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Inflammation is a balancing act — neither too much nor too little is desirable. Luckily, the host response can
usually eradicate an infection while counterbalancing the inflammatory response with programs for resolution and
repair. However in certain situations, this system of checks and balances breaks down. For example, in sepsis,
dysregulation of the immune system can result in reactions ranging from inflammation-induced organ failure to
dangerous immunosuppression [1]. The inability to return to homeostasis despite proper supportive care is also
evident in the pathophysiology of other high mortality infectious diseases, suggesting that there might be an
underlying mechanism connecting them.

Studies of individuals that are naturally resistant to infection-related mortality might help us better understand
the mechanisms driving the underlying immune system dysregulation. Interestingly, human epidemiology indicates
that children — especially prepubertal children — are one such group. For example, mortality data from the 1918
pandemic flu show that children between the ages of 5 and 14 (age of puberty onset then) had much better survival
rates than young adults — despite similar rates of infection [21. Importantly, this pattern extends to other high
mortality infectious diseases such as tuberculosis, Ebola, yellow fever, pneumonia, chicken pox and sepsis (see
Table 1 [3)).

Our laboratory has developed animal models of this intriguing phenomenon. We found that in comparison with
postpubertal mice, prepubertal mice exhibited decreased morbidity and mortality in both HIN1 influenza infection
and an endotoxemia model of sepsis [4,5]. Similar results have been reported in other mammalian models [6,7]. Our
animal studies in particular highlight the importance of the pubertal transition in driving the survival difference. For
example, survival from HIN1 influenza infection was higher in mice in which sexual development was halted via
gonadectomy prior to puberty or by pharmacologic blockade using a gonadotropin-releasing hormone agonist [4].

Why are prepubertal children more resilient?

We all know it is ‘good to be young’, but what is the mechanism driving increased prepubertal survival in high-

mortality infectious diseases? We postulate that this resilience is the product of age-specific regulation of the immune

system. Why might this age be immunologically special? First, in comparison with infants and young children,

prepubertal children can manifest more competent immune responses. However, they have not yet experienced the

sex-hormone mediated immunological reprogramming of puberty. Second, in the context of evolution, prepuberty

is a unique life-stage characterized by specific energetic goals. At puberty, these goals shift dramatically from somatic

maintenance (which includes immunity) to growth and reproduction and are subject to developmental plasticity. )
Taken together, we believe that studying the prepubertal developmental stage may provide insight into reversingan ~ Future: Ty
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The prepubertal immune system is at a unique place in development

Although innate immunity develops quickly throughout the first months of life, to ensure adequate protection
against infection, infants rely heavily on immunoglobulins shared with them in their mothers’ milk. Even after
weaning, young children still lack an experienced adaptive immune system, leaving them susceptible to infectious
diseases [8]. Entry into older childhood (by the age of 4 or 5) precipitates a drastic drop in this susceptibility. During
this time, adaptive immunity matures, a diverse memory lymphocyte repertoire develops and the thymus steadily
shrinks in size [8,9].

What differentiates the immune system before and after puberty is a series of sexually dimorphic changes
occurring in response to sex hormones. For example, at puberty the risk for autoimmune diseases increases in
females while the risk for allergic diseases decreases in males [10,11]. In contrast with these sexually dimorphic
changes, much less is known regarding the potential effects of gonadal steroids on both sexes. This is an important
gap in knowledge considering that in the epidemiology of childhood resistance to mortality from severe infections
and in data obtained from animal models, the age-related survival difference is similar in both males and females.

Data from our group’s animal studies indicate that estrogen may unilaterally disrupt prepubertal resistance
to mortality in both sexes. In HIN1 influenza infection, the survival benefit gained by preventing puberty
through gonadectomy was lost when estrogen or testosterone was administered. However, dihydrotestosterone,
which, unlike testosterone, cannot be converted to estrogen, did not reverse the survival benefit of gonadectomy.
Furthermore, estrogen receptor antagonism with fulvestrant in both male and female pubertal mice resulted in
improved survival [4]. In contrast with our findings that treatment of prepubertal animals with estrogen increases
mortality from endotoxemia and HIN1 influenza, data does exist in adult rodents and humans that demonstrate
a survival benefit of estrogen in critical illness and certain infectious diseases [12,13]. These discordant findings are
consistent with the known complexity of sex hormones, including opposite effects depending on dose [12].

The potential for estrogen to have sex-independent effects on the immune system is logical, considering the
essential role that it plays in the pubertal development of both sexes. At the beginning of male and female puberty,
plasma levels of estrogen rise, stimulating the pubertal growth spurt. Although the increase in estrogen occurs earlier
in girls than in boys, the bioactive hormone levels for growth in both sexes are equivalent when growth velocity
peaks. Estrogen is also critical for promoting skeletal maturation and the cessation of longitudinal growth [14]. The
importance of estrogen to both male and female puberty provides a biological precedent for its ability to alter
resistance to high-mortality infectious diseases in both sexes.

The time between childhood & puberty has an evolutionary significance

We believe that additional clues to the unique immunological status of prepubertal children can be identified
through the lens of evolutionary life history theory. Evolutionary life history theory deals with an organism’s
strategic distribution of energetic resources toward growth, reproduction and somatic maintenance (which includes
immunity). The theory predicts that natural selection will foster physiological mechanisms that allow for plasticity
in the allocation of energy by linking specific life history stages to different energetic trade-offs.

In humans, the shift from early childhood to prepuberty is marked by several key processes: adrenarche (the
initiation of adrenal androgen production), deceleration of growth and changes in adipose composition [15]. While
the energetic prerogatives of prepuberty are somatic maintenance and a slow but steady rate of growth, during
puberty, resources are shifted to fueling reproductive development and a rapid growth spurt [9]. It is possible that an
increase in postpubertal mortality from infections is an accidental consequence of this shift in energetic priorities.
The evolutionary importance of this transition is reflected in the great degree of plasticity available in the timing of
puberty. Challenging environmental conditions like famine or infectious disease can halt or in some cases expedite
sexual development [16].

In summary, the prepubertal developmental stage has specific energetic priorities that are subject to significant
developmental plasticity in the transition through puberty. We hypothesize that these factors may contribute to an
immunological profile that is unique to prepubertal individuals.

Next steps in exploring prepubertal resistance

We currently lack a detailed mechanism for prepubertal resilience. We hypothesize that it relates to a unique
prepubertal immune profile characterized by immuno-competence, developmental plasticity and a lack of exposure
to sex hormones. In the following section, we present some important next steps in the exploration of this hypothesis.
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A conservative, but still important next step is to explore the prepubertal resistance phenomenon using additional
animal models of infectious disease. A particularly useful next step would be to study a larger mammal, such as
the rabbit, which exhibits immune responses to infection that are more similar to those found in humans [17,18].
Additionally, comparing prepubertal resistance across multiple infectious diseases will help identify common
regulatory processes at work.

After characterizing new models of prepubertal resistance, additional studies are warranted to dissect the unique
regulatory environment that is driving prepubertal survival, including the role of sex hormones. One intriguing
observation is that an adoptive transfer of prepubertal, but not postpubertal, peritoneal cells prior to an endotoxemia
improved the survival of postpubertal recipient mice [5]. This suggests that the factors promoting survival were
contained within the cells. Isolation of the causal cell would allow for detailed molecular profiling that could
illuminate the mechanisms behind age-dependent responses to infection. Additional mechanistic studies using
pharmacologic inhibition or genetic disruption of the estrogen receptor family and more exploration of other
hormones (e.g., progesterone) would be useful. Assessing the epigenetic effects of estrogen at puberty may also be a
useful next step [19]. Finally, the discussion of evolutionary perspectives above emphasized the potential influence of
changing metabolic and energy requirements on the immune system. Direct comparison of immuno-metabolism
in key leukocyte populations across the pubertal divide may provide valuable information in this regard [20].

Conclusion

Based on epidemiological data in humans and preliminary experimental data in mice, prepubertal animals survive
better than postpubertal animals following challenge with high-mortality infectious disease illnesses which are
deadly, thanks in large part to dysregulation of host inflammation. Important clues to mechanisms are offered in
this age group’s unique immunological stage of development. A deeper dive into this hypothesis may also lead to
therapeutics for restoring balance in the immune system in severe infections.
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