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The outcome of B-cell acute lymphoblastic leukemia (B-ALL) has improved over
time with the incorporation of multi-agent chemotherapy in the treatment
landscape as well as the recent approval of immunotherapeutic agents
allowing a larger proportion of patients to undergo allogeneic hematopoietic
cell transplantation (allo-HCT) which is still considered a potential curative
approach. However, relapse post-transplant is still occurring and constitutes a
common cause of treatment failure in B-ALL. The present review aims to discuss
the novel strategies and therapies used to prevent and overcome relapse post
allo-HCT in patients with ALL, focusing on the role of tyrosine kinase inhibitors in
Philadelphia chromosome positive B-ALL, the role of innovative agents such as
blinatumomab and inotuzumab ozogamicin, and finally the role of
cellular therapy.
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1 Introduction

During the last decade, the survival of adult patients with acute lymphoblastic leukemia
(ALL) has significantly improved with the development of treatment strategies through the
incorporation of targeted therapies such as tyrosine kinase inhibitors (TKI) (1), rituximab
(2), novel immunotherapeutic agents (3), modification of consolidation and intensification
courses based on the pediatric inspired protocols (4), and introduction of the concept of the
minimal/measurable residual disease (MRD)-guided approach (5). Despite improvement
of outcomes using novel agents, allogeneic hematopoietic cell transplantation (allo-HCT) is
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still considered a potentially curative approach in the management
of high-risk ALL in first or second complete remission (CR) (6).
Optimizing allo-HCT outcomes through conditioning regimens,
graft-versus-host disease (GVHD) prophylaxis, supportive care,
and post-transplant disease monitoring have led to favorable
outcomes, however, relapses still occur. One of the well-
established strategies to mitigate relapse is prophylactic and/or
pre-emptive maintenance therapies post allo-HCT. Maintenance
treatment could have a role in suppressing the leukemia clone,
especially in the early post-transplant phase until a graft-versus-
leukemia (GVL) effect is activated.

In line with what we previously studied in acute myeloid leukemia
(AML), many transplant centers are implementing maintenance
strategies either by pharmaceutical interventions such as FLT3
inhibitors in FLT3 mutant AML and hypomethylating agents, or by
cellular therapies, mainly the use of donor lymphocyte infusion (DLI)
(7-9). In ALL, other than immunosuppression tapering, and TKIs in
Philadelphia chromosome (Ph) positive ALL, there are no known
options for transplant physicians to maintain deep remissions. This
current review aims to discuss the novel strategies and therapies used to
prevent and overcome relapse post allo-HCT in patients with
ALL (Table 1).

2 Risk factors for relapse

Mortality post relapse was found to be dependent on the timing
of relapse with those less than 6 months from allo-HCT having worse
outcomes than those relapsing between 6 months and 1 year and
lower mortality if relapse occurs after 1 year from transplant (16).

The most common cause of transplant failure in ALL is relapse
post allo-HCT which was particularly high with the presence of Ph
chromosome. MRD status is also considered a key factor to predict
relapse post-transplant and is defined as the presence of 0.01% or

TABLE 1 Summary of the current strategies for prevention of relapse in ALL.

10.3389/fimmu.2023.1191912

more detectable leukemia cells (17, 18). In the era of MRD
prognostication, the pre-treatment cytogenetic information
remains of value in the stratification of ALL (19, 20). Complex
cytogenetics (= 5 chromosomal aberrations), and low hypodiploidy/
near triploidy are independent predictive factors for worse survival
outcomes (19). In the largest study by the Medical Research Council
(MRC) UKALLXII/Eastern Cooperative Oncology Group (ECOG),
patients harboring Ph, t(4;11)(q21;q23), t(8;14)(q24.1;q32), complex
cytogenetics or low hypodiploidy/near triploidy, all had inferior rates
of event-free and overall survival (OS) when compared with other
patients (21). ALL with KMT2A rearrangement also has a poor
prognosis regardless of the gene partner (22). In addition to the
cytogenetic prognostic value, some genetic mutations were identified
as independent predictors of survival including focal IKZF1 gene
deletion in B-ALL and the absence of NOTCHI/FBXW?7 mutation
and/or N/K-RAS mutation and/or PTEN gene alteration in T-cell
ALL (23). Ph-like ALL is another entity that is associated with lower
rates of response and poor survival, especially those carrying CRLF2
rearrangement and IKZFI deletion (24).

Several mutations are acquired at relapse of ALL affecting
mainly five different molecular pathways including purine
metabolism, histone modification, RAS signaling, tyrosine kinase
signaling, and progenitor cell development (25). Gene expression
profiling of blasts in ALL patients post relapse revealed the presence
of a common genetic profile with upregulation of genes involved in
proliferation and cell regulation such as DUSP6, UBE2V1 and F2R,
together with genes promoting apoptosis inhibition as BIRC5 (26).
Moreover, DNA repair genes such as PTTGI and UBE2V1 were
negatively affected besides the presence of genes related to drug
resistance such as TYMS and RAB5C (25). Epigenetic mechanisms
play an essential role in the emergence of relapsed disease where
significant differences in the CpG sites of DNA methylation were
detected in blasts at diagnosis compared to those at relapse,
indicating a change in the genomic expression (27).

Prevention of Relapse in ALL

Established Strategies

Innovative Strategies

Tyrosine kinase inhibitors (TKIs)

The use of TKIs from all generations in Ph+ ALL patients as prophylactic therapy
or preemptive therapy post allo-HCT has shown better leukemia- free survival and
OS in prospective and retrospective studies (10)

Blinatumomab

The use of blinatumomab maintenance post allo-HCT was associated with a
cumulative incidence of relapse of 29%, 1-year OS of 85% and PFS of 71% (13)
Blinatumumab is considered a promising agent to maintain remission and manage
relapse post allo-HCT as a single agent or in combination.

Donor Lymphocyte Infusion

The effectiveness of DLI use in relapsed ALL is still limited.

DLI has been proven to reduce relapse risk and increase survival post allo-HCT if
used in multiple escalated doses as prophylactic therapy or preemptive therapy post
allo-HCT (11, 12)

Frontiers in Immunology

Inotuzumab Ozogamicin

A phase I trial showed that low dose maintenance inotuzumab ozogamicin post
allo-HCT was well tolerated in high-risk ALL patients with absence of relapse in
patients who completed one year follow up (14)

CAR T-cell Therapy

The data about CAR T-cell therapy for post allo-HCT relapse is scarce.

Ding et al. showed satisfactory initial efficacy and safety of CAR T-cell therapy
especially autologous CAR T-cells (15)
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3 Prevention of relapse
3.1 Established strategies

3.1.1 The role of tyrosine kinase inhibitors

One of the most common cytogenetic abnormalities in adult ALL
is the presence of Ph that is established as an adverse prognostic
marker. The incorporation of TKIs in the frontline treatment of Ph-
positive ALL followed by allo-HCT in first CR has shown
improvement in long-term survival (1). Despite the progress in
allo-HCT techniques in Ph-positive ALL and the substantial
improvement in post-transplant relapse therapies with a steady
increase in 2-year OS over the years from 28% to 55%, leukemia
relapse remains the main cause of failure post allo-HCT (28). Thus,
maintenance therapies with TKI were developed to mitigate the risk
of relapse. Nowadays, the use of TKIs after allo-HCT is encouraged
for all patients with Ph-positive ALL irrespective of the MRD status
(prophylactic approach) once hematopoietic stability is achieved, or
at least preemptively upon MRD recurrence. In a prospective
randomized trial, prophylactic use of imatinib post allo-HCT
showed a lower incidence of molecular relapse compared to MRD
driven imatinib use (40% versus 69%, p=0.046), with a relatively high
5-year OS of 80% and 74.5% respectively, despite early
discontinuation of imatinib due to adverse events (10). Imatinib
was used prophylactically or preemptively post-transplant in seven
prospective studies and five retrospective studies showing a 1.5 to 3
years OS ranging between 62% to 92% and 1.5 to 5 years disease free
survival of 60.4% to 92%. On the other hand, second generation TKIs
such as dasatinib and nilotinib were studied post allo-HCT with
limited data suggesting better OS with second-generation TKIs
especially in MRD positive patients. Dasatinib maintenance led to
an OS of 87% to 100% at 1.4 to 3 years and disease-free survival was
89% to 100% which is higher than that with imatinib. In a study using
nilotinib in Ph positive ALL, OS at 5 years was only 60% (29, 30).
Furthermore, up to 50% of relapses post allo-HCT are caused by the
BCR-ABL T315I mutation. Thus, prophylactic or pre-emptive use of
ponatinib in this setting was tested in retrospective studies showing
good tolerability of 15 mg daily dosing, and efficacy in molecular
response as well as long-term OS and leukemia-free survival (31, 32).
The use of TKIs (from all generations) after allo-HCT for patients in
first CR improved OS when given as a prophylactic or preemptive
regimen (33). In addition, imatinib failed to improve OS in patients
who were beyond first CR at the time of allo-HCT and no data were
available with newer generation TKIs for this population (33).

In a retrospective study conducted by the European Society for
Blood and Marrow Transplantation (EBMT), the use of a
prophylactic TKI in 60 patients post allo-HCT was associated
with improved leukemia-free survival (hazard ratio [HR]=0.44,
p=0.002) and OS (HR=0.42, p=0.004) (34). Based on this and
many other published reports, the EBMT published a consensus
statement encouraging the use of maintenance TKI post allo-HCT
to reduce risk of relapse (35).

The duration of TKI maintenance post allo-HCT is another
debate. There are no current prospective trials evaluating the
optimal duration of TKI maintenance. Institutional guidelines
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recommend continuing TKI for at least 2 years and up to 5 years,
if no major toxicities arise. In the GMALL study, imatinib
maintenance was given for one year of continuous complete
molecular remission (10). A recent retrospective study from MD
Anderson cancer center evaluated 84 Ph-positive ALL patients who
were alive and in complete molecular remission at 3 months post
allo-HCT and still receiving TKI. The median duration of TKI
maintenance was 13 months. Patients who received TKI beyond 24
months had significantly lower risk of relapse than those who
stopped before 24 months (HR=0.12, p=0.045) (36). Nevertheless,
prolonged administration of TKI post allo-HCT may increase drug-
related toxicities over time affecting drug tolerability
and compliance.

3.1.2 The role of donor lymphocyte infusion

Donor lymphocyte infusions (DLIs) are often used to treat
leukemia relapse post allo-HCT by re-instituting the T-cell
immunity against the leukemia cells. It is now known that DLI
effectiveness is dependent on many factors, including the type of
underlying disease, the bulk of disease, and the pre-treatment
immunologic state, mainly CD8+ T-cell infiltrates (37). While
DLI response rates are relatively high in chronic myeloid
leukemia, reaching 80%, the use of therapeutic DLIs in relapsed
B-cell ALL after allo-HCT is still disappointing with remissions not
exceeding 15% (38-40). One of the proposed reasons for the relative
ineffectiveness of therapeutic DLI in ALL is the lack of proliferative
capacity of ALL-reactive T-cells (41). Considering the limited
efficacy of DLI in relapsed B-ALL, several groups have shown that
prophylactic or pre-emptive DLI based on the MRD status or the
loss of complete chimerism may have a role in preventing overt
hematological relapse by infusing multiple escalated doses of DLI
guided by the occurrence of GVHD (11, 12, 42). This approach was
proven to reduce the relapse risk and increase survival post allo-
HCT in patients with impending relapse. In order to enhance the
GVL effect while limiting the known risk of GVHD post DLI, a
recent pilot study investigated a repetitive schedule of low-dose
DLIs every two months for at least 36 months and included 11
patients with high-risk ALL post allo-HCT. This innovative strategy
was demonstrated to be safe and effective in reducing both relapse
and GVHD rates in patients with high-risk acute leukemia (43). An
alternative strategy involves a dose escalation schedule of DLI that
similarly provides improved outcomes with lower rates of GVHD
(44). In addition, DLI can be combined with blinatumomab in the
post-transplant setting, allowing the infused donor T-cells to be
redirected toward the CD19-positive leukemia cells. This
combination was tested in a few retrospective studies that showed
its tolerability, however with no definite added benefit (45, 46).

3.2 Innovative strategies
3.2.1 The role of blinatumomab
Blinatumomab is a recombinant murine monoclonal bispecific

antibody that targets both CD19 antigen expressed by most B-cells
and the CD3 antigen present on T cells leading to their engagement,
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activation of T cells and subsequent lysis of leukemia cells (47).
Blinatumomab was granted the US Food and Drug Administration
(FDA) approval in 2014 for adults and children with R/R B-ALL or
those with persistent MRD positive ALL based on a multi-
institutional randomized phase III trial that demonstrated
superiority of blinatumomab over chemotherapy in regards to
overall response rate (ORR) and OS in patients with R/R ALL
(48). Despite the great enthusiasm, blinatumomab as a single agent
in overt relapse offered a modest response rate of 40% and a median
OS not exceeding 8 months (48). An exploratory analysis on 64
patients who had relapsed post allo-HCT and were treated with
blinatumomab showed similar outcomes with an ORR of 45% and
median OS of 8.5 months (49). More importantly, there were no
increased rates of GVHD, nor infections. It was soon established
that blinatumomab is more effective when the burden of disease is
low. The BLAST clinical trial investigated blinatumomab in 113
patients in first or second CR with detectable MRD =107, where
78% achieved a complete MRD response and 67% proceeded to
allo-HCT (50). In patients with chemotherapy-resistant MRD,
targeted immunotherapy with blinatumomab resulted in a
substantial molecular response rate and improved long-term
outcomes among responders, even those who were not
transplanted (51).

To decrease the risk of relapse post-transplant by redirecting the
unengaged donor T-cells before they mount a GVL response toward
residual leukemic cells, Gaballa et al. investigated the use of
maintenance blinatumomab post allo-HCT in high-risk B-ALL
(13). In a phase II study conducted at The MD Anderson Cancer
Center, four cycles of maintenance blinatumomab were
administered every 3 months in the first year after allo-HCT.
Patients at high risk of relapse other than those with persistent
MRD pre and/or post allo-HCT were included such as complete
hematologic remission beyond first CR at the time of allo-HCT,
primary induction failure requiring more than one line of treatment,
and/or high-risk cytogenetic or molecular profile defined as Ph-
positive ALL, Ph-like ALL, KMT2A gene rearrangement, complex
cytogenetics, or hypodiploid cytogenetics at diagnosis. Twenty-one
patients were treated with at least one cycle of blinatumomab, and
57% completed all scheduled four cycles. The median follow-up was
for 14.3 months with a cumulative incidence of relapse of 29% (95%
confidence interval: 11%-49%). The 1-year OS and progression-free
survival (PFS) were 85% and 71%, respectively (13). As reported
previously, blinatumomab was not associated with increased risk of
GVHD nor infections. Interestingly, this study highlighted some
important mechanistic insights on predictors of response including
the number of CD4 and CD8 T-cells with effector memory
phenotype and the expression of some checkpoint inhibitors
especially TIM-3. Despite the established safety of blinatumomab
post allo-HCT, its additional benefit was not confirmed when
compared to a matched cohort not treated with blinatumomab.
Furthermore, blinatumomab could have a preferential benefit in
patients with genomic loss of human leucocyte antigen expression
after haplo-identical HCT where three out of four patients achieved
CR with complete MRD response after 2 cycles of treatment,
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suggesting blinatumomab therapy as a potential strategy to restore
a GVL effect (52). The mentioned data indicate a remarkable
potential for blinatumomab as a promising agent to maintain
remission and manage relapse after allo-HCT with the need for
more randomized trials to optimize the standards. Additionally,
there is also a rationale for combining blinatumomab with other
agents like checkpoint inhibitors or DLI to further activate donor T-
cells and increase efficacy; however, this approach might be limited
by a substantial increase in the risk of acute life threatening GVHD.

3.2.2 The role of inotuzumab ozogamicin

Inotuzumab ozogamicin is a CD22 antibody drug conjugate
bound to calicheamicin, a cytotoxic antitumor antibiotic, that was
approved by the FDA in 2017 for the treatment of adult patients
with R/R B-ALL based on the results of the INO-VATE trial (53).
The trial included 326 R/R B-ALL patients and among those who
achieved CR, the percentage with MRD negativity was significantly
higher in the inotuzumab ozogamicin (78.4%) compared to the
standard therapy group (28.1%) (54). In addition, consolidation
with allo-HCT for patients who achieved CR in the inotuzumab
group led to better OS besides other factors that improved survival
such as best MRD status, hematological remission and the duration
of first CR (55). The CR rate was also similar between patients with
or without prior allo-HCT (76.5% versus 81.5%) (54). The main
limitation with inotuzumab ozogamicin is hepatotoxicity and veno-
occlusive disease in patients receiving allo-HCT, for which
preventive measures should be considered such as the avoidance
of double alkylators within the conditioning regimen and the
limitation of number of cycles of inotuzumab to up to 2 cycles if
allo-HCT is planned, in addition to a longer interval between the
last dose and allo-HCT, preferably six to eight weeks (56). The use
of inotuzumab ozogamicin as maintenance treatment post allo-
HCT at lower doses of 0.3 and 0.4 mg/m? in four 28-days cycles was
studied in a phase I trial which included eight patients with high-
risk ALL. Four patients completed the first year of post-transplant
follow-up, low-dose inotuzumab ozogamicin was well tolerated
with only thrombocytopenia as a dose-limiting toxicity (14). The
absence of disease recurrence in this small cohort of high-risk ALL
patients warrants further investigation.

3.2.3 The role of cellular therapy

Chimeric antigen receptor (CAR) T-cell therapy has led to
significant success in hematological malignancies especially in R/R
B-ALL where autologous CD19 CAR T-cells have shown
remarkable anti-leukemia effects and CR rates of 70 to 90% (57).
This led to tisagenlecleucel being the first CAR T-cell therapy
product to be approved by the FDA in 2017 followed by
brexucabtagene autoleucel as a second autologous product for R/
R B-ALL (58). CAR T-cell therapy in the R/R setting is usually
limited by a relatively short disease-free survival, for which
successful CAR T-cell therapy is commonly followed by allo-
HCT. However, data on CAR T-cells for post-transplant relapse is
limited to few studies where the source of CAR T-cells can be from
the patient him/herself (autologous) or from the transplant donor
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TABLE 2 Recommendations regarding some maintenance strategies post-transplant in ALL.

Disease Agent Recommendation
Ph-positive ALL Tyrosine kinase inhibitors
Imatinib Recommended
Dasatinib Encouraged
Ponatinib Investigational
Ph-negative ALL Blinatumumab Implemented by some transplant centers

Inotuzumab ozogamicin
CAR T-cell therapy

T-cell ALL HMA +/- venetoclax

(allogeneic) (59). Allogeneic CAR T-cells can be responsible for
lethal GVHD in some preclinical studies. In addition, a
retrospective study comparing autologous to allogeneic CAR T-
cell therapy demonstrated the presence of chronic GVHD in
patients who received the allogeneic form (60). Ding et al.
conducted a study on twenty patients with R/R B-ALL after allo-
HCT that showed satisfactory initial efficacy and safety of CAR T-
cell therapy. Moreover, the incidence of acute GVHD was higher in
patients who previously received haploidentical transplantation
especially for those receiving allogeneic CAR T-cells (15).

A promising new product generated by the Center for Cell and
Gene Therapy, Baylor College of Medicine, involved multiple
leukemia antigen-specific T-cells that targeted the tumor-
associated antigens PRAME, WTI, and survivin, which are
frequently expressed on B-cell and T-cell ALL cells from all 15
donors of patients with ALL who were undergoing allo-HCT.
Eleven of the 15 products were infused into patients within 6
months post-transplant. There was an increase in the frequency
of T-cells responding to targeted tumor antigens that correlated
with durable remissions. Interestingly, no cases of GVHD were
encountered after the infusion of the products (61).

4 Central nervous system prophylaxis

The role of CNS prophylaxis post allo-HCT in B-cell ALL is still
a controversial issue. Given the high risk of CNS relapse especially
in patients with CNS involvement, many transplant centers have
endorsed the use of intrathecal chemotherapy post allo-HCT for
primary or secondary prophylaxis despite the lack of well-designed
clinical trials (62).

5 Role of maintenance treatment in
T-cell acute lymphoblastic leukemia

High-risk or R/R T-cell ALL is an aggressive disease with few
available salvage options and usually carries a dismal outcome with
only 10% of patients surviving at 5 years (63). Preclinical studies
have shown that relapsed T-ALL is sensitive to BCL2 inhibition
exerted by venetoclax which could be a potential therapeutic
strategy in combination with chemotherapy or hypomethylating
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agents (64). In the clinical setting, robust data is scarce regarding
post-transplant maintenance in patients diagnosed with T-ALL.
Four cases with high-risk T-ALL were treated with maintenance 5-
azacitidine and venetoclax in the post-transplant setting with
encouraging results, as all of them remained in CR after a median
follow-up of 15 months (65). A Chinese study evaluated the use of
low dose decitabine as maintenance post-transplant in ALL, with
impressive results in patients with T-ALL, as none of seven treated
patients have relapsed (66). These encouraging results are worth
exploring in a prospective clinical trial.

One of the most promising immunotherapeutic drug in T-cell ALL
is daratumumab (monoclonal antibody that targets CD38) given the
robust expression of CD38 on the surface of malignant T- blasts.
Preclinical data on human xenografts models of T-ALL showed
efficacy of daratumumab with a significant reduction in leukemia
burden in 14 of 15 xenograft models (67, 68). Daratumumab has
started to be used in advanced T-ALL without any therapeutic options,
and efficacy was shown to be in patients with low burden of disease
(targeting MRD-positive disease) (69, 70). Currently, NCT05289687 is
evalutating its role in MRD positive T-ALL. Given potential efficacy
of daratumumab in low burden T-ALL, it is worth exploring it as
maintenance treatment post allo-HCT in T-ALL.

6 Conclusion

Allo-HCT continues to have a successful role in curing a
significant proportion of patients with high-risk ALL. However,
relapse post allo-HCT remains a major challenge that requires
more randomized clinical trials to optimize conditioning regimens
and preventive measures following transplant. Several strategies are
currently being used and studied, ranging from immunotherapeutic
and targeted agents to maintenance with TKIs and the use of cellular
therapies (Table 2). Therefore, further studies should focus on the
contribution of each strategy and that of combinations of agents in
the prevention of relapse post-transplant.
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