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Abstract
Ageing is the leading risk factor for the emergence of cancer in humans. Accumulation of pro-carcinogenic events through-
out life is believed to explain this observation; however, the lack of direct correlation between the number of cells in an 
organism and cancer incidence, known as Peto’s Paradox, is at odds with this assumption. Finding the events responsible 
for this discrepancy can unveil mechanisms with potential uses in prevention and treatment of cancer in humans. On the 
other hand, the immune system is important in preventing the development of clinically relevant tumours by maintaining a 
fine equilibrium between reactive and suppressive lymphocyte clones. It is suggested here that the loss of this equilibrium is 
what ultimately leads to increased risk of cancer and to propose a mechanism for the changes in clonal proportions based on 
decreased proliferative capacity of lymphocyte clones as a natural phenomenon of ageing. This mechanism, being a function 
of the number of cells, provides an explanation for Peto’s Paradox.
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Introduction

Carcinogenesis, multistep models and Peto’s 
paradox

The aetiology of cancer in humans has been the subject of 
intense study since the beginning of medicine as a scientific 
discipline. Although an increasing amount of knowledge has 
accumulated regarding the cellular and molecular mecha-
nisms leading to the malignant transformation of cells and 
there is no doubt that all cancers start with an oncogenic 
mutation, there are still unanswered questions regarding 
how these cellular mutations progress to a clinically relevant 
tumour. One of the more convincing theories on how this 
transformation occurs is the Multistage Model of carcino-
genesis. This model was originally proposed more than 50 
years ago by analysing the epidemiological data of cancer 
in human populations (Nordling 1953). It proposes that the 
pure mutation of a cell is not enough to explain the devel-
opment of clinically relevant tumours, and that more than 

one stage, from the cellular mutation to a clinically relevant 
tumour, is necessary to explain the epidemiological data 
(Armitage and Doll 1954). This was followed by the devel-
opment of diverse models involving two or more steps in line 
with findings in cellular and molecular biological experi-
mental data (Armitage 1985; Chen 1993; Day 1990; Armit-
age and Doll 1961). However, since these models assume 
that all cells in an organism are generally exposed to the 
same risk of mutations, it follows that the number of cells 
in an organism must be in direct proportion with oncogenic 
mutations, and consequently, a higher rate of cancer must 
be expected as the number of cells in an organism increases. 
This assumption is in contradiction with the observation that 
animal species with higher cellularity tend in general to have 
the same (measured by the life expectancy) or lower (meas-
ured in time) risk of cancer than species with lower cellular-
ity. Such incongruence between the predicted outcome given 
by the Multistage Model and the observed phenomena is 
known as Peto’s paradox after Richard Peto introduced it in 
1977 (Peto 1977). Since then, it has been widely considered 
that solving this paradox is of utmost importance because it 
necessarily entails the existence of anti-cancer mechanisms 
strong enough to overcome a disproportionate high number 
of somatic mutations in species with higher cellularity in 
comparison with species with lower cellularity.
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Most hypotheses that attempt to explain Peto’s paradox 
are centred in mechanisms directly related to the mutated tis-
sue, e.g. by decreasing the mutagenic susceptibility of cells, 
decreasing the growth rate, self-tumour control, etc. (Caulin 
and Maley 2011; Maciak and Michalak 2015; DeGregori 
2011; Nagy et al. 2007; Caulin et al. 2015). Although some 
or all of these mechanisms can play a role in the preven-
tion of cancer development, there is a need for a theory 
that is capable of explaining not only possible anti-cancer 
mechanisms, but also that is coherent with the epidemio-
logical data for the incidence of cancer in humans as well 
as other species. In particular, the theory needs to explain 
the strong relation between cancer incidence and ageing 
(Ebbesen 1984), the exceptions to the norm such as the loss 
of increased risk of cancer at very high ages (Evans et al. 
2014), the spontaneous regression of some tumours (Kihara 
et al. 2015; Everson 1964) and the increased incidence of 
cancer in some conditions with no apparent connection to 
increased cellular mutation (Alter 2003). In fact, since the 
number of cells in an organism is in direct relation to the 
probability of malignant cellular mutations, the fact of not 
observing a correlation with clinically detectable tumours 
indicates that in general the tumour suppression effective-
ness of the organism should also be in direct relation to 
their number of cells. We consider here that Peto’s paradox 
comes as a result of considering the development of clini-
cally relevant tumours, exclusively as an intrinsic process 
of the mutated tissue, and not considering the significant 
participation of extrinsic factors such as the immune system.

Tumour immunology

The idea that immune mechanisms should be involved 
in the prevention of cancer formation is almost as old as 
modern immunology. Paul Ehrlich in 1909 suggested that 
the immune system is responsible for the suppression of 
tumour development (Ehrlich 1909). Later, Burnet (1957a, 
b) and Thomas (1982) developed the concept of immune 
surveillance with a controversial period in between when the 
importance of the immune response to tumour suppression 
was questioned based on strong experimental data (Klein and 
Klein 1995; Peto et al. 1975). Interestingly, this period coin-
cides with the formulation of Multistep Models and Peto’s 
Paradox. Today, immunity has finally been established as a 
relevant mechanism in preventing the development of cancer 
(Corthay 2014; Koebel et al. 2007). This fact is reflected in 
the concept of ’immunoediting’, which changes the view of 
immunosurveillance from the ‘policing’, ‘searching–find-
ing’ and elimination of a random oncogenic somatic muta-
tion, to a broader function which includes the intervention 
of immune mechanisms in the natural history of the tumour 
itself (Dunn et al. 2002; Kim et al. 2007; Smyth et al. 2006), 
even being involved in promoting its development through 

suppressor mechanisms (Erfani et al. 2012). In this context, 
the immune system can no longer be seen as an exclusively 
anti-cancer mechanism, but rather as one side of a dialectic 
relationship between immunity and oncogenesis.

Whether or not a mutation will develop into a tumour 
or remain subclinical will be decided by the interaction 
between the mutated tissue and the immune system. In this 
framework, it is not possible to assign either the pure accu-
mulation of mutations or immune surveillance mechanisms 
as being singularly responsible for the emergence or non-
emergence of cancer. Rather, it seems to depend ultimately 
upon the equilibrium between them and whether or not this 
equilibrium is modified by either the predominance of pro-
carcinogenic factors (i.e. carcinogenic events) or by the mod-
ification of immune mechanisms (i.e. immunosuppression) 
(Khatami 2009) (Fig. 1).

On the clinical side, there is now substantial evidence 
for the relevance of immunity in the prevention, control and 
treatment of cancer with the potential use of the manipula-
tion of suppressor and reactive lymphocytes as anti-cancer 
mechanisms (Nishikawa and Sakaguchi 2014), which intend 
to ‘tilt’ the equilibrium in favour of anti-neoplastic mecha-
nisms versus pro-carcinogenic ones.

Immune suppression versus immune reactivity

The relevance of the immune system in the generation 
of cancer is not only tumour prevention, but also tumour 
promotion, as has been seen by suppressive cells favour-
ing the development of cancer by suppressing reactive cells 
against the tumour (Nishikawa and Sakaguchi 2010, 2014; 
Oleinika et al. 2013). On the other hand, suppressor cells 
also seem to be beneficial in preventing cancer associated 
with chronic inflammation (Erdman and Poutahidis 2010; 
Poutahidis et al. 2014; Wilke et al. 2010). In this context, 
it seems that what is relevant for the influence of immu-
nity in cancer development is not suppression or reactivity 
themselves, but rather the balance between them—the rela-
tive proportion they have in each situation. For instance, the 
predominance of suppressive vs reactive lymphocytes is a 
prognostic factor for tumours infiltrated by lymphocytes (Lo 
Presti et al. 2014); a higher CD4-to-CD8 ratio is associated 
with increased survival in oesophageal squamous cell carci-
noma patients (Nozoe et al. 2005). It is then the proportion 
between suppression and reactivity which is relevant for the 
prevention or promotion of cancer in each situation. Tumour 
suppression or tumour promotion should then be contingent 
on the proportion of lymphocyte clones in their relation with 
the mutated tissue.
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Lymphocyte clones proportions

Lymphocyte clones are randomly generated during ontog-
eny of the lymphatic system followed by mechanisms of 
positive and negative clonal selection in the thymus. This 
selection of clones is critical for the normal development of 
the immune system, as can be seen by the pathology shown 
when this selection mechanism is disturbed, for instance, 
by thymectomy at an early stage of the development of an 
individual (Miller 1964). In most cases, the selection process 
in healthy individuals leads to a proportion of lymphocyte 
clones which is fit to maintain an equilibrium between the 
avoidance of autoimmunity and responses to pathogenic 
agents. Since some carcinogenic events occur early in life 
(Carpenter and Bushkin-Bedient 2013), it follows that the 
lymphatic system is efficient enough to prevent the devel-
opment of cancer in the majority of individuals when they 
are in the reproductive period of their lifespan. However, 
as the organism ages, there is a steady increase in the risk 
of cancer. Can this increased risk of cancer be explained 
by a disruption of the original lymphocyte equilibrium set 
in early ontogeny, a change in the clonal ratio in the lym-
phatic system with age, and be part of what is known as 
immunosenescence?

Immunosenescence

Immunosenescence is a term which describes the funda-
mental changes occurring in the hematopoietic system as 
a result of physiological ageing (Snoeck 2013; Sansoni 
et al. 1993). In brief, it implies a decrease in hematopoietic 
stem cell function, a bias for myeloid proliferation at the 
expense of lymphoid proliferation, and other changes. This 
results in a decrease in the T and B cell precursor cell pools 

(Henry et al. 2011; Snoeck 2013; Cho et al. 2008; Smith and 
Daniel 2012; Muller-Sieburg et al. 2004) and perturbations 
of the T-cell receptor repertoire (Qi et al. 2014). Another 
important change during immunosenescence is a decrease in 
thymus function (Sansoni et al. 1993), which by adulthood 
is practically nil. This decreases the pool of naïve T cells, 
with memory T cells filling the gap, hence changing the 
previous balance between naïve and memory T cells. Since 
committed T cells come from the pool of naïve T cells, this 
implies that the clonal numbers and proportions are gen-
erated from a smaller progenitor cell pool. These changes 
seem to alter the balance between clones, which is seen as 
oligo-clonality (Holstege et al. 2014), and an increase in 
inequality among clone sizes and proportions with age (Qi 
et al. 2014; Yan et al. 2010). This fact indicates that changes 
in the proportions among clones do occur in physiological 
ageing (Woolthuis et al. 2011) and may have relevance in the 
steady loss of the ability to suppress tumour development as 
the organism ages.

Numbers and lymphocyte proportions

Proportions among lymphocyte clones are the numerical 
relation among sets of cells with particular characteristics 
and functions. In this context, properties of lymphocytes, 
although important in being a member of a particular clone 
(set), are less important in the determination of the pro-
portion, since their participation is by being counted as a 
member of the clone. In this respect, the proportion among 
clones is a supra-clonal property following mathematical 
laws. These sets of lymphocyte clones are not static, but 
dynamically maintained by a high turnover of cells (Trepel 
1974; Freitas et al. 1986; Rocha et al. 1990). Consequently, 
the relation among clones is maintained by the constant 

Fig. 1  Whether or not a somatic mutation will evolve to a clinically 
significant malignant tumour or be kept under subclinical control is a 
function of several and diverse factors interacting in a complex asso-
ciation. These factors and their interactions are illustrated here over-
simplified by grouping into pro- and anti-carcinogenic factors. When 

pro-carcinogenic factors outweigh anti-carcinogenic factors, the bal-
ance is tipped in favour of tumour progression and vice versa. This 
function is dependent upon the balance of lymphocyte clones at a 
given moment and in a specific case. When suppressive immunocyte 
clones outweigh reactive ones, immune suppression results
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proliferative activity of their precursor cells. As we dis-
cussed before, the pool of T and B cell precursors decreases 
with age, and notwithstanding other mechanisms responsible 
for the changes in the proportion of clones at an advanced 
age, the fact of originating from a smaller number of precur-
sors increases the probability of wider fluctuations in the 
proportions among clones. To illustrate this relation between 
clonal proportion and the number of precursor cells, we use 
the Pólya’s urn model.

Materials and methods

Pólya’s urn

Pólya’s urn is named after the work of Eggenberger and 
Pólya in 1923, which describes how infectious diseases 
spread in a population using an urn model (Eggenberger and 
Pólya 1923). Urn models are useful in probability theory as 
many distributions and processes can be stated in the frame-
work of urn models. In an urn model, we consider one or 
many containers which hold balls of different colours. We 
then draw balls from the urn at random. For example, we can 
consider drawing a ball at random from an urn containing 
a single white ball and a single black ball, noting its colour 
and then returning it to the urn. The probability of drawing 
k white balls after n draws is given by the binomial distribu-
tion with parameter p = 0.5 . In the Pólya’s urn model, a ball 
is chosen uniformly at random from the urn and then a ball 
of the same colour is added to the urn (Fig. 2).

The process is then repeated with the resulting urn. If 
there are r white balls and b black balls in the urn at any 
given moment, then the probability of drawing a black ball 
is p =

b

r+b
 . Since drawing a black ball increases the probabil-

ity that a black ball will be drawn in subsequent steps, this 
becomes a preferential attachment process; once we have 
drawn many black balls, we expect to continue drawing more 
black balls than white balls. Let b0, r0 , respectively, be the 
initial number of black and white balls in the urn and con-
sider Xn , the fraction of balls in the urn that are black after 

n turns. For a finite number of turns, Xn is given by the beta 
binomial distribution with parameters n, �, �  where 
� = b0, � = r0 . In the limiting case where the number of 
turns n goes to infinity, Xn converges to X

∞
 which has the 

beta distribution with parameters �, � (Fig. 3). There are 
many variations on the Pólya’s urn process such as starting 
with more than two different colours of balls and using a 
non-uniform probability for choosing balls. For a better 
examination of these applications and other applications to 
biology, see chapter 9 in Mahmoud (2009).

Urn models have been used to represent several natural 
phenomena, from atoms to human beings. This model is 
chosen to represent the formation of lymphocyte clones from 
their precursor cells, as the generation of clones is a random 
phenomenon (Zilman et al. 2010; Cosette et al. 2015) with 
selection done by the thymus leading to a group of selected 
lymphocyte clones which compete for a fitness landscape 
(Freitas and Rocha 2000).

The idea of using urn models for the generation of clones 
was inspired among many other ideas from the original work 
published by Vaz and Varela where they use an urn model 
to explain the long-term stability of lymphocyte clones or 

Fig. 2  In Pólya’s urn model, a 
ball is drawn at random from an 
urn and replaced and an addi-
tional ball of the same colour 
is added

Fig. 3  Probability density function of X
∞

 with b0 = 5 , r0 = 5
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Eigen behaviour as a result of the recursive cell generation 
of lymphocyte clones (Vaz and Varela 1978).

It does not escape our attention, however, that since the 
progression rate in Polya’s urn model at time t depends on 
the status at time t − 1 , we can only simulate the model 
before or after the decrease in progenitor cells, but not before 
and after in the same simulation. In order to simulate the 
dynamics of lymphocyte proliferation from its ontogeny in 
healthy individuals to their decay with age, the use of other 
mathematical tools may be more suitable, for instance, sto-
chastic differential equations. However, we consider that 
the urn model provides a more didactic demonstration for a 
diverse audience, including those who are not particularly 
versed in mathematics, while at the same time showing 
the correlation between the number of progenitor cells and 
the probability of lymphocyte clone proportions variation, 
which is at the core of this work.

Results

Pólya’s urn simulation

The code used to generate the Polya’s urn data was written 
in Go, using the built-in math/rand library. Post-analysis and 
graph drawing were done in python3 using the pandas and 
matplotlib libraries.

A simplistic case of the urn is represented here to prove 
the principle of correlation between the number of proliferat-
ing cells (balls in the urn) and the variation in the proportion 
of lymphocyte clones (colour proportions). The urn was set 
up with white balls (representing suppressor lymphocyte 
clones) and black balls (representing reactive lymphocyte 
clones).

A computer simulation of the Pólya’s urn process was 
run, taking 2, 20 and 200 initial black and white balls of 
equal initial proportions for each simulation to illustrate the 
probabilities of fluctuation in the proportions of balls and 
their impact on the long-term stability of such proportions 
(Fig. 4).

As demonstrated by the simulations, the probability of 
the variation in the proportion of balls is inversely propor-
tional to the number of the initial balls, and if we consider 
that the proliferation of the lymphocytes is stochastic in 
nature (Cosette et al. 2015; Zilman et al. 2010) following 
the Pólya’s urn model, then we will expect an increased 
probability of variation in the final proportion of clones if 
the number of progenitor cells decreases for any reason. In 
system biology terms, this process can be described as the 
recursive proliferation process of lymphocyte clones creat-
ing an Eigenvalue for the proportion of clones where the 
probability of change is in inverse proportion to the num-
ber of cells recursively producing the lymphocytes. In the 

ontogenia of the creation of clones, the clonal selection 
process in the thymus produces, in the majority of cases, a 
proportion of clones with an Eigenvalue which suppresses 
the development of somatic mutations into a clinically rele-
vant tumour. As the progenitor cells decrease, the likelihood 
of changing the Eigenvalue increases; if this Eigenvalue 
changes, the fitness of this clonal proportion to suppress 
a tumour is also changed. In conclusion, we can say that 
cancer protection is due to an Eigenvalue set by the selec-
tion of clones early in life, and the change of this Eigenvalue 
increases the probability of tumour development.

Discussion

A clinical example of progenitor cell depletion: 
Fanconi’s anaemia

There are several real-life phenomena correlating the deple-
tion of the progenitor cells to the increased risk of cancer, for 
instance, myelodysplastic syndromes, immunosuppression 
(Corthay 2014), chemotherapy and radiation (Kodama et al. 
2012). For the sake of brevity, only Fanconi’s anaemia will 
be discussed here as an example of genetic disorders asso-
ciated with premature failure of the bone marrow and their 
correlation with cancer.

Fanconi’s anaemia is a myelodysplastic genetic disorder 
characterized by progressive bone marrow failure, diverse 
congenital malformations and premature increased risk of 
cancer. In these patients, there is a progressive change in 
the number and proportions of lymphatic cells in compari-
son with healthy individuals. For instance, there is an early 
impairment of the hematopoietic stem and progenitor cell 
pool (Ceccaldi et al. 2012), a reduction in absolute lympho-
cyte counts (Myers et al. 2011), a decreased proportion of 
T CD8+ cells and natural killer (NK) cells, an imbalance of 
NK lymphocyte subsets, a lower number of cytotoxic cells 
and impairment in the differentiation of the NK cells subsets 
(Justo et al. 2014; Korthof et al. 2013). These data show 
that the progression of bone marrow failure in this group 
of patients correlates with an increased probability of ratio 
variation among clones.

According to this proposal, the increased probability of 
proportion variation among clones will change the previous 
equilibrium of lymphocyte clones in their interaction with 
subclinical malignancy. The variation in these proportions 
creates the possibility for the establishment of proportions 
favouring the progression of tumours, explaining the occur-
rence of premature cancer in this group of patients. Here, 
progressive bone marrow failure correlates with cancer risk.

It is interesting to observe a predominance of myelo-
cytic leukaemia (Alter 2003) in these patients early in 
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life, reproducing the adult rather than the paediatric type 
(lymphocytic). This highlights the fact that a premature 
deterioration of the progenitor cell pool is more relevant 
than chronological age, since myelodysplasia in Fanconi’s 
anaemia patients can be interpreted as premature ageing of 
the bone marrow, correlating with the premature increase 
in risk of cancer. In other conditions of premature ageing, 
as in Werner’s syndrome, there is also a premature change 
in the lymphatic population following patterns of physi-
ological ageing, with a premature increased risk of cancer 
as well (Goto et al. 1979, 1985).

Cancer risk, number of cells and Peto’s paradox

Returning to Peto’s Paradox, how are blue whales protected 
from cancer despite their increased number of carcinogenic 
somatic mutations in comparison with smaller vertebrates? 
If we assume the Pólya’s urn model to be correctly applied 
here and we consider that the myeloid tissue is proportional 
to the total mass of the individual, then humans have more 
lymphoid progenitor cells than mice and less than whales 
by the order of thousands. Because as a property of the 
Pólya’s urn model, the increase in probability of variation 
in the proportion of clones is in an inverse relation to the 

Fig. 4  Rolling mean ratio of white balls to total balls in a Pólya’s urn 
simulation. The simulations were initialized with a 2, b 20 and c 200 
for each colour of white and black balls. The simulation was run for 
1000 draws/replacements, with the rolling mean taken over 10 draws. 
The standard deviation at the end of the draws was 0.291, 0.112 and 

0.031, respectively. The code used to generate the Pólya’s urn data 
was written in Go, using the built-in math/rand library. Post-analysis 
and graph drawing were done in python3 using the pandas and mat-
plotlib libraries
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number of progenitor cells, such variation will be more 
pronounced in an organism with smaller lymphoprolifera-
tive mass (mice) than others with larger proliferative mass 
(humans or whales). This creates a situation where an animal 
with a smaller lymphocyte progenitor mass is at higher risk 
of clonal proportion variations, by virtue of an increased 
standard deviation in the final proportion of clones, than an 
animal with higher lymphocyte proliferative mass. In this 
context, once immunosenescence starts, it will take less 
physiological time (depending upon metabolism) in a mouse 
to get to critical fluctuations in the ratio of clones than in the 
case of a human, not to mention the time associated with a 
blue whale (Fig. 5).

It seems that each species in general, regardless of its 
size, develops an adequate proportion of lymphatic clones 
during ontogeny which prevents the progression from onco-
genic mutations to clinically significant tumours during 
their reproductive age span. Since longevity will, in gen-
eral, require longer tumour suppression and according to 
the theory proposed here, a larger lymphatic mass, this may 
also explain the general correlation between species’ size 

and longevity. In brief, this will provide a solution to Peto’s 
paradox which can be summarized as: the strength of cancer 
protection is in direct relation to the number of lymphatic 
precursor cells at a given time. While the number of cells in 
an individual will increase the number of somatic mutations, 
these mutations will be kept under control by a proportion 
of lymphatic clones set during ontogeny to a fitness which, 
in general, results in a low cancer incidence during repro-
ductive age. Because the effectiveness of immune control 
of the tumours is due to the proportion of clones and not 
the absolute number, it matters less if there are 10 or 1000 
oncogenic mutations than if there are 10 or 1000 lymphocyte 
progenitors, since a change in the number of proliferative 
lymphatic cells will determine the variation in clonal pro-
portions, which is critical in maintaining effective tumour 
suppression. Consequently, after normal clonal selection in 
ontogeny, the lymphoid proliferative mass generally will 
have a direct correspondence with tumour suppression capa-
bility and therefore cancer risk.

The exceptions

There are cases that seem to defy this theoretical explana-
tion, for instance, naked mole rats (Fisher 2015) and turtles, 
to mention a few which have a decreased risk of cancer in 
comparison with other species of their size and longevity. 
Notwithstanding other relevant anti-tumour mechanisms, a 
possible explanation is the low metabolic rate these animals 
experience, since this will decrease the rate at which immu-
nosenescence occurs. If this is the case, then the physiologi-
cal ageing of the lymphatic system and not the chronological 
ageing of the individual will be the determining factor for 
the increase in cancer risk during normal ageing, pathologi-
cal ageing as in Werner’s Syndrome (Goto et al. 1979), in 
myelodysplasias or even iatrogenic as in the case of bone 
marrow ablation in bone marrow transplants or the survivors 
of atomic bomb exposure (Kodama et al. 2012).

Another observation which intuitively contradicts the 
theory presented here is the increased cancer rate observed 
in large breeds of dogs in comparison with small ones (Dob-
son 2013), and although at a lesser degree, this correlation 
is also found in humans (Gunnell et al. 2001). A possible 
explanation is that immunosenescence as a physiological 
process of ageing is constant within any given species. Since 
cancer risk depends upon the balance between pro-carcino-
genic and anti-carcinogenic factors (Fig. 1), the increased 
number of cells (and therefore number of mutations) will 
have an increased carcinogenic bearing in the equation, simi-
lar to that found in individuals exposed to mutagenic agents. 
Here, Peto’s paradox is not observed because the immune 
factor is a constant within the same species. However, 
between species, the senescence process differs not only 
with regard to longevity, which indicates that senescence 

Fig. 5  In theory, the triangles represent the bone marrow precursor 
cell mass and its decline in the last half of the life span in blue whale, 
human, Fanconi’s anaemia patient and mice. The dotted line repre-
sents the logarithmic increase in the incidence of cancer with age. 
Since the probability of variation in lymphocyte clonal proportions 
depends inversely upon the number of proliferating precursors, mice 
are at higher risk of cancer development over the same time period 
than humans or blue whales, and humans are at higher risk than blue 
whales. The situation in Fanconi’s anaemia patients is due to pre-
mature bone marrow failure, leading to reduced precursor cell mass. 
Peto’s paradox is solved because although the number of somatic 
mutations is in relation to the cellularity and life expectancy of the 
individual, the probability of variation in the proportions of clones is 
in an inverse relation to the number of progenitor cells and this num-
ber correlates with the cellularity of the organism
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occurs at different times in a mice than in a human or a blue 
whale. Yet, in equal immune conditions, as in members of 
the same species, an increased number of mutations, not 
only from increased cellularity but also from exposure to 
mutagenic agents, will increase the risk of cancer. In this 
context, the existence of Peto’s paradox between different 
species and its absence within members of the same species 
is not contradictory.

Conclusion

The proposed mechanism here is based upon the mathemati-
cal properties of lymphocyte proliferation which gives an 
explanation for Peto’s paradox and may also help to explain 
tumour development in general and the increased risk of 
cancer with age. Ageing needs to be understood as a physi-
ological rather than a chronological phenomenon, although 
in many instances they correlate. In this model, clonal 
proportions of lymphocytes are stressed as a fundamental 
aspect in the outcome of the relation between mutated tis-
sues and immune-driven events. Such a relation seems to be 
established in the ontogeny of the lymphatic system which, 
selected by evolution, is tuned to protect the individual 
from clinical cancer development during the reproductive 
age. Ageing of the lymphatic system increases the possibil-
ity of clone proportion changes leading to an increased risk 
of cancer in a time when the individual is less relevant for 
the survival of the species, and on the contrary, elimination 
of the non-reproductive members of the species can in fact 
be seen as an advantage for the survival of the species by 
decreasing competition in a fitness landscape.

Although this model predicts that the probability of 
fluctuation in the ratio of clones increases as the number 
of lymphatic progenitor cells decreases, it does not imply 
that the variation in clonal proportions will always favour 
tumour development. If this were the case, then theoreti-
cally all individuals will necessarily have cancer as age pro-
gresses, which is not the case. The probabilistic aspect of 
this model implies that the change in ratio can also favour 
tumour suppression, for instance, more reactivity in sub-
clinical tumours. Interestingly, this also explains why the 
exponential increase in the probability of cancer with age 
is lost at very high ages (Evans et al. 2014) and the rare but 
real spontaneous remission of tumours (Kihara et al. 2015; 
Everson 1964). These observable phenomena—the logarith-
mic increase in the risk of cancer with age, the loss of this 
increase at a very high age and the spontaneous remission 
of cancer—are explained by the probabilistic aspect of the 
change in the proportion of clones.

In this model, the emergence or non-emergence of can-
cer in an individual is given by a stochastic process and as 
such it helps to understand real-life observable phenomena 

in cancer, for instance, only a proportion of ageing humans 
will have cancer, and not all myelodysplastic syndromes, 
Fanconi’s anaemia patients, immunosuppressed patients, 
smokers, victims of atomic bomb, experimental animals 
subject to pro-carcinogenic agents, etc. will acquire cancer. 
With a deterministic model, it is difficult to explain how a 
proven inductor of cancer lacks the cause–effect consist-
ency, and hence, collateral explanations to fit the model are 
required. With a probabilistic model, however, it is expected 
to have such ’inconsistency’ in the observable phenomena, 
even for seemingly opposite results as is the case of cancer 
development and cancer regression, here explained by the 
same process.

The proposed model is in line with the Multistep Model 
with the only difference that the initiation step, carcinogenic 
mutation of the tissue, will be followed by escape of immu-
nological control as the final step, which does not depend 
directly on the mutated tissue but rather on the changes in 
the immune system. This model also implies that exposure 
to chemical or physical agents does not necessarily need to 
be mutagenic in nature to have a carcinogenic potential, but 
exposure to substances or physical forces affecting the bone 
marrow are potentially carcinogenic (Thompson et al. 2015). 
This can have implications for the way we test the potential 
carcinogenesis of products or practices, since safety tests 
usually are restricted to their mutagenic potential.

This proposal is also in line with previous work, sug-
gesting that ageing and somatic evolution of the hematopoi-
etic system are driven by non-cell autonomous processes 
(Rozhok et al. 2014), that clonal equilibrium is important in 
the development of cancer (Nishikawa and Sakaguchi 2010), 
and that disruption of immunity modifies the risk of cancer 
(Whiteside 2012).

It is not the intention here to reduce cancer development 
to only one factor. Cancer is a complex biological phenom-
enon which must have several mechanisms and variations 
not only among species but also in different conditions in the 
same individual. Not only are malignant tumours a diverse 
array of pathological entities, some related to viruses, some 
to genetic factors and others with a strong link to environ-
mental hazards, but the immune system is also a complex 
network of interdependently related cellular and molecular 
mechanisms. However, the mechanism proposed here may 
be considered as a general process in cancer generation 
which may help to explain some phenomena and paradoxes 
difficult to explain in a deterministic model, as may be the 
case but not limited to the explanation of Peto’s Paradox.

Acknowledgements I would like to acknowledge Santiago Salazar-
Guerrero for his collaborations with the Polya’s urn simulations. I 
would also like to acknowledge and thank the late Ann Kyle (Ann Kyle 
passed away on December 31, 2018, after a long journey with cancer.) 
for the insightful review and editing of the manuscript and Shereen Akl 
for editing and formatting the manuscript.



249Theory in Biosciences (2019) 138:241–250 

1 3

Compliance with ethical standards 

Conflict of interest The author declare that there is no conflict of inter-
est.

Human and animals rights This article does not contain any studies 
with human participants or animals performed by any of the authors.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Alter BP (2003) Cancer in Fanconi anemia, 1927–2001. Cancer 
97(2):425–440

Armitage P (1985) Multistage models of carcinogenesis. Environ 
Health Perspect 63:195–201

Armitage P, Doll R (1954) The age distribution of cancer and a multi-
stage theory of carcinogenesis. Br J Cancer 8(1):1–12

Armitage P, Doll R (1961) Stochastic models for carcinogenesis. In: 
Proceedings of the fourth Berkeley symposium on mathematical 
statistics and probability, volume 4: contributions to biology and 
problems of medicine, Berkeley, California, University of Cali-
fornia Press, pp 19–38

Burnet M (1957a) Cancer; a biological approach. I. The processes of 
control. Br Med J 1(5022):779–786

Burnet M (1957b) Cancer: a biological approach. III. Viruses associ-
ated with neoplastic conditions. IV. Practical applications. Br Med 
J 1(5023):841–847

Carpenter DO, Bushkin-Bedient S (2013) Exposure to chemicals and 
radiation during childhood and risk for cancer later in life. J Ado-
lesc Health 52(5 Suppl):S21–29

Caulin AF, Maley CC (2011) Peto’s Paradox: evolution’s prescription 
for cancer prevention. Trends Ecol Evol (Amst) 26(4):175–182

Caulin AF, Graham TA, Wang LS, Maley CC (2015) Solutions to 
Peto’s paradox revealed by mathematical modelling and cross-
species cancer gene analysis. Philos Trans R Soc Lond B Biol Sci. 
https ://doi.org/10.1098/rstb.2014.0222

Ceccaldi R, Parmar K, Mouly E, Delord M, Kim JM, Regairaz M, 
Pla M, Vasquez N, Zhang QS, Pondarre C, Peffault de Latour R, 
Gluckman E, Cavazzana-Calvo M, Leblanc T, Larghero J, Grompe 
M, Socie G, D’Andrea AD, Soulier J (2012) Bone marrow failure 
in Fanconi anemia is triggered by an exacerbated p53/p21 DNA 
damage response that impairs hematopoietic stem and progenitor 
cells. Cell Stem Cell 11(1):36–49

Chen CW (1993) Armitage–Doll two-stage model: implications and 
extension. Risk Anal 13(3):273–279

Cho RH, Sieburg HB, Muller-Sieburg CE (2008) A new mechanism for 
the aging of hematopoietic stem cells: aging changes the clonal 
composition of the stem cell compartment but not individual stem 
cells. Blood 111(12):5553–5561

Corthay A (2014) Does the immune system naturally protect against 
cancer? Front Immunol 5:197

Cosette J, Moussy A, Onodi F, Auffret-Cariou A, Neildez-Nguyen TM, 
Paldi A, Stockholm D (2015) Single cell dynamics causes Pareto-
like effect in stimulated T cell populations. Sci Rep 5:17756

Day NE (1990) The Armitage–Doll multistage model of carcinogen-
esis. Stat Med 9(6):677–679

DeGregori J (2011) Evolved tumor suppression: why are we so good at 
not getting cancer? Cancer Res 71(11):3739–3744

Dobson JM (2013) Breed-predispositions to cancer in pedigree dogs. 
ISRN Vet Sci 2013:941275

Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD (2002) Cancer 
immunoediting: from immunosurveillance to tumor escape. Nat 
Immunol 3(11):991–998

Ebbesen P (1984) Cancer and normal ageing. Mech Ageing Dev 
25(3):269–283

Eggenberger F, Pólya G (1923) Über die Statistik verketteter Vorgänge. 
ZAMM - Zeitschrift für Angewandte Mathematik und Mechanik 
3:279–289

Ehrlich P (1909) Üeber den jetzigen Stand der Karzinomforschung. 
Ned Tijdschr Geneeskd 5:273–290

Erdman SE, Poutahidis T (2010) Cancer inflammation and regulatory 
T cells. Int J Cancer 127(4):768–779

Erfani N, Mehrabadi SM, Ghayumi MA, Haghshenas MR, Mojtahedi 
Z, Ghaderi A, Amani D (2012) Increase of regulatory T cells in 
metastatic stage and CTLA-4 over expression in lymphocytes of 
patients with non-small cell lung cancer (NSCLC). Lung Cancer 
77(2):306–311

Evans CJ, Ho Y, Daveson BA, Hall S, Higginson IJ, Gao W (2014) 
Place and cause of death in centenarians: a population-based 
observational study in England, 2001 to 2010. PLoS Med 
11(6):e1001653

Everson TC (1964) Spontaneous regression of cancer. Ann N Y Acad 
Sci 114:721–735

Fisher GJ (2015) Cancer resistance, high molecular weight hyaluronic 
acid, and longevity. J Cell Commun Signal 9(1):91–92

Freitas AA, Rocha B (2000) Population biology of lymphocytes: the 
flight for survival. Annu Rev Immunol 18:83–111

Freitas AA, Rocha B, Coutinho AA (1986) Lymphocyte population 
kinetics in the mouse. Immunol Rev 91:5–37

Goto M, Horiuchi Y, Okumura K, Tada T, Kawata M, Ohmori K 
(1979) Immunological abnormalities of aging: an analysis of T 
lymphocyte subpopulations of Werner’s syndrome. J Clin Invest 
64(3):695–699

Goto M, Tanimoto K, Miyamoto T (1985) Immunological aspects of 
Werner’s syndrome: an analysis of 17 patients. Adv Exp Med 
Biol 190:263–284

Gunnell D, Okasha M, Smith GD, Oliver SE, Sandhu J, Holly JM 
(2001) Height, leg length, and cancer risk: a systematic review. 
Epidemiol Rev 23(2):313–342

Henry CJ, Marusyk A, DeGregori J (2011) Aging-associated changes 
in hematopoiesis and leukemogenesis: what’s the connection? 
Aging (Albany NY) 3(6):643–656

Holstege H, Pfeiffer W, Sie D, Hulsman M, Nicholas TJ, Lee CC, Ross 
T, Lin J, Miller MA, Ylstra B, Meijers-Heijboer H, Brugman MH, 
Staal FJ, Holstege G, Reinders MJ, Harkins TT, Levy S, Sister-
mans EA (2014) Somatic mutations found in the healthy blood 
compartment of a 115-yr-old woman demonstrate oligoclonal 
hematopoiesis. Genome Res 24(5):733–742

Justo GA, Bitencourt MA, Pasquini R, Castelo-Branco MT, Almeida-
Oliveira A, Diamond HR, Rumjanek VM (2014) Immune status 
of Fanconi anemia patients: decrease in T CD8 and CD56dim 
CD16+ NK lymphocytes. Ann Hematol 93(5):761–767

Khatami M (2009) Inflammation, aging, and cancer: tumoricidal ver-
sus tumorigenesis of immunity: a common denominator mapping 
chronic diseases. Cell Biochem Biophys 55(2):55–79

Kihara K, Fujita S, Ohshiro T, Yamamoto S, Sekine S (2015) Spontane-
ous regression of colon cancer. Jpn J Clin Oncol 45(1):111–114

Kim R, Emi M, Tanabe K (2007) Cancer immunoediting from immune 
surveillance to immune escape. Immunology 121(1):1–14

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1098/rstb.2014.0222


250 Theory in Biosciences (2019) 138:241–250

1 3

Klein G, Klein E (1995) Tumour immunology. Academic Press, Lon-
don, pp 203–221

Kodama K, Ozasa K, Okubo T (2012) Radiation and cancer risk in 
atomic-bomb survivors. J Radiol Prot 32(1):N51–54

Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, Smyth 
MJ, Schreiber RD (2007) Adaptive immunity maintains occult 
cancer in an equilibrium state. Nature 450(7171):903–907

Korthof ET, Svahn J, Peffault de Latour R, Terranova P, Moins-Teis-
serenc H, Socie G, Soulier J, Kok M, Bredius RG, van Tol M, 
Jol-van der Zijde EC, Pistorio A, Corsolini F, Parodi A, Battaglia 
F, Pistoia V, Dufour C, Cappelli E (2013) Immunological profile 
of Fanconi anemia: a multicentric retrospective analysis of 61 
patients. Am J Hematol 88(6):472–476

Lo Presti E, Dieli F, Meraviglia S (2014) Tumor-infiltrating γδ T lym-
phocytes: pathogenic role, clinical significance, and differential 
programing in the tumor microenvironment. Front Immunol 5:607

Maciak S, Michalak P (2015) Cell size and cancer: a new solution to 
Peto’s paradox? Evol Appl 8(1):2–8

Mahmoud Hosam M (2009) Polya urn models. CRC Press Taylor and 
Francis Group, Boca Raton

Miller JF (1964) The thymus and the development of immunologic 
responsiveness. Science 144(3626):1544–1551

Muller-Sieburg CE, Cho RH, Karlsson L, Huang JF, Sieburg HB 
(2004) Myeloid-biased hematopoietic stem cells have extensive 
self-renewal capacity but generate diminished lymphoid progeny 
with impaired IL-7 responsiveness. Blood 103(11):4111–4118

Myers KC, Bleesing JJ, Davies SM, Zhang X, Martin LJ, Mueller R, 
Harris RE, Filipovich AH, Kovacic MB, Wells SI, Mehta PA 
(2011) Impaired immune function in children with Fanconi anae-
mia. Br J Haematol 154(2):234–240

Nagy JD, Victor EM, Cropper JH (2007) Why don’t all whales have 
cancer? A novel hypothesis resolving Peto’s paradox. Integr Comp 
Biol 47(2):317–328

Nishikawa H, Sakaguchi S (2010) Regulatory T cells in tumor immu-
nity. Int J Cancer 127(4):759–767

Nishikawa H, Sakaguchi S (2014) Regulatory T cells in cancer immu-
notherapy. Curr Opin Immunol 27:1–7

Nordling CO (1953) A new theory on cancer-inducing mechanism. Br 
J Cancer 7(1):68–72

Nozoe T, Maehara Y, Sugimachi K (2005) Preoperative sorting of cir-
culating T lymphocytes in patients with esophageal squamous 
cell carcinoma: its prognostic significance. World J Gastroenterol 
11(42):6689–6693

Oleinika K, Nibbs RJ, Graham GJ, Fraser AR (2013) Suppression, 
subversion and escape: the role of regulatory T cells in cancer 
progression. Clin Exp Immunol 171(1):36–45

Peto R (1977) Epidemiology, multistage models, and short-term muta-
genicity tests. In: Hiatt H, Watson J, Winsten J (eds) Origins of 
human cancer: book C human risk assessment, vol 4. United 
States of America, cold spring harbor conferences on cell prolif-
eration, Cold Spring Harbor Laboratory, pp 1403–1428

Peto R, Roe FJ, Lee PN, Levy L, Clack J (1975) Cancer and ageing in 
mice and men. Br J Cancer 32(4):411–426

Poutahidis T, Kleinewietfeld M, Erdman SE (2014) Gut microbiota 
and the paradox of cancer immunotherapy. Front Immunol 5:157

Qi Q, Liu Y, Cheng Y, Glanville J, Zhang D, Lee JY, Olshen RA, 
Weyand CM, Boyd SD, Goronzy JJ (2014) Diversity and clonal 

selection in the human T-cell repertoire. Proc Natl Acad Sci USA 
111(36):13139–13144

Rocha B, Penit C, Baron C, Vasseur F, Dautigny N, Freitas AA (1990) 
Accumulation of bromodeoxyuridine-labeled cells in central 
and peripheral lymphoid organs: minimal estimates of produc-
tion and turnover rates of mature lymphocytes. Eur J Immunol 
20(8):1697–1708

Rozhok AI, Salstrom JL, DeGregori J (2014) Stochastic modeling indi-
cates that aging and somatic evolution in the hematopoetic system 
are driven by non-cell-autonomous processes. Aging (Albany NY) 
6(12):1033–1048

Sansoni P, Cossarizza A, Brianti V, Fagnoni F, Snelli G, Monti D, 
Marcato A, Passeri G, Ortolani C, Forti E (1993) Lymphocyte 
subsets and natural killer cell activity in healthy old people and 
centenarians. Blood 82(9):2767–2773

Smith JA, Daniel R (2012) Stem cells and aging: a chicken-or-the-egg 
issue? Aging Dis 3(3):260–268

Smyth MJ, Dunn GP, Schreiber RD (2006) Cancer immunosurveillance 
and immunoediting: the roles of immunity in suppressing tumor 
development and shaping tumor immunogenicity. Adv Immunol 
90:1–50

Snoeck HW (2013) Aging of the hematopoietic system. Curr Opin 
Hematol 20(4):355–361

Thomas L (1982) On immunosurveillance in human cancer. Yale J Biol 
Med 55(3–4):329–333

Thompson PA, Khatami M, Baglole CJ, Sun J, Harris SA, Moon EY, 
Al-Mulla F, Al-Temaimi R, Brown DG, Colacci A, Mondello 
C, Raju J, Ryan EP, Woodrick J, Scovassi AI, Singh N, Vaccari 
M, Roy R, Forte S, Memeo L, Salem HK, Amedei A, Hamid 
RA, Lowe L, Guarnieri T, Bisson WH (2015) Environmental 
immune disruptors, inflammation and cancer risk. Carcinogenesis 
36(Suppl 1):S232–253

Trepel F (1974) Number and distribution of lymphocytes in man. A 
critical analysis. Klin Wochenschr 52(11):511–515

Vaz NM, Varela FJ (1978) Self and non-sense: an organism-centered 
approach to immunology. Med Hypotheses 4(3):231–267

Whiteside TL (2012) What are regulatory T cells (Treg) regulating in 
cancer and why? Semin Cancer Biol 22(4):327–334

Wilke CM, Wu K, Zhao E, Wang G, Zou W (2010) Prognostic signifi-
cance of regulatory T cells in tumor. Int J Cancer 127(4):748–758

Woolthuis CM, de Haan G, Huls G (2011) Aging of hematopoietic 
stem cells: Intrinsic changes or micro-environmental effects? Curr 
Opin Immunol 23(4):512–517

Yan J, Greer JM, Hull R, O’Sullivan JD, Henderson RD, Read SJ, 
McCombe PA (2010) The effect of ageing on human lymphocyte 
subsets: comparison of males and females. Immun Ageing 7:4

Zilman A, Ganusov VV, Perelson AS (2010) Stochastic models of 
lymphocyte proliferation and death. PLoS ONE. https ://doi.
org/10.1371/journ al.pone.00127 75

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0012775
https://doi.org/10.1371/journal.pone.0012775

	A mathematical solution to Peto’s paradox using Polya’s urn model: implications for the aetiology of cancer in general
	Abstract
	Introduction
	Carcinogenesis, multistep models and Peto’s paradox
	Tumour immunology
	Immune suppression versus immune reactivity
	Lymphocyte clones proportions
	Immunosenescence
	Numbers and lymphocyte proportions

	Materials and methods
	Pólya’s urn

	Results
	Pólya’s urn simulation

	Discussion
	A clinical example of progenitor cell depletion: Fanconi’s anaemia
	Cancer risk, number of cells and Peto’s paradox
	The exceptions

	Conclusion
	Acknowledgements 
	References




