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1. Introduction

Research on the role of infectious agents in the etiology of cancer has grown remarkably in
recent decades. A causal association between infection events and the development of differ‐
ent types of cancer has been strongly suggested in epidemiologic studies, while the direct
oncogenic capacity of a set of pathogens has been demonstrated in the laboratory.

It is now recognized that between 15 and 20% of all tumors are associated with infection by
direct tumorigenic agents [1]. However, the transforming mechanisms of carcinogenic infec‐
tious agents are not restricted to the expression of oncogenes and their ability to modulate
the expression and function of oncogenes and anti-oncogenes in target cells. Other routes of
transformation have been described, in which, an agent participates through more indirect
mechanisms, such as promoting immune suppression or chronic inflammation. Although, in
indirect mechanisms of transformation the infectious agent usually does not reside in the
cell that will form the tumor mass, it contributes to cancer development making favorable
conditions for tumor initiation or growth.

One of the malignancies proposed to be etiologically related to infection is childhood acute
lymphoblastic leukemia (ALL). ALL is a heterogeneous group of hematologic malignancies
in which the process of differentiation and limited proliferation that characterizes normal
lymphopoiesis is altered and replaced by a malignant clonal expansion of immature lym‐
phocytes. ALL is the most common type of childhood malignancy worldwide, unfortunate‐
ly, little is known about the origin of ALL, some cases are associated with genetic
predisposition conferred by Down syndrome, Bloom syndrome, ataxia-telangiectasia, Nij‐
megen breakage syndrome or exposure to environmental agents such as ionizing radiation
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or mutagenic chemicals, however these events account for less than 5% of ALL cases [2],
therefore, discernible causal factors involved in cancer initiation or promotion are unknown
for the bulk of primary leukemia.

Several etiologic factors have been proposed to cause ALL. One of the most reported in the
literature and the subject of this chapter is related to infections. Independently, Greaves,
Kinlen and Smith have suggested different mechanisms by which certain events related to
infection may explain at least some cases of childhood leukemia [3-5]. Interestingly, the sug‐
gested role of infectious agents in leukemogenesis varies from one hypothesis to another, fa‐
voring either direct or indirect mechanisms of transformation. It is our main goal to describe
these hypotheses highlighting the type of evidence in favor and against them and providing
a biological frame in which to discuss possible mechanisms of leukemogenesis by the infec‐
tious agents. Due to the large number of publications in the field, this is not intended as an
in-deep and complete review of all published literature but a summary in which to set the
basis for discussion.

2. ‘Delayed infection’ hypothesis and ‘two-hits’ minimal model by
Greaves

One of the most cited proposals on the infectious etiology of ALL is the delayed infection hy‐
pothesis, in which Greaves argues that some cases of the common B-ALL (CD10+ CD19+

preB cALL) observed in the peak age of 2 to 5 years could be associated with an aberrant
immune response displayed by an immature immune system [3]. This hypothesis is based in
the theory that early exposures to common infectious agents are required for the proper ma‐
turation of the immune system, lack of these exposures results in aberrant responses when
children are finally in contact with the agent(s). In Greaves view, ALL develops in the bio‐
logical context of an aberrant immune response due to delayed infections, and thus, the in‐
fectious agents are only an indirect trigger of the leukemogenic process.

More recently, Greaves has added to his proposal the most frequent chromosomal aberra‐
tions in pre-B cALL, hyperdiplody and the translocation TEL-AML1 (also known as ETV6-
RUNX1), as susceptibility factors. Molecular analysis has shown shared clonotypic TEL and
AML1 breakpoints in leukemic blasts from monochorionic monozygotic identical twins [6].
The same result has been observed when comparing the patients’ blood at diagnosis and
their blood archived at birth (Guthrie cards) [7]. These results have supported that these ge‐
netic insults are often generated in utero, based on such findings, Greaves has proposed a
minimal ‘two-hits’ model to explain the development of pre-B cALL [8]. According to this
model, hyperdiploidy or the TEL-AML1 translocation originate in utero and provide the first
oncogenic hit, which is not sufficient for the occurrence of the disease but generates a pre-
leukemic clone. In the presence of additional postnatal oncogenic hits, this susceptible clone
then evolves into a malignant leukemic clone. Such additional hits could be promoted indi‐
rectly by the aberrant immune response to infection of children growing in microbiological
isolated environments.
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Greaves’ hypothesis is based on the observation of the steady increase of childhood leuke‐
mia parallel to the increase of upscale living conditions in developed countries. Since its
publication, a series of epidemiological studies have been designed to test the delayed infec‐
tion hypothesis. Evaluation of parity, breastfeeding, improved hygiene conditions, neonatal
or infant infections, vaccination against some viruses, day care attendance [9-13] among oth‐
ers, have been used as markers of exposure to infectious agents during the first years of life.
As we will see next, these studies have found heterogeneous and even contradictory results.

The United Kingdom Childhood Cancer Study (UKCCS), a nationwide, population based
case-control study, was designed to investigate different hypotheses about risk factors in
childhood cancer, one of them referred to the association between day care attendance dur‐
ing the first year of life and the risk of developing leukemia [11]. Day care attendance was
used as a surrogate marker for exposure to infectious agents, assuming that as more contacts
a child has, there is a larger chance for exposure to infections. Data were obtained through
interviews with parents of 1286 children with ALL between 2 and 14 years of age and 3605
controls from 10 different regions of the UK. The results showed an inverse relationship be‐
tween ‘social activity’ and the risk of leukemia, OR=0.73 (95% confidence interval (CI):
0.62-0.87), showing also a dose-response trend. The interpretation of these findings was that
early exposure to infections, indicated by day care attendance, is a protective factor against
childhood leukemia, thus supporting Greaves’ delayed infection proposal [11].

Another study from the same UKCCS data set was published two years later. In this report,
it was analyzed the relationship between neonatal infections and risk of leukemia; the data
were extracted from primary-care records compiled before diagnosis and interviews with
parents. According to this study, children with ALL (ages 2-5 years) had more clinically di‐
agnosed neonatal infections than their counterpart control: episodes number=3.6 (95% CI:
3.3-3.9) vs 3.1 (95% CI:2.9-3.2) [14]. These results contrast with the ones from the previous
UKCCS study and argue that early infections are a risk factor for ALL, and therefore, give
no support to the delayed infection hypothesis.

The study by Cardwell and colleagues using hospital records of clinically diagnosed infec‐
tions in the first year of life from the UK General Practice Research Database (GPRD), com‐
pared 162 ALL cases with 2215 matched controls, no differences were found between cases
and controls OR=1.05 (95%CI:0.64-1.74), then this study provided no support to Greaves’ hy‐
pothesis [15]. Another large group, the Northern California study group analyzed day care
attendance and parental recall of children ear infections between 294 ALL cases (ages 1-14)
and 376 matched controls. Both markers were found protective, OR=0.42 (95% CI:0.18-0.99)
and OR=0.32 (95% CI:0.14-0.74), respectively, but only for non-Hispanic white children, sup‐
porting Greaves’ hypothesis but suggesting ethnic differences in the etiology of ALL [16].

The number of children born in a family has also been used as a marker for microbiological
exposure. Dockerty and colleagues investigated the association between parity and risk of
ALL in children aged 0-14 from England and Wales. They found a statistically significant
protective effect for ALL in children of houses with increasing parity, OR=0.5 (95% CI:
0.3-0.8) [9]. Infante-Rivard et al also evaluated parity and day care attendance in a popula‐
tion based study (491 leukemia cases of children under 10 years old and 491 matched con‐
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trols) in Quebéc Canada. This group found a protective association with day care
attendance, OR=0.49 (95% IC:0.31-0.77) and breast-feeding OR=0.68 (95% IC:0.49-0.95), while
having older siblings was associated with increased risk of leukemia, OR=2.12 (95% IC:
1.57-2.85) [12].

The study by Flores-Lujano evaluated the frequency of severe infections that required hospi‐
talization in the first year of life in children with Down’s syndrome (DS) with or without
ALL (57 cases and 218 controls aged 19 years or younger). In this study, DS children were
chosen because it is known that they have an around 10 to 30 fold higher incidence of B cell
ALL. They also found an association between infection an increased risk of leukemia,
OR=3.45 (95% CI:1.37–8.66), which is against the Greaves’ hypothesis [17].

In summary, many studies have explored the delayed infection hypotheses with heterogene‐
ous results, with some studies actually showing an increased risk given by infections in the
first years of life. The lack of consistency among investigations deserves further analysis and
it is beyond the aim of this chapter. Some of the variables among studies are concerned with
the methodological approach, study design, statistical tests and the representativeness of the
studied population, among many others that could explain the heterogeneity of the results.
Many other considerations are more related to the biological aspects of the hypothesis as it
is discussed in the integrated discussion with the other hypotheses concerning an infectious
origin of childhood leukemia.

3. ‘Population mixing’ hypothesis by Kinlen

In early 1980, an unusual increase in the incidence of childhood leukemia was observed in
young people living in the vicinity of nuclear reprocessing plants in Cumbria, England and
Dounreay, Scotland. It was thought that such increase in leukemias was the result of radio‐
active contamination, which might have caused somatic or germinal line mutations in the
population [18-20]. However, in deep tests showed no evidence of radioactive leaks (Com‐
mittee on Medical Aspects of Radiation in the Environment) or many other types of popula‐
tion occupational exposures [20].

In  1988  Kinlen proposed that  the  observed leukemia  clusters  could result  from the  un‐
usual  population  mixing occurring  in  regions  receiving the  influx  of  workers  and their
families who were attracted by new jobs in nuclear plants.  Disease outbreaks associated
with population growth and migration had been previously documented, and Kinlen hy‐
pothesized that this was also the case for the leukemia clusters. During populations mix‐
ing,  resident  people  would  be  naive  to  infection  by  different  agents  carried  by  the
newcomers and vice versa,  exposure to such agents would cause an abnormal response
leading to the outbreak [4].

Kinlen first proved his population mixing hypothesis in Thurso, Scotland, an isolated rural
area that received large influxes of people who had migrated to work at a nuclear plant. The
results showed that during the period when the population doubled (1951-1967) there was
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an increased incidence of childhood leukemia, returning to normal numbers in subsequent
years [4]. Other relevant studies of Kinlen's group are concerned with new military settle‐
ments; for instance, in post-war Britain between 1949 and 1950, when national military serv‐
ice was mandatory for all men reaching 18 years of age and the period of service was
increased from 1 to 2 years. During the following years there was a significant increase of
leukemia in areas with the highest proportion of military servicemen. A similar phenomen‐
on was observed in Fallon, Nevada US when there was a considerable increase in the num‐
ber of trainee recruits in the nearby naval base [21].

Virtually every study that has been led by Kinlen’s working group has shown similar re‐
sults, i.e. they have observed a significant increase in childhood leukemia matching large-
scale mixing between rural and urban populations. [22-27]. In favor of Kinlen proposal,
childhood leukemia clusters were more evident when people from urban regions were
mixed with people from isolated areas with low population density, and those who develop
leukemia were mostly children from the most immunologically isolated. Also, the leukemia
peaks were transitory coinciding with the largest flow of people, arguing against a common
source of a persistent chemical/radiation contaminant.

Other researchers have addressed the same question. For example, Koushik and colleagues
conducted an ecologic study of childhood leukemia and population mixing in Ontario, Can‐
ada. The percent of population change was employed as indicator of mixing population. In
this study, 1394 leukemia cases recorded between 1978 and 1992 were included. The results
showed that population growth was also associated with a high incidence of leukemia, but
only in rural and not in urban areas [28]. Other studies have shown no support for the Kin‐
len’s hypothesis, among them is Laplanche & de Vathaire’s [29]. This study included all
French communities and covered the period between 1968 and 1990 during which occurred
a rapid population increase. According to the results during the mentioned period, deaths
from leukemia in children or young adults under 25 years of age were slightly lower than
the expected estimate and no differences in risk according to the size of population increase
or region were found. Another French study carried around the nuclear reprocessing plant
of La Hague found no evidence of increase in childhood leukemia cases [30].

Although, not all the studies carried out around areas of population mixing have correlated
with clusters of childhood leukemia, it is relevant that most do. It is also important that, al‐
though the original observation was done around nuclear plants, there is evidence of a simi‐
lar phenomenon occurring in many other regions around non-nuclear sites, including
military settlements. From his observations, Kinlen proposed that a common infectious
agent could be responsible and adults are the main transmitters, thus population mixing
could be responsible for the leukemia cases seen even in the first year of life.

If Kinlen proposal is true, it is possible that the data against his hypothesis had different ex‐
planations: 1) the effect may be dose dependent, so, high levels of contact might be necessa‐
ry; 2) the hypothesis has been proposed for large-scale rural-urban population mixing and
many studies might not reach the required population threshold, and 3) other genetic
and/or environmental differences might be affecting the outcome [4, 22].
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Similar to the Greaves’ hypothesis, the identity of the infectious agent(s) involved in Kinlen
model is still not known. In fact, most of the population mixing studies had failed to find an
increase in a symptomatic infection in adults or children, paralleling the increase in leuke‐
mia incidence. Considering that there are viruses of recognized leukemia causality in ani‐
mals and one human’s leukemia caused by a virus, Kinlen has proposed that the agent
involved could be a prevalent virus causing an uncommon infection [31]. Kinlen also con‐
siders that the putative causative virus is not transmitted as a typical acute infection virus, a
characteristic common of tumorigenic viruses. However, the viral family known to be in‐
volved in animal leukemia is the retroviridae, and specifically for adult humans the causa‐
tive agent is the human T cell leukemia/lymphoma virus type 1 (HTLV-1), which is endemic
of areas with no recognized picks of childhood leukemia. Because both Kinlen and Greaves
models fail to identify the causative agent, both hypotheses seem similar pointing out to a
common mechanism of response rather than a possible direct mechanism of infection.

4. Direct viral leukemogenesis hypothesis by Smith

A third hypothesis regarding the infectious etiology of childhood leukemia was proposed
by Smith and colleagues. According to the delayed infection hypothesis, children exposed to
infectious agents during the first months of life (e.g. in developing countries) should have
almost no leukemogenic potential, whereas children that become infected later (e.g. in afflu‐
ent societies), exposure to the same agent would be potentially leukemogenic. Smith disa‐
grees with this scenario, especially for children aged 2 and 3, which represent the larger
proportion of children within the peak incidence of 2 to 5 years old, and suggested that
there should be an alternative mechanism by which the infection leads to leukemia and that
could explain all age-related picks of disease, including infant leukemias [5].

In his publication Considerations on a possible viral etiology for B-precursor acute lymphoblastic
leukemia of childhood Smith proposed that the infectious process leading to leukemia occurs
during intrauterine life by mother to fetus transmission [5]. De novo infected seronegative
women or those in which the agent reactivation occurred during pregnancy were especially
vulnerable to infect their fetus. This hypothesis also considers possible infections during the
first year of life of children from seronegative mothers unable to passively immunize their
offspring. According to Smith's hypothesis, the pathogen acts through a direct mechanism
of B cell infection, initiating or complementing the process of cellular transformation togeth‐
er with additional oncogenic hits either intrauterine or postnatal.

Considering that more than 60% of cases of ALL-B are associated with chromosomal abnor‐
malities, Smith hypothesized that the agent involved should be a virus, since many viral
agents present a variety of mechanisms that promote genetic instability. According to
Smith’s hypothesis the putative virus should have the ability to cross the placenta, to infect
B lymphocytes and to have oncogenic potential. However, such agent should not have the
ability to induce severe abnormalities, since ALL is not associated with other cancers or
birth defects. Thus, an important difference of Smith’s hypothesis is that the infection per se
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carries the power to trigger the chromosomal abnormalities often present in childhood leu‐
kemia, while for Greaves, the genetic insult is already present and the infection indirectly
promotes the acquisition of additional hits.

Several viral families fulfill Smith’s criteria for a causative agent. Members of the adenovi‐
rus, herpesvirus and polyomavirus are transmitted very early pre- or post-natally, have
tropism for bone marrow cells and have oncogenic potential; we know that most of the pop‐
ulation carries all these viruses asymptomatically, with only a few of them developing a re‐
lated-neoplasia. On the other hand, the retroviruses are also good candidates, as they
already have been implicated in leukemias. Several transforming mechanisms have been de‐
scribed for all of these viruses, including expression of constitutively active viral signaling
proteins, transcriptional activation of cellular oncogenes and/or disruption of tumor sup‐
pressor genes, and importantly, induction of genetic instability; for instance Epstein Barr Vi‐
rus (EBV or human herpesvirus-4) is associated with Burkitt’s lymphoma, in which it also
correlates with translocation of the cellular oncogene c-Myc [32].

Studies showing that maternal infections are associated with an increased risk of ALL sup‐
ported Smith’s model. Lehtinen et al analyzed sera of the first trimester from 342 Finnish
and Icelandic mothers of children with ALL, searching for antibodies against herpesvirus
EBV, cytomegalovirus and HHV-6 (human herpesvirus-6). Only an increase of anti-EBV an‐
tibodies was found correlating with leukemia cases, OR=2.9 (95% CI:1.5-5.8) [33]. Because of
the nature of the antibodies found, this data suggested EBV reactivation as a potential event
leading development of ALL. This same group confirmed the above observation with an ad‐
ditional 304 mothers: anti-EBV reactivation antibodies, OR=1.9 (95% CI:1.2-3.0) [34]. The
possible role of EBV reactivation during pregnancy is still awaiting confirmation from other
groups. Naumberg's group also found a similar positive association when the mother had
lower genital tract infections, OR=1.78 (95% CI:1.2-2.7), especially in children older than 4
years of age at diagnosis, OR=2.01 (95% CI:1.1-3.8) [35].

Many other studies have shown conflicting results between viral infection during pregnancy
and subsequent childhood leukemia in offspring, either by influenza virus or by other un‐
specified common infections [10, 12, 36]. On the other hand, several small studies have
found an association between maternal varicella-zoster virus (causing chicken-pox) reactiva‐
tion and childhood leukemia [37, 38]. Note, however, that none of these approaches have
addressed viruses with recognized oncogenic potential and that they are epidemiological
studies based on the mother recalled history of infection during pregnancy.

A distinct approach to explore direct transformation occurring in utero has been conducted
through retrospective analyses of children who developed leukemia; in these studies, viral
genomes have been searched in archived blood spots collected at birth with very heteroge‐
neous results. For instance, an early study found blood spots positive to adenovirus-C in
two children that developed leukemia, but other groups have not reproduced such result
[39]. Bogdanovic et al searched for viral genomes from herpesvirus EBV and HHV-6, polyo‐
mavirus JCV and BKV (from the patients’ initials from whom the viruses were isolated) and
parvovirus 19 in Guthrie cards from 54 Swedish patients, finding no association [40-42]. Par‐
vovirus B19 was another good candidate for causality since it has been associated with sev‐
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eral childhood hematological diseases. One should consider that, although the search for
viral genomes in Guthrie cards is more stringent, the negative result does not mean that
there is not increased viral infection/reactivation during pregnancy and the titer and type of
antibodies are probably more reliable markers for this.

Based on Smith's original proposal, the notion of a direct oncogenic mechanism in the etiolo‐
gy of childhood leukemia was widened to include infections with a transforming agent oc‐
curring postnatally but prior to the onset of the disease. In this possible leukemogenic
mechanism, infection is not necessarily the first oncogenic hit. To test this proposal derived
from Smith’s hypothesis, different viral agents have been screened directly in the leukemia
blast (Table 1). One study evaluated the presence of the viral genome of polyomavirus JCV
and BKV in 15 samples at diagnosis of pre-B ALL and a second study included 25 samples
in which the viral genome of JCV, BKV and SV40 (simian virus 40) were searched. In both
studies, the screening was performed by PCR without finding any of these viruses present
in the leukemia samples [43, 44].

Virus Leukemia

subtype

Age

(years)

Sample Screening method N Ref.

Polyomaviruses JVC

and BKV

B-precursor ALL 1-12 BM or PB Endpoint PCR 15 [43]

Polyomaviruses JVC,

BKV and

SV40

B-precursor ALL 2-5 BM Real-time PCR 25 [44]

Polyomaviruses JVC

and BKV

B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[40]

Herpesviruses EBV y

HHV-6

B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[41]

Herpesviruses EBV,

HHV-6, -7 and -8

B-precursor ALL 1.5-13 BM or PB Southern blot

(only for EBV) and Real-

time PCR

47 [45]

Parvovirus B19 B-precursor ALL

T-ALL

0.75-17 Archived

neonatal

blood spots

Nested PCR 50

4

[42]

Retrovirus BLV ALL ≤16 BM and PB Southern blot 131 [46]

Annelovirus TT ALL us BM, PB and CFS Nested PCR,

dot blot and

Southern blot

28 [47]

* In this study, the samples were obtained at diagnosis or during treatment. BM: bone marrow, PB: peripheral blood,
CSF: cerebrospinal fluid, us: unspecified.

Table 1. Screening for viral sequences in ALL.
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Mackenzie et al searched for human herpesvirus-4 (EBV), -6, -7 and -8 (KSHV); 20 peripheral
blood or bone marrow samples were tested by Southern blot (EBV) or conventional PCR
(HHV -6, -7 and -8). The authors found that seven samples were positive for some of these
viruses; however, the low viral load found indicated that the viral genome was not present
in every leukemia blast and therefore the result did not support that infection was part of
the initial insult that preceded the malignant clonal expansion [45].

Bender et al screened for Bovine leukemia virus (BLV) years before the publication of
Smith’s proposal. BLV is an exogenous retrovirus whose direct role in the genesis of bovine
leukemia has been well documented. 131 samples of ALL (the article did not address a spe‐
cific subtype of leukemia) and 136 controls were screened by Southern blot for the BLV ge‐
nome. Cases and controls were negative to the virus arguing against a positive role of BLV
in childhood leukemia [46]. Screening for transfusion-transmitted virus (TTV) have also
been negative [47].

In summary, different studies have failed to identify viral agents within the leukemia cells
indicative of a a viral direct leukemogenic mechanism. However, it is important to consider
that these studies included only a small number of samples, 50 or less. These studies at the
most suggest that if an infectious agent is involved in leukemogenesis, this would occur in a
limited number of cases. A larger number of samples from more geographical regions and
different social strata should be included for a more definitive conclusion.

The list of candidate viruses is not exhausted yet and the pathogen involved in the genesis
of leukemia (if any) could still be unknown, Kaposi sarcoma associated herpesvirus (KSHV)
and Merkel cell polyomavirus (MCPV) were discovered a few years ago and have already
been associated with several neoplasias including the ones from which the virus were isolat‐
ed, Kaposi’s sarcoma and Merkel cell carcinoma, respectively [48]. Under this idea, the
study of MacKenzie et al was designed to identify undescribed members of the Herpesviri‐
dae family by a degenerate PCR, but no new herpesviruses were found in any of the 18 sam‐
ples analyzed [45]. As the individual virus “hunt” is a limited method, next generation
sequencing technologies are an attractive approach to ask for the presence of known and un‐
known infectious agents in leukemic cells.

5. Space-time clustering of childhood leukemia by Alexander

As we learn in the previous section, childhood leukemia has been shown to be a disease of‐
ten presented in space and time clusters correlating with communities with large influx of
people. Population based morbility/mortality maps are used in public health to inform us of
points of an excess of cases (the cluster) relative to the expected incidence, which are then
unlikely to have happened by chance and points out to possible etiological factors and the
population at risk. Leukemia aggregates have been studied for decades and to date, a num‐
ber of studies have reported an unusual increase in the number of cases associated with
space-time patterns, some of them have been anecdotal reports but others have been discov‐
ered through employment of formal statistical analysis. We describe next some cluster stud‐
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ies that have been specifically designed to test the hypothesis of the involvement of
infectious agents in the development of childhood leukemia.

Alexander's work is one of the pioneering reports using rigorous statistical methods to de‐
termine the existence of spatial temporal clusters as indirect evidence of an infectious etiolo‐
gy for childhood leukemia. The analysis was performed using data obtained from the
censuses of 1971 and 1981 in England, Wales and Scotland and was restricted to wards
whose contribution to spatial clustering test exceeded an expected, arbitrarily established
threshold, from a Poisson distribution on uniform risk of the disease. The report included
487 cases of ALL and other unspecified leukemias. The location at birth was extrapolated
from the location data at diagnosis (assuming no changes in residence). The association in‐
fection-leukemia was tested from 3 hypothesis envisioned from three different scenarios
based on the period of exposure and age of disease presentation:

Period of exposure Age at presentation

I In utero or around the time of birth 5 years or older

II Post-natal Under 5 years

III Recent first exposure previous to the onset 'Childhood peak' (ages 2-4 years)

Table 2.

To test these hypotheses, the cases were divided into series A and B, the 'susceptibles' (not
exposed) and the 'infectives'. To evaluate spatial and temporal associations, the data were
analyzed as pairs of cases; spatial linkage was defined based in location within the same
electoral ward. Temporal linkage was an overlap of at least 3 months between the time of
presumed susceptibility of the child in series A and infectivity of the child in series B.

The results of this study showed support for the hypothesis I: exposure around the time of
birth leads to an increased risk of leukemia whose onset takes place at 5 years or older. At
the biological level, the authors interpreted the silent and persistent infection of an agent ac‐
quired in utero as potentially contributing to the development of the malignancy at any time
prior to its presentation. The authors exemplified the process similar to an infection by pesti‐
virus, which however, has not been associated with carcinogenic processes in animals and
they are known to induce death even in utero. According to this paper, infections did not
explain the cases in the 2-5 years old peak, which is the most common in developed coun‐
tries such as those included in this study [49].

The report of Birch et al, included 798 cases of acute leukemia diagnosed between 1954 and
1985 taken from the Manchester Children's Tumour Registry (MCTR) and aimed to evaluate
various scenarios for the infectious etiology of leukemia (cluster criteria were established a
priori as less than 5 km and less than 1 year apart). To support Greaves’, Kinlen’s and
Smith’s proposals, two working hypotheses were established: H1 is true (Greaves and Kin‐
len hypotheses) and H2 is false (Smith hypothesis). This study also considered 4 possible
space-time interactions in which the potentially leukemogenic infection would occur. The
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different hypothetical scenarios and their associated proposals depending on the type of in‐
teraction were as follows:

Interactions Hypothetical Scenery Support to

I Between times and places

of birth

The infection occurred

in utero or in early infancy

Smith’s hypothesis

II Between times and places

of diagnosis

The infection occurred

before diagnosis

Greaves’ and Kinlen’s

hypothesis

III Between time of diagnosis

and place of birth

The infection occurred

before diagnosis

Greaves’ and Kinlen’s

hypothesis

IV Between time of birth and

place of diagnosis

No plausible according

to previous results

---

Table 3.

To analyze the data, different statistical tests were used and the authors considered mobili‐
zation of children from the records of changes of residence. The results showed evidence of
space-time clustering based on place of birth and time of diagnosis for the sub-groups aged
0-4 years, but no evidence based on place and time of birth, thus the results lent support to
Greaves and Kinlen hypotheses but they did not support Smith’s [50].

Methodologies used to search time clusters have also been used to address seasonal varia‐
tion for childhood leukemia. According to this idea, if an infection is associated with dis‐
ease, then a seasonal pattern would be expected, either at birth or diagnostic. Perhaps the
largest study of this type is the one conducted by Higgins et al, using the population based
data from the UK National Registry of Childhood Tumors that included 15,835 leukemia
cases from children born and diagnosed between 1953-1995. No seasonality was found in
this study after leukemia classification by age, gender or immunophenotype [51]. Similar
studies have been conducted in the USA, Singapore and Sweden, founding the same nega‐
tive result. In all of these studies only some temporal peaks (but no evidence of seasonality)
have been observed [52].

Many other studies have provided evidence for space-time clustering of childhood leukemia
[53-56]. Some have not addressed a possible infectious explanation but correlated with pop‐
ulation mixing. An extreme example was Greece, which experienced one of the largest in‐
flux of people from rural to urban settings and presented one of the highest incidences of
childhood leukemia around that time [57]. Although, these studies based on the observation
of space-time clusters are considered an indirect evidence of the involvement of infectious
agents in the etiology of leukemia, the identity of such agent(s) is unknown and therefore
the participation of other environmental factors cannot be presently ruled out.
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6. Integrative discussion

Indirect evidence supports an association between infections in childhood leukemia, and
three hypotheses have been proposed to explain and/or address this question with variable
and even opposite results. From these hypotheses, the delayed infection by Greaves argues for
an indirect role for infection, Smith’s hypothesis for a direct causative role and Kinlen’s
seems to sit in the middle, favoring a direct infection of the cell that will become the leuke‐
mic blast but also an indirect mechanism of response still unexplained. In other words, for
Greaves, infections in early life are protective and for Kinlen and Smith are a risk factor; for
Greaves and Kinlen almost any type of infectious agents (for Kinlen mostly viral) able to
trigger aberrant immune or cellular responses could be the causative agent, for Smith it
would be viruses with direct oncogenic capacities.

Based mainly in adult cancers, we now know that pathogens contribute to neoplasia
through different mechanisms. The classical ones are those in which the agents infect cells
and promote oncogenic transformation ‘from within’, through altering signaling pathways
and gene expression programs (supports Smith). Indirect roles (supports Kinlen) include
promotion of an inflammatory microenvironment, loss of cancer immune surveillance and a
cofactor role helping the tumor through secretion of growth and angiogenic factors. The lat‐
ter one is the mechanism proposed to explain cytomegalovirus oncomodulatory role in
high-grade gliomas and it is thought to be a tumor maintenance rather that an initiating
mechanism [58]. From these mechanisms, a direct role would be very possible but so far
multiple studies have failed to find evidence of infection by oncogenic agents in the leuke‐
mic blast. On the other hand, an inflammatory role is very unlikely because it is generally
associated with chronic diseases lasting decades (e.g. Helicobacter pylori and hepatitis B and
C virus infections). A cofactor or immune suppressive roles are possible, especially for pre-
leukemic clones (e.g. the ones with an early chromosomal abnormality).

Considering all these mechanisms, it is important to acknowledge that the term childhood
leukemia harbors many different biological entities, and it is very likely that they involve
different mechanisms of origin. Examples of important known differences are the lineage
origin of the leukemic blast, myeloid vs lymphoid or T cell vs B cell. Also, there are at least
three recognized B cell immature developmental stages where the leukemia is originated:
early proB, preB-I and large preB-II, which are recognized for the differential expression of
lineage- and stage- specific antigens and are dependent on the activity of different signaling
pathways and transcriptional programs [59].

As mentioned before, childhood leukemia is also associated to chromosomal abnormalities:
hyperdiploidy, hypodiploidy and translocations t(12;21)(p13;q22) (TEL-AML1), t(1;19)
(q23;p13) (E2A-PBX1), t(9;22)(q34;q11) (BCR-ABL) and t(4;11)(q21;q23) (MLL-AF4) are
among the most common in B-ALL. These genetic abnormalities affect specific signaling
pathways and favor transcriptional expression profiles related to the developmental stage of
the B cell leukemic blast. Therefore, the risk and protection factors driven these known and
still many unknown different childhood leukemia entities are probably different and models
of the origin of the disease should be restrained to specific subtypes. Because most reports
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group together several subtypes of leukemia, ethnic, stage, age and genetic insult, it is diffi‐
cult to interpret whether they support or reject the different hypothesis of the infectious ori‐
gin of the disease.

It should be noted that Greaves' hypothesis concerns the common form of B-cell ALL
(CD19+, CD10+). This form comprises most of the ALL cases that peak at 2–5 years of age
observed in developed countries or in affluent communities that have improved their living
standards and have become ‘more hygienic’ [60]. Through comparison of international re‐
ports, variations in the peaks of childhood ALL have been identified. The aforementioned
peak at 2–5 years of age is reduced, or even absent, for Black Africans and for other develop‐
ing communities [61-63]. In Mexico, for example, two incidence peaks have been reported;
the first occurring at 2–3 years of age and the second at 6–9 [64]. There is also the infant leu‐
kemia (of children under one year old) that is of very bad prognostic and is at least 80% pos‐
itive to MLL translocations, supporting different etiologies between age groups.

Although, the delayed infection and mixing population hypotheses exhibit several points in
common, they exhibit important differences too, for instance, Greaves’ hypothesis is con‐
cerned to common childhood leukemia seen in age group of 2 to 5 years, while, Kinlen has
not associated the leukemia clusters with a particular subtype of disease and has interpreted
his results as all types of childhood leukemia might have a common cause. This argument
could weak his hypothesis since a common etiologic mechanism for the different subtypes
of the disease is difficult to envision. Also, the largest increase in leukemia cases has been
reported for developed countries and Kinlen has not provided an explanation of how his
model of large mixing of urban and rural populations can be extrapolated to or represent an
affluent or aseptic setting.

Given the multifactorial nature of cancer, the role of other environmental and genetic factor
in Kinlen’s proposal is also missing. Kinlen’s studies often seem to be based in the sole ac‐
tion of an infectious agent, but there are not known examples of infectious agents or onco‐
genic insults with full penetrance.

Some studies supporting the population mixing proposal have observed a specific increase
of infant leukemia, which is mostly associated with MLL translocations. It has been reported
that topoisomerase II inhibitors, consumed in some foods during pregnancy or present in
drugs commonly used to treat cancer, are a risk factor for this type of translocation [65, 66].
There are not infectious agents known to promote MLL translocation or to inhibit topoiso‐
merase II enzyme. Therefore, how other environmental insults take part in events of popula‐
tion mixing should also be considered. In this scenario, Greaves model seems more
complete, since it includes the genetic lesions that characterize childhood leukemia. Greaves
usees these genetic lesions to frame a biologically plausible mechanism in which children
are more vulnerable to a leukemogenic process after an untimely infection episode. Still, in
Greaves model, the first and perhaps more important oncogenic hit happens by chance and
therefore his model does not provide an easy target for controlled intervention.

The rise of several types of diseases in recent years, mainly in developed countries, has been
proposed to be associated with increasing hygienic conditions. This hygiene hypothesis
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states that lack of early childhood exposure to microorganisms triggers the appearance of
disease [67]. Although Greaves has modeled his delayed infection proposal in the hygiene hy‐
pothesis, there might be subtle differences between both hypotheses. While the hygiene hy‐
pothesis is highly concerned with acquisition of the human normal flora, Greaves is also
concerned with pathogens that are not life threatening when acquired early. There are many
examples of the latter and several diseases have been associated to delayed infection, exam‐
ples of them are EBV or cytomegalovirus-related infectious mononucleosis, measles and
chickenpox. In these cases, infection in the first years of life leads to mild to no symptoms,
but when acquired late leads to serious and even life threatening diseases and in the case of
EBV, it has been proposed that it predisposes to lymphoma. However, the window in which
these infections become dangerous are usually beyond the years of the higher incidence pick
of childhood leukemia and could only explain leukemia of the teenager or young adult.

Studies in mice are strongly indicative that animals grown in germ free conditions are often
immunologically unsuited to fight infections and that perhaps one of the most important
components of the immune instruction program is the normal flora [68]. Inoculation of pro‐
biotics in germ free mice is associated with development of a regulatory immune response
in mucosa (based mainly in frequencies of regulatory T cells and levels of cytokines IL-10
and TGF-β) and equilibrated Th1/Th2/Th17 environments. Same results have been obtained
after inoculation with several members of Bifidobacterium, which are normal residents of in‐
fant feces [69]. Animals without a normal microbiota often develop fatal responses when
they are challenged with low doses of otherwise controllable pathogens. These results have
supported a model in which humans have co-evolved with their flora and this flora is more
than a passive passenger providing multiple benefits to the host. Several lines of evidence
support that a normal microbiota is necessary for a healthy host metabolism, and also for
what is now known as the microbial immunotraining.

The example of germ free animals, although extreme, points out that looking for infection mark‐
ers of childhood common pathogens might not be indicative of the normal development and
equilibrium of the human microbiota and the immune system, and if it is true that leukemia is
the result of an aberrant immune response, then markers of infections are not representative of
homeostatic acquisition of the normal human flora. In a similar scenario, infections that may
confer risk or protection for leukemia are not necessarily symptomatic, thus, data collection of
infections with clinical symptoms would exclude relevant infections to normal immune system
development. Also, studies that finding that early symptomatic infections are a risk factor for
leukemia might only be reflecting on the antibiotics used to treat those infections and the effects
that they had on the establishment of the children normal microbiota.

There are many diseases with increased incidence in affluent societies. Among the most
studied are asthma, allergies and type 1 diabetes; several studies have tried to link some of
these diseases to childhood leukemia. Linabery et al published a meta-analysis of the differ‐
ent studies searching for association between childhood leukemia and allergy, asthma, ecze‐
ma and hay fever. Although, this meta-analysis shows a protective effect of these diseases,
OR=0.69 (95% CI:0.54-0.89), OR=0.79 (95% CI:0.61-1.02), OR=0.74 (95% CI:0.58-0.96), OR=0.55
(95% CI: 0.46-0.66), respectively, the authors observed high heterogeneity of the data with
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several studies failing to find an effect [70]. Moreover, the overall protection observed ar‐
gues that the same hygienic conditions driving allergies are protecting from childhood leu‐
kemia. An alternative explanation is that the molecular pathway leading to allergy and the
leukemogenesis pathway are mutually exclusive.

A similar approach has been proposed for parasitic infections, since the fall of this type of
infection has been parallel to the increase in allergies and childhood leukemia in most devel‐
oped countries. Furthermore, many parasites drive Th1 immune responses while allergies
are associated with Th2 responses providing a feasible biological frame for protection to al‐
lergies and perhaps childhood leukemia. A few studies have found a correlation between
lack of infection of intestinal parasites and childhood leukemia [71]. However, many auto-
immune diseases also explained by the hygiene hypothesis are triggered by Th1 responses,
such as type 1 diabetes, confusing a mechanistic explanation for this phenomenon and argu‐
ing against a common origin for all these diseases.

7. Conclusion

Different hypotheses have tried to relate the origin of childhood acute lymphoblastic leuke‐
mia to infections and epidemiological, clinical and molecular evidence have been searched
to support them with highly variable results. ALL is a common term that harbors several
diseases varying in their age of presentation, associated genetic lesions, cellular origin and
prognosis, probably reflecting different biological origins and thus suggesting different
causative factors. Hence, although some of the accumulated evidence favors one or other of
the hypotheses there is not a consensus whether infections participate and this participation
is through direct or indirect mechanisms of transformation. Although, the postulated mech‐
anisms differ from each other, they are not mutually exclusive. The causal factors of leuke‐
mia most probably are influenced by complex environmental and genetic interaction with
some of them having greater or lesser roles in different individuals or subtypes of the dis‐
ease. New approaches and methodologies should be used to provide further data support‐
ing the role of infections. In that scenario, more direct markers of aberrant immune
responses should be analyzed to support Greaves proposal. Th1/Th2/Th17 and/or regulatory
immune environments should be tested as early as during pregnancy, lactation or in stored
newborn blood. Next generation technologies should be used to identify novel infectious
agents in ALL samples and to study the microbiota of patients. All these efforts together will
result in a better understanding of the role of infectious agents in childhood ALL, their
mechanisms of leukemogenesis and will provide better points for disease control.
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