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SUMMARY

The idea that diminishing exposure to microorganisms in the envi-
ronment might play a role in the rising incidence of allergies was put
forward nearly 30 years ago. Soon after the same idea was suggested
for autoimmune disease. We would now add inflammatory bowel dis-
ease (IBD; Crohn’s disease and ulcerative colitis) to this list, and place
all three groups of disorder (allergies, autoimmunity, IBD) under a
common umbrella title of “diseases of immunodysregulation”, all attrib-
utable to a failure of maturation of immunoregulatory cell populations
and networks. Meanwhile it has become clear that some behavioural
and mood disorders are also increasing at a worrying rate in the rich,
developed countries, and some of these are epidemiologically associated
with the immunoregulatory disorders, and accompanied by cytokine
changes that permit a tentative unifying hypothesis involving regulatory
roles of interleukin 10 (IL-10) in the immune system and central nerv-
ous system.

Recent laboratory and clinical studies suggest that microorganisms
can influence the “diseases of immunodysregulation” without causing
overt infections. Changes in commensal flora (such as gut flora) or ex-
posure to immunogenic but harmless saprophytes or vaccines, or al-
teration of our microbial exposure by antibiotics and hygiene can all ex-
ert significant effects. This information provides us with some extraor-
dinary challenges, because although hygiene, vaccines and antibiotics
are the three most useful and cost-effective achievements of medicine,
the next decade will see us trying to discover how to improve vaccines
so that they more closely mimic the “educational” input that the immune
system requires, and how to supplement the effects of conventional
vaccines with probiotics, and how to devise novel vaccines that are
used, not to combat a specific infection, but rather to exploit their non-
specific immunoregulatory properties.

INTRODUCTION:
THE HYGIENE HYPOTHESIS AND ALLERGIC DISORDERS

In 1976 Gerrard and his colleagues,
noted that North American Indians had

higher levels of IgE than their white
neighbours, but a much lower incidence
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of allergic symptoms (Gerrard et al., 
1976). They suggested explicitly that 
“atopic disease is the price paid by some 
members of the white community for 
their relative freedom from diseases due 
to viruses, bacteria and helminths” 
(Gerrard et al., 1976). This constitutes 
one of the earliest statements of the hy
giene hypothesis. 

Numerous subsequent epidemiologi
cal studies have confirmed that there is a 
steadily rising incidence of allergic 
symptoms in the rich developed, hygi
enic countries (Strachan et al., 1997) 
and several aspects of the epidemiology 
are compatible with the view that the 
relevant environmental change is the 
decreasing exposure to microorganisms. 
These include the protective effects of 
large family size, and of being low 
down in the birth order, especially if the 
individual has “dirty older broth
ers”(Matricardi et al., 1998; Strachan et 
al., 1997). A trend towards increases in 
allergic manifestations is also now being 
seen in urban Africans, when compared 
to the corresponding rural population 
(Yemaneberhan et al., 1997). 

Further support came from a number 
of studies showing a negative correla
tion between allergic manifestations and 
evidence of response to organisms 
transmitted by the oro-faecal route (Ma
tricardi et al., 2000), the incidence of 
tuberculosis (von Mutius et al., 2000), 
BCG vaccination (Aaby et al., 2000), 
and tuberculin skin test positivity 
(Shirakawa et al., 1996). While other 

studies failed to confirm the latter ob
servations in other environments (Alm 
et al., 1997; Strannegard et al., 1998), 
the interpretation of tuberculin test data, 
and the immunological effects of expo
sure to mycobacteria are complex mat
ters and the negative results are not 
convincing (Rook and Stanford, 1999). 
At that time there was widespread belief 
that there is a reciprocal “see-saw” 
downregulation of Th1 responses by 
Th2, and of Th2 responses by Th1. 
Therefore several authors expanded the 
view that the rising incidence of aller
gies might be due to a failure of our hy
gienic modern environments to drive 
sufficient Th1 activity (Holt, 1995; 
Hopkin, 1997; Rook and Stanford, 
1998; von Mutius, 1998). With hind
sight this was clearly never a viable hy
pothesis. First, it entirely ignored the 
possibility that Th2-inducing infections 
such as helminths might also protect 
(Gerrard et al., 1976). Secondly the 
Th1/Th2 seesaw hypothesis ignored the 
fact that the incidence of Th1-mediated 
autoimmune diseases is rising in parallel 
with allergic diseases, with remarkably 
tight correlation between the two (Stene 
and Nafstad, 2001). 

The major themes of this article are 
therefore the nature of the diseases that 
might be increasing because of altered 
inputs to our immune systems, the na
ture of the altered input, and the pros
pects for using this knowledge for novel 
immunotherapies. 

THE HYGIENE HYPOTHESIS AND AUTOIMMUNE DISEASE
 

With hindsight it should have been 
obvious that the “hygiene hypothesis” 
could not be explained only by changes 
in the Th1/Th2 cytokine balance. It was 
already known that microbial exposure 
can influence autoimmunity in animal 
models, whether that autoimmunity is 

mediated by Th2 or Th1 cells. Sec
ondly, human Th1-mediated autoimmu
nity, such as type 1 diabetes (Stene and 
Nafstad, 2001) and multiple sclerosis 
(Celius and Vandvik, 2001; Pugliatti et 
al., 2001; Sumelahti et al., 2001) have 
been increasing at a rate similar to the 
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increase in allergies (Stene and Nafstad, 
2001). Taken together these facts sug
gest that the hygiene hypothesis applies 
equally to these Th1-mediated disor
ders, and cannot therefore be a simple 
Th1/Th2 imbalance (Rook, 2000). 

For instance, 25 years ago Kohashi 
and colleagues (1985) studied the in
duction of adjuvant arthritis in germ-free 
mice, and compared the incidence and 
severity of disease with that seen after 
re-colonisation of the gut with single 
species. The gut flora could either 
enhance or inhibit the disease depending 
on the bacterial species used. Similarly 
bacterial exposure profoundly affects 
rodent models of arthritis in HLA B27 
rats (Taurog et al., 1994), pristane-in
duced Lupus (Hamilton et al., 1998), 
and autoimmune thyroiditis (Penhale 
and Young, 1988). Moreover a single 
dose of Freund’s complete adjuvant 
protected non-obese diabetic (NOD) 
mice from a Th1-mediated autoimmune 
diabetes (Sadelain et al., 1990), and 
striking differences in the manifestations 
of diabetes in NOD mice in different 
animal houses have been attributed to 

differing microbial exposure (Todd, 
1991). 

The most striking evidence comes 
from the astonishingly close correlations 
between the incidences of allergic 
symptoms and type 1 diabetes whether 
the analysis is confined to Europe, or 
extended to countries outside Europe 
(Stene and Nafstad, 2001). Therefore 
Th2-mediated and Th1-mediated pa
thologies are increasing in parallel 
(Stene and Nafstad, 2001). 

Does this mean that Th1/Th2 balance 
has no role at all? It is interesting that 
one study has suggested that despite the 
parallel increase in allergies and type 1 
diabetes within communities, these dis
eases tend not to occur in the same indi
viduals. Children with type 1 diabetes, 
and their siblings, may be partially pro
tected from allergic disorders (Douek et 
al., 1999). This implies that there might 
be an underlying environmental trend 
that is increasing the risk of both types 
of disorder, but that which disorder de
velops is determined by the individual’s 
genetic background and immunological 
experience. 

THE HYGIENE HYPOTHESIS AND
 
INFLAMMATORY BOWEL DISEASE
 

The picture becomes clearer when a 
third group of diseases is considered. 
There have been definite increases in 
inflammatory bowel disease (IBD) over 
the last 10 years. In Iceland, the inci
dence of ulcerative colitis has doubled, 
and Crohn’s disease has increased 3
fold (Bjornsson et al., 1998). IBD is 
commoner in the North of Europe than 
the South, though the gap may be clos
ing (Shivananda et al., 1996), and there 
have been similar increases in Italy over 
a similar period (Trallori et al., 1996). 
Any doubts about these conclusions, 
based on changing diagnostic criteria, 
for example, have been dispelled by 

rigorous recent studies in Scandinavia 
and Scotland (Lindberg et al., 2000; 
Sawczenko et al., 2001). 

Once again there are animal models 
of IBD that suggest the possibility that 
microbial exposure can influence the 
incidence and severity of the disease. 
Interleukin-2 knockout (IL-2(-/-)) mice 
get colitis and autoimmunity unless 
germ-free. In germfree IL-2(-/-) mice 
the disease can be induced by antigen in 
Freunds complete adjuvant (Ehrhardt et 
al., 1997), and is associated with IL-12
driven Th1 without a Th2 component. 
The same is true of IL-10 knockout 
mice (Kuhn et al., 1993), and it is the 
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more recent work in which the role of falls under the “hygiene hypothesis” 
IL-10 and regulatory T-cells has been umbrella, and cast light on the mecha
defined in murine models of IBD that nisms involved. This is discussed in the 
has consolidated the view that IBD be- next section. 
longs within the group of diseases that 

THE HYGIENE HYPOTHESIS AND REGULATORY T-CELLS;
 
DISEASES OF “IMMUNODYSREGULATION”
 

Thus we would now place all three 
groups of disorder (allergy, autoimmu
nity, and inflammatory bowel disease) 
under a common umbrella title of “dis
eases of immunodysregulation”, all at
tributable to a failure of maturation of 
immunoregulatory cell populations and 
networks. 

Regulatory cells and inflamma
tory bowel disease 

Current evidence suggests that in
flammatory bowel diseases (Crohn's 
disease and ulcerative colitis; IBD) are 
disorders in which the physiological 
mechanisms that inhibit immune re
sponses to gut content (food or mi
crobes) are failing. For instance IBD 
occurs in mice that lack IL-10 (gene 
knockout) and also in mice with severe 
combined immunodeficiency (SCID) 
that receive effector T-cells 
(CD4+CD45RBhigh) without the appro
priate regulatory cells (reviewed in (As
seman and Powrie, 1998). As in the 
models of autoimmunity discussed be
low the regulatory cells are characteris
tically CD25+ and their function in
volves CTLA4 (Read et al., 2000). 
There is good evidence that the regula
tory cells that can stop the inflammatory 
process are associated with abundant 
IL-10, and they have been denoted Tr1 
cells (T-regulatory 1) (Groux et al., 
1997). 

Regulatory cells and autoimmu
nity 

Regulatory cells that can suppress in

flammation mediated by autoimmunity, 
have also been characterised. It is not 
clear whether these constitute several 
different cell types or whether they are 
variants of a single regulatory cell line
age. A wide variety of organ-specific 
autoimmune disorders can be shown to 
be controlled by CD25+ T-cells that also 
express mRNA for IL-4, TGF-ß and 
IL-10 (Seddon and Mason, 2000). They 
are likely to be related to the IL-10
secreting Tr1 cells that can down
regulate the Th1-mediated inflammation 
in models of inflammatory bowel dis
ease (Groux et al., 1997), These cells 
are found in man, and for instance they 
can inhibit the nickel-specific Th1 re
sponses of nickel-reactive individuals 
(Cavani et al., 2000). They may also be 
related to Th3 cells that secrete TGF-ß 
and IL-10 (Fukaura et al., 1996). These 
are readily derived from human periph
eral blood (Kitani et al., 2000). They 
can inhibit both Th1-mediated (Cavani 
et al., 2000; Fukaura et al., 1996) and 
Th2-mediated autoimmunity (Bridoux et 
al., 1997). Similarly T-cells engineered 
to secrete TGF-ß will also downregulate 
both Th2-mediated and Th1-mediated 
responses (Thorbecke et al., 2000). 

Regulatory T-cells and allergy 
A variety of different types of cell 

have been implicated in the regulation of 
allergic responses. These include CD8
expressing cells (MacAry et al., 1997), 
and γ/δ T-cells. The latter have been im
plicated in the control of airway hyper
responsiveness (Lahn et al., 2001), and 
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in the development of tolerance and IL
10 production in response to low dose 
oral antigen (Fujihashi et al., 1999). It 
has been suggested very tentatively that 
γ/δ T-cells downregulate airway respon
siveness to allergen challenge by con
trolling the 'repair' response of the air
way epithelium to damage mediated by 
α*β T-cells (Holt and Sly, 1999). A dif
ferent subset of T-cells, that may be 
identical to the Tr1 cells implicated in 
suppression of IBD, and perhaps also to 
Th3 cells, can inhibit the Th2-mediated 
response to allergen in vivo  (Cottrez et 
al., 2000). These cells also release IL
10 which is already known to 
specifically decreases IgE production by 
IL-4-stimulated peripheral blood mono
nuclear cells in vitro  (Punnonen et al., 
1993). It can also downregulate IL-5 
production by T-cells (Zuany-Amorim 
et al., 1996). 

These findings do appear to relate to 
man, because the diameter of a house
dust mite (HDM)-induced wheal was 
inversely related to the quantity of 
mRNA for IL-10 induced by HDM in 
vitro (Macaubas et al., 1999). Similarly 
there is evidence for deficient release of 
IL-10 into the airways in human asth
matics (Borish et al., 1996). 

Parasites, regulatory T-cells and 
allergy 

Further support has come from the 
recent claim that decreased atopy in 
children infected with Schistosoma 
haematobium correlates with increased 
release of IL-10 from peripheral blood 
mononuclear cells in response to worm 
antigens in vitro (van den Biggelaar et 
al., 2000). This interpretation helps to 
explain the work of Gerrard and of 
Lynch outlined earlier (Gerrard et al., 
1976; Lynch et al., 1998), and is ac
ceptable if we assume a biphasic rela
tionship between parasite load and the 
effect on atopy. This proviso is neces
sary because in studies of European 

children, those who were Ascaris-IgE 
seropositive had 10-fold higher levels of 
total IgE, higher prevalence rates of 
allergen-specific IgE seropositivity and 
higher prevalence of allergic rhinitis and 
asthma (Dold et al., 1998). Similarly in 
a separate study the means of total se
rum IgE and blood eosinophils were 
significantly higher in Toxocara-sero
positive than in the seronegative group, 
and allergic asthma was associated with 
Toxocara seroprevalence (Buijs et al., 
1997). Thus low level infection with 
Th2-inducing parasites clearly exerts a 
non-specific adjuvant effect on the Th2 
response to allergens. It might however 
be true that chronic exposure to very 
high parasite loads induces sufficient 
anti-inflammatory IL-10 to non-specifi
cally downregulate inflammation due to 
other causes. Thus the observations in 
children with Schistosomiasis, although 
greeted with much enthusiasm, pose a 
number of puzzles that are highlighted 
by the studies on Toxocara (Buijs et al., 
1997) and Ascaris (Dold et al., 1998). It 
is extremely difficult to explain the 
increase in the incidence of allergic dis
orders in the developed countries in re
cent decades on the basis of changing 
exposure to parasites. Moreover in Es
tonia, where the prevalence of allergy is 
low, parasites are very infrequent, so 
the relevant changes in microbial expo
sure must involve other types of organ
ism (Julge et al., 1997). 

Symptomless atopy, or atopy 
leading to allergic disorders? 

A further difficulty is that the Schis
tosomiasis study looked at total and 
specific IgE and at the prevalence of 
positive skin prick reactions to HDM. It 
did not study allergic symptoms  (van 
den Biggelaar et al., 2000). In a sepa
rate study in Ethiopia the rural popula
tion had significantly higher levels of 
skin prick test sensitivity to HDM than 
the urban population, but a lower 
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Figure 1: Regulatory cells may act at multiple levels to inhibit the inflammatory process. This 
figure focuses on the effects of IL-10. If antigen-presenting cells release IL-10 during the initiation 
of the response there may be bias towards Th2. In contrast, at later stages in the pathway, IL-10 
from regulatory T-cells can switch from IgE to IgG4, downregulate skin prick test positivity, or 
attenuate allergic symptoms in the airways. Different subsets of regulatory cells might be involved 
at each stage. Moreover the regulation can be a non-specific bystander effect of anti-inflammatory 
cytokines, or due to allergen-specific regulatory cells. Similar figures could be devised for autoim
munity and inflammatory bowel disease. 

prevalence of wheeze and asthma (Ye- of allergic manifestations can occur at 
maneberhan et al., 1997). Figure 1 several different levels, and via non
therefore points out that downregulation specific and allergen-specific pathways. 

THE HYGIENE HYPOTHESIS AND PSYCHIATRIC DISORDERS 

At this point we wish to introduce an 
hypothesis of such potential importance 
that although still tentative, it deserves 
to be thought about. It has become clear 
that some behavioural and mood disor
ders are also increasing at a worrying 
rate in the rich, developed countries, 
and some of these are epidemiologically 
associated with the immunoregulatory 
disorders already discussed. These psy
chiatric problems are also accompanied 

by cytokine changes that parallel those 
seen in allergic disorders, and that can 
account for behavioural changes. There 
are two major types of evidence to sup
port this hypothesis. 

1) Associations with inflamma
tory disorders that are them
selves increasing 

The incidence of autism is increasing 
at the same rate as allergies etc. (Kaye et 

40 



 

 
 

 

 
 
  

 

  

 

 

 

 

 
    

 
 

  
 

 
 

  

 
 

 
 

 

 

  

 

 

 

 
 

 

 

 
 

  

 

al., 2001). Moreover about 50% of 
autistic children have gastrointestinal 
symptoms, and there is evidence for a 
mild mucosal inflammation resembling 
mild IBD (Furlano et al., 2001). 
Chronic fatigue syndrome is also asso
ciated with allergies (Borish et al., 
1998). Attention deficit hyperactivity 
disorder (ADHD) is somewhat contro
versially associated with allergic mani
festations (Egger, 1997; Roth et al., 
1991), and many cases probably repre
sent an infantile form of depression. 
There also appears to be a more general 
association between allergies and de
pression. College students with a his
tory of clinical depression were more 
likely to be allergic, and allergic subjects 
were more likely to have mood 
worsening after influenza (Bell et al., 
1991). This association seems not to be 
merely attributable to the stress of the 
allergic symptoms, because first and 
second degree relatives of allergic indi
viduals have higher levels of psychiatric 
disorder and vice versa. Relatives of 
asthmatic adolescents have a higher in
cidence of affective disorder, antisocial 
personality disorder and substance 
abuse (Wamboldt et al., 1996). This 
association was then confirmed in a 
much larger twin study of depression 
and allergy (Wamboldt et al., 2000). 

2) Cytokines and mood disorders 
It has been noted that major depres

sion is accompanied by indications of 
systemic inflammation; leukocytosis, 
increased acute phase proteins, in
creased production of IL-1ß, IL-6, 
IFNγ, IL-2 (reviewed in Maes et al., 
1999), and there is some evidence that 
antidepressant drugs (including SSRI’s 
and TCA’s, HCA’s and lithium), can 
reverse these cytokine changes. The re
cent vogue for treating hepatitis and 
certain cancers with IL-2 and Interferon 
alpha (IFN-α) has highlighted the role 
of cytokines in mood. In many subjects 
IL-2 and IFN-α rapidly induce severe 
clinical depression (Capuron et al., 
2000, 2001; Dantzer et al., 1999; Mus
selman et al., 2001). In others there is 
mania after withdrawal. Interestingly 
IFN-α production is high in individuals 
with allergy or chronic fatigue syn
drome while IL-10 production is low 
(Borish et al., 1998). This may be im
portant because IL-10 is not only able to 
suppress the inflammatory disorders 
discussed above, but also able to sup
press the sickness behaviour caused by 
signals passing to the brain from in
flammatory sites. Moreover IL-10 can 
do this even when injected directly into 
the brain (Bluthé et al., 1999; Nava et 
al., 1997). Thus potentially these disor
ders may be influenced by the same de
fective control of inflammation, and 
changing cytokine balance with IL-10 
deficiency, as the overtly inflammatory 
disorders discussed earlier. 

THE UNIFYING HYPOTHESIS AND ITS CONSEQUENCES
 

Thus various regulatory cell types 
secreting IL-10, if deficient in inhabi
tants of the clean developed countries, 
can provide an unifying hypothesis to 
explain simultaneously the increase in 
allergy, autoimmunity and IBD (Rook, 
2000; Rook et al., 2000; Yazdanbakhsh 
et al., 2001), and possibly changing 
patterns of psychiatric disorder. Indeed 
IL-10-secretitng cells such as certain 

NKT-cells can also be involved in the 
induction of regulatory T-cells (Sonoda 
et al., 2001), as can IL-10 secretion by 
antigen-presenting cells. We have re
cently been surprised by the huge range 
of background cytokine expression even 
in normal people. Quantitative RT-PCR 
using mRNA from unstimulated 
peripheral blood mononuclear cells from 
normal tuberculin-positive donors, 
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revealed a 10,000x range of ratios of 
IL-4 mRNA to IFN-γ mRNA (Seah and 
Rook, 2000; Seah et al., 2000). We are 
not aware of a strictly quantitative 
analysis of IL-10 mRNA expression in 
unstimulated blood cells. 

One consequence of the realisation 
that the balance of pro-inflammatory 
cytokines (whether Th1 or Th2) to 
regulatory cytokines may be the crucial 
factor, is a resolution of the bizarre 
compartmentalisation of immunology 
that led workers in the field of Th1-me
diated autoimmunity to seek treatments 
that would deviate the Th1 response 
towards Th2, while workers in the field 
of allergy were trying to deviate the Th2 
response towards Th1. It now appears 
probable that neither approach was ei
ther safe or desirable, and that to treat 
both types of disorder we should be 
trying to evoke regulatory T-cells. 

For instance, in the experimental al
lergic encephalitis (EAE) model and in 
the induction of diabetes in non-obese 
diabetic (NOD) mice, both of which are 
primarily Th1-mediated, a superim
posed Th2 response can make the situa
tion worse (Lafaille et al., 1997; Pakala 
et al., 1997), as it does in models of 
infection (reviewed in (Rook et al., 
2000). Moreover if the immune re
sponse is incorrectly regulated, switch
ing the incorrectly regulated Th1 re
sponse to Th2 may merely result in an 
incorrectly regulated Th2 response that 
causes a different but equally dangerous 
disease (Baxter et al., 1994; Genain et 
al., 1996). This appears to be what 
happened in a treatment trial in human 
multiple sclerosis, where the disease 
changed in nature without improvement 

from the patients’ point of view, and 
autoimmune thyroid disease also ap
peared, superimposed upon the modi
fied MS (Coles et al., 1999a; Coles et 
al., 1999b). These issues were dis
cussed in detail elsewhere (Rook et al., 
2000). The solution to this dilemma is 
to distinguish between Th2 effector 
cells, which are potentially dangerous 
when superimposed upon a Th1 re
sponse and Th2-like regulatory cells 
secreting IL-10 and/or TGF-β, which 
are beneficial. 

The same argument holds for at
tempts to treat allergy by deviating the 
response to Th1. Allergen-specific Th1 
clones can entirely fail to downregulate 
a Th2 response (Cottrez et al., 2000) or 
airway hyper-reactivity (Hansen et al., 
1999). Indeed they can contribute addi
tional immunopathology despite their 
ability to downregulate aspects of the 
Th2 response such as eosinophil infil
tration (Hansen et al., 1999). Similarly 
in a recent human clinical trial, admini
stration of IL-12 to asthmatics caused 
some evidence of a switch towards Th1, 
and some fall in eosinophil count, but 
failed to decrease the late asthmatic 
response to allergen exposure (Bryan et 
al., 2000). Moreover a monoclonal an
tibody to IL-5, a key Th2 cytokine, 
greatly reduced eosinophil levels in 
blood and bronchoalveolar lavage, but 
also failed to affect the late asthmatic 
response to allergen exposure (Leckie et 
al., 2000). 

An alternative approach is the induc
tion of the physiological regulatory cells 
that can control both excessive Th1 and 
Th2 activity. 

HOW DO MICROORGANISMS TRIGGER
 
REGULATORY T-CELLS?
 

There is no definitive answer to this cells, (which are inevitably weakly anti
question yet. Figure 2 is a crude cartoon self because of positive selection in the 
indicating that the precursors of effector thymus), and regulatory cells that block 
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Figure 2: The induction of regulatory T-cells, and the requirement for bacterial or other microbial 
products is not understood in detail. Regulatory T-cell precursors need to encounter the antigen in 
the periphery, and the simultaneous presence of microbial homologues, presented in the context of 
microbe-derived “danger signals”, may be essential for the correct setting up of regulatory networks 
and self/non-self discrimination. 

autoimmunity, may be generated to
gether in the thymus (Seddon and Ma
son, 2000). Then for full function the 
regulatory cells need to encounter the 
self antigens in the periphery (Seddon 
and Mason, 2000). It may be at this 
point that cross-reactive microbial epi
topes, presented in the context of mi
crobial “danger signals” (Matzinger, 
1994), exert a crucial influence on the 
appropriate development of regulatory 
networks. Much tolerance to allergens 
probably develops via mucosal sur
faces, and indeed Th3 cells are prefer
entially induced following oral admini
stration of antigen. It is interesting that 
oral tolerance is difficult to evoke in 
germ-free mice. This ability is restored 
by bowel flora or bacterial products 

(Sudo et al., 1997; Wannemuehler et 
al., 1982). Effectively therefore, certain 
microbial components can act as “regu
latory cell adjuvants”. One hypothesis to 
explain the development of regulatory 
responses involves the Notch-Notch 
ligand system. These molecules take 
part in cell lineage decisions in many 
organs, and may be involved in the ef
fector/regulator decision in the immune 
system. High-dose peptide delivered 
intranasally to mice induces transient 
expression of Delta 1 (a Notch ligand) 
on inhibitory CD4+ T-cells. Ligation of 
the Notch1 receptor on neighbouring T
cells by Delta1+ regulatory T-cells in
hibits clonal expansion of effector cells 
and leads to suppression (Hoyne et al., 
1999). 

THE MICROORGANISMS INVOLVED 

If deficient exposure to certain mi- crease in diseases of immunodysregula
croorganisms that act as regulatory T- tion in the developed countries, it be
cell adjuvants is behind the steady in- comes important to identify the organ
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isms involved. As far as recent trends in 
the developed countries are concerned 
the helminths and other parasites can 
probably be disregarded, as discussed 
earlier. In fact it is extremely unlikely 
that any single species or genus holds 
the key, but identification of any genera 
with the appropriate properties is clearly 
useful since it can lead to therapeutic 
trials. 

Gram-negative bacteria 
Recently some attention has been fo

cused on Gram-negative bacteria, be
cause allergic manifestations are less 
common in children living in an envi
ronment contaminated with high levels 
of endotoxin (lipopolysaccharide; LPS) 
(Gereda et al., 2000). This was con
firmed by studies of farming families in 
Germany, where high levels of LPS are 
found in the homes and bedding of a 
population with a low incidence of al
lergies (von Mutius et al., 2000). LPS 
is a readily assayed and very robust 
component of Gram-negative bacteria, 
but this work does not in any way prove 
that these bacteria are the important 
ones. They might be, but we must 
remember that the LPS is an indicator of 
a lifestyle that will allow contamination 
with all types of organism, even if there 
is no way to screen easily for the others. 
It is however interesting that a 
polymorphism of CD14, which is in
volved in recognition of LPS by macro
phages, is associated with some aspects 
of atopy (Baldini et al., 1999), but if the 
Notch-Notch ligand story is correct, 
LPS is an unlikely candidate as inducer 
of regulatory cells since its known in
teractions with Toll-like receptors will 
drive effector rather than regulatory cell 
proliferation. 

Mycobacteria 
The possible importance of the my

cobacteria is suggested by several epi
demiological approaches already dis

cussed (Aaby et al., 2000; Shirakawa et 
al., 1996; von Mutius et al., 2000). 
Mycobacteria are not part of the normal 
commensal flora of man, but they are 
immensely common in mud and un
treated water. There are more than 80 
saprophytic species, and untreated water 
in developing countries can contain as 
many as 109 (approximately 1mg) per 
litre. Thus exposure to mycobacteria 
depends on lifestyle to an extent that is 
not true for any species that is part of 
the commensal gut flora, and so can 
help to explain the difference between 
developing and rich countries, and the 
urban-rural differences seen in both en
vironments. The inhabitants of inner 
cities in the USA encounter mycobacte
ria very little, whereas inhabitants of 
developing countries usually have de
layed hypersensitivity reactions to mul
tiple environmental species as well as to 
tuberculosis. In fact they must have 
been very common in the environment 
throughout mammalian and human 
evolution, and it is possible that expo
sure to them is as much an evolutionary 
necessity as is exposure to a back
ground level of LPS. It is important to 
note that children with defective recep
tors for IFN-γ, or IL-12 die from infec
tions with saprophytic environmental 
mycobacteria (de Jong et al., 1998; 
Newport et al., 1996), which implies 
that in normal children, who frequently 
have such species associated with their 
tonsils (Stewart et al., 1970), the im
mune system is constantly and actively 
involved in their destruction. Con
versely, the mycobacteria, when present 
in the environment, must be constantly 
modulating the immune system. 

In mouse models BCG or M. vaccae 
can limit Th2 responses, even when 
given after the start of immunisation 
(Erb et al., 1998; Wang and Rook, 
1998). This effect includes downregu
lation of airway hyper-reactivity 
(Zuany-Amorim et al., 2001). The 
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Figure 3: Spleen cells from Balb/c mice rendered allergic to ovalbumin did not release IL-10 in 
response to ovalbumin in vitro. However 0.1mg killed M. vaccae given s.c. at the times indicated, 
resulted in the presence in the spleen of a robust IL-10 response. Manifestations of the allergic 
response to intratracheal challenge were also supressed, correlating with the presence of allergen
specific regulatory cells demonstrable in a cell transfer system. Orally administered M. vaccae (by 
gavage) was similarly active. 

downregulation is mediated by IL-10
secreting allergen-specific CD4+ T-cells 
that can be transferred into allergic re
cipients (discussed in Rook et al., 2001) 
and Zuany-Amorim et al., submitted for 
publication). In view of the probable 
involvement of the gut in tolerance in
duction, it is interesting that mycobacte
ria, whether alive or killed, are subject 
to very rapid and efficient uptake via M 
cells (Fujimura, 1986; Lugton, 1999; 
Momotani et al., 1988). It has emerged 
recently that tiny doses of SRL172 or 
SRP299 (derivatives of heat-killed M. 
vaccae NCTC11659) given by the oral 
route are active in the Balb/c model of 
allergy to ovalbumin. A full account of 
this work will be published elsewhere 
(Rosa Brunet, L., Hunt, J., and Rook, 

G.A.W., in preparation). Figure 3 
shows, for example, that one dose of 
SRL172 given after the first 2 of 4 im
munisations, caused the appearance in 
the spleen of cells that released IL-10 in 
response to ovalbumin in vitro. Again, 
allergen-specific regulatory cells are in
duced. 

Clinical studies with mycobacte
rial derivatives in allergic disor 
ders 

Derivatives of M. vaccae adminis
tered by the intradermal route have been 
tested in several clinical studies in hu
man asthma (Camporota et al., 2000; 
Hopkin et al., 1998; Shirtcliffe et al., 
2001) and eczema (Arkwright and 
David, 2001). The results are encour
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Figure 4: Using a protocol similar to that shown in Figure 3, two s.c. injections of lipid frac
tion 8 from M. vaccae NCTC11659 caused suppression of cellular infiltration into the lungs fol
lowing intratracheal (i.t.) challenge with ovalbumin. This fraction can also lead to the presence of 
IL-10 secreting cells, and to suppression of eosinophilia, without any switch to Th1 (not shown). 
We speculate that some mycobacterial lipids might be essential to the immune system, and act as 
regulatory T-cell adjuvants. 

aging, and a Phase II study is now in 
progress. Interestingly a delipidated 
preparation appeared to be inactive 
(Shirtcliffe et al., 2001), and recent 
work suggests that certain lipid fractions 
may be important active components of 
the organism (Figure 4). 

Clinical studies with mycobacte
rial derivatives in autoimmune 
disease 

M. vaccae derivatives have also 
shown promise in several clinical stud
ies in psoriasis (Balagon et al., 2000; 
Lehrer et al., 1998), and BCG vaccine 
was recently tried in patients with mul
tiple sclerosis (MS) (Ristori et al., 
1999). Since BCG is predominantly a 

Th1-inducing vaccine, and MS is a pre
dominantly Th1-mediated disease, this 
trial represented a striking conceptual 
advance in which the physicians were 
thinking in terms of regulatory T-cells 
rather than Th1/Th2 balance (Rook et 
al., 2000). The results of this small 
preliminary study were most encourag
ing (Ristori et al., 1999). 

Lactobacilli and the hygiene hy 
pothesis 

Lactobacilli were a common part of 
the diet of primitive man, but now occur 
mostly as a minor additive in some 
foods. Levels of gut Lactobacilli are 
lower in populations with high rates of 
allergy (Sepp et al., 1997). Therefore 
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this genus is also generating interest, place. These are covered by other 
and since it colonises the human gut chapters within this volume and will not 
there are exciting possibilities, and sev- be considered further here. 
eral small clinical studies have taken 

CONCLUDING REMARKS 

As we live in increasingly hygienic 
and infection-free environments, so 
vaccination schedules become an in
creasingly large proportion of the edu
cational input to our immune systems. If 
the immune system has evolved in the 
anticipation of a particular type and se
quence of inputs, the change repre
sented by modern vaccination schedules 
may be inappropriate. Vaccines will in
evitably modify the priming of regula
tory T-cells. First, they provide expo
sure to organisms in a sequence that is 
different from the evolutionarily experi
enced/programmed sequence. Peter 
Aaby has evidence that the sequence of 
vaccination has effects on subsequent 
overall health (personal communica
tion). Secondly, the vaccines used 
prime an unbalanced response, mostly 
Th2-orientated, particularly in the USA 
where BCG is not used and hepatitis B 
vaccination at birth is routine. It is not 
clear that priming antibody responses 
drives adequate maturation of regulatory 
T-cells. Thirdly, most current vaccines 
replace the educational input previously 
provided by recovery from the infec
tion, with a quite different type of im
munological response (for instance an
tibody that blocks infection rather than a 
cell-mediated response that cures it). 
These changes are taking place against a 
background of antibiotic use, already 

shown to affect susceptibility to aller
gies (Farooqi and Hopkin, 1998), that 
will also alter bowel flora and the edu
cation of the immune system. 

Against this background there are 
now several studies indicating that vac
cinations can affect the overall survival 
of children from diseases not directly 
related to the target infection for which 
the vaccine was intended. Thus measles 
vaccine and BCG were beneficial for 
overall survival, whereas Diphtheria
Pertussis-Tetanus (DPT) opposed this 
beneficial effect (Kristensen et al., 
2000). Thus while many groups, in
cluding ours, are seeking to use vac
cines as immunomodulators to correct 
inappropriate priming of immunoregu
lation in the developed countries, others 
are already showing that vaccines do 
indeed exert non-specific effects on 
health, even against the greater back
ground of exposure to infection in a de
veloping country (Kristensen et al., 
2000). It is to be hoped that novel vac
cine design and novel vaccination 
schedules with greater emphasis on the 
activation of regulatory cells, can work 
together with probiotics (or indeed with 
orally administered vaccines) to retain 
the huge benefits of vaccination, while 
simultaneously reducing the diseases of 
immunodysregulation. 
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