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Abstract 
 
B cell acute lymphoblastic leukemia (B-ALL) is the most common form of childhood 

cancer. Although treatment has advanced remarkably in the last 50 years, it still fails in 

~20% of patients. Recent studies revealed that a large number (>5%) of healthy 

newborns carry pre-leukemic clones that originate in utero, but only a small percentage 

of these carriers will progress to overt B-ALL. The drivers of progression are unclear, 

but B-ALL incidence seems to be increasing in parallel with the adoption of modern 

lifestyles. Emerging evidence shows that a major driver for the conversion from the pre-

leukemic to the B-ALL state is exposure to immune stressors, like infection. Here, we 

discuss our current understanding of the environmental triggers and genetic 

predispositions that may lead to B-ALL, highlighting lessons from epidemiology, the 

clinic, and from animal models, and identifying priority areas for future research.  
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Introduction [H1] 
  
Leukemia is the most frequent type of cancer in children and accounts for up to 35% of 

all malignancies under 15 years of age1. Although its incidence is reduced in 

comparison with adult tumors, in countries where infectious diseases are not endemic, 

cancer is the leading cause of pathology-related childhood deaths, and acute 

lymphoblastic leukemia (ALL) is the most frequent cause of cancer-associated death 

before 20 years of age2. ALL is one of the four main categories of human leukemias, 

and most of them are of the B cell type (B-ALL). In this Review, we will focus on 

childhood B-ALL (also known as B cell precursor ALL, BCP-ALL), a clonal malignant 

disease characterized by the accumulation of blast cells that are phenotypically similar 

to the normal earliest stages of B-cell differentiation3.  

In spite of its molecular heterogeneity (Table 1), a large percentage of childhood 

B-ALLs share some common characteristics in their biology; first, childhood B-ALL has 

a distinctive age distribution characterized by a sharp peak between 2 and 5 years of 

age, before declining to a much more reduced rate4,5. Also, B-ALLs are in general 

highly responsive to chemotherapy, leading to large improvements (up to almost 90%) 

in the survival rate in affected children over the last 50 years6, even though most 

current treatments are associated with substantial toxicity and morbidity7. But perhaps 

the most relevant biological characteristic of many types of childhood B-ALLs is the 

existence of a latent silent pre-leukemic phase in which the initiating leukemogenic hit 

is present but leukemia does not develop (see Box 1, Table 1 and Figure 1). This 

clinically silent pre-leukemic condition, present in up to 5% of the healthy childhood 

population, will however not evolve to disease in the majority of the cases8,9. However, 

most likely due to the presence of a given external/environmental stimulus, a small 

percentage (<1%) of those predisposed children will develop B-ALL (see Box 1 and 

Figure 1). The incidence of B-ALL has increased in the past few decades, a rise that 

seems to be associated with modern life-style10-12. Since it is believed that the 

incidence of pre-leukemic clones is largely constant, this increase is considered to be 
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related to new exposures or circumstances affecting the children in westernized 

countries10-12. Although infections have been proposed to be one of the possible 

causes of childhood leukemias for more than a century13, there was no relevant 

biological evidence supporting this possibility. This was mainly due to the facts that i) 

many of these proofs cannot be obtained from studies in human patients, because of 

the low incidence of the disease and the genetic heterogeneity of human populations 

and ii) that the empirical requirements necessary to obtain unequivocal answers to the 

postulated hypotheses can only be applied in experimental animal models. Now, 

several recent studies have provided strong evidence confirming the hypothesis that 

exposure to infections can indeed be a driver of clonal evolution of preleukemic clones 

towards overt leukemia14-18.  

 The trend of increasing childhood leukemia and cancer incidence associated 

with modern lifestyles12,19 underscores the urgency in addressing cancer disease 

prevention. Deciphering the properties of the complex interplay between genetic 

leukemia predisposition, environmental triggers and immune evasion will result in a 

better understanding of the host mechanisms of defence against progression to 

leukemia, and of the pathogenesis of childhood B-ALL. The conceptual and 

mechanistic advances in this field will open new possibilities for clinical applications as 

well as for disease prevention and treatment. In this review, we discuss the latest 

discoveries in the field of childhood B-ALL and highlight possible directions for future 

research. 

 

[H1] Genetic defects and predisposition to B-ALL 

In the past decades, we have gained an enormous amount of knowledge about the 

molecular and cellular biology of tumors; unfortunately, with some exceptions like 

tyrosine kinase inhibitors-based therapies in Philadelphia+ (Ph+) B-ALL20,21, this 

knowledge has not correlated with our capacity to successfully develop personalized 

therapies22,23. From a developmental perspective, the key events in cancer 
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development are its origin (the first moment in which a fully normal cell evolves towards 

cancer) and the posterior evolutionary steps that lead to the acquisition of additional 

malignant capacities. However, we still don’t know how to stop a pre-cancerous cell 

from becoming a cancerous one, mainly because we don’t understand the nature of the 

early events that determine this conversion. In childhood B-ALL, first, a predisposing 

mutation (either germline or somatic, see below) leads to the generation of a 

preleukemic clone in which normal B cell development is perturbed, but not enough to 

give rise to a malignant clone by itself (Box 1 and Figure 1). Therefore, from this 

perspective, childhood B-ALL is an ideal model of study to gain definitive insights into 

how to prevent this transition to a full-blown malignant cell. 

 There are different categories of genetic events linked to B-ALL (Table 1), 

originated by various types of molecular aberrations, which can mediate B cell 

leukemogenesis by diverse mechanisms, and which are associated with different 

disease subtypes, specific age onsets and variable prognoses24-26. For example, high 

hyperdiploid or ETV6-RUNX1+ childhood B-ALLs (described hereunder) peak at 2-5 

years of age, whereas mixed lineage leukemia (MLL)-rearranged or NUT family 

member 1 (NUTM1)-rearranged infant ALLs have a very early onset, and ZNF384-

based, double homeobox protein 4 (DUX4), Ph+, or Ph-like leukemias have a later 

onset27-31 (Table 1). 

 At the molecular level, a large subgroup of B-ALLs is originated by aneuploidies 

whose mechanism of action, due to their complexity, is still not fully understood but 

that, at least in the case of hyperdiploid B-ALLs, is normally associated with a defective 

condensin complex, altered Aurora B kinase activity, and an impaired spindle assembly 

checkpoint32. Another large and more homogenous group is triggered by alterations 

affecting the activity of signalling kinases, and this subtype is much more prevalent in 

adults and it is associated with a poor prognosis31. 

 The third important subgroup in terms of molecular origin is composed by B-

ALLs in which different genetic alterations lead to the dysregulation of transcription 
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factors involved in early hematopoietic and early B-cell development24,26; such 

dysregulation can be due to either somatic or germline alterations. In turn, the latter 

can be classified into 2 groups: low-penetrance susceptibility to B-ALL (a 1.5-fold to 2-

fold increase in relative risk) conferred by common germline polymorphisms, and high-

penetrance (10-fold increase in relative risk) predisposition conferred by more 

infrequent germline variants33-35. Genome wide association studies (GWASs) have 

identified common polymorphisms in several genomic loci associated with 

hematopoietic transcription factors (for example, ARID5B36,37, IKZF136,37, GATA338,39, 

CEBPE36, ERG40, or IKZF341), associated with ALL susceptibility. Individually, each one 

of these risk alleles only has a modest effect and is most likely of limited clinical 

significance; however, combined they can lead to even a nine-fold increase in leukemia 

risk42. On the other hand, there are infrequent germline variations that are associated 

with strong leukemia predisposition, often presenting in familial clusters. Thanks to the 

modern next-generation sequencing technologies, numerous genes involved in normal 

hematopoietic or lymphoid development have now been implicated in familial B-ALL 

predisposition, including IKZF143, PAX544-46, ETV647-51, SH2B352, RUNX153,54, or 

TYK255. Each of these genes is now considered to predispose to B-ALL in ~1% of 

sporadic cases each43,47; therefore, their cumulative effect on predisposition can be 

higher than 1%, although the full extent of this effect is not clear. In any case, these 

mutations offer an invaluable glimpse into the intimate mechanisms of B-ALL origins. 

 Regarding somatic alterations affecting transcription factor genes, they can also 

be classified into two groups (Table 1): i) chromosomal rearrangements resulting either 

in chimeric transcription factors or in copy-number alterations, and ii) sequence 

mutations that directly alter the factor’s activity24. More than half of the gene fusion 

events in B-ALL involve one or more transcription factor genes56,57; indeed, the most 

characteristic and most frequent somatic chromosomal translocations3,6,58 that occur in 

childhood B-ALL are those leading to the generation of the chimeric fusion proteins 

ETV6-RUNX1 (which is found in 25% of childhood ALL cases), TCF3-PBX1 or TCF3-
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HLF, whose contribution to the founding of the preleukemic state have been previously 

reviewed thoroughly3,6,58. Sequence mutations are the other type of somatic alteration 

affecting transcription factor activity in B-ALLs, as is the case with PAX556,59, EBF159, 

IKZF160, or BTG159. Broadly speaking, gene fusions tend to act as initiating events 

during early leukemogenesis, while small genomic aberrations more often occur as late 

secondary events potentiating and promoting leukemogenic effects.  

 In general, it is accepted that all these genomic defects act by interfering with 

correct B cell development and therefore cause a block in differentiation61,62. The 

consequent accumulation of an immature B cell progenitor cell pool increases the 

chance of additional oncogenic mutations, with ensuing leukemic transformation. 

However, one must not forget that most transcription factors fulfill complex and varied 

functions (very often not limited to haematopoiesis) and, most likely, the 

haematopoietic consequences of their mutations are not only limited to a block in B cell 

differentiation. 

 Early B cell development and leukemia are both lineage-commitment processes 

in which developmental potential becomes restricted24. Normally, the first oncogenic hit 

restricts the target cells to a single cell lineage (B cells, in the context of B-ALL). 

However, a single hit is typically insufficient to trigger full B-ALL development (with 

some notable exceptions, for example MLL translocations in infant ALLs), as 

demonstrated by the existence of twins with concordant childhood ALL and identical 

preleukemic translocations in their blood cells63 (see Box 1). Since the first hit seems to 

act by specifying the leukemic B cell lineage identity, what is then the role of the 

second hit (that is, PAX5 or IKZF1 deletions)? It has been shown that these genes are 

important DNA damage hotspots during leukemic transformation of B cell precursors64; 

therefore, the consequent downregulation of their activity would not have an instructive 

role in the process of B-ALL leukemogenesis, but rather a permissive one. Indeed, 

functional factors would prevent cells with the first oncogenic hit from being further 

reprogrammed into leukemic B cells. In this regard, it has been proposed that 
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functional B cell transcription factors act as metabolic gatekeepers, limiting the amount 

of cellular ATP to levels that are insufficient for the malignant transformation of 

precursor B cells65,66, and therefore allowing preleukemic clones to remain in a latent 

state65. In p53-deficient cancers, the p53-mediated DNA damage response that 

restrains the reprogramming capacity of the first hit is lost67, and it is conceivable that B 

cell transcription factors might have a similar role in limiting the malignant 

reprogramming function of the first hit. In this regard, TP53 and PAX5 alterations seem 

to be mutually exclusive in human B-ALL development68. It seems contradictory that 

the presence of PAX5 mediates B cell commitment in normal development but that its 

absence is required for full-blown B-ALL development. Nevertheless, although the data 

suggest that PAX5 downregulation restricts cell lineage options to a leukemic B cell 

lineage fate (lineage infidelity), such activity still needs to be clearly demonstrated.  

 

[H1] Risk factors and preleukemic conversion 

 Although the genomic landscape of patients with B-ALL has been extensively 

characterized35,56 (Table 1), the external factors that promote the conversion of the 

preleukemic clone into a leukemia are not yet understood. Many factors have been 

suggested to be the presumed cause of childhood leukemia69-71. However, up to now, 

the only risk factors clearly associated with childhood B-ALL are i) Down syndrome, ii) 

sex (boys are ~1.2 more affected than girls), iii) chemotherapeutic drugs and iv) severe 

exposure to ionizing radiations above 100 mSv, although some studies suggested that 

this increased risk may also be associated with lower doses of radiation72-75. 

Consequently, after reports of increased leukemia incidence in the vicinity of nuclear 

fuel reprocessing plants76 or nuclear power plants77, living near a nuclear facility 

became a suspected risk factor for childhood leukemia. However, leukemia clusters 

also have been reported elsewhere and are not specific to nuclear installations (see 

below), suggesting the existence of radiation-independent mechanisms. Exposure to 

low-frequency electromagnetic fields (ELF-EMF) has also been suggested by 
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epidemiological studies to be a risk factor for childhood leukemia78, but so far there is 

no solid biological or mechanistic evidence supporting these findings79,80. Lastly, as 

mentioned above, there is also consistent evidence from epidemiological studies 

showing that high weight at birth is a determinant of disease risk81-83. In any case, it 

must be taken into account that epidemiological associations do not imply a direct 

causality.  

Given the clinical characteristics of the disease, one of the aspects that have 

attracted more attention in relation to the risk of developing childhood B-ALL is the 

exposure to infectious agents and the role of immune function84,85. In all countries that 

keep accurate records, the age peak of childhood B-ALL is 2-5 years, corresponding 

with the interval when children are first exposed to more common infections in day 

care, kindergarten and school (reviewed in 86). Accordingly, the idea that infection 

might be a trigger for childhood B-ALL was proposed more than a century ago13. This is 

epidemiologically supported by the existence of several reported B-ALL space-time 

clusters associated with different specific pathogens like group A Streptococcus87, 

adenovirus88, or influenza A H1N1 swine flu virus89. Furthermore, peaks of B-ALL that 

occur approximately 6 months after seasonal influenza epidemics have also been 

described90. These results also suggest that attributing a single, specific, infectious 

agent to the second step in leukemia development is unlikely. Interestingly, the 

incidence of B-ALL has increased in parallel with the increasing levels of cleanliness 

associated with modern lifestyles10-12. On the other hand, epidemiological studies have 

shown that exposure to infectious agents in early life can provide a protective effect 

against B-ALL development, including associations with day care attendance91-98, birth 

order91,98,99, mode of delivery100-102, breastfeeding103, and BCG vaccination104,105 (which 

is known to confer improved immune responses against other non-mycobacterial 

pathogens106). Kinlen suggested that childhood B-ALL could arise as an infrequent 

consequence of exposure to an unidentified common infection, but this would only 

become noticeable at times of population mixing, when a relatively large number of 
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susceptible children face a large number of infected individuals, leading to a (mainly 

subclinical) widespread epidemic107-109. One example of such a situation would be the 

construction of a nuclear facility in a distant rural area, where a large influx of non-local 

workers suddenly moves into a previously isolated area, potentially introducing new 

pathogens to the resident population88,108,110. In parallel, Mel Greaves hypothesized that 

a lack of exposure to infectious agents in the first year of life, together with a posterior 

'delayed' infectious challenge may lead to the development of B-ALL in the peak ages 

of 2 to 5 years84,111. Studies that have investigated self-reported day-care attendance 

as a surrogate marker for social contacts support this hypothesis112, but other studies 

have observed that children developing B-ALL in the age range of 2–5 years had 

significantly higher reports of diagnosed infectious episodes in their first year of life 

when compared to controls113. This suggests that the immune stress in children who 

will end up developing B-ALL may be taking place several years before diagnosis114-118, 

a possibility supported by the finding of abnormal profiles of inflammatory markers in 

neonatal blood spot samples of children who later developed B-ALL119 and also by in 

vitro data suggesting that signalling by the pro‐inflammatory cytokines IL-6, IL-1β and 

TNF120 or TGFβ-dependent signalling121 can predispose pre‐leukemic B cells to 

malignant transformation. As can be seen from the evidence presented, the balance 

between the ‘delayed infection’ challenge and ‘early exposure to pathogen’ challenge is 

very hard to quantify. Epidemiologic data support a ‘delayed infection’ model in which 

common infections promote the posterior secondary genetic events, but only in the 

context of previous insufficient infectious exposure of the children (revised in 84). This 

model implies that the absence of timely exposure to infections in postnatal life in the 

clean environments of modern societies might prompt the immune system towards 

aberrant responses following a posterior or 'delayed' exposure to common pathogens. 

However, as we have previously mentioned, epidemiologic studies have also found 

that infections in the first year of life were not protective114,117. Finally, recent 

epidemiologic studies have also shown that infections could be involved in early B-ALL 



11 
 

initiating events115,116,122. In summary, there is a large number of epidemiologic data 

supporting that the development of B-ALL in susceptible children could be the result of 

an immune stress after infection exposure in postnatal life. 

 

[H1] Genetic vulnerability of preleukemic pre-B cells  

Early B cell development is a precisely orchestrated process. Therefore, it is not 

surprising that B-ALL predisposing mutations involving genes important for 

haematopoietic development might introduce a specific vulnerability to transformation 

in those preleukemic cells once exposed to stress (Figure 1). This susceptibility to 

transformation is sometimes associated with altered B cell function (for example, 

immunodeficiencies) or deregulated B cell development. Indeed, as we have 

discussed, B cell vulnerability can be triggered by the malfunctioning of key 

developmental genes that lead to a partial block in normal B cell development in the 

preleukemic stage. This block is well illustrated both in humans and in animal models 

by the diverse alterations affecting genes like PAX544,45,123, ERG40,124,125 or 

ARID5B36,37,126, or by the appearance of chimeric proteins like ETV6–RUNX1 17,127,128. 

By way of an example, the transcription factor PAX5 is one of the key regulators of B 

cell development123,129, and heterozygous Pax5+/- animals tend to accumulate a larger 

population of B cell progenitors16,130; this also happens in mice bearing B-ALL-

associated oncogenes like the ETV6–RUNX1 fusion17,127,128. Other studies integrating 

GWAS with transcriptomic, epigenomic, and 3D chromatin interaction data for these 

leukemia risk loci suggest that the key mechanisms controlling genetic susceptibility to 

B-ALL are indeed the deregulation of B cell development, apoptosis and cell cycle 

signalling131. 

 The accumulation of an enlarged, vulnerable, progenitor population would 

increase the possibility of malignant transformation through the accumulation of 

secondary mutations in the presence of a selective pressure triggered, for example, by 

an otherwise ‘normal’ infection. The activity of the recombination-activating genes 
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RAG1 and RAG2 is essential for immunoglobulin gene rearrangement at the early 

stages of normal lymphocyte development, but it also poses a threat to the lymphocyte 

genome132 as, at the time of rapid expansion of the B cell compartment during 

development (which in humans overlaps with the 2-5 years-old peak of B-ALL 

incidence), RAG activity can mediate undesired mutations. Indeed, RAG-mediated 

deletions at this stage seem to be the dominant mutational process, characterized by 

illegitimate cryptic RAG-mediated recombination events of pseudo-random nature that 

lead to the appearance of second hits in key B cell developmental genes, likely 

triggering B-ALL progression133-135. However, although the majority of the carriers of all 

these susceptibility mutations (for example, in PAX5, IKZF1) will never develop 

leukemia26,35, there are also examples in mice showing that IKZF1 alterations promoted 

the development of lymphoid leukemia from preleukemic BCR-ABL1 cells in a 

pathogen-free environment136. This suggests that the presence of preleukemic cells in 

itself may not be sufficient to trigger full-blown leukemia, and that something else is 

required, perhaps an environmental trigger or an additional susceptibility gene that 

accelerates a process that could also arise naturally (Figure 2). A key emerging 

question in this context is the biological, evolutionary reason behind the existence of 

stable genetic variants predisposing the carrier to the development of B-ALL.   

 

[H1] Infection as a modulator of B-ALL development 

The concept of ‘gene–environment interaction’ refers to the concept of both genetic 

and environmental factors combining to predispose individuals to developing a 

particular disease or to acquire a particular characteristic24,67. As we have described, 

childhood B-ALL is a good example of this situation86. The interaction between infection 

and B-ALL development has been a focus of epidemiological studies for over 60 years. 

As already mentioned above, the peak prevalence of B-ALL occurence at 2-5 years of 

age corresponds to the time of B cell maturation and rapid expansion, associated with 

the activation of RAG enzymes, which are responsible for many of the second hits in B-
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ALL (PAX5, IKZF1, ERG, CDKN2A/B, etc.)133,134. This conceptually fits with the inital 

hypotheses of both Leo Kinlen and Mel Greaves86,107,108,111 and suggests that the 

immune modulation could influence subsequent disease progression. Of course, B cell 

population expansion can clearly be influenced to different degrees by infection 

exposure (and by factors such as child care and living conditions). However, until 

recently, there was no direct evidence supporting exposure to infection as a second hit 

in the progression of the disease from its prenatal initiation (Figure 2). In 2015, the 

group of Markus Müschen showed that ex vivo exposure to LPS triggers transformation 

of ETV6–RUNX1+ precursor B cells135. Also, early innate immune response induction 

by Toll-like receptor (TLR) ligation could reduce leukemia penetrance in the Eµ-ret and 

E2A–PBX1 transgenic mouse models14. These studies provide support for the 

hypothesis that immune modulation during the preleukemic phase can significantly 

alter progression to B-ALL. In line with this,  a heterozygous Pax5 mouse model has 

recently been used to mimic the first step leading to the B-ALL predisposition found in 

some human patient families16. In this setting, Pax5+/- mice housed in a specific 

pathogen-free (SPF) environment never developed B-ALL; however, when these 

predisposed mice were moved to a conventional facility in the presence of infectious 

agents, 22% of them developed B-ALL16. These findings suggest that exposure to 

infections might be a triggering factor for full-blown B-ALL development in genetically 

predisposed patients. Furthermore, the specific genetic alterations associated with 

progression to leukemia in these mice models matched those seen in human 

patients44,45, further supporting the idea that this model closely recapitulates the human 

pathology. Another observation sustaining this finding is the fact that this relationship 

between infection and B-ALL is not restricted to the Pax5-based cases. Indeed, mice 

expressing ETV6–RUNX1 at the HSC level behaved in a similar way, with absence of 

disease in SPF conditions and development of B-ALL after exposure to natural 

infections17,127,128. In fact, this mechanism might also be at work in B-ALLs with 

germline ETV6 variants26, a possibility also supported by the fact that ETV6 risk alleles 
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are mutually exclusive with the ETV6-RUNX1 fusion in B-ALL, suggesting that they 

may be involved in a common leukemogenic pathway47. 

A second layer of this gene–infection interaction is defined by the fact that these 

leukemia-predisposing mutations, either germline or somatic, progress to B-ALL 

through different mechanisms, even if they are exposed to the same type of pro-

oncogenic environment (such as infections). For example, Pax5+/- heterozygous mice 

exposed to pathogens develop leukemia with mutated Jak3 kinase, while mice 

expressing the ETV6–RUNX1 fusion gene in the haematopoietic stem/progenitor 

(HSPC) compartment suffer recurrent alterations affecting genes of the lysine 

demethylase family17. However, when ETV6–RUNX1 mice are triggered by a single 

dose of the mutagen 1-ethyl-1-nitrosourea (ENU), they developed T cell neoplasias128. 

This suggests that the type of vulnerability to B-ALL generated by the initiating 

mutations may be specific for a given mutation, even though progressing through 

phenotypically similar stages and being triggered by apparently similar secondary 

exposures. The behaviour of these models closely mimics what we know about the 

incomplete penetrance of B-ALL-predisposing mutations in human patients, therefore 

enforcing the credibility of the ‘infectious hypothesis’13. However, this mechanism does 

not necessarily apply to all B-ALL genetic predisposition conditions, as illustrated by 

the case of the Ph1+ B-ALLs with the BCR-ABLp190 oncogene, where preleukemic 

clones carrying BCR-ABLp190 oncogenic lesions can also be found in human neonatal 

cord blood137,138 while, in mouse models, BCR-ABLp190+ B-ALL development is 

infection-independent66, in agreement with the fact that, in humans, this B-ALL subtype 

rarely occurs in children58,133. Also, chromosomal translocations associated with the 

distinct infant leukemias (for example, mixed lineage leukemia (MLL) see above) seem 

to be capable of triggering full-blown leukemic development without the need of 

secondary events, therefore using other molecular mechanisms to achieve these 

aims139-141. 
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 Therefore, the varied aetiology of childhood B-ALLs implies that, most likely, 

infection exposure is not the only immune stress capable of triggering preleukemia-to-

leukemia conversion. In order to ascertain this possibility, one would need to keep 

predisposed (pre-leukemic) carriers in a pathogen-free environment, to rule out a role 

of infection exposure. When Pax5+/- mice were exposed early in life to antibiotic 

treatment as an immune stressor while being maintained under SPF conditions 

throughout their life span142, in spite of the SPF conditions, the antibiotic-treated 

animals developed B-ALL with an even higher frequency than when exposed to natural 

infections in the ‘delayed exposure’ setting (see above), and presented the same 

molecular alterations and disease latency. This in vivo result is in line with experimental 

data from in vitro studies of ETV6–RUNX1+ B-ALL135 and E2A–PBX+ B-ALL14, which 

collectively show that several types of immune stress can trigger clonal evolution of 

preleukemic clones. Further, these recent data from both Pax5+/- and ETV6–RUNX1+ 

mice show that the genetic predisposition is systematically associated with changes in 

the microbiota regardless of whether the animals develop B-ALL or not142,143. This 

suggests an important role for the gut microbiota in cancer predisposition and 

aetiology144,145, a possibility that had been previously proposed for childhood B-ALL 

based on the similarity of its development with other early-life immune disorders, like 

autoimmune and allergic conditions86. Indeed, a similar function of the gut microbiota 

has been suggested for other multifactorial diseases such as Crohn’s disease146, 

Parkinson’s disease147 and other cancers145. These findings have important 

implications for the use of antibiotics in infants and children, especially those carrying a 

B-ALL predisposition143. 

 In summary, although the preclinical findings have exciting epidemiological and 

public health implications143, clearly further research is necessary to identify the precise 

mechanisms regulating the interaction of the microbiota with B cell development in both 

healthy individuals and B-ALL-predisposed ones. Given the low frequency of 

predisposing PAX5 germline mutations in children with B-ALL, other preleukemic 
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conditions caused by the more frequent ETV6–RUNX1 fusion, ETV6 germline 

mutations or single nucleotide polymorphisms (SNPs) associated with the recently 

discovered high polygenic risk score for childhood ALL131 should be studied in more 

detail with respect to microbiome dysbiosis, ideally by screening of newborns for 

preleukemic alterations together with microbiome and immune analyses. However, 

since many variables may be involved (for example, delivery mode, nutrition and 

others.) the cohorts would need to be large, population-based cohorts, and such 

samples are not easily collected, since a large series of longitudinal sampling would be 

required from birth onwards9,148. Population-based studies are currently being initiated 

and their results may have broad implications for clinical practice and public health.  

 

[H1] An integrative model for B-ALL  

All of the information from the epidemiological and clinical studies and mouse models 

that we have summarized so far points to some important conclusions.  

One, the crucial step in the transition from preleukemia to full-blown B-ALL seems to be 

the interaction between the preleukemic cell and an immune stressor (since in mouse 

models at least, B-ALL never develops without an immune stress) (Figure 2). 

Two, the data from the animal models reconcile apparently discordant epidemiological 

findings, and the time at which this interaction takes place seems to be less critical than 

originally thought, since the disease may appear in adult mice when exposed to a 

natural infection environment (although, in the case of children, they will nevertheless 

be exposed to immune stress sooner or later, something that is also suggested by the 

2-5 years-old peak). Children encounter many different infectious agents, but all 

attempts to identify a single consistent infectious agent have failed in humans with B-

ALL149. This supports the idea that what is important for leukemia development is a 

sequence of infections and immune responses in an unprimed immune system, rather 

than exposure to a single specific pathogen. Furthermore, months prior to B-ALL 

presentation, children show a marked deterioration of immune response and profound 
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susceptibility to a variety of infections113. Three, the immune stress can be induced by 

infections (natural infections or through specific TLR stimulation) but also by other 

factors like antibiotics or microbiome alterations (Figure 2). Four,subclinical genetic 

predisposition to leukemia can shape a gut microbiota different from that of healthy 

individuals. Five, an intact gut microbiome protects these predisposed mice against 

leukemia, and its alteration is linked to the onset of the disease. Six, the immune stress 

does not seem to act by expanding a previously existing silent transformed clone or to 

induce a random mutagenic process130, a fact that is in agreement with the discordant 

genetics of the twin data, the peak incidence of childhood B-ALL4,63,84,150,151, and the 

low rate of mutations normally present in childhood B-ALL152. On the contrary, there 

seems to be a specific interaction between the first hit and the immune stress, and this 

interaction is capable of defining the nature of the second hit.  

 We need to emphasize that further research is required to see if this 

mechanism can apply to all genetic preleukemic conditions or only to some of them; 

but, in summary, we postulate (Figure 2) that an immune evasion takes place in a 

reduced number of occasions where a cell takes advantage of the immune stress to 

adquire a second hit and to escape immune control, progressing to leukemic 

development, therefore implying that childhood B-ALL may be a preventable cancer. 

 If childhood B-ALL could indeed be a preventable cancer triggered by immune 

stress, it is therefore critical to identify the immune mechanisms involved in this 

evolution to leukemia. There are several potential immune mechanisms that could be 

involved in this immune evasion (Box 2), although the knowledge of some of these 

mechanisms themselves is still in its infancy, so further research into their biological 

foundations is still necessary, and of course also about their potential role in leukemia. 

Besides, their participation in leukemogenesis doesn’t need to be mutually exclusive 

and, furthermore they could be specific for or restricted to different preleukemia-

initiating alterations. It would be advisable to carry out proof-of-principle experiments in 

mouse models before the screening of newborns for preleukemic alterations, alongside 
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with microbiome and immune analyses. As previously mentioned, since many variables 

can play a role in the human setting, the posterior patient cohorts would need to be 

large population-based cohorts. In any case, it is important to emphasize that any 

attempt of enhancing immune responses in order to prevent leukemia development 

should be balanced to avoid an unwelcome immune stress that may result in 

unintended and harmful consequences. 

 

Concluding remarks 

Despite remarkable advances made in the field, the understanding and potential 

targeting of the interaction between the preleukemic cell and the immune stress poses 

a unique challenge, warranting multidisciplinary investigation71. Concerted international 

collaboration is an unavoidable requisite for a successful translational research aimed 

at preventing infection-driven leukemogenesis. Key collaborative goals should include, 

among others: the generation of biobanks of fresh cord blood samples; the 

standardization of experimental and analytical protocols; the standardization of the 

phenotypical markers used for the discrimination of preleukemic cells. Also, since 

chemotherapy or radiotherapy, or even malignant progression, may alter the patterns 

of expression of surface antigens on preleukemic cells, like in the rest of the 

haematopoietic system153, the stability of these markers should be first determined.  

 The use of unified cell culture methods whenever ex vivo expansion of 

preleukemic cells will be required to obtain enough cells for these studies. Also, a 

complete understanding of how environmental factors affect B-ALL development will 

require intact, unmanipulated animals carrying a genetic susceptibility similar to that of 

predisposed children. Finally, the use of next generation sequencing technologies 

―single-cell RNA sequencing, together with proteomic and advanced cytometries like 

multicolor quantitative confocal cytometry or mass cytometry — should allow the 

identification of the fine molecular mechanisms governing preleukemic cell behavior at 

the single-cell level.  
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 Hopefully, the elucidation of the mechanisms regulating the interaction between 

preleukemic cells and immune stress will provide us with the strategies that will allow 

us to prevent childhood B-ALL development. 
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 BOX1. The discovery of the pre-leukemic clone 

In 1998, a seminal study150 showed that identical twins had developed ETV6-RUNX1 

leukemias with identical t(12;21) chromosomal breakpoints, something that could only 

be explained by the existence of a preleukemic clone already present in utero and 

passed through the shared placenta. This was confirmed by studies tracing back 

childhood leukemias to blood samples taken at birth (Guthrie cards)148,154,155. 

Furthermore, studying pairs of B-ALL-sick and healthy twins showed that the healthy 

co-twin also presented a population of preleukemic cells carrying the same primary 

oncogenic hit, although they did not develop leukemia151. Additionally, in the cases of 

two leukemic twins, it was also found that a number of mutations differed between the 

twins150, therefore indicating the postnatal secondary origin of those alterations. This 

evidence demonstrated the existence of a preleukemic clone originated in embryonic 

life, but unable by itself to give rise to a full B-ALL, a process for which a secondary 

alteration was required after birth86 (Figure 1). The kinetics of this process was further 

clarified when it was found that up to 5% of healthy children may carry the preleukemic 

clone, the majority of them without any consequence, since only a small percentage of 

them will develop a full-blown leukemia8,9. For most aberrations linked to childhood pre-

B-ALL, there is evidence showing that the occurrence of the aberration is more 

frequent than the incidence of the corresponding leukemia156. Therefore, the existence 

of a preleukemic hit is a necessary, but not sufficient, condition to develop childhood B-

ALL, and the rate-limiting factor for the development of full-blown leukemia is the 

second hit86. 

 

BOX 2 Immune evasion and B-ALL prevention: challenges  

A therapeutic enhancement of the immune control might allow childhood B-ALL 

prevention. It is therefore critical to identify the immune mechanisms involved in this 

progression, which might include: 
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Microbiota as a modifiable therapeutic target. A diet-dependent approach might be 

used to reduce or abolish the impact of immune stress in predisposed carriers86.  

T cell immunosurveillance. ETV6-RUNX1+ B-ALLs have autoreactive T cells directed 

against leukemic cells157, and could therefore be responsive to checkpoint blockade or 

other T cell–targeted therapies. 

Trained immunity.158,159 Innate immune training of granulopoiesis suppresses tumor 

growth and potentiates checkpoint inhibition160,161. The identification of an approach to 

train innate immunity, avoiding the immune stress, and therefore preventing B-ALL 

from developing would be a major advance in the prevention of the disease. 

A transient immune amnesia state. Immune amnesia has already been observed in 

measles virus infections where the infection diminishes preexisting antibodies that offer 

protection against other pathogens162,163. A potential anti-ALL immune response might 

be lost (erased) by an immune stress, therefore triggering leukemia development.  

Variation and selective pressure within preleukemic cells. Population variability could 

likely provide a means for preleukemic cells to adapt their behavior to the 

environmental conditions. Measuring and understanding the dynamics of preleukemic 

cells under immune stress is key for leukemia prevention. 

Remodeling of the immune microenvironment. The extent to which preleukemic cells 

might shape the bone marrow immune microenvironment remains unknown, and its 

understanding may shed light on mechanisms of extrinsic regulation triggering B-ALL 

conversion.  

 Immune evasion as a ‘bad luck’ effect. Immune evasion as a bad luck effect refers to 

the fact that the nature and number of potential immune-based causes can be very 

variable, while being each one of them of low penetrance. Under these circumstances, 

the immune evasion mechanisms would be virtually indistinguishable from chance.  
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FIGURE 1. Genetic vulnerability of B-ALL preleukemic clones. A) Transcriptional 

regulation determines normal B cell development. A network of transcriptional and 

epigenetic regulatory circuits drives the normal differentiation of HSCs to mature B cells 

in a stepwise, tightly regulated, process. B) A first oncogenic hit, usually acquired in 

utero, such as a chromosomal translocation that generated a chimeric protein (for 

example, ETV6-RUNX1 or TCF3-PBX1) or a mutation in a key developmental gene 

(such as PAX5, IKAROS and ERG), arises in early haematopoietic or B cell 

development. This will occur in a large number of healthy newborns (>5%, without 

taking into account inherited predisposition), and will introduce a vulnerability through 

the generation and expansion of a preleukemic B cell clone which nevertheless allows 

normal B cell development to take place; carriers are therefore clinically silent. C) Most 

children carrying this alteration will never develop B-ALL but, in a small percentage of 

cases, given certain conditions (such as environmental exposures), a preleukemic 

clone will acquire a second hit, therefore giving rise to a full-blown B-ALL. Only after 

these additional secondary genetic alterations have occurred (usually also affecting 

genes involved in normal B cell development), will a full-blown B-ALL develop. HSC: 

Hematopoietic Stem Cell; LMPP: Lymphoid-primed MultiPotential Progenitor; CLP: 

Common Lymphoid Progenitor. 

 

FIGURE 2. A unified model for childhood B-ALL development. The first event is the 

presence of a genetic lesion (either congenital or generated de novo) leading to the 

development of a preleukemic clone. In the absence of such lesion (A), development 

takes place normally, and in the context of a normal microbiome. The preleukemic 

clone can, however (B) shape the gut microbiome and lead to the appearance of a 

modified microbiome whose characteristics are determined by the nature of the driver 

genetic lesion. Still, in the absence of an immune stress, this preleukemic clone doesn’t 

progress to give rise to leukemia. However, in the presence of an immune stress 

(caused for example by delayed-exposure to common infections, antibiotic treatment, 
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exposure to low-dose ionizing radiation, etc.) it might happen that, in a reduced number 

of occasions, an immune evasion takes place where a cell with a second hit takes 

advantage of the effects of this immune stress to escape to immune control and lead to 

leukemic development. The percentage of conversion to full-blown leukemia is highly 

dependent on the specific first genetic hit, both in human patients and in mouse 

models, but is always much less than the number of cases where preleukemic cells 

remain in this state and do not progress to 2nd hit and B-ALL. Finally, since we still don’t 

know the mechanistic basis of the influence of the microbiome on the acquisition of the 

2nd hit, or in the pre-cancerous clonal expansion, we must bear in mind that the 

alteration in the gut microbiome associated with the genetic predisposition seen in mice 

(Pax5+/- and ETV6-RUNX1+) might however not play a role in the transformation of 

preleukemic clones, and then there might be cases (C) where such progression takes 

place via microbiome-independent mechanisms. 
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Table I. Current molecular classification of B-ALL based on transcriptome sequencing. 

 (Data extracted from 56) 

 Subtype Childhood Adolescent 
and young 

adult 

Adult Prognosis 

Aneuploid High Hyperdiploid 21,10% 6.7% 2.9% Very good 
Low Hyperdiploid 3,10% 3.6% 0.3% Poor 
Low Hypodiploid 0,80% 4.5% 13.0% Poor 
Near-haploid 2,10% 0.5% 0.8% Intermediate 
iAMP21 2,50% 2.1% 0.3% Good 

Transcription 
factor 
rearrangement 

ETV6-RUNX1 15,85% 1.4% 0.3% Very good 
ETV6-RUNX1-like 3,35% 0.7% 0.3% Good 
DUX4-rearranged 5,10% 7.9% 3.2% Very good 
KMT2A 4,40% 4.1% 16.1% Poor 
KMT2A-like 0,30% 0.2% 0.0% Unknown 
TCF3-PBX1 5,20% 2.9% 1.1% Good 
ZNF384/ZNF362 2,15% 3.8% 1 .3% Intermediate 
MEF2Dr 2,10% 2.9% 1.1% Intermediate 
NUTM1 0,90% 0.0% 0.0% Very good 
TCF3-HLF 0,55% 0.0% 0.8% Very poor 

Transcription 
factor - Other 

PAX5alt 6,30% 9.3% 7.7% Intermediate 
PAX5 P80R 1,15% 3.1% 4.2% Intermediate 
IKZF1 N159Y 0,30% 0.5% 0.5% Intermediate 
BCL2/MYC 0,15% 1.4% 2.6% Very poor 

Kinase Signaling Ph-like 12,80% 29.4% 20.4% Poor 
BCR-ABL1 3,15% 5.5% 15.9% Poor 
CRLF2 (no Ph-like) 1,05% 1 .0% 0.0% Poor 

Other ZNF384-like 0,00% 0.7% 0.3% Unknown 
Other 5,55% 7.9% 7.1% Intermediate 
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