, indicating that pre-emptive donor-derived
anti-CD19 CAR T-cell infusion shows a promising
antileukemia effect on preventing relapse in MRD-positive
B-ALL after allo-HSCT.*® Zhang et al®®! treated two
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patients with high-risk B-ALL with preventive infusion of
donor-derived CD19 CAR-T cells on days 60 and 61 after
allo-HSCT. No CRS or GVHD developed, and CAR-T cells
could continually be detected. The patients survived for
1year and 6 months disease-free, respectively, indicating
that prophylactic donor-derived CAR-T cell infusion is
effective and safe in high-risk B-ALL after haplo-HSCT.

Taken together, as a novel treatment, CAR-T cell therapy
expands r/r ALL patients’ opportunities to receive allo-
HSCT. At the same time, bridging to allo-HSCT can
overcome the high recurrence rate after CAR-T cell
therapy and may improve the prognosis for these patients.
In addition, CAR-T cell therapy can also be used as a
powerful means to prevent relapse. CAR-T cell therapy
does not impact the role of transplantation as the first-line
treatment but instead provides more opportunities for
transplantation.

Immunotherapy introduces potential challenges for allo-HSCT

With the continuous development of immunotherapy,
some vital clinical studies have confirmed its high response
rate and favorable outcomes for ALL. Since allo-HSCT is
still the primary treatment strategy for ALL, it is unlikely
to elicit revision of the guidelines at present. However, in
the era of immunotherapy, will this promising treatment
pose challenges for transplantation in the future?

First, given that allo-HSCT following CD19 CAR-T cell
therapy improves long-term outcomes in r/r ALL, with a
median OS of 70.2 months and a 5-year EFS of 61.9%,*"!
will patients at standard risk (SR) with MRD negativity
postpone allo-HSCT until disease relapse? CAR-T cell
therapy can be used for these relapsed patients to achieve
CR2 and then bridge to allo-HSCT to improve outcomes.
However, these assumptions still need to be verified by
large-scale clinical trials. Second, if CAR-T cell therapy
rather than allo-HSCT is used for standard-risk MRD-
positive patients, will long-term survival be achieved? Lu
et all®® assessed the effectiveness of CD19 CAR-T cells in
14 MRD-positive B-ALL patients. Among them, 12
patients achieved MRD-negative remission after CAR-T
cell infusion. At a median follow-up time of 647 days, the
2-year EFS in MRD-positive patients was 61.2%, and the
2-year OS was 78.6%, indicating that patients at SR with
MRD positivity may also choose to receive CAR-T cell
therapy instead of allo-HSCT. Thus, patients with Ph-
negative standard-risk B-ALL may choose whether to
receive allo-HSCT based on MRD status in the future.
Finally, if CAR-T cells are used as the first-line treatment
for newly diagnosed ALL, can long-term survival be
achieved? Xu KL team applied humanized CD19 CAR-T
cells as first-line treatment for two newly diagnosed B-ALL
patients. These two patients were treated with CD19
CAR-T cells within 2 weeks after diagnosis and did not
receive chemotherapy or transplantation. They both
achieved CR after treatment, and the CR durations were
27 and 17 months, respectively.[®! The results suggest the
possibility of CAR-T cell therapy as a first-line treatment
for newly diagnosed ALL, but large prospective clinical
studies are still needed to verify its efficacy. Therefore, in
the near future, clinicians may design a reasonable and
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Figure 1: Flow diagram on clinicians may design a reasonable and affordable overall therapeutic protocol by Integrating chemotherapy, allo-HSCT and immunotherapy regimens. The
black line flow chart represents the therapeutic protocol in the pre-immunotherapy era, whereas the red line flow chart represents the therapeutic protocol by integrating chemotherapy,
the allo-HSCT and immunotherapy regimens in the era of immunotherapy. allo-HSCT: Allogeneic hematopoietic stem cell transplantation; CAR-T: Chimeric antigen receptor T; CR:
Complete remission; HSCT: Hematopoietic stem cell transplantation; HR: High risk; MRD: Minimal residual disease; NR: No remission; SR: Standard risk.

affordable overall therapeutic protocol by integrating
chemotherapy, allo-HSCT and immunotherapy regimens
for each individual according to their respective condition,
including risk stratification and MRD status [Figure 1].

Gonclusions

Allo-HSCT is still the most effective treatment for ALL even
in the era of immunotherapy. Because of high remission
rates and outstanding efficacy, immunotherapies such as
CAR-T cells, blinatumomab, and InO offer novel treatment
options for r/r ALL. The emergence of immunotherapy has
resulted in more opportunities for patients with r/r ALL to
receive allo-HSCT and finally achieve improved outcomes.
The question of whether immunotherapy will replace allo-
HSCT is unknown and may require time for verification.
Currently, the superiority of allo-HSCT remains steadfast
even in the era of immunotherapy.

Funding

This work was supported by the Foundation for
Innovative Research Groups of the National Natural

897

Science Foundation of China (No. 81621001), the Key
Program of National Natural Science Foundation of
China (No. 81530046), the National Key Research and
Development Program of China (No.2017YFA0104500),
and the Peking University Medicine Fund of Fostering
Young Scholars’ Scientific & Technological Innovation
(No. BMU2021PYB006) supported by the Fundamental
Research Funds for the Central Universities.

Conflicts of interest

None.

References

1. Niederwieser D, Baldomero H, Szer J, Gratwohl M, Aljurf M,
Atsuta Y, et al. Hematopoietic stem cell transplantation activity
worldwide in 2012 and a SWOT analysis of the Worldwide
Network for Blood and Marrow Transplantation Group including
the global survey. Bone Marrow Transplant 2016;51:778-785. doi:
10.1038/bmt.2016.18.

. Gratwohl A, Pasquini MC, Aljurf M, Atsuta Y, Baldomero H,
Foeken L, et al. One million haemopoietic stem-cell transplants: a
retrospective observational study. Lancet Haematol 2015;2:e91-
€100. doi: 10.1016/S2352-3026(15)00028-9.


http://www.cmj.org

Chinese Medical Journal 2022;135(8)

10.

11.

12.

13.

14.

15.

16.

. Sebban C, Lepage E, Vernant JP, Gluckman E, Attal M, Reiffers ],

et al. Allogeneic bone marrow transplantation in adult acute
lymphoblastic leukemia in first complete remission: a comparative
study. French Group of Therapy of Adult Acute Lymphoblastic
Leukemia. J Clin Oncol 1994;12:2580-2587. doi: 10.1200/
JCO.1994.12.12.2580.

. Goldstone AH, Richards SM, Lazarus HM, Tallman MS, Buck G,

Fielding AK, et al. In adults with standard-risk acute lymphoblastic
leukemia, the greatest benefit is achieved from a matched sibling
allogeneic transplantation in first complete remission, and an
autologous transplantation is less effective than conventional
consolidation/maintenance chemotherapy in all patients: final results
of the International ALL Trial (MRC UKALL XII/ECOG E2993).
Blood 2008;111(4):1827-1833. doi: S0006-4971(20)44573-2.

. Tanguy-Schmidt A, Rousselot P, Chalandon Y, Cayuela JM,

Hayette S, Vekemans MC, et al. Long-term follow-up of the
imatinib GRAAPH-2003 study in newly diagnosed patients with de
novo Philadelphia chromosome-positive acute lymphoblastic
leukemia: a GRAALL study. Biol Blood Marrow Transplant
2013;19:150-155. doi: 10.1016/j.bbmt.2012.08.021.

. Lv M, Jiang Q, Zhou DB, Hu Y, Liu DH, Wu DP, et al. Comparison

of haplo-SCT and chemotherapy for young adults with standard-
risk Ph-negative acute lymphoblastic leukemia in CR1. J Hematol
Oncol 2020;13:52. doi: 10.1186/s13045-020-00879-1.

. Xu L, Chen H, Chen J, Han M, Huang H, Lai Y, et al. The

consensus on indications, conditioning regimen, and donor
selection of allogeneic hematopoietic cell transplantation for
hematological diseases in China-recommendations from the
Chinese Society of Hematology. ] Hematol Oncol 2018;11:33.
doi: 10.1186/s13045-018-0564-x.

. Huang XJ, Chen YH, Xu LP, Zhang YC, Liu DH, Guo NL, et al.

Combined transplantation of G-CSF primed allogeneic bone
marrow cells and peripheral blood stem cells in treatment of
severe aplastic anemia. Chin Med J 2004;117:604-607.

. Huang XJ, Liu DH, Liu KY, Xu LP, Chen H, Han W, ez al.

Haploidentical hematopoietic stem cell transplantation without in
vitro T-cell depletion for the treatment of hematological malignan-
cies. Bone Marrow Transplant 2006;38:291-297. doi: 10.1038/sj.
bmt.1705445.

Wang Y, Liu QF, Lin R, Yang T, Xu YJ, Mo XD, et al. Optimizing
antithymocyte globulin dosing in haploidentical hematopoietic cell
transplantation: long-term follow-up of a multicenter, randomized
controlled trial. Sci Bull 2021. doi: 10.1016/j.scib.2021.06.002.
Nakamae H, Koh H, Katayama T, Nishimoto M, Hayashi Y,
Nakashima Y, et al. HLA haploidentical peripheral blood stem cell
transplantation using reduced dose of posttransplantation cyclo-
phosphamide for poor-prognosis or refractory leukemia and
myelodysplastic syndrome. Exp Hematol 2015;43:921.e1-929.
el. doi: 10.1016/j.exphem.2015.07.006.

Raj K, Pagliuca A, Bradstock K, Noriega V, Potter V, Streetly M,
et al. Peripheral blood hematopoietic stem cells for transplantation
of hematological diseases from related, haploidentical donors after
reduced-intensity conditioning. Biol Blood Marrow Transplant
2014;20:890-895. doi: 10.1016/j.bbmt.2014.03.003.

Sugita J, Kawashima N, Fujisaki T, Kakihana K, Ota S, Matsuo
K, et al. HLA-haploidentical peripheral blood stem cell
transplantation with post-transplant cyclophosphamide after
busulfan-containing reduced-intensity conditioning. Biol Blood
Marrow Transplant 2015;21:1646-1652. doi: 10.1016/j.bbmt.
2015.06.008.

Yan CH, Jiang Q, Wang J, Xu LP, Liu DH, Jiang H, et al. Superior
survival of unmanipulated haploidentical hematopoietic stem cell
transplantation compared with chemotherapy alone used as post-
remission therapy in adults with standard-risk acute lymphoblastic
leukemia in first complete remission. Biol Blood Marrow Transplant
2014;20:1314-1321. doi: 10.1016/j.bbmt.2014.04.011.

Sun YQ, Wang J, Jiang Q, Xu LP, Liu DH, Zhang XH, et al.
Haploidentical hematopoietic SCT may be superior to conventional
consolidation/maintenance chemotherapy as post-remission ther-
apy for high-risk adult ALL. Bone Marrow Transplant
2015;50:20-25. doi: 10.1038/bmt.2014.195.

Chen H, Liu KY, Xu LP, Chen YH, Han W, Zhang XH, et al.
Haploidentical hematopoietic stem cell transplantation without in
vitro T cell depletion for the treatment of Philadelphia chromosome-
positive acute lymphoblastic leukemia. Biol Blood Marrow Trans-
plant 2015;21:1110-1116. doi: 10.1016/j.bbmt.2015.02.009.

898

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

WWW.CIj.org

Han LJ, Wang Y, Fan ZP, Huang F, Zhou ], Fu YW, et al.
Haploidentical transplantation compared with matched sibling and
unrelated donor transplantation for adults with standard-risk acute
lymphoblastic leukaemia in first complete remission. Br | Haematol
2017;179:120-130. doi: 10.1111/bjh.14854.

Wang Y, Liu QF, Xu LP, Liu KY, Zhang XH, Ma X, et al.
Haploidentical versus matched-sibling transplant in adults with
Philadelphia-negative high-risk acute lymphoblastic leukemia: a
Biologically Phase III Randomized Study. Clin Cancer Res
2016;22:3467-3476. doi: 10.1158/1078-0432.CCR-15-2335.
Nagler A, Labopin M, Houhou M, Aljurf M, Mousavi A, Hamladji
RM, et al. Outcome of haploidentical versus matched sibling
donors in hematopoietic stem cell transplantation for adult patients
with acute lymphoblastic leukemia: a study from the Acute
Leukemia Working Party of the European Society for Blood and
Marrow Transplantation. J Hematol Oncol 2021;14:53. doi:
10.1186/s13045-021-01065-7.

Gao L, Zhang C, Liu Y, Su Y, Wang S, Li B, et al. Favorable
outcome of haploidentical hematopoietic stem cell transplantation
in Philadelphia chromosome-positive acute lymphoblastic leuke-
mia: a multicenter study in Southwest China. ] Hematol Oncol
2015;8:90. doi: 10.1186/s13045-015-0186-5.

Guo H, Chang Y], Hong Y, Xu LP, Wang Y, Zhang XH, et al.
Dynamic immune profiling identifies the stronger graft-versus-
leukemia (GVL) effects with haploidentical allografts compared to
HLA-matched stem cell transplantation. Cell Mol Immunol
2021;18:1172-1185. doi: 10.1038/s41423-020-00597-1.

Srour SA, Milton DR, Bashey A, Karduss-Urueta A, Al Malki MM,
Romee R, et al. Haploidentical transplantation with post-
transplantation cyclophosphamide for high-risk acute lymphoblas-
tic leukemia. Biol Blood Marrow Transplant 2017;23:318-324.
doi: 10.1016/j.bbmt.2016.11.008.

Al Malki MM, Yang D, Labopin M, Afanasyev B, Angelucci E,
Bashey A, et al. Comparing transplant outcomes in ALL patients
after haploidentical with PTCy or matched unrelated donor
transplantation. Blood Adv 2020;4:2073-2083. doi: 10.1182/
bloodadvan-ces.2020001499.

Sanz ], Galimard JE, Labopin M, Afanasyev B, Sergeevich MI,
Angelucci E, et al. Post-transplant cyclophosphamide containing
regimens after matched sibling, matched unrelated and haploi-
dentical donor transplants in patients with acute lymphoblastic
leukemia in first complete remission, a comparative study of the
ALWP of the EBMT. ] Hematol Oncol 2021;14:84. doi: 10.1186/
$13045-021-01094-2.

Gokbuget N, Stanze D, Beck ], Diedrich H, Horst HA, Huttmann
A, et al. Outcome of relapsed adult lymphoblastic leukemia
depends on response to salvage chemotherapy, prognostic factors,
and performance of stem cell transplantation. Blood
20125120:2032-2041. doi: 10.1182/blood-2011-12-399287.
Oriol A, Vives S, Hernandez-Rivas JM, Tormo M, Heras I, Rivas C,
et al. Outcome after relapse of acute lymphoblastic leukemia in
adult patients included in four consecutive risk-adapted trials by the
PETHEMA Study Group. Haematologica 2010;95:589-596. doi:
10.3324/haematol.2009.014274.

Gokbuget N, Dombret H, Ribera JM, Fielding AK, Advani A,
Bassan R, ef al. International reference analysis of outcomes in
adults with B-precursor Ph-negative relapsed/refractory acute
lymphoblastic leukemia. Haematologica 2016;101:1524-1533.
doi: 10.3324/haema-tol.2016.144311.

Gokbuget N, Dombret H, Giebel S, Bruggemann M, Doubek M, Foa
R, etal. Minimal residual disease level predicts outcome in adults with
Ph-negative B-precursor acute lymphoblastic leukemia. Hematology
2019;24:337-348. doi: 10.1080/16078454.2019.1567654.

Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ,
et al. Chimeric antigen receptor T cells for sustained remissions in
leukemia. N Engl J Med 2014;371:1507-1517. doi: 10.1056/
NEJMoa1407222.

Maude SL, Laetsch TW, Buechner ], Rives S, Boyer M, Bittencourt
H, et al. Tisagenlecleucel in children and young adults with B-cell
lymphoblastic leukemia. N Engl ] Med 2018;378:439-448.
doi:10.1056/NEJMo0a1709866.

Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook
C, Feldman SA, er al. T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in children and young
adults: a phase 1 dose-escalation trial. Lancet 2015;385:517-528.
doi: 10.1016/50140-6736(14)61403-3.


http://www.cmj.org

Chinese Medical Journal 2022;135(8)

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Fry TJ, Shah NN, Orentas R], Stetler-Stevenson M, Yuan CM,
Ramakrishna S, et al. CD22-targeted CAR T cells induce remission
in B-ALL that is naive or resistant to CD19-targeted CAR immuno-
therapy. Nat Med 2018;24:20-28. doi: 10.1038/nm.4441.

Shah BD, Ghobadi A, Oluwole OO, Logan AC, Boissel N,
Cassaday RD, et al. KTE-X19 for relapsed or refractory adult B-cell
acute lymphoblastic leukaemia: phase 2 results of the single-arm,
open-label, multicentre ZUMA-3 study. Lancet 2021;398:491-
502. doi: 10.1016/S0140-6736(21)01222-8.

Jiang H, Li C, Yin P, Guo T, Liu L, Xia L, et al. Anti-CD19 chimeric
antigen receptor-modified T-cell therapy bridging to allogeneic
hematopoietic stem cell transplantation for relapsed/refractory B-
cell acute lymphoblastic leukemia: an open-label pragmatic clinical
trial. Am J Hematol 2019;94:1113-1122. doi: 10.1002/ajh.25582.
Li S, Zhang J, Wang M, Fu G, Li Y, Pei L, et al. Treatment of acute
lymphoblasticleukaemia with the second generation of CD19 CAR-
T containing either CD28 or 4-1BB. Br ] Haematol 2018;181:360-
371. doi: 10.1111/bjh.15195.

Kantarjian H, Stein A, Gokbuget N, Fielding AK, Schuh AC, Ribera
JM, et al. Blinatumomab versus chemotherapy for advanced acute
lymphoblastic leukemia. N Engl | Med 2017;376:836-847. doi:
10.1056/NEJMo0a1609783.

Topp MS, Kufer P, Gokbuget N, Goebeler M, Klinger M, Neumann
S, et al. Targeted therapy with the T-cell-engaging antibody
blinatumomab of chemotherapy-refractory minimal residual dis-
ease in B-lineage acute lymphoblastic leukemia patients results in
high response rate and prolonged leukemia-free survival. J Clin
Oncol 2011;29:2493-2498. doi: 10.1200/JC0.2010.32.7270.
Topp MS, Gokbuget N, Zugmaier G, Klappers P, Stelljes M,
Neumann S, et al. Phase II trial of the anti-CD19 bispecific T cell-
engager blinatumomab shows hematologic and molecular remis-
sions in patients with relapsed or refractory B-precursor acute
lymphoblastic leukemia. J Clin Oncol 2014;32:4134-4140. doi:
10.1200/JC0O.2014.56.3247.

Topp MS, Gokbuget N, Stein AS, Zugmaier G, O’Brien S, Bargou
RC, et al. Safety and activity of blinatumomab for adult patients
with relapsed or refractory B-precursor acute lymphoblastic
leukaemia: a multicentre, single-arm, phase 2 study. Lancet Oncol
2015;16:57-66. doi: 10.1016/S1470-2045(14)71170-2.

Shang Y, Zhou F. Current advances in immunotherapy for acute
leukemia: an overview of antibody, chimeric antigen receptor,
immune checkpoint, and natural killer. Front Oncol 2019;9:917.
doi: 10.3389/fonc.2019.00917.

Kantarjian HM, DeAngelo D]J, Stelljes M, Martinelli G, Liedtke M,
Stock W, et al. Inotuzumab ozogamicin versus standard therapy for
acute lymphoblastic leukemia. N Engl ] Med 2016;375:740-753.
doi: 10.1056/NEJMo0a1509277.

Park JH, Riviere I, Gonen M, Wang X, Senechal B, Curran KJ, et al.
Long-term follow-up of CD19 CAR therapy in acute lymphoblastic
leukemia. N Engl ] Med 2018;378:449-459. doi: 10.1056/
NEJMo0a1709919.

Turtle CJ, Riddell SR, Maloney DG. CD19-targeted chimer-
icantigen receptor-modified T-cell immunotherapy for B-cell
malignancies. Clin Pharmacol Ther 2016;100:252-258. doi:
10.1002/cpt.392.

Chen YH, Zhang X, Cheng YF, Chen H, Mo XD, Yan CH, et al.
Long-term follow-up of CD19 chimeric antigen receptor T-cell
therapy for relapsed/refractory acute lymphoblastic leukemia after
allogeneic hematopoietic stem cell transplantation. Cytotherapy
2020;22:755-761. doi: 10.1016/j.jcyt.2020.08.002.

Hu GH, Zhao XY, Zuo YX, Chang YJ, Suo P, Wu ], et al.
Unmanipulated haploidentical hematopoietic stem cell transplan-
tation is an excellent option for children and young adult relapsed/
refractory Philadelphia chromosome-negative B-cell acute lympho-
blastic leukemia after CAR-T-cell therapy. Leukemia 2021. doi:
10.1038/s41375-021-01236-y.

Pan ], Yang JF, Deng BP, Zhao X]J, Zhang X, Lin YH, et al. High
efficacy and safety of low-dose CD19-directed CAR-T cell therapy
in 51 refractory or relapsed B acute lymphoblastic leukemia
patients.  Leukemia  2017;31:2587-2593. doi:  10.1038/
leu.2017.145.

Shah NN, Lee DW, Yates B, Yuan CM, Shalabi H, Martin S, et al.
Long-term follow-up of CD19-CAR T-cell therapy in children and
young adults with B-ALL. J Clin Oncol 2021;39:1650-1659. doi:
10.1200/JC0O.20.02262.

899

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

WWW.Cmj.org

Xu X, Chen S, Zhao Z, Xiao X, Huang S, Huo Z, et al.
Consolidative hematopoietic stem cell transplantation after CD19
CAR-T cell therapy for acute lymphoblastic leukemia: a systematic
review and meta-analysis. Front Oncol 2021;11:651944. doi:
10.3389/fonc.2021.651944.

Badar T, Szabo A, Advani A, Wadleigh M, Arslan S, Khan MA,
et al. Real-world outcomes of adult B-cell acute lymphocytic
leukemia patients treated with blinatumomab. Blood Adv
2020;4:2308-2316. doi: 10.1182/bloodadvances.2019001381.
Badar T, Szabo A, Litzow M, Burkart M, Yurkiewicz I, Dinner S,
et al. Multi-institutional study evaluating clinical outcome with
allogeneic hematopoietic stem cell transplantation after blinatu-
momab in patients with B-cell acute lymphoblastic leukemia: real-
world data. Bone Marrow Transplant 2021;56:1998-2004. doi:
10.1038/s41409-021-01279-w.

Kantarjian HM, DeAngelo D], Stelljes M, Liedtke M, Stock W,
Gokbuget N, et al. Inotuzumab ozogamicin versus standard of care
in relapsed or refractory acute lymphoblastic leukemia: final report
and long-term survival follow-up from the randomized, phase 3
INOVATE study. Cancer 2019;125:2474-2487. doi: 10.1002/
cner.32116.

Fujishima N, Uchida T, Onishi Y, Jung CW, Goh YT, Ando K, ez al.
Inotuzumab ozogamicin versus standard of care in Asian patients
with relapsed/refractory acute lymphoblastic leukemia. Int J
Hematol 2019;110:709-722. doi: 10.1007/s12185-019-02749-0.
Marks DI, Kebriaei P, Stelljes M, Gokbuget N, Kantarjian H,
Advani AS, et al. Outcomes of allogeneic stem cell transplantation
after inotuzumab ozogamicin treatment for relapsed or refractory
acute lymphoblastic leukemia. Biol Blood Marrow Transplant
2019;25:1720-1729. doi: 10.1016/j.bbmt.2019.04.020.

Chen Y, Cheng Y, Suo P, Yan C, Wang Y, Han W, et al. Donor-
derived CD19-targeted T cell infusion induces minimal residual
disease-negative remission in relapsed B-cell acute lymphoblastic
leukaemia with no response to donor lymphocyte infusions after
haploidentical haematopoietic stem cell transplantation. Br J
Haematol 2017;179:598-605. doi: 10.1111/bjh.14923.

Liu S, Deng B, Yin Z, Lin Y, An L, Liu D, et al. Combination of
CD19 and CD22 CAR-T cell therapy in relapsed B-cell acute
lymphoblastic leukemia after allogeneic transplantation. Am J
Hematol 2021;96:671-679. doi: 10.1002/ajh.26160.

Dholaria B, Savani BN, Labopin M, Luznik L, Ruggeri A, Mielke S,
et al. Clinical applications of donor lymphocyte infusion from an
HLA-haploidentical donor: consensus recommendations from the
Acute Leukemia Working Party of the EBMT. Haematologica
2020;105:47-58. doi: 10.3324/haematol.2019.219790.

Cheng Y, Chen Y, Yan C, Wang Y, Zhao X, Chen Y. Donor-
derived CD19-targeted T cell infusion eliminates B cell acute
lymphoblastic leukemia minimal residual disease with no response
to donor lymphocytes after allogeneic hematopoietic stem cell
transplantation. Engineering 2019;5:150-155. doi: 10.1016/j.
eng.2018.12.006.

Zhao XY, Xu ZL, Mo XD, Chen YH, Lv M, Cheng YF, et al.
Preemptive donor-derived anti-CD19 CAR T-cell infusion showed
a promising anti-leukemia effect against relapse in MRD-positive
BALL after allogeneic hematopoietic stem cell transplantation.
Leukemia 2021. doi: 10.1038/s41375-021-01351-w.

Zhang C, Ma YY, Liu J, Liu Y, Gao L, Kong PY, et al. Preventive
infusion of donor-derived CAR-T cells after haploidentical
transplantation: two cases report. Medicine (Baltimore) 2019;98:
e16498. doi: 10.1097/MD.0000000000016498.

Lu W, Wei Y, Cao Y, Xiao X, Li Q, Lyu H, ez al. CD19 CAR-T cell
treatment conferred sustained remission in B-ALL patients with
minimal residual disease. Cancer Immunol Immunother 2021. doi:
10.1007/s00262-021-02941-4.

Cao J, Cheng H, Shi M, Wang G, Chen W, Qi K, et al. Humanized
CD19-specific chimeric antigen-receptor T-cells in 2 adults with
newly diagnosed B-cell acute lymphoblastic leukemia. Leukemia
2019;33:2751-2753. doi: 10.1038/s41375-019-0516-7.
Gokbuget N, Kelsh M, Chia V, Advani A, Bassan R, Dombret H,
et al. Blinatumomab vs historical standard therapy of adult
relapsed/refractory acute lymphoblastic leukemia. Blood Cancer J
2016;6:e473. doi: 10.1038/bcj.2016.84.

Rambaldi A, Ribera JM, Kantarjian HM, Dombret H, Ottmann
OG, Stein AS, et al. Cancer 2020;126:304-310. doi: 10.1002/
cner.32558.


http://www.cmj.org

Chinese Medical Journal 2022;135(8)

64.

65.

66.

67.

68.

69.

70.

Martinelli G, Boissel N, Chevallier P, Ottmann O, Gokbuget N,
Rambaldi A, et al. Long-term follow-up of blinatumomab in
patients with relapsed/refractory Philadelphia chromosome-posi-
tive B-cell precursor acute lymphoblastic leukaemia: Final analysis
of ALCANTARA study. Eur J Cancer 2021;146:107-114. doi:
10.1016/j. €jca.2020.12.022.

von Stackelberg A, Locatelli F, Zugmaier G, Handgretinger R,
Trippett TM, Rizzari C, et al. Phase I/Phase II study of
blinatumomab in pediatric patients with relapsed/refractory acute
lymphoblastic leukemia. J Clin Oncol 2016;34:4381-4389. doi:
10.1200/JC0O.2016.67.3301.

Locatelli F, Whitlock JA, Peters C, Chen-Santel C, Chia V, Dennis
RM, et al. Blinatumomab versus historical standard therapy in
pediatric patients with relapsed/refractory Ph-negative B-cell precur-
sor acute lymphoblastic leukemia. Leukemia 2020;34:2473-2478.
doi: 10.1038/s41375-020-0770-8.

GuR, LiuF,ZouD,XuY, LuY, Liu B, et al. Efficacy and safety of
CD19 CAR T constructed with a new anti-CD19 chimeric antigen
receptor in relapsed or refractory acute lymphoblastic leukemia. J
Hematol Oncol 2020;13:122. doi: 10.1186/s13045-020-00953-8.
Shah BD, Bishop MR, Oluwole OO, Logan AC, Baer MR, Donnellan
WB, et al. KTE-X19 anti-CD19 CAR T-cell therapy in adult relapsed/
refractory acute lymphoblastic leukemia: ZUMA-3 Phase 1 results.
Blood 2021;138:11-22. doi: 10.1182/blood.2020009098.
Magnani CF, Gaipa G, Lussana F, Belotti D, Gritti G, Napolitano S,
et al. Sleeping beauty-engineered CAR T cells achieve antileukemic
activity without severe toxicities. J Clin Invest 2020;130:6021—
6033. doi: 10.1172/JCI138473.

Ma RZ, He Y, Yang DL, Wei JL, Pang AM, Jiang EL, et al.
Allogeneic donor-derived CD19 CAR-T therapy of relapsed B-cell
acute Imphoblastic leukemia after allogeneic hematopoietic stem
cell transplantation (in Chinese). Chin J] Hematol 2021;42:383—
389. doi: 10.3760/cma.j.issn.0253-2727.2021.05.006.

900

71.

72.

73.

74.

75.

76.

WWW.CIj.org

Gardner RA, Finney O, Annesley C, Brakke H, Summers C, Leger
K, et al. Intent-to-treat leukemia remission by CD19 CAR T cells of
defined formulation and dose in children and young adults. Blood
2017;129:3322-3331. doi: 10.1182/blood-2017-02-769208.

Hay KA, Gauthier J, Hirayama AV, Voutsinas JM, Wu Q, Li D,
et al. Factors associated with durable EFS in adult B-cell ALL
patients achieving MRD-negative CR after CD19 CAR T-cell
therapy. Blood 2019;133:1652-1663. doi: 10.1182/blood-2018-
11-883710.

Jacoby E, Bielorai B, Avigdor A, Itzhaki O, Hutt D, Nussboim V,
et al. Locally produced CD19 CAR T cells leading to clinical
remissions in medullary and extramedullary relapsed acute lympho-
blastic leukemia. Am ] Hematol 2018;93:1485-1492. doi:
10.1002/ajh.25274.

Zhang X, Lu XA, Yang J, Zhang G, Li ], Song L, et al. Efficacy and
safety of anti-CD19 CAR T-cell therapy in 110 patients with B-cell
acute lymphoblastic leukemia with high-risk features. Blood Adv
2020;4:2325-2338. doi: 10.1182/bloodadvances.2020001466.
An F, Wang H, Liu Z, Wu F, Zhang J, Tao Q, et al. Influence of
patient characteristics on chimeric antigen receptor T cell therapy in
B-cell acute lymphoblastic leukemia. Nat Commun 2020;11:5928.
doi: 10.1038/s41467-020-19774-x.

Shah NN, Highfill SL, Shalabi H, Yates B, Jin J, Wolters PL, et al.
CD4/CD8 T-cell selection affects Chimeric Antigen Receptor
(CAR) T-cell potency and toxicity: Updated results from a Phase
I anti-CD22 CAR T-cell trial. J Clin Oncol 2020;38:1938-1950.
doi: 10.1200/JC0O.19.03279.

How to cite this article: Sun W, Huang X]J. Role of allogeneic
haematopoietic stem cell transplantation in the treatment of adult acute
lymphoblastic leukaemia in the era of immunotherapy. Chin Med ]
2022;135:890-900. doi: 10.1097/CM9.0000000000001898


http://www.cmj.org

	Role of allogeneic haematopoietic stem cell transplantation in the treatment of adult acute lymphoblastic leukaemia in the era of immunotherapy
	Introduction
	Allo-HSCT remains the SOC for ALL in the era of immunotherapy
	Matched sibling allogeneic transplantation is the first-line therapy for ALL
	Haplo-allogeneic transplantation achieves significant progress in ALL and can be standard therapy for adult ALL

	Immunotherapy provides more opportunities for allo-HSCT
	The outcome of relapsed/refractory ALL is poor
	Immunotherapy expands r/r ALL patients' opportunities to receive allo-HSCT
	Bridging to allo-HSCT post-immunotherapy significantly improves outcomes for r/r ALL patients
	Immunotherapy can be used as a powerful means to treat/ prevent post-transplant relapsed ALL

	Immunotherapy introduces potential challenges for allo-HSCT
	Conclusions
	Funding
	Conflicts of interest
	References


