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Epidemiological and experimental data suggest that

infections or the exposure to non-pathogenic bacteria

protect individuals from developing some autoimmune

and atopic disorders. Generally, these findings support

the ‘hygiene hypothesis’, which attributes the rise in

autoimmune and atopic disorders to a lack of infections

that normally keep the immune system balanced by

inducing immunoregulation. The suspected key players

for infection-mediated immune suppression of autoim-

munity and atopy are T regulatory cells and dendritic

cells, which produce immunosuppressive cytokines,

such as interleukin-10 and transforming growth factor-

b. However, there is also solid evidence suggesting that

infections can exacerbate or even directly cause auto-

immune and allergic disorders. In this Review, we

discuss which type of infections induce, exacerbate or

inhibit allergic and autoimmune diseases and point at

infection-induced immunological mechanisms influen-

cing the development of autoimmunity and atopy.

Introduction

The immune system protects from infectious diseases.
Some immune responses attack the organism itself,
causing autoimmune diseases, such as type 1 diabetes
(T1D) or multiple sclerosis (MS). Immune responses
against harmless antigens cause allergic diseases, includ-
ing rhinitis, atopic dermatitis and allergic asthma. The
incidence of autoimmune and allergic diseases has been
increasing dramatically in western countries over the past
50 years [1]. It is therefore important to understand how
these diseases are triggered, persist and are modulated.
Autoimmune diseases are frequently considered to be the
consequence of aberrant immune responses against
pathogens [1,2]. The development of asthma and allergy,
by contrast, might be favored by the absence of infections
[3,4]. Here, we review the multiple connections – protec-
tive or pathogenic – among infection, autoimmunity and
atopy, focusing on viruses, bacteria and helminths.
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Protection from, and induction of, autoimmunity by

pathogen exposure: mechanisms and examples

Autoimmune diseases occur when T or B cells recognize
self-antigens. In autoimmune diseases, Th cells produce
inflammatory cytokines and recruit and activate effector
cells, ultimately resulting in organ damage. Autoreactive
T and B cells are part of the normal immune cell repertoire
in healthy humans. Therefore, to understand what
triggers these normally quiescent autoreactive lympho-
cytes is crucial to understanding autoimmune diseases.

The incidence of both autoimmune and atopic diseases
is a mirror image of the incidence of some infectious
diseases, most notably perhaps mycobacterial and hel-
minthic infections and hepatitis A [1]. Several studies
have suggested that infections within the first year(s) of
life decrease the risk of developing T1D, inflammatory
bowel disease (IBD) or MS [1,5,6]. Exposure to a wide
variety of infectious agents, including viruses [1], myco-
bacteria [7], Salmonellae [8] and helminths [9], protects
the diabetes-susceptible non-obese diabetic (NOD) mice
from spontaneously developing T1D. Although it is not
clear which cell type mediates infection-induced protec-
tion against T1D in NOD mice, there are some reports
indicating that CD4C Tcells and natural killer (NK)T cells
might have a role. The adoptive transfer of spleen cells
from bacille Calmette–Guerin (BCG)-infected NOD mice
protect recipients from diabetes; however, the protective
effect is lost when CD4C cells are depleted from the
transferred cell population [7]. T cells from schistosome-
infected NOD mice produce interleukin-10 (IL-10) in
response to schistosome antigens and are less efficient in
inducing T1D in SCID (severe combined immunodefi-
ciency)–NOD mice, compared with T cells from non-
infected NOD mice [9]. This suggests a role for IL-10 in
helminth-induced suppression of diabetes. Soluble
extracts from Schistosoma mansoni eggs increase the
percentage of NKTcells and prevent diabetes in NOD mice
[9]. Schistosomes contain a variety of cerebrosides [10].
a-Galactosyl ceramide (a-GalCer), a member of the
cerebroside family from the marine sponge Agelas maur-
itianus, is the most extensively studied ligand for CD1d
and strongly activates NKT cells. Because a-GalCer
prevents diabetes in NOD mice [11], it is tempting to
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speculate that the protection conferred by S. mansoni egg
extracts is conferred by a similar mechanism.

Several reports suggest a protective role for pathogens
in murine models of IBD [12,13]. IL-10 production is
increased in the helminth-infected mouse. However,
colonization of IL-10-deficient mice with lactobacilli or
Heligmosomoides polygyrus attenuates the colitis that
usually develops spontaneously [14,15], indicating that
other immunological mechanisms are involved. This is
supported by the negative results of clinical studies on
IL-10 in Crohn’s disease [16]. A recent publication by
Elliot et al. shows that Foxp3C T cells from H. polygyrus-
infected IL-10K/K mice transfer protection to naı̈ve
recipients [15], suggesting that CD25C regulatory T (Tr)
cells (characterized by expression of the transcription
factor Foxp3) might mediate protection from IBD inde-
pendently from IL-10.

The incidence and severity of experimental auto-
immune encephalomyelitis (EAE), which is induced in
mice by immunization with myelin antigens, can be
slightly reduced by a pre-established infection with
parasites or mycobacteria [17,18]. The reduction of EAE
by helminth ova immunization is accompanied by an
increase in IL-10 production, suggesting a role for IL-10 in
helminth ova-mediated EAE reduction [19]. Finally, there
are reports suggesting a protective role for pathogens in
rodent models of arthritis [20].

The data outlined have led to the development of novel
therapeutic intervention strategies aimed at reducing
autoimmune responses in humans by using pathogens or
commensals. Therapeutic BCG-vaccination is ineffective
in patients with T1D [21,22]. A small study found reduced
magnetic resonance imaging (MRI)-activity in BCG-
immunized MS patients [23]. Probiotic bacteria reduced
the incidence of pouchitis in a small study on patients with
ulcerative colitis [24]. A small and uncontrolled clinical
trial found the oral administration of Trichuris suis ova
safe and possibly effective in Crohn’s disease [25];
controlled trials are now underway. Furthermore, clinical
trials for the treatment of autoimmune disorders using E5
62, a product secreted by filariae, are also planned.

Clearly, infections do not always protect from the
development of autoimmunity. Autoimmune diseases
sometimes occur shortly after infectious diseases. Classi-
cal examples are post-infectious encephalitis disseminata
and rheumatic fever [1,2]. Antibiotic-resistant lyme
arthritis and spondylarthropathies develop after bacterial
infections [26]. Another clear association exists between
congenital rubella infection and T1D [1]. Finally, exacer-
bation of MS is 2–3 times more likely to occur during, or
shortly after, common respiratory, gastrointestinal or
urological infections [1,2].

Mice expressing a myelin-specific transgenic T-cell
receptor (TCR) develop EAE spontaneously when kept in
a conventional facility but not when they are kept under
pathogen-free conditions. Similarly, HLA-B27 transgenic
rats develop arthritis and bowel inflammation in conven-
tional but not in germ-free conditions and analogous
findingshavebeen reported for micesusceptible to IBD [1,2].

Antigen-specific and antigen non-specific mechanisms
have been proposed to explain the connection between
www.sciencedirect.com
infection and autoimmunity. T-cell epitopes and inflam-
matory cytokines appear to have a role in infection-
associated autoimmunity [2,27]. The molecular mimicry
hypothesis is based on the finding that lymphocytes can
recognize both microbial and self-antigens. It suggests
that cross-reactive lymphocytes, activated by recognition
of a microbial epitope, attack self-antigens with similar
sequences and induce autoimmune disease [2,27].
Recently, several laboratories have used novel tech-
niques, such as combinatorial peptide libraries and
structural studies, to demonstrate that T-cell recog-
nition of multiple different peptides occurs much more
frequently than previously assumed and that sequence
similarity is not a prerequisite for such cross-recog-
nition [28]. Evidently, cross-reactivity between a
particular microbial antigen and a particular self-
antigen is not sufficient to induce autoimmune disease
and despite decades of intense effort, no causal link
has been proven between a particular infection and a
particular autoimmune disease in patients [1,2,27,28].

Infection with the pancreatropic coxsackievirus B4
(CVB4) induces diabetes in mice transgenic for a TCR
that recognizes a pancreatic self-antigen. Infection-
induced inflammation and the release of sequestered
antigens result in the activation of the transgenic
autoreactive T cells and diabetes. Control experiments
exclude cross-reactivity of the TCR with viral antigens
(‘molecular mimicry’) [2,27]. Similarly, intracerebral injec-
tion of Theiler’s virus into mice results in the presentation
of myelin antigens that were previously hidden from the
immune system, which then induces autoreactive T-cell
responses against various myelin antigens [2,27]. The
release of sequestered self-antigens can only explain the
connection between infections and autoimmune diseases
that affect the same tissue. The same is true for exaggerated
immune responses against local infections that can cause
chronic inflammation in the affected organ [29,30].

Microbial stimuli of innate immune cells, such as
bacterial lipoproteins, double-stranded RNA, lipopolysac-
charide (LPS) and CpG motifs, strongly activate the
innate immune system, resulting in the enhanced
expression of co-stimulatory molecules and cytokines by
innate immune cells [31]. Type I interferon (IFN) and
IL-15 can induce TCR-independent bystander prolifer-
ation of CD8CCD44hi memory or effector T cells [32].
Similarly, antigen-experienced murine Th1 cells produce
IFN-g in vitro in response to a combination of IL-12 and
IL-18 [33], and some human CD4C memory cells are also
activated by mixtures of cytokines, independently of TCR
signaling [34]. Such cytokine-induced T-cell activation
might well connect infection and autoimmunity and has
been suspected as having a role in the pathogenesis of
rheumatoid arthritis [35].

Antigen-independent mechanisms fit the clinical and
epidemiological data on the connection between infection
and autoimmunity better than antigen-specific mechan-
isms. Nevertheless, antigen-specific mechanisms must not
be discarded. Survival and expansion of autoreactive Th
cells can be supported either by recognition of self-antigen
and overt autoimmune attacks or, clinically silent, by the
recognition of cross-reactive microbial peptides. Once the

http://www.sciencedirect.com


Review TRENDS in Immunology Vol.26 No.5 May 2005262
number of autoreactive T cells has reached a certain
threshold, such as in patients who have already suffered
previous episodes of autoimmune attacks, TCR-indepen-
dent stimuli can trigger sufficient numbers of autoreactive
effector T cells to cause autoimmune damage [2]. Figure 1
shows the possible mechanisms for how infections might
modulate the development of autoimmunity.
Protection from, and induction of, allergic diseases by

pathogen exposure: mechanisms and examples

Allergic immune responses to common environmental
antigens lead to clinical disorders, such as allergic
asthma, hay fever, eczema and allergic rhinitis. They are
caused by allergen-specific responses initiated by CD4C

Th2-type cells. Th2 cells produce IL-4, IL-5, IL-9 and IL-13
after encountering allergen-derived peptides presented by
antigen-presenting cells (APCs). These cytokines induce
the development and recruitment of eosinophils, contrac-
tion of airway smooth muscle, production of allergen-
specific IgE by B cells (leading to the degranulation of
eosinophils and mast cells by IgE cross-linking) and
mucus production, leading to airway hyper-reactivity
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and, together with Th1 cells, to chronic allergic inflam-
mation [3]. Paralleling the increasing prevalence of
autoimmune disorders, there has also been a dramatic
rise in the incidence and prevalence of allergic diseases
within one generation. Although it is clear that the genetic
pre-disposition is a prerequisite for the development of an
allergy, environmental factors clearly have a role.

One factor associated with protection from allergic
disorders is bacterial infection, in particular infection with
mycobacteria. Infections with mycobacteria (in particular
Mycobacterium tuberculosis and Mycobacterium bovis)
strongly induce Th1 responses. Because IFN-g has
inhibitory effects on Th2 responses, many authors have
speculated that infections with mycobacteria might
protect humans from developing allergies. A report that
a positive tuberculin test result was associated with a
decreased risk of atopy and asthma in Japanese school-
children supports this idea [36]. Most subsequent studies
have failed to reproduce these findings [36]. Two recent
publications, however, report that children vaccinated
with BCG as neonates are protected from developing
allergic disorders [37,38] and suggest that the age at BCG
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vaccination might be important for protection. In addition,
a lower prevalence of asthma is also found in Finnish
women who had tuberculosis before the age of 20 [36].
Furthermore, BCG vaccination early in infancy might
prevent the development of atopy in African children [36].
Numerous studies show that infection with live BCG or
immunization with killed BCG prevents airway hyper-
eosinophilia and the development of airway hyper-
reactivity (AHR) and induces a partial reduction of
allergen-specific IgE and IgG1 serum antibodies in mice,
rats or guinea pigs [36]. A reduction in the levels of Th2
cytokines detected in draining lymph node and spleen cell
cultures or bronchoalveolar lavages (BALs) is frequently
associated with these findings. Furthermore, the effect is
often associated with Th1 responses and is not observed in
mice lacking IFN-g, suggesting that mycobacteria exert
their anti-allergy effects by inducing Th1 responses [36].
However, inhibition of allergen-induced airway inflam-
mation by mycobacterial lipoglycan or killed Mycobacter-
ium vaccae is associated with the increased production of
IL-10 and not IFN-g by T cells [36,39]. Furthermore, the
application of antibodies against IL-10 and/or transform-
ing growth factor-b (TGF-b) blocks the protective effects
[36], indicating a Th1-independent mechanism. Support-
ing this view is a recent finding that M. vaccae-induced
protection from allergen-induced AHR in mice is associ-
ated with the induction of CD11cC cells that produce IL-10
and TGF-b [40]. In addition to mycobacteria, the exposure
to other bacteria, such as Chlamydia trachomatis, Listeria
monocytogenes or lactic acid bacteria, also suppresses the
development of allergic responses [36,39,41,42].

There is also some evidence suggesting that infections
with viruses protect against atopy development. A positive
titer of anti-hepatitis-A antibodies correlates with a lower
prevalence of allergies compared with hepatitis-A-nega-
tive controls [43]. Furthermore, depending on the time-
point of infection, influenza A virus also decreases the
development of airway eosinophilia after airway challenge
with allergen [44,45] and also after respiratory syncytial
virus (RSV) infection in mice pre-immunized with G-protein
from RSV [46]. The anti-allergic effects of influenza A
virus infection are associated with Th1 responses [44]. It is
clear, however, that Th1 responses do not necessarily
protect from allergy but can sometimes even exacerbate
allergic responses [2].

Helminthic infections also seem to be associated with a
lower incidence of atopic diseases [4]. In particular,
infections with schistosomes or hookworms are associated
with a reduced atopic phenotype [3,4]. In addition to these
epidemiological associations, retrospective [3] and inter-
ventional studies [47] have shown that anti-helminthic
chemotherapy results in increased levels of skin-test
reactivity against common allergens. Infection of mice
with Strongyloides stercoralis [48] or Nippostrongylus
brasiliensis [49] suppresses pulmonary allergic responses.
The reduction of allergen-induced airway eosinophilia and
eotaxin production in N. brasiliensis-infected mice is IL-10
dependent [49]. Furthermore, treatment of mice, infected
with Heligmosomoides polygyrus and allergen-challenged,
with IL-10-neutralizing antibodies restores IgE titers
and anaphylactic responses in a mouse model of food
www.sciencedirect.com
allergy [50]. Interestingly, although infection of rats with
Strongyloides venezuelensis induces AHR, the animals are
protected from allergen-induced AHR after infection [51].

Clinical trials using live or dead pathogens, commen-
sals or products derived from them, have been performed.
Intradermal application of killed M. vaccae suspension
results in some improvement in children with atopic
dermatitis [52] but has no significant effects on the
severity of asthma in adults [36,53]. Subcutaneous
injection of live [36] but not heat-killed [54] BCG
significantly improves the clinical symptoms of asthma
in adults.

Lactobacillus rhamnosus, when given prenatally to
mothers, decreases the incidence of atopic dermatitis in
children at high risk [36]. Formulae containing
L. rhamnosus or Bifidobacterium lactis improve atopic
dermatitis in infants [55]. However, in adult patients with
established asthma or food allergy, oral administration of
Lactobacilli is ineffective [56]. A lipid A-containing
vaccine causes weak, yet significant, improvements in
pollinosis patients [57].

These findings clearly suggest that infections can
protect from allergic disorders. However, numerous
other publications indicate the opposite effect. In particu-
lar, respiratory viruses, such as rhinovirus (RV), RSV,
influenza A and metapneumovirus, can exacerbate the
symptoms of asthma in humans or can directly induce
wheezing [3,58]. Additionally, RSV infections in the first
year of life might be a risk factor for the development of
childhood asthma [3]. In mouse models, viral infections
can either exacerbate, or protect (see earlier) from, airway
hyper-reactivity. RSV can directly induce airway eosino-
philia and hyper-reactivity [3]. Low grade RSV infection,
however, protects mice from allergen-induced inflam-
mation in the airways [59], suggesting that the severity
and frequency of an RSV infection might also be important
in determining what effect the infection will have on the
development of asthma. Influenza A virus induces
increased airway responsiveness in allergen-exposed
mice [3,44,60,61]. Depending on the timepoint of infection,
however, influenza A could also protect from allergen-
induced airway eosinophilia [44].

Several different mechanisms contribute to infection-
induced exacerbation of allergic responses. Virus-specific
IgE contributes to virus-induced asthma and cutaneous
mast cell degranulation in mice [62]. Infections with
respiratory viruses also increase airway eosinophilia in
animals and humans [3]. RSV-mediated exacerbation of
allergen-induced airway inflammation is partly mediated
by IL-13 [63] and is associated with an increase in CCL5
[64]. Th1 cells can also exacerbate bronchial hyper-
reactivity in mice [3,36] and both Th2 and Th1 responses
to allergen are enhanced in influenza A virus-infected
mice [60]. Some responses of innate immune cells to viral
antigens contribute to enhanced allergic responses. The
increased airway responsiveness in influenza-infected
mice depends on pulmonary dendritic cells (DCs) [60,65].
RSV induces the production of IL-8 by lower-airway
epithelial cells [3], thereby recruiting disease-enhancing
neutrophils into the airways [66], and also induces IL-17,
leading to increased mucus production in the airways [67].
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In addition to viruses, some types of bacteria also
appear to promote an allergic phenotype. Chlamydia
pneumoniae and Mycoplasma pneumoniae can exacer-
bate asthma [68,69] or allergen-induced bronchial
hyper-reactivity [70] and Staphylococcus aureus can
trigger the exacerbation of atopic dermatitis. Exotoxins
(superantigens) from S. aureus induce vigorous T-cell
activation and cytokine release, thereby increasing the
already established Th2 response in the skin [3]. A
further bacterium possibly associated with increased
allergic responses is Bordetella pertussis because
infections with B. pertussis enhance allergic inflam-
mation in the airways [71].
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In contrast to most other types of infections, helminths
induce strong Th2-type responses [4]. It seems therefore
plausible that helminths promote allergic disorders by
generally enhancing Th2-type inflammation. Supporting
this view are the findings that infections with helminths
can directly induce an asthma-like phenotype in mice and
rats [3] or can lead to the breakdown of oral tolerance
against allergen [72]. Allergic symptoms occur more often
in children seropositive for Toxocara or Ascaris species
than in seronegative children and anti-helminthic treat-
ment ameliorates asthma [3,4]. Chronic helminth infec-
tions or the exposure to helminth-derived products have
also been linked to urticaria [73]. Severe allergic reactions
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following ingestion of fish contaminated with Anisakis
simplex have also been reported [74]. Figure 2 shows the
potential mechanisms of how infections influence the
development of allergic disorders.
Common themes

The scientific evidence presented here clearly shows that
infections have multiple and seemingly opposing effects on
both autoimmune and allergic diseases. For example,
there are numerous types of infections that impact on
atopy but not on autoimmunity and visa versa (Table 1).
However, there are also similarities. Helminths and
mycobacteria seem to be particularly good at protection
and the timepoint (infections before the onset of atopy or
autoimmunity have the greatest impact), age at infection,
route, localization and dose of the infection all have a role.
Furthermore, prevention seems to be more easily accom-
plished than cure. The innate immune system also
appears to be important in infection-induced modulation
of autoimmunity and atopy. DCs, macrophages, mast cells
and NK cells are the first cells that encounter an invading
pathogen, taking up and responding to self- or foreign-
proteins (allergens), thereby initiating and instructing the
following adaptive immune responses, which result in the
Table 1. Examples of infectious diseases that might have an

impact on the development of autoimmunity and/or allergic

disorders

Type of

Infection

Protection Exacerbation or

induction

Effects of infection on autoimmune diseases

Bacteria BCG [7,18,23] Borellia species [26,27]

Lactobacilli species [14] Mycobacterium

tuberculosis [1,2,20]

M. tuberculosis [7] Probiotic bacteria or

commensals [1,2]

Probiotic bacteria or commensals

[20,24]

Salmonella typhimurium [8]

Virus Theilers virus [2,27]

Coxsackie virus [27]

Rubella virus [1,27]

Parasites Hymenolepis diminuta [12]

Heligmosomoides polygyuruis

[15]

Schistosoma mansoni

[9,11,13,17,19]

Trichuris suis [25,77]

Effects of infection on allergic disorders

Bacteria BCG [36,38] Bordetella pertussis [71]

Bifidobacterium lactis [55] Chlamydia pneumoniae

[69]

Chlamydia trachomatis [41] Mycoplasma pneumoniae

[68–70]

Lactic acid bacteria [42] Staphylococcus aureus [3]

Lactobacillus rhamnosus [55]

Listeria monocytogenes [3,36]

Mycobacterium tuberculosis [36]

Mycobacterium vaccae

[36,39,40,52]

Virus Hepatitis A virus [43] Influenza A virus

[3,44,60,61,65]

Influenza A virus [44,45] Metapneumovirus [58]

RSV [46,59] Rhinovirus [3]

RSV [3,63,64,66,67]

Parasites Heligmosomoides polygyrus [50] Anisakis simplex [74]

Hookworm species [47] Ascaris species [3,4]

Nippostrongylus brasiliensis [49] Fasciola hepatica [73]

Schistosoma haematobium [4,47] Nippostrongylus

brasiliensis [3]

Strongyloides stercoralis [48] Strongyloides

venezuelensis [51]

Strongyloides venezuelensis [51] Toxocara species [3,4]
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induction and exacerbation or inhibition of both auto-
immunity and allergy.

There are also some common mechanisms for how
infections might mediate their effects on both types of
disease. (i) Bystander activation of CD8C or CD4C T cells
by infection might lead to, or exacerbate, autoimmunity
and atopy. (ii) Infection-induced tissue damage might lead
to increased self-peptide presented by APCs or increased
penetration or uptake of allergens in the lung or gut,
thereby inducing or exacerbating autoimmunity or atopy.
(iii) The immune response against the pathogen itself
might cause autoimmunity or allergic disorders. Allergic
disorders might be directly caused by IgE, which is specific
for viruses or bacteria, during chronic infection or re-
infection. (iv) Autoimmunity, and in particular atopy, can
be inhibited by infections that induce Th1 responses. (v) Tr
cells, induced by (chronic) infection, appear to be one of the
most important cell types for suppressing both autoim-
munity and atopy.
Conclusions and implications

Taken together, it is clear that under certain circum-
stances some infections can inhibit, induce or exacerbate
allergic or autoimmune diseases (Table 1). There are
several, not mutually exclusive, hypotheses on how
infections exert their influence. The current, most popu-
lar, hypothesis on how infections inhibit the development
of both types of disease, suggests that microbial molecules
trigger certain programs, such as IL-10 production by
DCs, which thereupon instruct the development of Tr cells
[40,75,76]. Increasing evidence for this hypothesis is
currently being published; nevertheless, it is far from
proven and other mechanisms might contribute to infec-
tion-mediated protection.

How can we make use of the knowledge that infections
protect from allergies and autoimmunity? Considering the
overwhelming morbidity and mortality associated with
infectious diseases, including some of those that seem to
have a positive influence on allergy and autoimmunity,
one certainly does not want to go back to the not-too-
distant past when children frequently died of infectious
diseases and the average life expectancy was only forty
years. Nevertheless, the immune system seems to benefit
from regular encounters with some microbes, possibly
opening a new window for therapeutic intervention in
autoimmunity and atopy. The first clinical trials show
some promising results [23,24,36,52,55,57,77], however,
complete suppression of atopy and autoimmunity could
come at a cost. The therapeutic application of pathogens or
molecules derived from them might be burdened with
clinically relevant immunosuppression and possibly an
enhanced risk of developing cancer [78]. The selective
induction of Tr cells specific for allergen or self-peptides
(relevant for autoimmune disease) might overcome this
prospective problem.
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