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Summary

The immune system evolved to require input from at least three sources that
we collectively term the ‘old friends’: (i) the commensal microbiotas trans-
mitted by mothers and other family members; (ii) organisms from the
natural environment that modulate and diversify the commensal
microbiotas; and (iii) the ‘old’ infections that could persist in small isolated
hunter-gatherer groups as relatively harmless subclinical infections or carrier
states. These categories of organism had to be tolerated and co-evolved roles
in the development and regulation of the immune system. By contrast, the
‘crowd infections’ (such as childhood virus infections) evolved later, when
urbanization led to large communities. They did not evolve immunoregula-
tory roles because they either killed the host or induced solid immunity, and
could not persist in hunter-gatherer groups. Because the western lifestyle and
medical practice deplete the ‘old’ infections (for example helminths), immu-
noregulatory disorders have increased, and the immune system has become
more dependent upon microbiotas and the natural environment. However,
urbanization maintains exposure to the crowd infections that lack immu-
noregulatory roles, while accelerating loss of exposure to the natural envi-
This
socioeconomic status (SES) who lack rural second homes and rural holidays.

ronment. effect is most pronounced in individuals of low
Interestingly, large epidemiological studies indicate that the health benefits
of living close to green spaces are most pronounced for individuals of low
SES. Here we discuss the immunoregulatory role of the natural environment,
and how this may interact with, and modulate, the proinflammatory effects

of psychosocial stressors in low SES individuals.
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tendency to assume that the relevant microbes were the
common infections of childhood. However, the concept has

brought to you by

The expression ‘hygiene hypothesis’ was invented in 1989,
and since then has had wide, often misleading, media
appeal [1]. The problem has been that although based on a
crucial underlying insight (that microbial experience
modulates our immune systems), it was initially interpreted
narrowly in the context of allergic disorders, and there was a

broadened so that it is now a fundamental component of
Darwinian or ‘evolutionary’ medicine, with implications for
essentially all aspects of human health. The allergic disor-
ders are a tiny part of the story, and neither hygiene nor
the common childhood infections play an important role.
For this reason we prefer terms such as the biodiversity
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hypothesis or the ‘old friends’ mechanism [2]. The ‘old
friends’ mechanism should now be seen as one component
of the broad spectrum of interactions between mammals
and their microbial environment [3]. At one end of the
spectrum are the endosymbiotic events that led to the orga-
nelles in mammalian eukaryotic cells. There are also endog-
enous viruses and retrotransposons that lurk in our tissues
and form major components of our DNA [4]. Next, in
terms of their interdependency with human physiology, and
particularly important in the context of this paper, are the
various microbiotas (gut, skin, airway, oropharyngeal, geni-
tourinary). These microbiotas perform significant parts of
mammalian metabolism and contain about 100-fold more
genes than does the human genome [5]. Metabolomic
analyses show that much of ‘our’ metabolism is microbial
[6]. The commensal microbiotas are also involved in devel-
opment of mammalian organ systems, including gut,
immune system, bone and brain (reviewed in [3]). The
brain provides an example relevant to this paper. The brain
of germ-free mice has altered chemistry and gene expres-
sion, and the animals behave abnormally [7]. The
hypothalamic—pituitary—adrenal (HPA) axis of germ-free
animals is also abnormal, manifested as altered central
nervous system (CNS) gene expression and abnormal
responses to stress [8,9]. To correct these abnormalities it is
necessary to reconstitute the gut microbiota with appropri-
ate organisms within the first 6 weeks of life [7,8]. Moving
along the spectrum of human—microbe interdependency,
we next have to consider our encounters with harmless
organisms from the natural environment, present in large
quantities in air, soil and water [10]. Finally, we come to the
infections, the type of microbial interaction initially impli-
cated by the hygiene hypothesis.

This paper is focused upon four questions: (i) why do
some microbial exposures regulate the immune system (in
addition to triggering its development in the neonate); (ii)
which categories of organism have this immunoregulatory
property; (iii) what relevance does this immunoregulation
have to depression and stress resilience; and (iv) how do
these mechanisms interact with the clear influence of socio-
economic status (SES) on many aspects of health? We
emphasize that immunoregulation by microbial exposures
is no longer a ‘hypothesis. We will not discuss the existence
of these effects, but rather their relative importance, because
they certainly do not act alone.

Which microbial exposures regulate the immune
system, and why do they do it?

At birth the immune system has genetically inherited
mechanisms, but it lacks data. It has some knowledge of
self, acquired as lymphocytes mature in the thymus, and
minimal knowledge of the outside world, transferred from
the mother across the placenta. After birth it needs micro-
bial exposures for at least three reasons. The first two are
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somewhat obvious and are part of the microbe-dependent
signals for the development of the immune system men-
tioned in the previous paragraph. Exposure to a broad bio-
diversity of organisms builds up a memory of diverse
molecular structures that accelerates subsequent rapid rec-
ognition of novel dangerous organisms [11,12]: this works
because all life forms share fundamental molecular building
blocks [3]. Secondly, microbial components such as
peptidoglycans and lipopolysaccharide (LPS) taken in from
the gut maintain background activation of the innate
immune system [13].

It is less obvious that microbial exposures also play a role
in setting up the control mechanisms that stop the immune
system from causing inappropriate inflammatory responses.
Thus, the system needs to develop a network of regulatory
pathways and regulatory T cells (T.,) that stop inappropriate
immune attacks on self, harmless allergens and gut contents,
including harmless microorganisms (Fig. 1). These are the
pathological targets involved in autoimmune diseases
[14,15], allergic disorders [16] and inflammatory bowel dis-
eases (IBD) [17], respectively, all of which are increasing in
prevalence in high-income countries. These down-regulatory
mechanisms must also be able to shut off inflammatory
responses that are no longer needed, because chronically
raised background inflammation, easily documented as
raised C-reactive protein (CRP) or interleukin (IL)-6, corre-
lates with a multitude of health problems, including cardio-
vascular disease, depression and reduced stress resilience
[18,19], all of which are increasing problems in modern
urbanized high-income countries. In high-income commu-
nities there are often persistent high background levels of
CRP in the absence of any demonstrable reason for ongoing
inflammation. In sharp contrast, a longitudinal study in a
low-income country revealed that large peaks of CRP accom-
panied episodes of infection (therefore, cross-sectional
studies suggest higher CRP levels in low- than in high-
income settings), but after resolution of the infection CRP
levels fell to values close to zero [20]. Thus, in the under-
developed low-income setting, inflammation appears when
needed but is completely shut off when not needed, whereas
in high-income urban communities there can be a failure to
shut off unwanted inflammation.

Which categories of organism have an
immunoregulatory role?

Which categories of organism have an immunoregulatory
role? The short answer is that the immunoregulatory organ-
isms are those with which we co-evolved, and that had to be
tolerated. These include the microbiotas (gut, airway, skin,
genitourinary, oropharyngeal) which, as commensals per-
forming crucial physiological functions, clearly must not be
attacked [12,21-23]. We also evolved to tolerate harmless
organisms (bacteria, archaea, fungi, viruses, protozoa, etc.)
from the natural environment in water, air and soil because

2 © 2014 The Authors. Clinical and Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society
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Fig. 1. The immune system requires ‘educational’ input. The microbiota of others, organisms from the natural environment and other tolerated

organisms (such as helminths) with which we co-evolved are required to expand the effector and regulatory branches of the immune system. During

subsequent encounters with pathogens, danger signals generated by tissue damage enhance effector mechanisms and attenuate regulatory pathways
to permit an appropriate immune response. Adequate background levels of regulatory T cells and dendritic cells and other regulatory mechanisms
are required to maintain suppression of responses to ‘forbidden targets’ and to switch off inflammation completely when the danger is eliminated, so

that proinflammatory mediators do not continue to circulate.

these were inevitably taken into the body daily in large
quantities (some of these might, in fact, become incorpo-
rated into the microbiota, as discussed later). Finally, we
evolved to tolerate a specific subset of infections from our
evolutionary past, sometimes referred to as the ‘old infec-
tions’ [24,25]. The crucial feature of the ‘old infections’ was
their ability to persist in small isolated human hunter-
gatherer groups, because they caused persistent non-fatal
carrier states or subclinical disease (Fig.2). These ‘old

Microbial exposures

infections’ include ‘paleolithic’ strains of Mycobacterium
tuberculosis that were less pathogenic that modern ones
[25], helminths including gut parasites, but also blood
nematodes that never enter the gut [26] and Helicobacter
pylori (reviewed in [2]). Infections such as blood nematodes
are not always harmless but once established, attempts by
the immune system to eliminate them merely cause point-
less immunopathology, leading to complications such as
elephantiasis [26].

Known effects on
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Mechanisms of immunoregulation

We are only just beginning to understand some of the
mechanisms involved in this microbe-driven immuno-
regulation. Some ‘old friends’ (including members of the
human gut microbiota such as Bacteroides fragilis), or mol-
ecules that they secrete, are known to specifically expand
T, populations [22,27-29], or to cause dendritic cells (DC)
to switch to regulatory DC that preferentially drive
immunoregulation [30,31]. The latter mechanism implies a
‘T,z adjuvant’ effect. For example, when patients suffering
from early relapsing multiple sclerosis (MS) become
infected with helminths the disease stops progressing, and
circulating myelin-recognizing T.., appear in the peripheral
blood [32,33], an exciting observation that has led to formal
clinical trials [34]. Release of immunoregulatory molecules
is not confined to organisms in the gut, given that such
activities have also been isolated from blood nematodes
[35,36]. Another recent suggestion is that a certain level of
the proinflammatory cytokine tumour necrosis factor
(TNF)-a. is required to drive apoptosis of potentially
autoreactive T cells, and that in the absence of sufficient
TNF-releasing infections such T cells can persist to cause
type 1 diabetes (T1D) or multiple sclerosis [37]. Numerous
other regulatory mechanisms are discussed in recent publi-
cations [22]. The relevance of these regulatory mechanisms
for chronic inflammatory disorders is now well supported
by data from animal models. Given their regulatory effects,
it is not surprising that ‘old friends’ can be shown to drive
immunoregulation, and to block or treat pathophysiology
in models of allergies, autoimmune disease and IBD
[29,38,39].

Non-immunoregulatory crowd infections

These old infections are very different from the ‘crowd
infections’ that started to infect man after the First Epide-
miological Transition, when the Neolithic revolution led to
agriculture and large settlements and eventually to urbani-
zation (category 4 in Fig.2). The ‘crowd infections’ are
mainly viruses such as measles that could not persist in
sparsely distributed hunter-gatherer bands, because they
either killed the host or induced solid immunity [24].
Crowd infections need large populations and networks of
social contacts, so that the infection can return to cause an
epidemic when herd immunity declines [24]. Such popula-
tions did not exist until well after 10 000 BcE, when agricul-
ture and permanent settlements initiated the transition to
larger population densities. Thus humans did not co-evolve
with the crowd diseases, and the crowd diseases did not
need to be tolerated (they killed the host or generated solid
immunity) so, as anticipated, they play little role in setting
up immunoregulatory pathways. Epidemiological studies
have confirmed that the crowd infections do not protect
children from allergic disorders [40—42] and often, in fact,
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trigger them [43]. Crowd infections also fail to protect from
autoimmunity and IBD [44—-47]. Thus the crowd infections
do not explain the original ground-breaking observations of
Strachan that led to the coining of the misleading term
‘hygiene hypothesis’ [1]. The crowd infections can, of
course, impact upon human evolution. For instance, they
may eliminate certain susceptible genotypes or major histo-
compatibility complex (MHC) phenotypes. However, spo-
radic dangerous infections do not co-evolve essential
ongoing roles in mammalian physiology; but the ‘old
friends’ (the old infections, and the commensal and envi-
ronmental microbiotas) that accompanied human evolu-
tion do have crucial immunoregulatory roles that are
disturbed by the modern urban lifestyle. What aspects of
that lifestyle are important?

Loss of contact with ‘old friends’ in
high-income countries

It is of interest to summarize the lifestyle changes that
reduce contact with the ‘old friends’ in high-income settings
where chronic inflammatory disorders are increasing [48],
because it casts light upon the relative immunoregulatory
importance of the different groups of organisms. First, as
reviewed in detail elsewhere [19], the chronic inflammatory
disorders tend to increase when populations immigrate
from low-income to developed high-income countries, and
within any given country they tend to be more common in
urban than in rural communities. This is equally true for
psychiatric disorders, including autism, schizophrenia and
depression (reviewed in [19]). It is obvious that these life-
style changes will deplete the old infections, listed as cat-
egory 1 in Fig. 1. For example, helminths are almost
eliminated from high-income cities.

Perhaps of greater interest, and less fully understood, are
the lifestyle changes that reduce contact with the commen-
sal microbiota of others (category 2 in Fig.2) and the
microbiota of the natural environment (category 3 in
Fig. 2).

Caesarean section, birth order, antibiotics and diet

Birth by caesarean section causes development of the gut
microbiota to be delayed and to take an unusual course [49]
(Fig. 3). This has been linked to increased T1D [50,51] and
asthma [52,53], while increased contact with maternal
microbiota may be protective [54]. Caesarean birth also
increases the risk of coeliac disease [55], but there is little or
no effect on the risk of IBD [55-57]. Birth order also
modulates the gut microbiota [58], and this probably
accounts for the protection against allergic disorders attrib-
utable to having older siblings [58] reported originally by
Strachan [1].

Antibiotics, particularly excessive antibiotic use during
pregnancy or the neonatal period, induces changes in the

4 © 2014 The Authors. Clinical and Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society
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microbiota that have been implicated in asthma [59,60],
cow’s milk allergy [61], irritable bowel syndrome [62], IBD
[63] and obesity [64].

Typical modern western diets have also been shown to
exert profound effects on the microbiota [65]. For example,
the gut microbiota of Italians is very different from that of
people living in traditional villages in Burkina Faso [66],
and the authors attributed this difference to diet because
the African microbiomes contained genes for the hydrolysis
of cellulose and xylan, abundant in African but not in
Italian diets [66]. Similarly, in faeces from 98 Americans,
enterotypes (bacterial ecosystems in the gut microbiota)
correlated with long-term dietary habits, particularly the
consumption of animal fat versus carbohydrates [67].

The natural environment and animals

In addition to factors discussed thus far, the composition of
the commensal microbiota also depends upon input from
the natural environment (reviewed in [10]). The skin
microbiota from individuals living close to agricultural land
in Finland was more diverse than that from individuals
living close to urban centres, and was associated with
reduced atopic sensitization [21]. Moreover, the ability of
exposure to the farming environment early in life to protect
from asthma seems to correlate closely with airborne fungal
and bacterial biodiversity in children’s bedrooms [68].
Similarly, the biodiversity of the gut microbiota was greater
in Amazonian Amerindians than in Malawians, while the
biodiversity of gut microbiota from the United States was
lower than that of either of these low-income rural groups
[69]. Clearly, diet could play a role, but recent experiments
with piglets suggest the importance of environmental
inputs. The gut microbiota of piglets that were housed in a
natural outdoor environment was rich in Firmicutes, par-
ticularly Lactobacillus strains, whereas the hygienic indoor
piglets had reduced Lactobacilli and more potentially patho-

© 2014 The Authors. Clinical and Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society
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genic phylotypes [70]. Moreover, biopsies of the gut mucosa
revealed that these ‘indoor’ piglets had increased type 1
interferon activity, increased MHC class 1 and
up-regulation of many chemokines [70], implying a more
inflammatory state in the guts of animals whose microbiota
had not been modified and diversified by exposure to the
natural environment. In mice [71] and humans, a correla-
tion between reduced gut microbial biodiversity and poor
control of inflammation is a common finding [72-74]. It
therefore seems likely that microbial inputs are required to
maintain diversity of the gut microbiota, and that such
diversity plays a role in the regulation of inflammation,
although at present the relationship between environmental
strains and colonizing strains is not documented (discussed
in [10]). Data on gut bacteria are accumulating rapidly, so
for these organisms the issue may soon be addressed, but
data for bacteriophages and other viruses or for archaea and
fungi are only just beginning to appear [23,75].

Animals, faeces and spores

Contact with animals might provide part of the explanation
for this environmental input. The protective effect of the
farming environment was noted in the 19th century [76],
and has been associated with cowsheds [77]. Contact with
dogs, with which humans have co-evolved for many millen-
nia (78], also protects from allergic disorders [79,80], and
people seem to share their microbiota via dogs [81], which
greatly increase the microbial biodiversity of the home
[82,83]. In a developing country the presence of animal
faeces in the home correlated with better ability to control
background inflammation (CRP levels) in adulthood [20],
and in Russian Karelia (where the prevalence of childhood
atopy is four times lower and T1D is six times lower than in
Finnish Karelia), house dust contained a sevenfold higher
number of clones of animal-associated species than was
present in Finnish Karelian house dust [84].
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It is interesting to speculate here that these effects have
something to do with faeces and spores. Approximately
one-third of the bacteria in the gut microbiota are spore-
forming, and spores are readily demonstrable in human
faeces [85]. Spores are remarkably resistant and can remain
viable for thousands, possibly millions of years (reviewed in
[86]). It has been calculated that many billions of tonnes of
animal and human faeces are generated every year, so
faeces-derived spores accumulate in the natural environ-
ment. Human faeces average up to 10* spores/g, while soil
contains approximately 10° spores/g [87]. However, spores
in soil have tended to be studied by environmental microbi-
ologists and ecologists, and the soil has been regarded as the
natural habitat of spore-forming organisms such as Bacillus
spp., despite awareness that many of them can germinate
and replicate in the intestinal tracts of insects and other
animals [86] [some of these are toxic to the insect, and so
are used as biological insecticides (reviewed in [86])].
Recently it has been reported that spores of Bacillus subtilis
can germinate in the small bowels of mice and rabbits [88—
90]. Moreover, after germination they replicated in the
small bowel and then resporulated as they entered the
colon. The same occurs in humans. B. subtilis strains were
obtained from biopsies of human ileum and from faecal
samples [85]. Most of these strains are able to form
biofilms, sporulate
microbials, properties that could facilitate survival in the
gut [85]. There is therefore a growing view that B. subtilis
and other environmental spore-forming species are gut
commensals rather than soil microorganisms [87]. This
might be very relevant to the ‘old friends’ mechanism, par-
ticularly to the clear importance of exposure to animals,
agricultural land and green spaces. For example, B. subtilis
is an important stimulus for development of the gut-

anaerobically and secrete anti-

associated lymphoid tissue (GALT) in rabbits, and sporula-
tion of live bacilli within the GALT is considered critical to
this process [90]. Interestingly, B.subtilis is capable of
driving GALT in synergy with B. fragilis, an organism that
also drives formation of murine GALT, and secretes a
polysaccharide antigen that drives proliferation of T, [22].

The natural environment and human wellbeing

In the previous section we emphasized the relevance of
natural and agricultural environments, including the animals
they contain, because several remarkable epidemiological
studies have found that living in proximity to green spaces
reduces overall mortality, cardiovascular disease and depres-
sive symptoms, and increases subjective feelings of wellbeing
[91-94]. This beneficial effect has been attributed to multiple
factors, including exercise, exposure to sunlight and an
evolved psychological reward from contemplating the ideal
hunter-gatherer habitat, perhaps similar to ‘habitat selection’
in other species [94,95]. A detailed review and critique of
these explanations has been published elsewhere [10].

G. A. W. Rook et al.

In view of the large literature on urban—rural differences
in chronic inflammatory and psychiatric disorders
(reviewed in [19]), and on the protective effects of close
exposure [77,96] or even mere proximity [21] to the
farming environment or to airborne microbial biodiversity
[68], it is strange that the likely connection between the
‘green space’ effect and the ‘hygiene hypothesis’ or ‘old
friends’ mechanism has only recently been made. Urban
populations are heavily exposed to the crowd infections, but
as pointed out above, we did not co-evolve with the crowd
infections, they did not co-evolve roles in setting up our
immunoregulatory mechanisms and exposure to them does
not protect against the chronic inflammatory disorders [40—
47]. Conversely, urban populations are deprived of expo-
sure to the natural and agricultural environment. This is
particularly true of low SES individuals who perhaps do not
have rural secondary homes or holiday travel to rural set-
tings. This point, which needs verification by epidemiolo-
gists, could explain why the beneficial effect of proximity to
green space is strikingly more marked at the lower end of
the socioeconomic scale [91-93].

Inflammation and SES

Of course, this does not mean that we can attribute all
urban health deficits to lack of immunoregulatory micro-
bial exposures, so to what extent can we do so? Many factors
are linked to increased background levels of inflammation
(measured as CRP or IL-6) in people of low SES. These
include unhealthy behaviours such as smoking, drugs, poor
diet and obesity, as well as psychosocial stressors such as
violence, distrust, neglect, poverty and crime [97-99]. For
example, CRP levels of 3 mg/l or more are found in
increased percentages of children living in areas with high
levels of poverty or crime [100].

At least some of this predisposition to inflammation is
developmental, and is established during the perinatal
period. Perinatal stress results in adults who themselves
show exaggerated inflammatory responses to stress [101-
104]. For example, maltreated children develop higher levels
of IL-6 in response to a standardized social stressor (the
Trier Social Stress Test; TSST) when tested as adults in com-
parison to a non-maltreated control group [101,105], and
maltreated children tend to have higher levels of CRP 20
years later [103].

Interestingly, negative life events during the first years of
life, whether they affect the child directly or indirectly via
traumatic experiences of the mother, also predispose to
some of the chronic inflammatory disorders that are
increasing in high-income countries and that are associated
more traditionally with the ‘hygiene hypothesis. For
example, the autoimmune disease T1D is increased in low
SES children ([106,107], reviewed in [108]). Low SES chil-
dren also tend to have more severe asthma, accompanied by
increased expression of proinflammatory pathways [109].

6 © 2014 The Authors. Clinical and Experimental Immunology published by John Wiley & Sons Ltd on behalf of British Society
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In some settings IBD is also more common in low SES chil-
dren [110]. Similarly SES-associated inflammation partly
explains the SES-related incidence of type 2 diabetes [111].
These observations imply a broad-based immunoregulatory
problem in low SES communities.

There are several explanations for this effect. First, prena-
tal stress causes long-term alterations in the HPA axis func-
tion, both in animal models [112,113] and in humans
exposed to prenatal [114] or early childhood stress [115], or
to a childhood background of low SES [97]. Secondly, pre-
natal stress has effects on the microbiota of rats and rhesus
monkeys that persist into adulthood [116,117], and it is
likely that the same is true in humans, although this has
not, to our knowledge, been documented. However, we do
know that in humans fluctuations in the microbiota early
after surgery may lead to an increased risk of immunoregu-
latory failure, manifested in this clinical group as graft-
versus-host disease [118], and changes in the microbiota of
severely stressed critically ill humans are rapid and pro-
longed [119]. The nature of the microbiota, as discussed
earlier, modulates development of the brain and HPA axis
[7-9] and the microbiota plays a major role in the inflam-
matory response to stress [9]. Much emphasis has been
placed upon the role of poor diet and obesity in the health
deficits associated with low SES settings, and indeed obesity
has proinflammatory effects, but much of this is again
mediated via the microbiota [120]. These, and no doubt
other mechanisms that are beyond the scope of this review,
cause low SES urban children to have poor regulation of
inflammation that predisposes them to cardiovascular
disease, depression and metabolic syndrome [97-99,111]
and other chronic inflammatory disorders [108—110].

The ‘old friends’ mechanism and inflammation in low
SES settings

Does the ‘old friends’ mechanism have anything to do with
the increased inflammation observed in low SES settings?
There are a number of ways in which these consequences of
low SES might overlap with, and be modified or exagger-
ated by, the ‘old friends’ mechanism. For example, the
release of inflammatory mediators is subject to negative
immunoregulatory feedback. Therefore, poor immuno-
regulation will lead to exaggerated inflammatory responses.
Because low SES inner-city children lack exposure to all the
categories of immunoregulatory organisms except the
microbiota of others, but are bombarded by the non-
immunoregulatory crowd infections, they are at risk for fre-
quent inflammatory responses (Fig.3). If these occur
during pregnancy, the increased levels and persistence of
inflammatory mediators may predispose to developmental
abnormalities of the brain, such as those that underlie some
cases of schizophrenia or autism [121] and other neurologi-
cal disorders [122]. Essentially, all the common crowd
infections are associated epidemiologically with these

Intact immunoregulation

N
Inflammation, I Stressors
cytokines

Effective background
immunoregulation primed
by ‘old friends’

Diminished immunoregulation
r/’ [
I

>
\\
|Slressnrs

Exaggerated
cytokine response
to social stressors

Diminished exposure to
‘old friends'— defective
immunoregulation

1

Immune system Immune system
and gut and gut

Fig. 4. Exaggerated and prolonged cytokine release in response to a
psychosocial stressor in individuals with diminished
immunoregulation. Stress drives release of proinflammatory mediators
via pathways that involve the immune system and the gut. The
inflammatory response to a given level of a stressor is modulated and
eventually terminated by immunoregulatory mechanisms. If
immunoregulation is defective, as can occur when there has been
inadequate exposure to immunoregulation-inducing ‘old friends’, then
a given level of stressor will result in greater and more prolonged
inflammatory response. Reprinted from Rook et al. (2013) Evolution,
Medicine and Pubic Health (1): 46—64, doi: 10-1093/emph/eot004, by
permission of Oxford University Press and the Foundation for
Evolution, Medicine, and Public Health [19].

neurological/psychiatric disorders when the infection
occurs during pregnancy [121-123], and abnormal brain
development is seen when inflammation is provoked during
pregnancy in monkeys [124] or rodents [125]. A similar
mechanism might explain the associations of low SES with
T1D ([106,107], reviewed in [108]), asthma [109] and IBD,
as mentioned above [110].

An immunoregulatory deficit is equally relevant to
inflammation driven by psychosocial stressors. In the
absence of effective priming of immunoregulation by ‘old
friends, a given level of psychosocial stress might be
expected to cause a greater release of inflammatory media-
tors (Fig. 4), which predispose towards [18,126], and can
drive, psychiatric symptoms [127,128], whereas exposure to
‘old friends’ might be expected to reduce cytokine levels and
so increase stress resilience [19]. Recent studies in the Phil-
ippines have found that even a childhood trauma as severe
as maternal deprivation can fail to result in a raised back-
ground CRP in adulthood in those individuals who were
heavily exposed to a microbe-rich environment and animal
faeces in childhood [129]. In US citizens such adverse child-
hood events tend to have serious consequences for later
health, as outlined above [101-105]. Similarly, recent psy-
chosocial stress did not cause detectable rise in CRP in these
adults who had received heavy microbial exposures as
infants [129]. In a fascinating further twist it was found
that, in this community, depressive symptoms were not
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associated with raised biomarkers of inflammation [130],
whereas depressive symptoms are often associated with
raised biomarkers of inflammation in high-income coun-
tries [126,127,131]. In view of the growing awareness of the
relevance of contact with animals and spores outlined
earlier, this finding is intriguing and suggests that in low-
income settings exposure to animal-derived microbes might
improve regulation of inflammation, and so increase stress-
resilience, although this observation clearly needs to be con-
firmed in other populations.

Conclusions and critique

Much confusion has arisen from the assumption that multi-
ple older siblings provide protection from allergic disorders
because they transmit the common childhood infections
[1], whereas it now seems more likely that this protection is
attributable to exchange of commensal microbiota [58].
This paper is an attempt to show that a broad evolutionary
and biological approach can provide a framework that
makes sense of several paradoxes, including the fact that
inner-city children, in whom childhood infections are rife,
tend to have more rather than fewer inflammatory disor-
ders, including allergies. If we consider our microbiological
encounters in terms of our evolutionary history, and the
nature of our relationships to each category of organism, we
can see that low SES urban children are at the extreme end
of a spectrum of loss of the organisms with which we
co-evolved (Fig. 3). A second objective of the paper is to
point out that these effects have little or nothing to do with
hygiene [132]. Indeed, increased hygiene in the low SES
home might help to protect from the crowd infections,
while also protecting from ‘new enemies’ such as
gastroenteritis-inducing  Escherichia  coli ~ strains and
Campylobacter. Our third objective is to illustrate how the
low SES lifestyle, including the psychosocial stressors that it
entails, will syngergize with the consequences of the ‘old
friends’ mechanism to increase susceptibility to a broad
range of inflammation-dependent health problems. We
hope that these insights will help to focus attention on the
need for increased hygiene, coupled with innovative design
for homes and sustainable cities that promote appropriate
microbial exposures. Meanwhile, there is enormous need
for a greater understanding of the relationship between
organisms in the natural environment and those that colo-
nize us so that we can optimize the design of urban green
spaces.
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