
Management of Paediatric Acute Myeloid Leukaemia(s)

Introduction 

Acute Myeloid Leukaemia (AML), 
the second commonest leukaemia 
seen in children affects 8-10 
children each year in Ireland. 
Despite continued improvements 
in overall survival in recent years 
(Figure 1), AML still accounts 
for a disproportionate number 
of paediatric leukaemia deaths 
relative to Acute Lymphoblastic 
Leukaemia (ALL). ALL is the most 
common cancer seen in children 
and adolescents and is associated 

with excellent outcomes with 
overall survival rate greater than 
90% in high-income countries. 

Like ALL, AML is a heterogenous 
group of disorders characterised 
by malignant transformation 
of bone marrow stem and/or 
progenitor cells via a combination 
of enhanced self-renewal and 
differentiation blockade with 
resultant hyperproliferation of 
abnormal myeloid cells. This 
hyperproliferation indirectly 
overwhelms normal haematopoiesis 
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resulting in anaemia, neutropenia 
and thrombocytopaenia. Direct 
consequences of this clonal 
hyperproliferation include life-
threatening leucocytosis, bone pain 
and extramedullary manifestations 
such as hepatosplenomegaly, skin 
infiltration, gingival hyperplasia, 
or granulocytic sarcomas (solid 
tumours of myeloid cells). 

Childhood AML most commonly 
presents with symptoms and signs 
related to the aforementioned direct 
and indirect processes including; 
abnormal bleeding, pallor, fatigue, 
bone pain, fever or infection 
not responding to standard 
management. AML is rarely 
diagnosed incidentally in children. 

Paediatric and Adult AML are 
Biologically Distinct

AML is considered by many 
as a disease of aging. Over an 
individual’s lifetime, leukaemia 
promoting mutations are acquired 
and selected for and clonal 
diversity reduces. This reduced 
clonal diversity, termed age-
related clonal haematopoiesis 
(ARCH) may manifest clinically as 
myelodysplastic syndrome MDS 
or AML. 

Studies of the genomic landscape 
of AML have shown distinct 
differences between adults and 
children. Supporting the theory 
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that AML is a disease of aging, 
the mutation burden, as quantified 
by the number of mutations per 
megabase of DNA, correlates with 
the patient’s age at presentation 
while chromosomal translocations 
are more common in children 
(Figure 2) and less frequent in 
adults, 50% of whom can have a 
normal karyotype (NK). Therefore, 
AML may be conceptually thought 
of as being secondary to a few or 
a single big driver event in children 
versus multiple more subtle events 
with clonal selection overtime in 
older adult cohorts. 

Specific differential mutations 
worth highlighting include the 
marked prevalence of KMT2A 
(formally known as MLL (mixed 
lineage leukaemia)) fusions in 
infant cohorts seen in 35-60% of 
cases (Figure 2). WT1 and RAS 
signalling pathway mutations are 
also more common in childhood 
AML. These mutations have been 
chosen for specific mention as 
the deranged signalling pathways 
involved represent potentially 
attractive options for novel 
targeted drug therapies which is 
the subject of ongoing research. 
The relative lack of “second hit” 
mutations in childhood cases 
makes ‘targeting’ these driver 
mutations particularly attractive. 
Novel drug therapies targeting 
IDH2, which is commonly mutated 
in adult AML along with DMT2A 
and IDH1, interestingly, are not as 
useful in children as these genes 
are not frequently implicated in 
paediatric AML further reinforcing 
these two entities are biologically 
distinct.

Treatment of Paediatric AML  
in Ireland 

While various classifications 
systems exist for AML including 
modern WHO criteria and the more 
historical French American British 
classification (FAB), in terms of 
clinical management, paediatric 
AML can be generally broken down 
into three distinct groups which are 
each approached differently.  

Fig 1: from Burnett et al  
Br. J. Haematol 20201 
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1  Acute Promyelocytic  
Leukaemia (APML) also 
known as AML-M3 which is 
characterised by translocations 
involving the retinoic acid 
receptor alpha (RARA). 

2  Myeloid leukaemia of Down 
syndrome (ML-DS) which is 
uniquely seen in children with 
trisomy 21 (T-21), presents 
almost invariably before the age 
of 4 years and is usually related 
to the clinical entity, transient 
leukaemia of Down syndrome 
(DS) that has a specific genomic 
mutation in GATA1 (see later) 
and can be seen in newborn 
infants with trisomy 21 (T-21). 

3  All other AMLs that do not fit 
into category 1 or 2. This is the 
most common type and for the 
purposes of this article will be 
referred to as ‘Standard AML’.

Paediatric AML in Ireland is 
managed in the National Children’s 
Cancer Service based in Children’s 
Health Ireland at Crumlin. This is 
the central hub of a national hub 
and spoke shared care model 
with sixteen shared care centres 
across the country. This model of 
care allows expert treatment of 
this rare condition to be delivered 
by experienced clinicians while 
simultaneously enabling supportive 
care close to children’s homes or 
indeed within their homes.

This centralisation of all paediatric 
cancer services in 2002 has greatly 
facilitated enrolment in clinical 
trials and all children with AML 
in Ireland, if eligible, are enrolled 
in an ongoing clinical trial as the 
standard of care.

Treatment of Acute 
Promyelocytic leukaemia 

APML is considered separately 
from other forms of AML not only 
due to its unique biology but it’s 
unusual combination of a clinical 
presentation with particularly 
emergent and life-threatening 
clinical manifestations yet a 
prospect of excellent clinical 
response to a targeted therapeutic 
approach with high curative 
efficacy, which may not always 
require what would be considered 
standard chemotherapy agents.

Clinically these patients can 
present with severe disseminated 
intervascular coagulopathy  
(DIC) which may rapidly be 
fatal within hours to days of 
presentation and constitutes a 
haematological emergency. 

The characteristic genetic 
lesion of this subtype is a 
balanced translocation between 
the RARA (a transcriptional 
regulator essential in normal 
cell differentiation) and the PML 
gene forming PML-RARA (t15:17) 
fusion which acts as dominant 
negative inhibitor of wild type 
RARA causing a differentiation 
block in haematopoiesis at the 
promyelocyte stage. 

All-Trans-Retinoic Acid (ATRA) 
binds the PML-RARA protein 
directly, resulting in multiple 
effects including the recruitment of 
transcriptional coactivators rather 
than repressors, and activation 
of proteasomes which degrade 
PML-RARA protein thereby lifting 
the block in differentiation. ATRA 
has been shown to lead to the 
rapid resolution of the often-
life-threatening DIC and early 
initiation of ATRA whenever APML 
is suspected can be life saving 
markedly reducing early mortality 

Beyond resolution of DIC, 
numerous published studies over 
the past 3 decades have shown 
that ATRA alone can induce 
remission in up to 90% of APML 
cases – however, this effect can be 
short lived without the additional 
effects of other agents including 
more traditional chemotherapeutic 
agents such as an anthracycline 
or cytarabine. More interestingly 
another non-traditional agent 
targeting the PML-RARA fusion, 
Arsenic Trioxide (ATO) can act in 
a synergistic manner with ATRA 
to produce “chemo-free” durable 
remissions and cures.

ATO binds the PML moiety of the 
PML-RARA fusion protein inducing 
degradation of the protein complex 
inducing both partial differentiation 
and caspase dependent apoptosis 
in the leukaemia blasts. As single 
agent ATO can induce remission in 
between 65-80% of APML patients 
with a 30% 10-year survival, 
– however to due its distinct 
mechanism of action in targeting 
of PML-RARA the potential for 
synergism with ATRA therapy  
was obvious.

The combination of ATRA and 
ATO has been shown to be safe 
and effective in children and 
adults with APML with shorter 
times to remission induction and 
more durable remissions – with 
increased overall survival.  Current 
paediatric protocols now advocate 
for a completely “chemo-free” 
treatment of APML entirely based 
on ATRA/ATO combination therapy 
in all but high risk patients. 

High-risk patients, defined by the 
white cell count at presentation 
of >10 x 109 /L. have traditionally 
been treated with additional 
chemotherapy agents in addition 
to ATRA. Adult protocols deliver 
Idarubicin in combination with 
ATRA for remission induction 
whilst most current and active 
clinical trial protocols in children 
employ, in of place anthracycline 
chemotherapy, a further targeted 
approach with Gentuzimab 
Ozogamycin (GO) - a monoclonal 
antibody drug conjugate – 
Ozogamycin conjugated to anti-
CD33 (CD33 being a cell surface 

marker strongly expressed on 
APML blasts). The aim in paediatric 
APML is to cure even high-risk 
children with an entirely molecularly 
targeted approach that is ‘Chemo-
free”.  With expected cure rates 
around 90% or better overall.

The presence of the unique PML-
RARA fusion gene not only opens 
up the possibility of targeted 
therapies as discussed but also 
affords a unique marker that can 
be followed to assess disease 
response in the form of molecular 
monitoring (minimal residual 
disease - MRD)  via reverse 
transcription PCR (RT-PCR) for 
the RNA transcript produced by 
the pathogenic gene fusion – with 
positivity after consolidation 
being associated with increased 
likelihood of relapse, ongoing 
studies are examining the role of 
such monitoring including if blood 
rather than bone marrow can be 
used for such monitoring to further 
improve patient outcomes while 
reducing impact of monitoring on 
children’s lives. 

A small number (<5%) of 
APML occur with an alternative 
translocation partner for RARA 
other than PML – some of these 
partners including NPM1 and 
NUMA retain their sensitivity to 
ATRA therapy; however, a few 
partners (PLZF and STAT5b the 
latter caused by an interstitial 
deletion rather than translocation) 
are insensitive to these novel 
agents and must be treated as per 
a “standard” AML. 

Treatment of Myeloid Leukaemia 
of Down syndrome 

Children born with DS are at risk of 
a unique form myeloid leukaemia 
characterised by truncating 
mutations in the transcription 
factor GATA1. This mutation exerts 
profound effects on transient 
myeloid progenitors in the foetal 
liver in the setting of T21 and 
possibly mediated by specific 
microRNAs, these progenitors 
can expand. This can manifest 
as the entity known as Transient 
Leukaemia of Down syndrome 
(TLDS) in which the infant may 
be found to have raised blasts 
percentage in the peripheral blood 
at birth with or without more 
severe clinical symptoms and 
signs of leukaemia. 

The leukaemia however is 
supported by progenitors of 
foetal liver origin and possibly due 
loss of this supportive niche or 
exhaustion this progenitor pool, 
there is usually a spontaneous 
resolution of this leukaemia 
without the need for treatment. 
However, approximately 15-20% 

Figure 2: from Bolouri et al  
Nat Med. 20182 & Conneely et al 
Curr. Oncol. Rep 20213
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of these infants can have acute 
life-threatening complications such 
as hyperleukocytosis, hepatic 
failure, DIC with bleeding and 
commencement on low dose 
cytarabine can be life-saving in the 
more serere phenotypes.

While the majority of children 
with TL-DS see resolution of their 
blood condition, they remain at 
risk of going on to developing 
ML-DS for the first 5 years of 
their life – is important therefore 
they are followed up regularly 
by a paediatric haematologist. 
While 20% of all infants with 
DS will have a clonal population 
blood cells at birth with truncating 
GATA1 mutations - only those with 
peripheral blast percentages of 
10% or greater in blood sampled 
in the first 3 days of life are at 
substantial risk of developing  
ML-DS and blood film examination 
is recommended for all infants with 
down syndrome in the first few 
days of life to identify those at  
risk. Children in which TL-DS is  
not recognised having not 
presented clinically or have 
not had screening with such 
assessments are of course also at 
risk of such transformation. 

Children with DS who develop 
ML-DS tend to respond extremely 
well to therapy. A protocol 
consisting of a 4-cycle course 
of reduced anthracycline AML 
therapy, developed by European 
investigators (including some 
from Ireland), results in excellent 
responses with an event free 
survival in excess of 90%. 

Almost all cases of ML-DS are 
diagnosed before the age of 5 
years. Children with DS presenting 
the AML after this age and are 
treated are unlikely to have the 
unique pathobiology alluded to 
above are treated according to 
standard AML therapy protocols.

Treatment of ‘Standard’ AML 

Children with the most common 
form of AML are currently treated 
as part of an International 
Randomised Phase III Clinical Trial 
studying the treatment of AML in 
Children , Myechild 01. 

This clinical trial builds on prior 
trials of the Medical Research 
Council (UK) and the Children’s 
Oncology Group (USA) and seeks 
to further improve outcomes 
by defining the role of minimal 
residual disease monitoring 
combined with cytogenetics in risk 
adapted therapy, the role of adding 
GO to traditional anthracycline 
& cytarabine chemotherapy and 
myeloablative vs reduced intensity 
transplant for high-risk cases. 

GO was trialled as a drug in the 
South West Oncology Group 
S0106 but the trial was stopped 
early due to adverse safety profiles 
with increasing treatment related 
mortality. However, further studies 
with reduced and fractionated 
dosing showed an acceptable 
safety profile, demonstrated a 
marked improvement in event free 
survival in “favourable” genetic 
risk groups, a marginal effect in 
intermediate risk groups in adults 
and is now standard of care in 
adults. These findings were also 
observed in the COG AAML 0531 
trial however further exploration 
of how best to use this drug, 
including dose and frequency 
remains an important goal in order 
to optimise overall benefit. 

PROGNOSTIC FACTORS 

Cytogenetics 

Results from multiple clinical 
trials have uncovered many 
prognostically significant 
cytogenetic findings. Broadly, 
cytogenetics in paediatric AML 
follows a similar prognostic 

pattern to adult AML with 
the exception that “complex 
karyotypes” , defined as 
those with greater than three 
abnormalities do not carry the 
same adverse prognosis that they 
do in adults. 

Overall, more children than 
adults would fall into favourable 
cytogenetic categories with 40% 
expected to be in a good risk 
group, 35% in the intermediate 
group and only 25% in the higher 
risk category. 

Minimal Residual Disease 
(MRD)

In childhood ALL, multiple 
prospective national and 
international consortia studies 
have shown that response to 
treatment as measured by the 
MRD at the end of induction 
chemotherapy is strongly 
predictive of outcomes. MRD 
negative patients have such high 
probabilities of cure that de-
escalation of treatment intensity 
can safely be allowed without a 
drop in event free survival. The 
role of MRD in AML; however, is 
less well established. 

While MRD is still predictive of 
prognosis in AML, its negative 
predictive value for relapse risk is 
far lower than in ALL, with almost 
25% of patients achieving MRD 
negativity experiencing a relapse 
(Table 2). Therefore, at present, 
in AML, MRD is a means of early 
identification of patients requiring 
escalation of therapy but unlike in 
ALL MRD cannot be used to de-
escalate therapy in AML. 

MRD in AML is commonly 
measured by multi-coloured flow 
cytometric immunophenotyping 
in which cells are identified 
based on size, complexity and 
surface marker proteins. This 
technique requires expert analysis 
of the diagnostic specimen 
and profiling of a characteristic 
“leukaemia associated aberrant 
immunophenotype” or LAIP. 

Typically, sensitivities of 1 in 1000 
cells are achievable but this can be 
operator dependent. The presence 
of a skilled laboratory scientists 
and an informative LAIP is crucial. 

Molecular MRD monitoring by 
RQ-PCR is possible on the 60% of 
patients that may have informative 
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Table 1. Cytogenetic Feature 

Good Risk  t (8;21)  RUNX1-RUNX1T1 

inv(16)  CBFB-MYH11 

Double mutation of CEBPA without FLT3-ITD Mutation of NPM1 without FLT3-ITD 

Intermediate 

Risk  

t(9;11) MLL-MLLT3         t(11;19) MLL-MLLT1 

Other MLL (aka KMT2a) rearrangements not classified as poor risk 

 

All other abnormalities which are neither good or poor risk  

Including normal karyotype without NPM1/FLT3 mut 

 

Poor Risk   inv(3)      abn(3q26)      -5/del(5q)   -7 or monosomy 7 

t(6;9) DEK-NUP214    t(9;22)(q34;q11)/BCR-ABL1 

12p abnormalities  

t(6;11) MLL-MLLT4    t(4;11) MLL-AFF1   t(10;11)MLL-MLLT10 

t(5;11) NUP98-NSD1 

t(7;12)  MNX1-ETV6 

inv(16) CBFA2T3-GLIS2 

FLT3-ITD without NPM1 or CBF 

 198 
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molecular markers. RQ-PCR 
achieves sensitivities down to 
1 cell in 10,000 to possibly as 
low as 10,000,000.  The level 
at which MRD demarcates 
prognostic groups in AML is an 
area of active research. The hope 
is that, in the future, refinements 
in prognostically significant cut 
off levels that may permit further 
optimisation of risk stratification 
including identification of “good 
players” suitable for de-escalation 
with resulting decreased toxicity as 
has been seen in ALL.

Integrating Prognostic Factors 
for Risk Adapted Therapy

Risk adapted therapy refers to 
the incorporation of prognostic 
factors such as cytogenetics and 
MRD into treatment algorithms. 
For AML, risk adapted therapy 
effectively means that children 
with known high-risk cytogenetics 
are considered candidates for an 
allogenic Stem Cell Transplant 
(SCT) in clinical remission after 
course one (CR1) even without a 
matched familial donor. Whereas 
patients with intermediate risk 
genetics are deemed SCT 
candidates if they fail to meet MRD 
goals by end of course two and 
those with good risk cytogenetics 

will be considered for SCT if not 
meeting these criteria at the end of 
course three. 

Role of Allogenic Stem Cell 
transplantation  (allo SCT)

Allogenic Stem Cell transplantation 
of bone marrow or peripheral 
blood mobilised stem cells, 
allows delivery of high dose 
chemotherapy and more 
importantly allows for the 
development of a graft versus 
leukaemia (GVL) effect which can 
be curative even in high risk or 
relapsed disease. 

However, toxicity from allo SCT 
is high, with significant treatment 
related mortality (TRM) from 
direct toxicity, infections, and 
graft versus host disease. While 
improvements in supportive care 
and immunomodulatory options 
have reduced TRM and disparity 
between transplants from related 
and unrelated donors, the point 
of equipoise for the role of allo 
SCT for patients in first clinical 
remission (CR1) between treatment 
related toxicities and the native 
relapse risk remains a subject  
of debate. 

Increasing interest in the 
application of reduced intensity 

transplantation (RIC), as opposed 
to more intense traditional 
myeloablative conditioning (MAC), 
based on promising data from 
adult cohorts and some paediatric 
studies is also being explored. In 
simple terms, RIC is thought to 
reduce treatment related mortality 
although potentially at the cost 
of disease control. The trade-off 
may be a net benefit in terms of 
overall survival. Future studies 
are needed to discern if RIC 
versus MAC transplantation can 
be incorporated into risk adapted 
therapy i.e.: should higher risk 
patients receive MAC conditioning. 

Relapse / Refractory  
Paediatric AML

A shown above, the 5 year 
overall survival for paediatric 
‘standard’ AML has plateaued at 
appromimately 75%. Mortality 
is caused by early death due to 
leukaemia, refractory disease, 
treatment related complications, 
and relapse. Despite attempts to 
intensify therapy, relapse remains 
the most important cause of 
treatment failure and occurs in 
approximately 30% of patients 
who achieve complete remission 
following initial diagnosis. Of those 
patients who relapse, 2 out of 3 

patients will achieve a second 
remission whilst 1 out  of 3 will be 
alive 5 years after the event. 

The Future

Incremental improvement of 
survival in childhood AML has 
been seen over the past number 
of years however in the setting 
of a comparatively rare condition 
such as childhood AML, this 
can only be accomplished 
through multicentre international 
randomised controlled trials.  
As illustrated by the exemplars 
of ML-DS and APML specific 
knowledge of the underlying 
biology of certain subsets of 
AML has been of diagnostic and 
therapeutic benefit and within 
the entity of paediatric AML as a  
whole, advances in genomics and 
epigenetics promise to add further 
depth to our knowledge assisting 
prognostication, risk adaptation 
and highlighting potential 
therapeutic targets. 
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Table 2. Minimal Residual Disease and Event Free Survival in ALL and AML 

Paediatric ALL EFS Paediatric AML EFS 

MRD Negative >95% MRD Negative 75% 

MRD Positive 85-90% MRD Positive 25% 

MRD, Minimal Residual Disease; Event Free Survival, EFS 210 
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Oncology News

Transforming Cancer Care in Ireland
It has been revealed that a Health 
Research Board (HRB) investment 
of ¤21 million in cancer clinical trials 
will transform cancer care in Ireland.

The funding will tackle childhood 
and adult cancers, making a 
real difference to the lives of 
cancer patients, allowing them 
more access to cancer trials by 
increasing the resources and 
expertise required to conduct them. 

It will do so by providing essential 
support for six Cancer Clinical Trials 
Groups and an overarching National 
Cancer Clinical Trials Network. This 
increases our investment in cancer 
clinical trials infrastructure* each 

year by more than half a million to 
¤4.27 million, making the Health 
Research Board (HRB) the lead 
public funder of cancer clinical trials 
infrastructure in Ireland**. 

This HRB investment will enhance 
the volume, quality and reach 
of cancer clinical trials in Ireland 
by strengthening partnerships 
between hospital sites, Clinical 
Research Facilities/Centres and 
academic partners. 

Following an extensive and 
rigorous application and peer 
review process by an independent 
and international panel of experts, 
the National Cancer Clinical Trial 

Network*** award will be led by 
Professor Ray McDermott (Clinical 
Lead, Cancer Trials Ireland) and 
hosted by RCSI University of 
Medicine and Health Sciences. 

In addition, six cancer trials 
groups**** were awarded as follows:

1. Children’s Health Ireland Cancer 
Trials Group led by Professor Owen 
Smith and hosted at University 
College Dublin

2. Beaumont Hospital – RCSI 
University of Medicine and Health 
Sciences Cancer Trials Group led 
by Professor Patrick Morris and 
hosted at RCSI

3. Irish Research Radiation Cancer 
Trials Group led by Dr Sinead 
Brennan and hosted at Trinity 
College Dublin

4. UCC Cancer Trials Group led 
by Professor Roisin Connolly and 
hosted at University College Cork

5. Ireland East Hospital Cancer 
Trials Group led by Professor 
Catherine Kelly hosted at University 
College Dublin

6. Trinity Academic Cancer  
Trials Group led by Professor 
Maeve Lowery hosted at Trinity 
College Dublin


