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inconsistencies impinging on the Hygiene hypothesis?
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The Hygiene hypothesis

The allergy epidemic has been attributed to changes in the
interactions between humans and the microbes of their
ecosystem consequent to a ‘western lifestyle’ [1]. This
theory, unlike others (pollution, increased allergen expo-
sure), explains the epidemic in evolutionistic terms [2].
Microbes that co-evolved with mammals influenced the
evolution of their immune structures and functions along
the zootic scale up to primates. Partially deprived of these
microbial stimuli, some components of the human immune
system (TH2-like activities) are no longer adequately regu-
lated by other components (THI-like activities) [3,4].
Therefore, in modern societies, allergies spread among
new cohorts according to gradients dictated by hygiene
and by the individual degree of genetic predisposition to
atopy. Collectively, these concepts are known as the
‘Hygiene’ hypothesis [1,5].

Arguments apparently at variance with the Hygiene
hypothesis

The Hygiene hypothesis has been challenged by conflicting
data on the alleged atopy-protecting role of measles [6,7]
and other airborne viruses [8,9], and by the not infrequent
occurrence of severe allergic asthma and atopic sensitiza-
tion in unhygienic American inner cities [10], in rural Africa
[11] and among adults immigrants who in their infancy were
exposed to a traditional, unhygienic lifestyle [12]. These
inconsistencies, which seemingly confute the Hygiene
hypothesis, may, on the contrary, cast further light on the
theory.

Measles

An initial report that measles virus may protect from atopy
[6], has not been confirmed [7]. Indeed, it seems unlikely
that evolution relied on transient infection by a single virus
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to down-regulate TH2 responses in mammals. Moreover,
measles has only recently become a worldwide disease:
natives of South America, for example, were not exposed to
measles until the arrival of Europeans in the 15th century
[13]. If measles was essential to prevent atopy or asthma,
most native Americans would have probably been atopic
and asthmatic.

Airborne viruses

The prevalence of atopy and asthma was inversely related to
childhood infections by airborne viruses in some studies
[reviewed in 8], but not in others [9,14]. From an evolution-
istic and epidemiological perspective, these inconsistencies
are not surprising. First, airborne viruses that infect humans
have not been constantly present throughout mammalian
evolution [2]. Second, some of them even induce or exacer-
bate asthma [15] thereby introducing a potent confounding
effect in epidemiological studies addressing the Hygiene
hypothesis. Finally, most respiratory viruses are so infec-
tious that hygiene and declining family size could hardly
reduce their circulation among humans (as compared, for
example, to infections transmitted through other routes)
[14]. Therefore, although we have not enough data either
to refute or to accept the hypothesis [8] that certain viruses
may protect from atopy, both epidemiological background
and evolutionistic arguments indicate that the hygiene
hypothesis should be examined mainly in the light of
exposure to other microbes.

Inner city asthma

Most asthma cases among children living in American inner
cities are due to atopic sensitization to indoor allergens,
including mites and cockroaches [16]. Hence it was extra-
polated that atopic sensitization in inner cities is not less
frequent than in more affluent and hygienic urban areas [10],
which is in clear contrast to the hygiene hypothesis. It is
tempting to speculate, however, that children living in
‘unhygienic’ inner-city areas may be indeed not so heavily
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exposed to a wide array of bacteria compared with children
that have access to natural soil, eat only food not industrially
processed, or live in areas endemic for many different
orofaecal infections. Thus, it seems that the words ‘dirty’
or ‘hygiene’ are too generic to label environments facilitat-
ing or protecting from allergy. American inner cities repre-
sent very interesting areas for further epidemiological
research on the Hygiene hypothesis.

Atopy in developing tropical areas

Inhabitants of rural, unhygienic areas of developing
countries, not rarely have serum IgE responses toward
airborne allergens [11]. However, severe helminthic
infestation, very frequent in such areas, can potentiate
TH2 responses through bystander effects [18], which may
counteract the downregulating effects exerted by other
microbes. These atopic responses are rarely associated
with allergic disease [11], suggesting that severe helminthic
infestation may stimulate biological activities (e.g. by
competing for IgE-binding sites on effector cells [19]) that
may prevent the inflammatory consequences of exposure
to allergens. Interestingly, eradication of helminths from
Venezuelan patients produced a decrease in total serum IgE
level, paradoxically associated with increasing skin reac-
tions to airborne allergens [20].

Onset of atopy in adulthood

IgE sensitization to common or occupational allergens not
infrequently start in immigrants or adult workers who in
their early years were exposed to a traditional, unhygienic
lifestyle [12]. Therefore, atopy does not appear to be pro-
grammed exclusively in early infancy and infections
acquired within a ‘window period’ early in life may not pro-
vide lifelong protection. Downregulation of atopic responses
may rather be a dynamic and quantitative process, extending
at least to adolescence and probably to adulthood, subjected
to genetic factors that dictate how early, intense and pro-
longed continuous microbial exposure must be to afford
protection from atopic sensitization or to delay its onset
[12,14].

Bacteria stimulating GALT (and other MALT sites)
may prevent atopy: a step forward in the Hygiene
hypothesis?

Given these inconsistencies, the simplistic concepts ‘hygiene
favours allergy’ and ‘dirt prevents allergy’ are not substan-
tiated by evidence-base data. The question is rather: ‘which
microbes may prevent atopy and where would they exert
their preventive effect?’.

A preventive role against allergy and asthma was initially
attributed to respiratory viruses [4,8], whereas infections of
the gastrointestinal tract were thought to protect from food
allergies [4]. In contrast, respiratory allergies were less
frequent in Italian military cadets with antibodies against
hepatitis A virus (HAV) [21] and were inversely related to
other orofaecal/foodborne infections, but not to airborne
viruses [14]. The inverse association between atopy and
HAV antibodies was confirmed in a general population
sample [21]. In these studies, exposure to HAV was con-
sidered a reliable proxy of being reared in an environment
characterized by fecal contamination and high exposure to
orofaecal/foodborne microbes. Then, declining exposure to
orofaecal and food-borne microbes may underlie the allergy
and asthma epidemic [12,14].

These epidemiological studies suggested that the gut
mucosa and GALT had to be included among the sites
where microbes may inhibit TH2 responses to inhalant
allergens [12,14,21,22]. A link between respiratory diseases
due to ‘inhalant’ allergens and events occurring in the gut is
not that paradoxical. Eosinophilic inflammation has been
observed in the duodenal mucosa of atopic and asthmatic
subjects, thus implicating that the whole mucosal immune
system is involved in these conditions [23]. Aerosolized
administration to adults of radiolabelled pollen grains of
Poa pratensis demonstrated that most of these airborne
particles, after impact on orofaringeal mucosal surfaces,
are ingested, and only a minority is inhaled to bronchi
[24]. Moreover, ingestion of allergenic particles should
be facilitated in newborns because of their narrower
airways. Therefore, in newborns, microbes uptaken by
antigen-presenting cells on nasal associated lymphoid
tissue (NALT), Waldeyer’s ring and GALT may induce
dendritic cell maturation [4,25] and a TH1 bystander adju-
vant effect on allergen-specific T-cell responses [4]. Lym-
phocytes from these sites may then home in to other MALT
sites (including BALT) and the skin. This scenario is in line
with the concept that lymphocytes of nasal, bronchial and
enteric mucosae belong to the same recirculating pool.

Bengt Bjorksten’s group was the first to propose that per-
sistent ‘pressure’ on the human immune system by bacteria
colonizing the gastrointestinal tract may prevent atopic
sensitization to airborne allergens [26]. They examined
1-year-old infants living in two countries with a low (Estonia)
and high (Sweden) prevalence of atopy, and found that
Lactobacilli and Eubacteria were more frequent in the
intestinal microflora of Estonian infants, while Clostridia
was more frequent in Swedish infants [26]. They then
observed that allergic 2-year-old children were colonized
less often by Lactobacilli, and harboured higher counts of
aerobic bacteria (coliforms, Staphylococcus aureus) than non
allergic children [27].

Bottcher and coworkers evaluate the faecal composition
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of short chain fatty acids (an indicator of colon microflora
composition) of allergic and nonallergic 13-month-old
infants [28]. Allergic subjects had higher levels of i-caproic
acid, a marker of colonization by Clostridium difficile, and
lower levels of propionic, i-butyric, butyric, i-valeric and
valeric acid. The authors conclude that the composition of
gut microflora in allergic subjects may be causally related to
their disease [28]. However, faecal content in short chain
fatty acid is affected mainly by the metabolic activity of
bacteria growing in the colon lumen; these are only partially
representative of the small percentage of bacteria that can
adhere to epithelia, translocate and interact with dendritic
cells and other cellular components of GALT. Nevertheless,
studies from Bjorksten’s group suggest therefore that
changes in human gut flora due to ‘westernization’ may
be related to the increase in allergy [26,28].
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Atopy prevention may require a high turnover of
different bacteria genera, species and strains

It may be speculated that the gastrointestinal microflora of
westernized children may predispose to atopy because of
the stable predominance of certain bacteria (e.g. clostridia)
or because of the absence of other bacteria (e.g. Lactoba-
cilli). Accordingly, atopy may be prevented simply by
substituting one colonizing species with another. Unfortu-
nately, this is probably not the case. In fact, it is evolu-
tionistically unlikely that one single bacterial species has
the important task of protecting mammals from atopy.
Moreover, translocation through the epithelial barrier and
subsequent potent stimulation of the local immune system
by a bacterium are only transient and limited to intial
colonization phases, and they are soon prevented by a local
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Fig. 1. A reduced bacterial turnover at mucosal surfaces may be responsible of the association between hygiene and atopy or atopic diseases
among populations living with a western lifestyle. The sites involved may be those where antigen presenting cells uptake, process and
present microbial and nonmicrobial antigens to specific T cells. The quality and intensity of bacterial stimulation would dictate the state of
activation and the kind of accessory signals that antigen presenting cells transmit to surrounding cells of the innate and adaptive immune

system.
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IgA response [30,31], otherwise, we probably could not
tolerate our own microflora.

A stronger hypothesis is that a high turnover of appro-
priate bacteria at mucosal level (NALT, BALT, GALT),
rather than specific, stable colonization by certain species,
provides the potent, continuous immune stimulation neces-
sary to prevent atopy and atopic diseases. Interestingly,
longitudinal studies of the gut microflora composition of
infants living in Pakistan (a country with low prevalence of
allergies) [31] and Sweden (higher prevalence of allergies)
[32], showed that most infants in both countries harboured
Escherichia coli. However, Pakistani infants were colonized
earlier and more frequently by new E. coli strains [31-33],
while Swedish infants carried the same strain for months
and years [32]. As only new colonization by a different
strain would exert, although transiently, new immune sti-
mulation, Agnes Wold hypothesized that only a high turn-
over of bacterial species and strains at the gut level [30]
would guarantee that ‘continuous pressure’ [26] on the
immune system considered essential to prevent atopy.
This hypothesis not only has evolutionistic plausibility (an
atopy-preventing effect being attributed to many different
bacterial species), but can also explain the ‘effects’ of
sibship size and birth order on atopy [1,34]. Indeed, cross-
infections with new bacterial strains, rather than a specific
and stable colonization, are facilitated in large families
living a traditional lifestyle. We should consider, however,
that not only GALT, but also other MALT sites (e.g. NALT,
Waldeyer’s ring, BALT and related lymph nodes) may be
the target of such an atopy protective effect [14].

Should a high bacterial turnover be essential to prevent
atopy, different bacterial species must share common
immune-modulating effects. There are indeed many examples
of molecules that stimulate type-1 immunity and that are
shared by many bacteria, including cell wall components of
Gram-negative bacteria (lipopolysaccharide) [35], myco-
bacteria [2], and DNA containing immune-stimulating
sequences (ISS, CpG motifs) [36]. Indeed, the concentration
of exogenous lipopolysaccharide in house dust was inversely
related to the risk of atopy among infants at risk for asthma
[37]; higher exposure to saprophytic mycobacteria was
proposed as a cause of lower risk of atopy in Japanese
children [38]; and bacterial DNA-ISS inhibited in vivo
airway allergic inflammation in animal models of asthma
[39]. Different bacterial factors may therefore lead, through
different molecular mechanisms, to the same outcome:
inhibition of TH2 responses and allergic inflammation.

‘Immuno-education’ in early life: a novel strategy or
wishful thinking?

A diversified, persistent and continuously renewed micro-
bial stimulation of human mucosal lymphoid components

and related lymph nodes may be necessary to sustain physio-
logical bystander effects on the microenvironments at the
site(s) of priming, immune deviation and clonal expansion of
T cells against allergens in order to afford protection against
atopy (Fig. 1). These concepts may at least partially solve the
inconsistencies impinging on the Hygiene hypothesis. If we
knew how high microbial turnover ‘educates’ our immune
system, perhaps we could learn to mimic its action without
giving up our hygienic lifestyle. This novel concept of safe
‘immuno-education’ [40], aimed at facilitating harmonious
development and maintenance of the immune system, may
one day become normal practice not only for protection
against infectious diseases, but also for prevention of
immune-mediated diseases, including allergies [12].

Acknowledgements

We are grateful to Jean Ann Gilder for editing the text.

References

1 Strachan DP. Hay fever, hygiene and household size. Br Med J
1989; 299:1259-60.

2 Rook GAW, Stanford JL. Give us this day our daily germs.
Immunol Today 1998; 19:113-6.

3 Romagnani S. Regulation of the development of type 2
T-helper cells in allergy. Curr Opin Immunol 1994; 6:838—-46.

4 Holt PG. Environmental factors and primary T-cell sensitisa-
tion to inhalant allergens in infancy: reappraisal of the role of
infections and air pollution. Pediatr Allergy Immunol 1995;
6:1-10.

5 Martinez FD, Holt PG. Role of microbial burden in aetiology
of allergy and asthma. Lancet 1999; 354:12-5.

6 Shaheen SO, Aaby P, Hall AJ, Barker DJP, Heyes CB, Shiell
AW, Goudiaby A. Measles and atopy in Guinea-Bissau. Lancet
1996; 347:1792-6.

7 Paunio M, Heinonen OP, Virtanen M, Leinikki P, Patjia A,
Peltola H. Measles history and atopic diseases: a population-
based cross-sectional study. ] Am Med Assoc 2000; 19:283:
343-6.

8 Martinez FD. Role of viral infections in the inception of asthma
and allergies during childhood: could they be protective?
Thorax 1994; 49:1189-91.

9 Von Mutius E, Illi S, Hirsch T, Leupold W, Keil U, Weiland
SK. Frequency of infections and risk of asthma, atopy and
airway hyperresponsiveness in children. Eur Resp J 1999;
14:4-11.

10 Platts-Mills TAE. Changes in the 20th century environment: do
they explain the increase in asthma? Proceedings of the 54th
Annual Meeting of the AAAAI, Washington 13-18 March
1998.

11 Yemaneberhan H, Bekele Z, Venn A, Lewis S, Parry E, Britton
J. Prevalence of wheeze and asthma and relation to atopy in
urban and rural Ethiopia. Lancet 1997; 350:85-90.

12 Matricardi PM. Infections preventing atopy: facts and new
questions. Allergy 1997; 52:879-82.

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 1506—1510



1510

P. M. Matricardi and S. Bonini

13

14

15

20

21

22

23

24

25

26

Bianchine PJ, Russo TA. The role of epidemic infectious
diseases in the discovery of America. Allergy Proc 1992;
13:225-32.

Matricardi PM, Rosmini F, Riondino S et al. Exposure to
foodborne and orofecal microbes versus airborne viruses in
relation to atopy and allergic asthma: epidemiological study.
Br Med J 2000; 320:412-7.

Folkerts G, Busse WW, Nijkamp FP, Sorkness R, Gern JE.
Virus-induced airway hyperresponsiveness and asthma. Am J
Resp Crit Care Med 1998; 157:1708-20.

Rosenstreich DL, Eggleston P, Kattan M et al. The role of
cockroach allergy and exposure to cockroach allergen in
causing morbidity among inner-city children with asthma.
N Engl J Med 1997; 336:1356-63.

Cookson WOCM, Moffatt MF. Asthma: an epidemic in the
absence of infection. Science 1997; 275:41-2.

Turner KJ, Feddema L, Quinn EH. Non-specific potentiation of
IgE by parasitic infections in man. Int Archs Allergy Appl
Immun 1979; 58:232-6.

Godfrey RC, Gradidge CF. Allergic sensitisation of human
lung fragments prevented by saturation of IgE binding sites.
Nature 1976; 259:484-6.

Lynch NR, Hagel I, Perez M, Di Prisco M, Lopez R, Alvarez N.
Effect of antihelmintic treatment on the allergic reactivity of
children in a tropical slum. J Allergy Clin Immunol 1993;
92:404-11.

Matricardi PM, Rosmini F, Ferrigno L et al. Cross-sectional
retrospective survey of the prevalence of atopy among Italian
military students with antibodies against hepatitis A virus.
Br Med J 1997; 314:999-1003.

Matricardi PM, Rosmini F, Rapicetta M, Gasbarrini G, Stroffo-
lini T. Atopy, hygiene and anthroposophic lifestyle. Lancet
1999; 354:430.

Wallaert B, Desreumaux P, Copin MC, Tillie I, Benard A,
Colombel JF et al. Immunoreactivity for interleukin 3 and 5
and Granulocyte/Macrophage Colony-stimulating Factor of
intestinal mucosa in bronchial asthma. J Exp Med 1995;
182:1897-904.

Wilson AF, Novey HS, Berke RA, Surprenant EL. Deposition
of inhaled pollen and pollen extract in human airways. New
Eng J Med 1973; 288:1056-9.

Rescigno M, Granucci F, Citterio S, Foti M, Ricciardi-
Castagnoli P. Co-ordinated events during bacteria-induced
DC maturation. Immunol Today 1999; 20:200-3.

Sepp E, Julge K, Vasar M, Naaber P, Bjorksten B, Mikkelsaar
M. Intestinal microflora of Estonian and Swedish infants. Acta
Pediatr 1997; 86:956-61.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Bjorksten B, Naaber P, Sepp E, Mikelsaar M. The intestinal
microflora in allergic Estonian and Swedish 2-year-old children.
Clin Exp Allergy 1999; 29:342—6.

Bottcher MF, Norin EK, Sandin A, Midtvedt T, Bjorksten B.
Microflora associated characteristics in faeces from allergic and
non-allergic infants. Clin Exp Allergy 2000; 30:1590-1596.
Shroff KE, Meslin K, Cebra JJ. Commensal enteric bacteria
engender a self-limiting humoral mucosal immune response
while permanently colonizing the gut. Infect Immun 1995;
63:3904—-13.

Wold AE. The hygiene hypothesis revised: is the rising fre-
quency of allergy due to changes in the intestinal flora? Allergy
1998; 53 (S46):20-5.

Adlerberth I, Jalil F, Hanson LA et al. High turnover rate of
Escherichia coli phenotypes in the intestinal flora of infants in
Pakistan. Epidemiol Infect 1998; 121:587-98.

Kuhn I, Tullus K, Mollby R. Colonization and persistence of
Escherichia coli phenotypes in the intestines of children aged
0 up to 18 months. Infection 1986; 14:7—12.

Adlerberth I, Carlsson B, De Man P et al. Intestinal colon-
ization with Enterobacteriaceae in Pakistani and Swedish
hospital-delivered infants. Acta Paediatr Scand 1991; 80:
602-10.

Matricardi PM, Franzinelli F, Franco A et al. Sibship size, birth
order, and atopy in 11, 371 Italian young men. J Allergy Clin
Immunol 1998; 101:439-44.

Le J, Lin JX, Henriksen-Destefano D, Vilcek J. Bacterial
lipopolysaccharide-induced interferon-gamma production: roles
of interleukin 1 and interleukin 2. J Immunol 1986; 136:4525—
30.

Roman M, Orozco EM, Goodman JS et al. Immunostimulatory
DNA sequences function as T helper-1-promoting adjuvants.
Nature Med 1997; 3:849-54.

Gereda JE, Leung DYM, Thatayatikom A et al. Relation
between house-dust endotoxin exposure, type 1 T-cell devel-
opment, and allergen sensitisation in infants at high risk of
asthma. Lancet 2000; 355:1680-3.

Shirakawa T, Enomoto T, Shimazu SI, Hopkin JM. The inverse
association between tuberculin responses and atopic disorder.
Science 1997; 275:77-9.

Sur S, Wild JS, Choudhury BK, Sur N, Alam R, Klinman DM.
Long term prevention of allergic lung inflammation in a mouse
model of asthma by CpG oligodeoxynucleotides. J Immunol
1999; 15:6284-93.

Matricardi PM, Bonini S. Mimicking ‘microbial education’ of
the immune system: a strategy to revert safely the epidemic
trend of allergy and asthma? Resp Res 2000; (in press).

© 2000 Blackwell Science Ltd, Clinical and Experimental Allergy, 30, 1506—-1510



