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Abstract: Empirical and scientific data support the phenomenon that infections can prevent and alleviate certain allergy and autoimmune
diseases. The author discusses the mechanism behind it and how to maximize the benefits without revoking the deadly consequences of
infections.

In western countries the prevalence and incidence of allergic and autoimmune diseases have been increasing dramatically over the last 50
years. In the last two decades, significant progress has been made towards understanding the genetic basis for susceptibility to autoimmunity
or allergy. Genetic factors, however, cannot explain abrupt changes in disease incidence. It is therefore likely that environmental factors,
specifically environmental factors that have changed over the last two generations, are critical for the increasing incidence of allergies and
autoimmune diseases.

Traditionally, autoimmune diseases such as multiple sclerosis (MS), type I diabetes, or rheumatoid arthritis (RA) are believed to have resulted from aberrant immune response to
pathogens. In contrast, the “hygiene hypothesis,” first postulated some 20 years ago, proposes that a lack of infections, especially during early childhood, predisposes one to the
aberrant immune responses against harmless foreign antigens that cause allergic diseases such as rhinitis, atopic dermatitis, and allergic asthma. Several lines of epidemiological,
clinical and experimental research point to more complex connections, either protective or pathogenic, between infection, allergy and autoimmunity.

Infections Can Exacerbate Autoimmune and Allergic Diseases

Autoimmune diseases sometimes occur shortly after suffering from infectious diseases. Classical examples include post-infectious encephalitis disseminata and rheumatic fever.
Exacerbation of multiple sclerosis is 2-3 times more likely to occur during or shortly after common infections, and similar findings have been reported for other autoimmune
diseases. Many different viruses or microbes have been implicated in the pathogenesis of autoimmune diseases. There is literally no autoimmune disease for which an infectious
origin has not been proposed.

To explain the connection between infection and autoimmunity, both antigen-specific and antigen-nonspecific mechanisms have been suggested. The “molecular mimicry”
hypothesis is based on the finding that lymphocytes can recognize both microbial and self antigens. It suggests that crossreactive lymphocytes, activated by recognition of a
microbial epitope (the specific site in a protein to which immune response is generated), subsequently attack self-antigens with similar amino acid sequences and induce autoimmune
disease.

Recently, several laboratories have demonstrated that T cell recognition of multiple different peptides occurs much more frequently than previously assumed and that sequence
similarity is not a prerequisite for such crossrecognition. Clearly then, cross-reactivity between a particular microbial antigen and a particular self-antigen does not suffice to induce
autoimmune disease. Despite decades of intense effort, no casual link has been proven between a particular infection and a particular autoimmune disease.

The antigen-nonspecific set of ideas holds costimulatory molecules and inflammatory cytokines as major culprits. Pathogens possess molecules such as lipopolysaccharide (LPS,
bacterial cell wall) or dsRNA (double stranded RNA) that do not normally occur in the host. Such molecules are dubbed Pathogen Associated Molecular Patterns (PAMPs). PAMPs
are recognized by a set of non-clonal receptors, Toll like receptors (TLRs), which are expressed by cells of the innate immune system including dendritic cells or macrophages,
which have the capacity to present peptide antigens to T-lymphocytes. Signaling through TLRs activates antigen-presenting cells, which thereupon mature and express a range of
proinflammatory cytokines and costimulatory molecules necessary for the full activation of T cells.

Some effector/memory T cells can be activated in a T cell receptor (TCR)-independent manner to proliferate and produce cytokines, if exposed to mixtures of proinflammatory
cytokines or strong costimulatory signals provided by innate immune cells, which are activated via TLR ligands. This TCR-independent activation has been called “bystander
activation.” Bystander activation of T cells is suspected to play a role in the pathogenesis of rheumatoid arthritis and in murine models of autoimmune encephalitis. The
TCR-independent bystander-activation of autoreactive T helper (Th) cells fits better with the clinical and epidemiological data on the connection between infection and
autoimmunity than antigen-specific mechanisms. If the frequency of autoreactive T cells is beyond a certain threshold, bystander activation can trigger sufficient numbers of
autoreactive effector T cells to cause autoimmune damage. Thus, a variety of different pathogens could deliver that “final hit” as long as they are sufficiently capable of activating
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innate immune cells by providing TLR ligands.

Allergies. Respiratory viruses such as respiratory syncytial virus (RSV), rhinovirus, or influenza A can exacerbate asthma. Furthermore, RSV infections in the first year of life might
be a risk factor for the development of childhood asthma. Chronic helminth (parasitic worm) infections have been linked to urticaria (skin allergy), and Staphylococcus aureus can
trigger the exacerbation of atopic dermatitis (itchy skin rash).

Can Infections Protect From Autoimmune or Allergic Diseases?

Within less than 50 years, the incidence of inflammatory bowel disease (IBD) has tripled in Northern Europe. Between 1989 and 1994 the annual increase in the incidence of type 1
diabetes in European children less than five years old was 6.3%. Although the incidence of some diseases such as rheumatoid arthritis seems to be remarkably stable, it is clear that
the overall incidence of both autoimmune diseases and allergies (atopy) has been increasing over the past several decades.

That improved hygiene standards might carry an increased risk for the development of multiple sclerosis was suggested almost 40 years ago. A number of studies have indicated that
infections within the first year(s) of life decrease the risk of developing type 1 diabetes. Similar observations have lately been reported for asthma and allergy. The incidence of some
infectious diseases, most notably perhaps hepatitis A and mycobacterial and helminthic infections, is a mirror image of the incidence of both atopic and autoimmune diseases.
Helminthic infections, particularly infections with Schistosomes or hook worms, seem to be associated with a lower incidence of atopic diseases.

Further support comes from studies that have shown that anti-helminthic chemotherapy resulted in increased levels of skin test reactivity against common allergens such as house
dust mites. Finally, various pathogens can modulate experimental models of both allergic and autoimmune diseases. Helminths and mycobacteria seem to be particularly good at
protection and the time point (infections before the onset of atopy or autoimmunity have the greatest impact), age at infection, route, localization and dose of the infections all play
a role. For example: low-level helminthic infections can exacerbate rather than downmodulate allergic diseases. The mechanisms by which infections protect from immunopathology
are only recently being examined.

Mechanisms

Cytokines

Helminths and other chronic infections strongly induce immunosuppressive cytokines such as interleukin (IL)-10. Functional evidence for a protective role of infection-induced
IL-10 and/or TGF-β was provided in murine models where allergen-induced airway inflammation could be inhibited by mycobacterial lipoglycan and the application of antibodies
against IL-10 and/or TGF-β blocked that protective effect. Similarly, in a clinical study, the production of parasite-specific interleukin-10 was associated with the suppression of
atopic reactivity in Schistosoma hematobium-infected children. IL-10 is certainly not the only infection-induced mediator of protection. Colonization of IL-10 deficient mice with
Lactobacilli, Heligmosomoides polygyrus, or Trichuris muris (worms) attenuated the colitis that usually develops spontaneously in these mice indicating that other immunological
mechanisms in addition to IL-10 must be involved in protection. Taken together, there is accumulating experimental and clinical evidence for IL-10 and TGF-β as important but not
exclusive mediators of protection from chronic inflammation in helminth-infected hosts.

Regulatory T Cells

The question of which cell populations are important for infection-mediated protection has not been extensively addressed thus far. Current opinion favors the induction of
regulatory T cells (Treg) as a result of chronic infection. Data from several different models demonstrate that infections induce CD4+CD25+Tregs and that the lack of such infection-
induced Tregs can have detrimental consequences for the host. Functionally, many but not all Tregs are characterized by IL-10 production. The IL-10-producing CD4+ T cells in
infected mice express selected ligands that enable them to migrate to sites of inflammation. Therefore, it has been postulated that a decreasing exposure to pathogens prevents the
induction of Tregs by infections and thus contributes to the rising incidence of allergy and autoimmune diseases in western countries. This attractive and plausible hypothesis is
currently largely speculative but experimental evidence for the induction of Tregs by infections is accumulating.

Innate Immune Cells and Molecules Involved

The differentiation of T cells into different functional phenotypes largely depends on the instructive signals that the T cells receive from dendritic cells (DC). Recent evidence has
shown that pathogens can modulate DC differentiation resulting in the induction of Tregs. IL-10 seems to be crucial for dendritic cells’ ability to induce Tregs in many experimental
settings. Infection with Mycobacterium vaccae confers protection from allergen-induced airway hyper-reactivity in mice via the induction of CD11c+ cells that produce IL-10 and
TGF-β. IL-10 production is not the only mechanism by which dendritic cells from infected animals induce protection against allergy. “Alternatively activated macrophages” have
been described that exert their immunosuppressive function independently of IL-10 or TGF-β.

Natural Killer T (NKT) cells also have regulatory capacities. Soluble extracts from Schistosoma mansion eggs increase the percentage of NKT cells and prevent diabetes in
non-obese diabetic (NOD) mice. The microbial molecules and their receptors on innate immune cells that mediate the immunosuppressive effects of pathogens are currently being
elucidated.

Memory Pool

The number of lymphocytes as well as their subsets (e.g., naive vs. effector/memory cells) is tightly regulated. During acute antiviral immune responses, up to 50% of all CD8+ T
cells in the peripheral blood can be directed against one particular viral epitope and it has been shown that such massive responses can impair the memory responses to foreign
(heterologous) antigens. It is likely that constant exposure to microbes and viruses maintains a certain pressure on the memory T-cell pool, thus avoiding the uninhibited homeostatic
proliferation of autoreactive clones that might occur otherwise.

Clinical Applications

The knowledge about how immune responses develop during infections, autoimmunity and allergies has led to the development of novel therapeutic intervention strategies aimed at
reducing both autoimmune and allergic responses in humans utilizing live or dead pathogens or products derived from them.

Intradermal application of killed Mycobacteria vaccae suspension resulted in some improvement in children with atopic dermatitis. The same treatment had no significant effects on
the severity of asthma in adults. Subcutaneous. injection of live Bacillus Calmette-Guerin (BCG, used for immunization against tuberculosis) significantly improved the clinical
symptoms of asthma in adults.

Lactobacillus rhamnosus given prenatal to mothers, in a double blind, randomized placebo-controlled trial, decreased the incidence of atopic dermatitis children at high risk.
Formulas containing L. rhamnosus or Bifidobacterium lactis improved atopic dermatitis in infants. In contrast, oral administration of Lactobacilli was ineffective in adult patients
with asthma or food allergy.

A small study found reduced MRI-activity in BCG-immunized multiple sclerosis patients. The study was too small to demonstrate any clinical effects of BCG treatment and no
follow-up has been published to date. In contrast, therapeutic BCG-vaccination was ineffective in patients with type 1 diabetes; perhaps the duration of the treatment was too short
to mimic chronic infection, but no positive results have been published to date. Interestingly, a small clinical trial found the oral administration of the Trichuris suis worm’s ova safe
and possibly effective in patients with inflammatory bowel disease. Further trials are underway.

Infection-induced Immune-suppression Is Not Harmless

The pathogen-induced immune suppression that may be valuable to prevent atopy and autoimmunity also diminishes the protective immune responses against pathogens. BCG and
other vaccines are less immunogenic in Africa compared with Europe or North America and the success of BCG immunization is enhanced after anti-helminthic therapy. Several
parasitic infections, including schistosomiasis and intestinal helminthiases have been associated with higher HIV plasma viral loads and accelerated progression from asymptomatic
HIV-infection to AIDS and deworming resulted in decreased HIV plasma concentrations. T cells form chronically helminth-infected people express high levels of the inhibitory
molecule CTLA-4 (cytotoxic T lymphocyte associated protein 4) and have defects in TCR-induced signaling. These abnormalities are restored and the immunosuppression is cured
after deworming. Therefore, the therapeutic application of helminths could be burdened with clinically relevant immunosuppression.

Future Directions and Concluding Remarks

The number and quality of published clinical studies using pathogens or defined molecules thereof is insufficient for definitive conclusions. Some of the obvious questions are: which
microbe should be administered? Obviously the “therapeutic microbe” must be innocuous. It seems that M. vaccae, Lactobacilli and T. suis fit this bill although there are anecdotal
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reports of pathogenicity and, clearly, microbes must not be administered to immunosuppressed patients. Route, dose and duration of treatment are important issues and so is the
timing. One may suspect that prevention will be easier to attain than cure. A better understanding of the cells and molecules involved in immunoregulation by microbes and viruses
is certainly needed. Could defined molecules substitute for complete microbes as therapeutic agents? Currently it is questionable if the complicated parasite-host interaction can be
mimicked by single molecules, and host factors also contribute to the treatment outcome. Considering the 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 less than fifty years.

One might be willing, however, to have a somewhat less hawkish view of the immune system’s function. Total avoidance or destruction of non-self cannot be accomplished without
damaging self. Instead, the immune system seems to benefit from regular encounters with some microbes possibly opening a new window for the therapeutic intervention in
autoimmunity and atopy.
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