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ABSTRACT

Infants with acute lymphoblastic leukemia (ALL) frequently experience poor outcomes, with KMT2A gene rearrangements
(KMT2A-r) serving as the most significant adverse prognostic factor. Allogeneic hematopoietic stem cell transplantation
(HSCT) in first complete remission (CR1) has been utilized to improve survival, yet its definitive role remains a subject of intense
debate. This systematic review and meta-analysis aimed to evaluate survival outcomes of HSCT in infants with KMT2A-r ALL
in CR1. We systematically searched PubMed, Embase, and the Cochrane Library for randomized and observational studies
reporting survival outcomes for infants with KMT2A-r ALL undergoing HSCT in CR1. Survival data were synthesized using
parametric modeling (Weibull distribution) to estimate pooled outcomes. Mean survival across 1,000 iterations per study
was calculated with 95%Cl. Heterogeneity was assessed using |2 statistics. All analyses were performed using R software
(version 4.1.3). Seven studies comprising 371 patients were included. The pooled analysis demonstrated a 4-year overall
survival (OS) of 65% (95%Cl 58.7-72.1), a 4-year disease-free survival of 57.5% (95%Cl 51.8-64.3), and a 3-year event-free
survival (EFS) of 53.2% (95%Cl 41.5-66.1). Our findings suggest that HSCT in CR1 is a viable therapeutic strategy for selected
high-risk infants with KMT2A-r ALL, showing improved survival compared to historical benchmarks. While novel and safer
therapies are currently under investigation, HSCT remains a reasonable option. Clinical decisions should carefully balance
the curative potential of transplantation against the risk of severe treatment-related toxicities and long-term sequelae.

Keywords: Acute lymphoblastic leukemia (ALL); Infant; Stem cell transplantation (HSCT); KMT2A.

INTRODUCTION

Although current survival rates exceed 90% for most pediatric acute lymphoblastic leukemia (ALL) cases,’
managing ALL in infants (diagnosed within the first year of life) remains a significant challenge. Infant ALL
accounts for 2.5% to 5% of pediatric cases and exhibits distinct biological, clinical, and prognostic features
compared to older children.? Approximately 75% of infant ALL cases harbor rearrangements of the KMT2A
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gene (formerly MLL), located at chromosome band 11q23.3 In contrast, this cytogenetic abnormality occurs in
only 1% to 2% of older children with ALL.* While survival outcomes for older children and infants with KMT2A-
germline ALL have improved over recent decades, outcomes for infants with KMT2A gene rearrangements
(KMT2A-r) ALL remain poor.?

KMT2A-r is the most significant adverse prognostic factor,® often compounded by young age, high white blood
cell count, and poor prednisone response.” Most infants with KMT2A-r ALL present with hyperleukocytosis,
hepatosplenomegaly, and central nervous system involvement.®®° Their leukemic cells typically exhibit a pro-
B-cell phenotype lacking CD10 expression.’ Given the dismal prognosis in this population, various treatment
strategies have been explored, with allogeneic hematopoietic stem cell transplantation (HSCT) being a primary
focus.®'" Current evidence suggests that if HSCT is indicated, it should be implemented during the first complete
remission (CR1), as survival rates drop significantly when administered in subsequent remissions.8124

However, the efficacy and safety of HSCT in CR1 for infants with KMT2A-r ALL remain subjects of intense debate,
particularly regarding treatment-related toxicities, long-term morbidity, and transplant-related mortality in
this vulnerable age group.’>"” Recent narrative reviewss*'"1>1819 and the 2020 National Comprehensive Cancer
Network clinical practice guidelines?*® emphasize the ongoing controversy surrounding the role of HSCT. Given
the rarity of infant ALL and the lack of robust, aggregated data on HSCT outcomes specifically for the KMT2A-r
subset, this study aims to systematically investigate the impact of HSCT on survival outcomes in these patients

METHODS

This study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement and the Cochrane Collaboration recommendations. The protocol was prospectively
registered in the International Prospective Register of Systematic Reviews in December 2023 (registration
number: CRD42023494213).

Eligibility criteria
Studies were included if they met the following criteria: 1) randomized or non-randomized clinical studies;
2) involved infants (diagnosed at < 1 year of age) with ALL and KMT2A rearrangements; 3) included patients

who underwent HSCT in CR1; and 4) were published within the last 20 years to account for contemporary
advances in HSCT conditioning regimens and supportive care.

Studies were excluded if they 1) were not published in English; 2) were abstracts, conference presentations,
or case reports; or 3) were duplicate publications with overlapping cohorts. In cases of multiple reports from
the same study population, only the most comprehensive or recent publication was selected.

Search strategy and data extraction

We systematically searched PubMed, Embase, and the Cochrane Library from inception to December 21,
2023. The search strategy utilized terms including “infant,” “leukemia,” and “stem cell transplantation,” along
with relevant MeSH terms and synonyms. Search results were managed using Zotero (version 6.0.22). Two
reviewers (BLF and AMS) independently screened titles and abstracts. Potentially eligible articles underwent
full-text assessment by the same reviewers. Discrepancies were resolved through consensus.

Endpoints

The primary outcomes of interest were overall survival (OS) and event-free survival (EFS). EFS was defined
as the time from HSCT to the first event, including relapse, lineage switch to AML, secondary malignancy,
or death from any cause. Disease-free survival (DFS) was also analyzed and defined as the time from CR1
achievement to first failure (relapse or death).
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Data synthesis and analysis

To enable meta-analysis, raw survival data or Kaplan-Meier (KM) curves were prioritized. For studies where only
point-estimate survival values were reported, we applied parametric modeling using the Weibull distribution
to estimate survival trajectories.

For studies that provided KM curves, we extracted survival data from the published curves and fitted Weibull
survival functions by nonlinear modeling to estimate the distribution parameters: the scale (lambda) and the
shape (k). After estimating parameters for all studies with available curves, we computed the mean k across
those studies. For studies without curves but with time-point survival values, we combined this mean k with
the reported survival probabilities to back-calculate the corresponding lambda and simulate the missing
survival trajectories. These reconstructed trajectories were then used to estimate survival over time and to
derive the number of patients at risk.

Survival values were estimated for five distinct time periods (1 to 5 years), along with the number of patients
at risk. These data formed the basis for calculating the average survival curve, following the methodology
described by Combescure et al.?" Since this approach involves data simulation, we performed 1,000 iterations
per study to minimize the effects of random noise. The mean survival across these iterations was then
calculated, along with its corresponding 95%Cl.

Graphs were generated to illustrate the individually modelled survival curves for each study and the estimated
average survival curve. Additionally, heterogeneity was assessed using Q, H? and I? statistics, which quantify
variability among the included studies. All statistical analyses were conducted using R software, version 4.1.3
(R Core Team, 2022).

Risk of bias assessment

The methodological quality and risk of bias of the included studies were independently assessed by two
reviewers. We utilized the Joanna Briggs Institute JBI Critical Appraisal Checklist for Case Series? for retrospective
studies without a comparator group and the ROBINS-I tool? for non-randomized intervention studies.

Ethics statement

This study is a systematic review and meta-analysis of previously published, aggregate data and did not
involve human participants or access to identifiable private information. Institutional review board approval
and informed consent were not required.

RESULTS

Study selection and characteristics

The initial literature search yielded 644 records (Fig. 1). After removing duplicates and screening titles and
abstracts, 34 articles were selected for full-text review. The majority of these studies addressed infant ALL
as a whole, without providing specific subgroup analyses for the KMT2A-r population. Given the distinct
biological behavior and prognosis of these subsets, studies with mixed populations lacking stratified data
were excluded. Furthermore, several studies involved overlapping cohorts,>*?>28 in which case only the most
comprehensive or updated dataset was included.

Ultimately, seven studies comprising 371 patients met the eligibility criteria. Of these, three were retrospective,
and four were prospective. Detailed study characteristics are provided in Table 1. For studies providing
empirical KM curves, the modeled survival functions demonstrated a strong fit to the original data, with a
calculated mean shape parameter (k) of 0.28.
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Figure 1. PRISMA flowchart.
Table 1. Baseline characteristics of included studies.
Study Study Study n (CR1 KMT2Ar HSCT Conditioning  Follow-up,
group protocol design held for HSCT) indication regimen years
Children’s Cancer KMT2A-r with a suitable Included
Group 1953; Prospective trial donor; the principal B
29
o6 Pediatric Oncology (1996-2000) >3 investigator agreed with cytaargZI_FBel' cY, 10
Group 9407 HSCT option
Japan Society for
Hematopoietic Cell Retrospective
27
JSHCT Transplantation (1996-2011) 132 Not reported Bu or TBI 49
(multiple trials)
Randomized .
chemothera rotocol; Poor prednisone response; Etoposide, Bu
Interfant' Interfant-99 pyp N 37 HSCT after completion of P o 5
HSCT not randomized reinduction thera and CY
(1999-2006) by
Single roltrcl)sct(I)tIlth\I/:::ZZ b Retrospective 14 Not reported CY with TBI or Bu 7
institution® ~ Protocols varied by (1982-2003) P
referring institution
. High-risk (KMT2A-r with age Bu+CY +
chemgf;;zmlzer(itocol' < 6 months and WBC > 300 melphalan or
Interfant’ Interfant-06 Py P N 76 % 10A9/L or poor prednisone  Bu + treosulfan 53
HSCT not randomized ; . . .
(2006-2016) response); medium-risk with  + fludarabine +
MRD = 10/-4 thiotepa
Single Pediatric Oncology Retrospective TBl/etoposide
institution'>  Group 9407 or 9107 (1992-2005) 16 Not reported +CY 47
. . KMT2A-r and either age < ]
Prospective trial . . Bu with
JPLSG* MLL-10 43 180 days at diagnosis or . 57
(2011-2015) CNS3 in CR1 etoposide and CY

Bu: busulfan; CY: cyclophosphamide; CNS3: > 5 WBC/pL with blasts in cerebrospinal fluid; TBI: total body irradiation. In Interfant-99/06, chemotherapy regimens were
randomized, but HSCT allocation was not; therefore, analyses regarding HSCT were considered non-randomized. Source: Elaborated by the authors.
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Overall survival

Four studies provided OS data. The pooled 4-year OS was 65% (95%CI 58.7-72.1) (Fig. 2).
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Figure 2. a) OS by year. b) OS curves. Gray lines represent the control curves for individual studies. Red lines represent
the summary curve with 95%Cls (dashed red lines). The symbol X represents Q = 13.83 (p = 0.003); H?=0.86; I = 5.13%.
c). Forest plot representing 4-year OS.

Disease-free survival

Five studies reported DFS. The pooled 4-year DFS was 57.5% (95%CI 51.8-64.3) (Fig. 3).
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Figure 3. A) DFS by year. B) DFS curves. Gray lines represent the control curves for individual studies. Red lines represent
the summary curve with 95%Cls (dashed red lines). The symbol X represents Q = 20.67 (p = 0.001); H> = 1.03; I> = 9.90%. C)
Forest plot representing 4-year DFS.

Event-free survival
Two studies reported outcomes as EFS. The pooled 3-year EFS was 53.2% (95%Cl 41.5-66.1) (Fig. 4).

represent the control curves for individual studies. Red lines represent the summary curve with 95%Cls
(dashed red lines). The symbol X represents Q = 3.22 (p = 0.073); H> = 0.40; I = 0.37. C) Forest plot representing
3-year EFS.
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Figure 4. A) EFS by year. B) EFS curves. Gray lines

Methodological quality and risk of bias

The individual study appraisals are detailed in Tables 2 and 3. The primary sources of bias identified were:
1) lack of stratification for additional prognostic factors; 2) pooled analyses of heterogeneous treatment
protocols without detailed descriptions of conditioning regimens or specific HSCT indications; and 3)
potential selection bias, as patient referral for HSCT was often at the discretion of the principal investigator
rather than strictly randomized.

Table 2. Risk of bias summary for non-randomized studies (ROBINS-I).

. Bias in Biasin Bias due to deviations _. Bias in Bias in selection Overall
Bias due to X . - . Bias due to . .
Study . selection of classification of  from intended . measurement of thereported risk of bias
confounding .. . . . . missing data A
participants interventions interventions of outcomes result judgement
Dreyer®* Serious Low Low Moderate Low Low Low Serious
Takachi®? Low Low Low Low Low Low Low Low
Pieters’ Moderate Low Low Low Low Low Low Moderate
Mann'3* Serious Low Moderate Low Low Low Low Serious

Risk of bias domains were evaluated for each study and categorized as low (green), moderate (yellow), or serious (orange). *These studies randomly assigned participants to
different chemotherapy protocols, but not to receive HSCT. Therefore, for this review, they were evaluated as non-randomized studies. Source: Elaborated by the authors.

Table 3. Risk of bias for retrospective studies without a comparison group.

Study Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Overall appraisal
Kato? Yes Yes Unclear Yes Yes Yes Yes Yes Yes Yes Include
Jacobsohn'? Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Include
Sanders® Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Include

The assessment was performed using the JBI Critical Appraisal Checklist for Case Series. Q1 through Q10 correspond to the specific domains evaluated by the tool. The
overall appraisal indicates that all listed studies met the methodological quality criteria for inclusion in the synthesis. Source: Elaborated by the authors.

DISCUSSION

In this systematic review and meta-analysis, we evaluated survival outcomes in infants with KMT2A-r ALL
who underwent HSCT in CR1. Analyzing data from seven studies comprising 371 patients, we found a pooled
4-year OS of 65% (95%Cl 58.772.1), a 4-year DFS of 57.5% (95%Cl 51.8-64.3), and a 3-year EFS of 53.2% (95%Cl
41.5-66.1). Compared to historical cohorts,'” these results suggest a notable improvement in survival over
the past two decades, likely reflecting advances in conditioning regimens, HLA-typing, and supportive care.
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The role of HSCT in infant ALL remains one of the most contentious topics in pediatric oncology.” The
divergence in clinical protocols is striking: while some studies reported no significant survival benefit for
HSCT in CR1,%#3" leading to its exclusion from recent COG protocols, others have demonstrated favorable
outcomes.®'214272832 Qur findings align more closely with the latter, supporting the potential benefit of HSCT
in this high-risk population. However, risk stratification remains the “Achilles’ heel” of these comparisons. For
instance, the Interfant-99 Study’ identified a benefit restricted to a very high-risk (VHR) subgroup, whereas
the Japanese MLL-10 trial* recently narrowed its HSCT indications due to concerns over long-term toxicities.
Our pooled analysis, by including both high- and intermediate-risk patients, provides a broader “real-world”
benchmark of what HSCT achieves today.

A primary limitation of this study is the inability to perform a direct comparative meta-analysis between
HSCT and chemotherapy alone, as only two identified studies™? provided such data with conflicting results.
The Interfant-99 trial showed a stark survival advantage for HSCT in VHR infants (5-year OS 66% vs. 19.3%;
p = 0.001), while the combined CCG-1953/POG-9407 analysis® found no such benefit. These discrepancies
may be attributed to small sample sizes and significant protocol deviations, which underscore the difficulty
of conducting rigorous trials in such a rare disease.

Furthermore, data scarcity precluded subgroup analyses on critical prognostic factors such as minimal residual
disease (MRD) status, KMT2A fusion partners, or specific conditioning regimens. The prognostic weight of
these variables remains debated; while Kato et al.?” and Dreyer et al.?* found limited associations, the Interfant
group continues to highlight their significance in risk-tailored therapy. Additionally, our “as-treated” analysis
approach, necessitated by the inclusion of observational data, may introduce selection bias by excluding
patients who were intended for HSCT but relapsed or died before reaching the procedure.

Despite these constraints, this is the first systematic review and meta-analysis to focus exclusively on the
KMT2A-r infant population. As we move toward an era of precision medicine, the landscape of infant ALL
is shifting. The emergence of menin inhibitors, blinatumomab, and CAR-T cell therapies may soon redefine
the indications for HSCT. The ongoing Interfant-21 study (NCT05327894) exemplifies this transition, utilizing
blinatumomab as a bridge to HSCT for those remaining MRD-positive.

CONCLUSION

In conclusion, HSCT in CR1 for infants with KMT2A-r ALL is associated with a 4-year OS of 65%. While survival
remains inferior to older pediatric ALL subsets, these results represent a significant historical improvement.
HSCT remains a viable and reasonable strategy for selected high-risk infants, provided the decision-making
process carefully weighs the curative potential against the high burden of transplant-related morbidity and
long-term sequelae.
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