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2007267, Taylor 2009268).  Studies of this organism in mice have shown inhibition of allergic 
sensitization and of airway hyperreactivity (Dittrich 2008269).  A recent review of the aetiology 
of atopic dermatitis concluded that helminths are the only pathogens to show a protective effect 
(Flohr & Yeo 2011270).   This effect appears to apply to a wide range of immune dysregulatory 
disorders, including IBD such as Crohn’s disease and ulcerative colitis and MS. Anti-helminth 
treatment, while needed for symptomatic infection, is unpleasant and appears to be detrimental 
to atopy risk.  In a trial of an anthelmintic albendazole [antihelminth] in pregnant women in 
Uganda, the risk of infantile eczema was increased (Mpairwe 2011271).  This confirmed the 
expectations of the investigators, who had found hookworm and schistosomiasis in about two 
thirds of the women.  Trials of worm therapy for CID are reviewed in Section 4.11. 

 
3.6.7 Respiratory infections and atopy 

 
i)  Bacterial infections 
Respiratory infections, excluding tuberculosis, have been estimated to cause 6% of the global 
burden of disease, with 4.2 million people dying each year of lower respiratory infection (Hilty 
2010272).  Streptococci have been implicated in influencing the phenotypic expression of asthma, 
for example as part of bacterial intrauterine contamination in a Finnish study:  infants from 
these mothers had an increased risk of asthma and allergic sensitisation 15-17 years later 
(Keski-Nisula 2009273).  Bacterial colonisation in utero may be a manifestation of an immune 
defect that later predisposes to asthma, rather than a direct bacterial effect, although studies 
have identified associations with particular respiratory bacteria.  Neonatal colonisation of the 
lower pharynx with Streptococcus, Moraxella and Haemophilus were associated with increased 
risk of asthma and allergy at the age of five (Bisgaard 2007274).   By contrast, a rich microbial 
environment of relatively non-pathogenic organisms in the airways may protect against asthma 
(Eder 2006275).  Haemophilus spp were more frequent colonisers of the bronchi in asthma 
patients than in controls, while Bacteroidetes, particularly Prevotella spp. were more frequent in 
controls:  the investigators suggested that microbiota are disturbed by more allergenic bacteria 
in asthmatic airways272, possibly related to an increased risk of colonisation when the function 
of microscopic cilia [hairs] in the respiratory tract is impaired. 

Tuberculous infection and other Mycobacteria 
Mycobacteria are aerobic, Gram-positive bacteria and are unusual in having a thick cell wall that 
prevents drying out.  They prompt particularly strong Th1 immune responses (associated with 
less risk of allergy) and bind to macrophage receptor cells known as Toll-like receptors, TL-Rs: 
these and other effects have made these microorganisms of great interest regarding the causes 
and prevention of atopy (Hopkin 2000276).  Many strains are harmless and useful in that they 
degrade organic matter in soil.  Pathogenic strains have long caused disease in humans, such as 
tuberculosis (M. tuberculosis) and leprosy (M. leprae).  Animal models have shown that 
mycobacteria suppress atopic symptoms, but the relationship of mycobacterial infection to 
atopy in humans remains unclear.   A systematic review of properly conducted studies of 
mycobacterial infection found only 40% showed a protective effect (Obihara 2007277).  Positive 
tuberculin skin tests were inversely associated with wheeze, asthma and atopic eczema in a 
study of 5717 Japanese schoolchildren (Miyake 2008278), although no relationship was found for 
Bacille Calmette-Guérin (BCG) vaccination and allergic disorders. 
 
Atypical respiratory bacteria 
These include Chlamydia and Mycoplasma species, both of which have been particularly 
implicated as causing asthma, as well as exacerbating this disease(Sevin & Peebles 2010165).   
Mycoplasma pneumniae infection has been shown to maintain or enhance the Th2 cell responses 
associated with asthma (Wu 2008279, Kraft 2008280).   
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ii) Respiratory viruses 
Respiratory viruses have been increasingly identified as having an allergenic, rather than any 
protective, role, including the common cold (Rhinovirus) (Jackson 2008281, Miller 2009282, Lee 
2007283), Influenza A (Riese 2004284, Bordon 2011285) and Respiratory syncytial virus (RSV)165.  
RSV is the most studied, partly because of its ubiquity: it is thought that nearly all children are 
infected by RSV at least once by the age of 2 years165 and children born four months before the 
RSV winter peak are particularly likely to develop asthma (Wu 2008286).   Also, children who 
develop severe bronchiolitis are at higher risk of asthma and allergic sensitisation (Sigurs 
2000287).  A twin study in Denmark concluded that the relationship between RSV and asthma 
may be due to a shared genetic predisposition to both (Thomsen 2009288).  Severe RSV infection 
may be a marker of underlying genetic predisposition to asthma: epidemiological studies are 
hampered by the difficulty of defining the phenotype [clinical presentation], for either RSV or 
asthma (Kuehni 2009289).  Viruses other than RSV can cause bronchiolitis in infancy:  a recent 
Finnish study found an association of pre-school asthma in children hospitalised for 
bronchiolitis before 6 months of age (Koponen 2012290).  While the direction of causation 
remains unclear for respiratory viruses, a protective role against atopy and asthma seems 
increasingly unlikely.  
For comment on chicken pox and measles, which are mainly airborne, see 3.6.1. 

 
iii) Dust mites and other inhaled allergens 
Allergies to dust are common, much depending on the content of the dust, for example, house 
dust mites, endotoxins, pollen or pet hair, or the level of exposure.  An inhaled allergen can cause 
sensitisation in susceptible individuals and thus lead to allergic symptoms on a later exposure. 
Sensitisation and subsequent triggering of allergic reactions should be distinguished from the 
underlying causes of impaired immunoregulation, which make an individual vulnerable to these 
allergens.  Apart from endotoxins (see also 3.6.3vi), dust components have not been implicated 
as causing immunoregulatory disorders.  Inhalation of dust containing dust mites or cat salivary 
proteins is associated with increased risk of sensitisation to these allergens and to persistent 
wheeze (Brussee 2005291).  A review of the contribution of pets to the infant immune response 
reported that in addition to pet allergens, homes with pets have higher levels of endotoxins 
(Simpson 2010292).  It has proved difficult to determine the specific contribution of such 
allergens and of associated social factors such as education and household income. 
 
(iv) Fungi 
Fungal spores can trigger an allergic reaction and fungi also produce proteases, linked to allergic 
airway disease.  Fungal walls contain chitin, an abundant polysaccharide also present in the 
microfilarial sheaths of helminths and insect exoskeletons.  Animal models have shown that 
infection might induce host chitinases, which break down chitin and enhance the asthmagenic 
effect.  Chronic infection may thus cause persistent airway inflammation and contribute, more 
than previously thought, to the aetiology of allergic asthma  (Denning 2006293, Sevin & Peebles  
2010165).   Markers for fungal exposure are also more common in farming households (Von 
Mutius 2010125), and a recent study of farming versus non-farming environments found that 
exposure to some fungal species was inversely related to asthma risk (Ege 2011184), although 
only as part of general microbial exposure. 
 
3.6.8 Skin microbiota and allergy 
The skin is rapidly colonised after birth.  Staphylococci and Streptococci are early colonisers, 
with a more balanced population evolving over the first year of life.    A normal adult has a vast 
diversity of skin flora, with 150 species on the surface of the hand alone, including Staphylococci 
and Streptococci but also bacteria such as Lactobacilli, Propionibacteria and Corynebacterium.  A 
core set (about 13% of the range) appears to be common to most individuals, with more 
diversity in women than in men (von Hertzen 2009294).   The diversity of bacterial communities 
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4. WHAT IS THE NATURE OF THE MICROBIAL EXPOSURE REQUIRED FOR ‘PRIMING’ 

THE IMMUNE SYSTEM?  
 
4.1 The epidemiological evidence, reviewed in Section 3, shows increasing support for the 
role of microbial exposure as a key contributory factor for immune regulation in relation to risk 
of CID and allergic disorders.  Despite the considerable amount of new research generated since 
the previous IFH reviews, the results do little to elucidate the precise nature of the exposure 
required for immune priming and development. The data suggest that both clinical infection and 
reduced microbial exposure may predispose towards development of CIDs and allergic 
disorders.  The inconsistent results from studies suggest that, for any individual, there are many 
additional factors that determine whether a particular type of CID will develop.  The lack of 
consistency also suggests that no single type of organism, no one single source (environmental, 
zoonotic, human) and no single route of exposure is likely to be the underlying cause.  For 
example, whereas the recurrent observations of a protective effect of farm living suggests that 
exposure to zoonotic species from farm animals (including consumption of unpasteurised milk), 
and/or environmental strains, are important, the link to family size indicates possible protection 
from ‘subclinical’ exposure to some microorganisms.   As we have seen, there is little evidence of 
a protective effect from particular recorded types of infection, such as ear infection, respiratory 
infection, diarrhoea and other infections occurring in childhood.  
 
Since 2006, a number of hypotheses have been put forward which help to explain the 
inconsistencies and provide clearer and more unifying insights.  In this section these are 
discussed in relation to the epidemiological data in Section 3 and data from other sources, such 
as trials of therapy and experimental models.  Here we try to distinguish: 
1) the groups, types or properties of  organisms most likely to be protective against 

allergies and other CIDs (including the role of multiple exposures) from those which are 
less likely to perform this role; 

 
2) the source/s and routes of the necessary exposures that may be protective against 

development of allergies and other CIDs and those less or unlikely to perform this role;  
 
3) the optimal timing for microbial exposure for correct immune system development. 
 
 
4.2 The ‘Old friends’ (OF) hypothesis 
The OF hypothesis, proposed by Rook and colleagues in 2003 (Rook 2004323) has gained 
recognition because it addresses the problems encountered in identifying ‘protective’ microbial 
exposures, but also provides a unifying explanation for the impact of other factors such as 
modern diet and the urban environment. The hypothesis is reviewed in more detail in a number 
of recent reviews (Rook 2009264, 20107, 201117). The OF hypothesis holds that the important 
microbial exposure for immune system development is no longer readily available in the 
modern world, but was more common in the primaeval environment over 50,000 years ago, 
when the human immune system evolved.7.   The first mammals encountered life forms, such as 
bacteria, in a world in which there were already at least a million bacteria in every millilitre of 
water, tens of millions in every gram of soil and probably similar numbers of microbes in other 
parts of their environment, as well as on their skins and in their guts.  As a result, a dependence 
evolved between the immune system of mammals and some microorganisms.  Evolved 
dependence is where an organism has adapted to the presence of a partner, through loss of 
genetic material, and can no longer function without it.  If correct, this would mean that some 
functions of the immune system were not encoded in the human genome, because continuing 
exposure made this unnecessary.  The most relevant microorganisms are those that 
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explain the lack of evidence despite a “sound theoretical basis for anticipating benefits”. B. fragilis, 
a prominent human gut commensal, has been shown in a recent animal study to induce T-
regulatory cells (Tregs) and mucosal tolerance, hence less inflammatory response, in germ-free 
mice (Round & Mazmanian 2010363):  the effect appeared to be largely due to polysaccharide A, 
an immunomodulatory molecule present in B. fragilis. 
 
The microorganism used in the probiotic is an obvious variable factor. Trials using extracts of 
Escherichia coli and Enterococcus faecalis to prevent atopic eczema are in progress (Matricardi 
2010150).   Meanwhile, there was no difference in frequency of allergic disease and sensitization 
in a trial of probiotics (Propionibacterium freudenreichii ssp shermaniii and galacto-
oligosaccharides) and placebo for Finnish children with high risk of atopic disease (Kuitunen 
2009364), although a subgroup of children delivered by Caesarean section showed approximately 
half the level of IgE-associated allergic disease, compared with the placebo group.  A 2007 
Finnish study, reported significant reduction in atopic eczema for 900 infants given Lactobacillus 
rhamnosus, although with no effect on other allergic diseases by the age of 2 years (Kukkonen 
2007365).  So far only one study, a randomised controlled trial of probiotics (Lactobacillus 
acidophilus), has shown an increased risk of atopic dermatitis and allergen sensitization in high-
risk children in Australia (Taylor 2007366).   In a 2010 review of probiotic and prebiotic 
treatments, beneficial effects were cited for probiotics used to treat acute viral gastroenteritis in 
otherwise healthy children, or for necrotising enterocolitis in very low birth weight infants 
(Thomas 2010367), although no benefits have been observed for children with Crohn’s disease.  
While prevention via probiotics remains unproved, the prospects seem better for treatment of 
allergy.  A review of Lactobacillus and Bifidobacterium treatment of allergic rhinitis in 2011 
concluded that in general symptoms were improved (Noguerira 2011368).   

 
Matricardi reviewed intervention studies with probiotics in 2010150.  Since they continue to show 
the inconsistencies in the data, Matricardi poses the question “How can failures be reconciled with 
the hygiene hypothesis?”  He argues that the ‘gut commensal hypothesis’ was originally based on 
very small epidemiological studies but has now been tested more thoroughly through a large 
birth cohort study in three European cities, giving results which do not support the hypothesis 
that sensitization to foods or atopic eczema in European infants in early life is associated with the 
lack or presence of any particular intestinal commensal bacteria, including so-called ‘probiotic’ 
bacteria (bifidobacteria and lactobacilli). He concluded that the studies suggest no direct 
evidence that lactobacilli or bifidobacteria explain the protective effect of the ‘traditional’ lifestyle 
of a farming environment.  Very few lactobacilli strains have been shown to turn on 
immunoregulation and trials have been restricted by intellectual property rights on some strains.  
The increasing role identified for the gut microbiota in immunoregulation suggests that there 
must be other explanations for the relatively disappointing performance of probiotic therapy to 
date:  a recent review of clinical trials identified other reasons for inconsistent effects, such as 
small sample size, limited follow-up, lack of ‘state of the art’ analyses of the gut commensals or 
failure to take account of the Vitamin D pathway in gut homeostasis (Ly 2011369). 
 
ii) Worm (helminth) therapy 
Several clinical intervention studies have investigated the potential of helminth therapy for 
modifying or temporarily suppressing allergy and CID symptoms.  The maximum load of 
hookworm (Necator americanus) tolerable without adverse affects is known (Mortimer 
2006)370, although there is concern that low ‘safe’ levels may not produce sufficient 
immunological change (Blount 2009371).  Trials with whipworm (Trichuris), to assess alleviation 
of symptoms, are more promising:  79.3% of patients with IBD (Crohn’s disease) treated with 
Trichuris suis ova (pig whipworm eggs) responded well (Summers 2005(i)372).  A double blind 
trial of T.suis for ulcerative colitis resulted in 43% improvement in symptoms compared to 
16.7% in the placebo group (Summers 2005(ii)373).   A phase 1 clinical trial of the safety of a 
helminth (Trichuris suis) as an inducer of immunoregulation in MS has been completed (Fleming 
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occurred since the 2004 and 2006 reviews, which dictate a need to reassess the conclusions 
drawn at that time:  
 

1.  The 2004 and 2006 reviews focussed on trends over the last 50-60 years, which mark 
the rapid late 20th century rise in atopic disease in industrialised countries.  If the OF 
hypothesis is correct, we need to take account of trends over a longer period:  the 2nd 
epidemiological transition, which dates back to the early 1800s in most ‘modernised’ 
countries.    
 
2.  The weight of evidence now suggests that the critical exposures for immune priming 
are not the modern childhood infectious diseases, as originally thought.   This suggests we 
need to look more carefully at the trends most likely to have reduced exposure to species 
identified by the OF hypothesis.  The difficulty here is that reduced exposure to OF species 
has been a silent, or at least unmonitored, by-product of measures intended to reduce 
exposure to pathogens.  Reduced rates of notifiable or laboratory-identified infections can 
only provide general markers of possibly reduced overall microbial exposure. 

 
In the following sections medical and public health trends are re-examined together with data 
on trends in allergy and CIDs (as reviewed in Section 2) and infectious disease trends. 
 
5.2 Water, sanitation and food quality 
Early water treatment comprised crude filtration, often within the consumers’ homes.  Sand 
filtration was widely introduced in the 19th century: slow sand filtration was introduced in the 
UK from the early 19th century but required large areas and frequent cleaning:  a more rapid 
sand filtering system was developed in the US and used there from the late 19th century.  Sand 
filtration removed many contaminants and large living organisms, but did not reliably remove 
bacteria and viruses, a risk only fully appreciated after the isolation of bacteria in the 1880s.  
Chlorination of water was proposed in the early 1800s but was more often used to disinfect 
sewers, as the main interest was in eliminating smells from sewage and waste that might 
transmit disease.   Drinking water chlorination was introduced in England in the 1890s and 
became routine in municipal water supplies in the UK and many other industrialized countries 
from the early 20th century, as well as other types of water treatment.  In the United States, the 
number of people receiving sand filtered water rose from virtually none in 1870 to 20 million 
by the 1920s414.  Municipal chlorination of water in US dates from around 1910 (Aiello 
2008(ii)415).  Sewers predated water treatment by several centuries, although adequate sewer 
design was not established until the late 19th century. Meanwhile, cesspits and payment for 
collection of human waste inevitably exposed the majority of the population to faecal 
organisms, either airborne, through water contamination or via direct and indirect contact. 
Sewage treatment is relatively recent, such as the introduction of sludge beds in the UK in the 
1890s. Flushing toilets were available in England from the 18th century but widespread 
introduction did not occur anywhere until the late 19th century.  
 
For towns and cities, it can be said that these improvements reduced pathogen exposure via 
water or sewage from the early years of the 20th century, although in some rural areas this 
occurred a few decades later.   Water and sanitation progress undoubtedly protected people 
from dangerous diseases such as cholera and typhoid fever, but also removed the saprophytic 
microorganisms now identified as ‘old friends’.  During this period, or perhaps up to the mid 
20th century, we also lost the worm [helminth] infestations that appear to have beneficial 
immunological effects (Section 3.6.6.) and, as discussed, have been used with some success to 
treat symptoms of CIDs (Section 4.11).   Water, even with modern treatment, is intended to be 
safe from pathogens but it is not sterile and contains small numbers of bacteria and viruses as 
well as other natural components and contaminants.   Worldwide, but mainly in low income 
communities in developing countries, 894 million people are estimated to lack access to safe 
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