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Chapter 9
Infant ALL

Daisuke Tomizawa

Abstract Acute lymphoblastic leukemia (ALL) in infants (<1 year old) accounts
for less than 5% of childhood ALL, but demonstrate as very aggressive form of ALL
with KMT2A gene rearrangement (MLL-r ALL) in 70-80% of the patients. Outcome
of infants with MLL-r ALL is poor with <50% event-free survival rate even with
intensive chemotherapy with or without hematopoietic stem cell transplantation.
Introduction of novel therapies through international collaboration is necessary for
further improvement in outcome.
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9.1 Introduction

ALL in infants younger than 1-year old accounts for less than 5% of childhood ALL
and is positioned as a special entity both biologically and clinically. Among this age
group, acute leukemia, neuroblastoma, and brain tumors occur with similar fre-
quency, in contrast to the children over 1-year old in which acute leukemia predomi-
nates. As for acute leukemia, frequency of ALL and AML is almost equal in infants.
In addition, there is a female predominance in infant ALL and most present with
B-lineage phenotype.

Infant ALL comprises two distinct subtypes; ALL with rearrangements of his-
tone lysine methyltransferase 2A gene (KMT2A, also known as mixed lineage leuke-
mia [MLL] gene) which accounts for 70-80% of infant ALL, and ALL with germline
KMT2A gene. KMT2A gene rearrangement occurs as a result of balanced chromo-
somal translocations involving 1123 locus, which results in fusion of the N termi-
nus of the KMT2A gene with the C terminus of a partner gene. Among the 94 known
KMT2A partner genes nowadays, AFFI (known as AF4) comprises approximately
50% of the infant ALL cases followed by MLLTI (ENL) and MLLT2 (AF9) [1].
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Table 9.1 Outcome of infant ALL in recent clinical trials

No. of
patients
Study No. of treated
acronym & | patients with
Study inclusion (MLL-r/ HSCTin |CR
group time MLL-g) 1CR (%) |EFS (%) |OS (%) Source
JILSG | MLL96/98 102 (80/22) |49 94.1 | 4-year 4-year Kosaka
(1995-2001) 509+49 60.5+4.8  etal [18]
Isoyama
etal. [17]
Nagayama
et al. [6]
Tomizawa
etal. [41]
JPLSG | MLLO3 62 (62/—-) 44 80.6 | 4-year 4-year Koh et al.
(2004-2009) 432+6.3 67.2+6.0 [19]
Interfant | Interfant-99 | 482 (314/82) | 37 94 | 4-year 4-year Pieters
(1999-2005) 47.0+2.6 |553 2.7 |etal.[5]
Interfant-06 | 651 76 92 | 6-year 6-year Pieters
(2005-2016) | (476/167) 46.1 £2.1 |58.2+2.0 |etal. [12]
COG COG P9407 | 147 (100/35) | 0O 91.8 | 5-year 5-year Dreyer
(2001-2006) 423 +6.0 |529+6.5 |etal.[15]

COG Children’s Oncology Group, JILSG Japan Infant Leukemia Study Group, JPLSG Japanese
Pediatric Leukemia/Lymphoma Study Group

CR complete remission, EFS event-free survival, HSCT hematopoietic stem cell transplantation,
MLL-g germline KMT2A gene, MLL-r rearranged KMT2A gene, OS overall survival

Infants with KMT2A-rearranged ALL (MLL-r ALL) usually present with high
leukocyte count (WBC) and frequent involvement of extramedullary sites, such as
central nervous system (CNS) and/or skin (leukemia cutis). Additionally, majority
of MLL-r ALL has an immature CD10-negative B-cell precursor phenotype and is
frequently associated with co-expression of myeloid-specific antigens, suggesting
that infant MLL-r ALL originates from very immature lymphoid progenitors [2]. In
fact, MLL-r leukemia in infants could present as an acute leukemia with ambiguous
lineage (mixed phenotype acute leukemia [MPAL] or acute undifferentiated leuke-
mia [AUL]) [3]. Also “lineage switch” from ALL to AML (usually, acute monocytic
leukemia) is occasionally observed [4].

Prognosis of infants with MLL-r ALL is extremely poor with <50% event-free
survival (EFS) rate in published clinical trials worldwide (Table 9.1) [5]. On the
other hand, EFS rate of infants with germline KMT2A (MLL-g) ALL is >70%, rela-
tively similar to that of older children with ALL [6, 7].

9.2 Risk Stratifications in Infant ALL

There are three major cooperative study groups worldwide conducting infant ALL-
specific clinical trials: Interfant (mainly based on European countries), Children’s
Oncology Group (COG, mainly based on North America), and the Japan Children’s
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Table 9.2 Risk stratification of infant ALL in major clinical trials

Risk group Interfant-06 COG AALL0631 JPLSG MLL-10
High risk (HR) MLL-r and either MLL-r and MLL-r and either
o Age <6 mo and WBC age < 3mo e Age <6 mo
>300 K o CNS-3

e Age < 6mo and PPR
Intermediate risk | MLL-r without HR features* | MLL-r without HR MLL-r without HR
(IR) features features
Low risk (LR) MLL-g MLL-g MLL-g

CNS-3 5/pL or higher cells in cerebrospinal fluid at diagnosis, COG Children’s Oncology Group,
JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group, MLL-g germline KMT2A gene,
MLL-r KMT2A gene rearrangement, mo months old, MRD minimal residual disease, PPR poor
prednisolone response, WBC leukocyte count

AR patients with MRD 10~* or higher before re-induction phase are allocated to stem cell trans-
plantation

Cancer Group (JCCG). The Japanese infant ALL trials were formerly conducted by
the Japanese Infant Leukemia Cooperative Study Group (JILSG, 1995-2002) and
the Japanese Pediatric Leukemia/Lymphoma Study Group (JPLSG, 2003-2013).
Risk stratifications used in the recently completed clinical trials conducted by each
study group is shown in Table 9.2.

As KMT2A gene status is the most significant prognostic factor in infant ALL, all
three groups consider MLL-g ALL as low-risk (LR) group and MLL-r ALL as either
high-risk (HR) or intermediate-risk (IR) group. Among the infants with MLL-r
ALL, young age at diagnosis is most predictive of relapse, although cutoff age used
is somewhat different. High WBC at diagnosis and CNS disease at diagnosis is also
prognostic, but are strongly associated with young age.

In vivo treatment response at the early phase of the treatment, such as “predniso-
lone response” evaluating residual leukemic blasts in peripheral blood following
7 days of prednisolone monotherapy with single intrathecal methotrexate injection,
is widely used for risk stratification in pediatric ALL protocols [8]. Nearly 30% of
the infants with ALL fall into prednisolone poor responders (>1000 blasts/pL),
while it is less than 10% in older children with B-lineage ALL. In recent years,
measurement of minimal (or measurable) residual disease (MRD) using flow
cytometry detecting aberrant combinations of leukemic cell-surface antigen or PCR
amplification targeting leukemic clone-specific rearrangement of immunoglobulin
(Ig) or T-cell receptor (TCR) genes has become a main stratification tool in pediatric
ALL protocols. These techniques can detect submicroscopic levels of residual leu-
kemia with sensitivity of 0.01% in flow-MRD and 0.01-0.001% in PCR-MRD. MRD
is highly predictive of relapse risk also in infant ALL, therefore, should be used in
future risk stratifications. However, there are several cautions especially when using
Ig/TCR PCR-MRD in infant MLL-r ALL. It has been reported that only half of the
Ig/TCR targets in infant ALL cases reached a quantitative range of at least 10~* and
that approximately 10% of infant ALL samples resulted in underestimation of actual
MRD load [9]. This phenomenon is due to less frequency of Ig/TCR rearrange-
ments and oligoclonality of infant MLL-r ALL cells. In that sense, use of KMT2A
breakpoint as a PCR target might be preferable because it should be present in total
leukemic clone [10].
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9.3 Treatment of Infant MLL-r ALL

9.3.1 Chemotherapy

Based on in vitro drug sensitivity experiments of infant ALL cells showing high
sensitivity to cytarabine while showing high resistance against major key ALL
drugs, prednisolone and asparaginase, a “hybrid chemotherapy” incorporating
AML-oriented drugs (e.g., cytarabine, anthracyclines, etoposide) to ALL chemo-
therapy backbone is generally used to treat infants with ALL [11]. Currently, all the
major study groups adopt an identical induction therapy based on Interfant-99, add-
ing cytarabine to typical 4-drug pediatric ALL induction, which enables more than
90% of the patients to obtain complete remission [5].

A problem of infant ALL chemotherapy lies on post-induction phase, because
nearly half of the patients in remission eventually relapse in relatively early phase
of the treatment (usually, 4-5 months after achieving remission). A failure of
improving the outcome of infants with ALL by intensifying delayed intensification
phase with “VIMARAM (combination of high-dose cytarabine, high-dose metho-
trexate and others)” in the Interfant-99 study led the Interfant group to intensify
early intensification phase with two courses of AML-oriented chemotherapy (ADE
[cytarabine, daunomycin and etoposide] followed by MAE [cytarabine, mitoxan-
trone, and etoposide]) comparing with single course of ALL-oriented chemotherapy
“IB (cyclophosphamide, 6-mercaputopurine and cytarabine)” in the Interfant-06
study, but again it showed no improvement in survival rate [5, 12]. So far, it is
unlikely that further improvement could be achieved by intensifying post-induction
chemotherapy using conventional drugs.

Another issue on chemotherapy for infant ALL is that most of the drugs currently
used lack pharmacokinetic (PK) data on this age group [13]. PK in infants is influ-
enced by many age-specific factors: higher percentage of total and extracellular
body water content than older children or adults, higher unbound active fraction of
drugs because of lower affinity of drugs to serum protein, lower P450 enzyme activ-
ity, lower tubular and glomerular function, and lower bodyweight to body surface
area ratio. Currently, each cooperative study group is adjusting the dose according
to age of the patients based on anecdotal evidence as shown in Table 9.3.

9.3.2 Hematopoietic Stem Cell Transplantation

There is a controversy over the role of allogeneic hematopoietic stem cell transplan-
tation (HSCT) as a curative option for infants with ALL. A retrospective analysis of
children and young adults with MLL-r ALL treated by 11 cooperative groups and
single institutions in the United States and Europe demonstrated worse disease-free
survival (DFS) and overall survival (OS) in infants with t(4;11) ALL who under-
went any HSCT compared to those who underwent chemotherapy alone [14].
Combined analysis of the studies Children’s Cancer Group (CCG) 1953 and
Pediatric Oncology Group (POG) 9407 showed a 5-year EFS rate of 48.8% in
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Table 9.3 Dose adjustment of chemotherapeutic drugs for infants with ALL

Interfant-06* COG AALLO0631* JPLSG MLL-10°
Calculate dose based on body | Calculate dose based on body | Calculate dose based on body
surface area: surface area: surface area:
o <6 mo: 2/3 of the e >7 days to <6 mo: 11% o <2 mo: 2/3 of the
calculated dose dose reduction calculated dose
e 6—12 mo: 3/4 of the e <7 days: additional 25% e 2 to <4 mo: 3/4 of the
calculated dose reduction calculated dose
e >12 mo: full dose o >4 mo: full dose

COG Children’s Oncology Group, JPLSG Japanese Pediatric Leukemia/Lymphoma Study Group,
mo months old

“Except intrathecals (age-adjusted)

"Except vincristine (dose based on body weight), corticosteroids (dose based on body surface
area), and intrathecals (age-adjusted)

infants who received HSCT vs. 48.7% in infants who received chemotherapy alone
(P =0.60) [15]. Given these negative results on benefit of HSCT, the recent COG
infant ALL studies have entirely eliminated an indication of HSCT for infants with
ALL in first remission. On the other hand, analysis of the Interfant-99 study demon-
strated a benefit of HSCT in a high-risk subset of infants with ALL in terms of DFS
(59.0% versus 22.7%, P = 0.01) and OS (66.0% versus 19.3%, P = 0.001) rates,
therefore, indication of HSCT is restricted but allocated to infants with HR group or
with high MRD before re-induction phase in the Intrerfant-06 study [16]. The
Japanese infant ALL studies in the late 1990s (MLL96 and MLL98 by JILSG) have
shown the potential benefit of HSCT in an early phase before a relapse occurs [17,
18]. To prospectively evaluate this hypothesis, JPLSG MLLO03 study was conducted,
but nearly 50% of the infants who underwent HSCT still relapsed and ended up with
4-year EFS of 43.2% [19]. In the recently completed MLL-10 study (umin.ac.jp,
UMIN000004801), HSCT was restricted to the HR cases only.

A retrospective study on 132 infants with MLL-r ALL using nationwide registry
data in Japan has demonstrated no difference in relapse, non-relapse mortality and
OS regarding donor type (related versus unrelated versus cord blood), and condition-
ing (busulfan [BU]-based vs. total body irradiation [TBI]-based myeloablative regi-
men) [20]. Currently, unrelated cord blood transplantation using BU-based
myeloablative conditioning (e.g., BU, etoposide and cyclophosphamide) is a pre-
ferred method for transplanting infants with MLL-r ALL because of donor availabil-
ity and risk of late effects associated with TBI. However, cautions are needed because
BU-based conditioning is associated with risk of sinusoidal obstruction syndrome
and/or pulmonary artery hypertension and with HSCT-related late effects as well [21].

9.3.3 Novel Therapies

It is obvious that further improvement in the outcome of infant ALL is unlikely to
be achieved without novel therapeutic approach. Additionally, international collab-
oration is important given the rarity of the disease. Development of several novel
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therapies with effort on international collaboration among the Interfant, COG, and
JCCG is currently underway.

9.3.3.1 Nucleoside Analogues

Infant MLL-r ALL cells are highly sensitive to purine nucleoside analog. Clofarabine
is a second-generation purine nucleoside analog and showed highest in vitro activ-
ity among all the nucleoside analogs as well as synergistic cytotoxicity in combina-
tion with cytarabine. Additionally, clofarabine induces demethylation of the
promoter region of a tumor suppressor gene FHIT (fragile histidine triad) which is
often hyper-methylated in infant MLL-r ALL [22]. Efficacy and safety of clofara-
bine/cytarabine combination is currently tested in the JCCG infant ALL trial
MLL-17 (jrct.niph.go.jp, JRCTs041190043).

9.3.3.2 FLT3 Inhibitors

Gene-expression profile studies have shown a unique pattern of infant MLL-r
ALL. One of the highly expressed is fins-related tyrosine kinase 3 (FLT3) gene and
was associated with poor prognosis [23, 24]. COG has evaluated the role of FLT3
inhibitor lestaurtinib for infants with newly diagnosed MLL-r ALL in combination
with post-induction chemotherapy in the AALLO0631 trial, but could not show any
improvement in the outcome. Midostaurin, a multi-kinase inhibitor including FLT3,
was tested against 13 children with relapsed or refractory MLL-r ALL in a European
phase 1/2 single-agent study, but the response rate was modest [25].

9.3.3.3 Epigenetic Agents

Recent genomic studies have revealed that infant MLL-r leukemia cells are charac-
terized by aberrant methylated genomic state with very few cooperating gene altera-
tions [26]. Its leukemogenesis is driven by leukemia-specific histone modifications
such as H3K79 dimethylation induced via DOT1L recruitment by KMT2A fusion
proteins, which leads to site-specific hyper-methylation and to aberrant transcrip-
tion of leukemogenic genes [27]. Thus, epigenetic modifiers such as hypomethylat-
ing agents (e.g., azacytidine, decitabine) and/or histone deacetylase inhibitors (e.g.,
vorinostat, panobinostat) are attractive targeting agents for infant MLL-r ALL. Pilot
studies testing azacytidine-combined chemotherapy are ongoing in the United
States (COG AALLI15PI; clinicaltrials.gov, NCT02828358) and in Japan (AZA-
MLL-P16; jrct.niph.go.jp, jRCTs031180063). In the early clinical trial, testing
single-agent DOT1L inhibitor pinometostat for adults and children with MLL-r leu-
kemia, clinical activity was unfortunately modest [28].
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9.3.3.4 BCL-2 Inhibitors

BCL-2 family proteins regulate the intrinsic apoptosis pathway by integrating
diverse prosurvival or proapoptotic intracellular signals. Recent studies revealed
that KMT2A rearrangement directly induces BCL-2 overexpression in ALL cells by
promoting DOT1L-mediated H3K79 methylation at the BCL2 locus [29]. BCL-2
inhibitor venetoclax has shown potent in vitro and in vivo single-agent activity
against MLL-r ALL and synergized with standard ALL induction chemotherapy in
a xenograft model [30].

9.3.3.5 Immunotherapies

Immunotherapies targeting CD19 and/or CD22 are emerging as attractive therapeu-
tic options for high-risk B-lineage ALL [31-33]. A pilot study of blinatumomab, a
CD19/CD3 bi-specific T-cell engager (BiTE), combined with the Interfant chemo-
therapy backbone is currently underway (clinicaltrialsregister.eu, 2016-004674-17).
Inotuzumab ozogamicin, a CD22-targeting immunoconjugate of calicheamicin, is
also drawing attention as a promising agent for B-lineage ALL, but low levels of
CD22 expression in MLL-r ALL might be a limitation for its use in infants.
Ultimately, chimeric antigen receptor (CAR) T-cell therapy is expected as a curative
option. However, generating autologous CAR-T cells is not easy in heavily pre-
treated infants because of the low number of host T-cells. Recently, two successful
infant cases with relapsed MLL-r ALL, who received third-party CD19 CAR-T
cells, were reported. This “off-the-shelf” allogeneic CAR-T was manufactured by
disrupting TCR alpha and CD52 to avoid rejection and graft-versus-host disease
(GVHD) by a gene-editing technique [34]. In the future, identification of more
potent target will be important for immunotherapy in infant MLL-r ALL, because
CD19 is not uniformly expressed in their leukemic cells and both CD19-negative
relapse and lineage switch to CD19-negative myeloid leukemia are reported as a
result of immune escape [35, 36].

9.4 Treatment of Infant MLL-g ALL

Unlike infants with MLL-r ALL, majority of infants with MLL-g ALL could be
cured with combination of conventional chemotherapy. However, it is unclear
whether they could be treated with the identical chemotherapy regimen as for older
childhood counterparts or requires infant-specific chemotherapy regimen. Clinically,
infants with MLL-g ALL are diagnosed at older age (majority are over 6 months
old) and with lower WBC and demonstrates with higher percentage of good pred-
nisolone response compared to infants with MLL-r ALL. The reported EFS rate is
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67-95.5% [6, 7]. Biologically, frequency of favorable cytogenetics such as ETV6-
RUNXI or high hyperdiploidy is much less and have fewer genetic alterations com-
pared to older children with ALL. Reports by the Interfant group showed high
expression levels of MEIS-1 and were associated with unfavorable prognosis [37].
So far, infants with MLL-g ALL should be treated with chemotherapy specifically
designed for infant ALL.

9.5 Treatment of Relapsed Infant ALL

Report on relapsed infant ALL is very few, and there is no standardized approach
for these patients. Outcome of infants with relapsed ALL is very poor with approx-
imately 20% OS rate. However, irrespective of previous history of HSCT, the
study from Japan showed 50% chance of survival if a remission was achieved
[38]. Interestingly, data from the Interfant group demonstrates that outcome of
patients with MLL-g ALL is also dismal once they relapse [39]. Given the dismal
outcome of relapsed patients, novel therapeutic options should be offered if
available.

9.6 Acute and Late Toxicities on Infant ALL Treatment

Given the vulnerability of infants to cytotoxic agents, toxicity management is
extremely important. Particularly during the remission induction phase, infants are
at high risk of tumor lysis syndrome and intracranial hemorrhage because of the
high leukemic burden in MLL-r ALL, together with a risk of severe infection [40].
To prevent sever tumor lysis syndrome, use of rasburicase is mandatory, and
exchange transfusion should be considered for patients presenting with very high
WBC (e.g., >500 K/pL).

Infants are also at high risk of developing late toxicities especially for those who
underwent HSCT. Various late effects are observed among the infant ALL survivors
with HSCT history such as chronic GVHD, hypothyroidism, skin abnormalities,
ophthalmologic complications, pulmonary complications, dental abnormalities,
and neurocognitive problems. In particular, growth retardation is very common [41,
42]. Generally, severe late effects are not commonly observed among the survivors
who underwent chemotherapy only. But recently, there has been a series of case
reports on fatal secondary T-cell immunodeficiency soon after the completion of
COG AALLO0631 chemotherapy [43]. It is not clear whether this phenomenon is
derived from age-related, therapy-related, or disease-related factors, but close mon-
itoring on immune function should be considered for follow-up of infant ALL
patients.
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