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The Impact of Infection on the Incidence of Autoimmune Disease
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Abstract: Falling infection rates in the developed world are being matched by a rapidly rising incidence of allergic and
autoimmune diseases. This review explores the hypothesis that there is a causal link between these phenomena and that
infections can prevent the onset of autoimmune disease. The hypothesis is discussed with particular reference to Type |
diabetes in the NOD mouse and the ability of the helminth infection Schistosoma mansoni to prevent its onset. The article
addresses the possible mechanisms that underly this protection. The effects of protective pathogen-derived agents on key
cells of the innate immune system such as dendritic cells are distinct and include the production of anti-inflammatory
cytokines such as IL-10. The most likely mechanisms by which these innate changes prevent the subsequent adaptive
autoimmune destruction are: (1) the production of systemically high levels of cytokines that oppose the production of
cytokines that drive the autoimmune process — possibly via the action of natural killer T (NKT) cells (2) the induction of
regulatory T cells that inhibit the action of autoreactive cells and (3) the production of pathogen-specific T cells that are
not autoreactive and compete with autoreactive cells for survival signals such as cytokines and T cell receptor ligation.

INTRODUCTION: BY WHAT MECHANISMS MIGHT
INFECTION PREVENT AUTOIMMUNITY?

The vertebrate immune system is designed to combat
infection while remaining tolerant of self. In the last fifty
years, there has been a fall in the prevalence of serious
childhood infections such as tuberculosis, diphtheria and
hookworm in the developed world. Many factors may
account for this trend, including better housing conditions,
improved sanitation and the nutritional status of the
population. Vaccination programmes against serious child-
hood diseases also play an important role. It may, however,
be premature for industrialised nations to congratulate
themselves too heartily on their successful assault on
infection because there is a growing suspicion that the devil
has found work for the immune system’s idle hands.

Falling infection rates have been matched by a
concomitant rise in the prevalence of autoimmune diseases
such as type | diabetes (1) please see Instructions for Authors
for presentation of references in text and rheumatoid arthritis
and also in allergic diseases such as asthma and eczema
(2,3), in these same industrialised countries. By contrast, in
the developing world, where the prevalence of childhood
infection has been stable, the incidence of autoimmunity is
much lower and has also remained stable. The recently
described “hygiene hypothesis” has discussed the notion that
changes in living conditions and infection rate may account
for the increased prevalence of allergy. Now it has been
postulated that the reduced incidence of infection,
particularly parasitic infection is a causative factor in the
rapidly rising incidence of the major autoimmune diseases.
The development of autoimmune diseases is governed by
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complex genetic  susceptibility factors (4,5) and
environmental modifiers in both mouse and man. The
importance of environmental factors in autoimmune disease
can be seen in the low concordance rates between
monozygotic twins for some diseases. For instance,
monozygotic concordance in diabetes mellitus is only 40%.

This review will address the evidence that infection is a
key environmental factor that can protect individuals from
autoimmune disease and will examine the mechanisms that
may account for the protection observed in some systems. In
particular, the ability of parasitic worms such as Schistosoma
mansoni to halt the autoimmune process will be explored.
Much of the discussion of autoimmune disease will focus on
type | diabetes mellitus. This disease is extremely easy to
diagnose, therefore the observed increase in incidence is very
unlikely to be due to improved detection. In addition, the
NOD mouse model of diabetes mellitus closely mimics the
human disease and therefore many clues to the pathogenesis
of disease and mechanisms of protection can be obtained
from this model.

EVIDENCE  THAT
AUTOIMMUNITY

A wealth of anecdotal evidence suggested that infection
could prevent autoimmunity in animal models before the
hypothesis was formally investigated. The outbreak of
infections such as pinworm and murine hepatitis virus in the
animal houses of research facilities was often accompanied
by a fall in autoimmune disease incidence in autoimmune-
prone mouse strains such as the non-obese diabetic
(NOD) mouse.

The relationship between infection and autoimmunity has
now been investigated by a number of groups using the NOD
mouse as a model for human autoimmune disease. A
proportion of NOD mice spontaneously develops diabetes
from twelve weeks of age. This autoimmune disease results
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from the destruction of the beta cells of the pancreas by cells
of the immune system. Disease prevalence is roughly 80% in
females and 20% in male mice at thirty weeks of age.

It was subsequently shown that innoculation of NOD
mice with complete Freund’s adjuvant (CFA) (6) or the
bacillus Calmette-Guerin (BCG) vaccine (7,8,9,10) could
protect NOD mice from diabetes mellitus.

A later study in the NOD mouse (11) showed that the
development of autoimmune diabetes could also be inhibited
by infection with the helminth S. mansoni or its eggs. S.
mansoni was chosen in this study because it was clear that
the immune responses caused by infection with this helmith
could influence the subsequent responses to other infections
or antigens (12). The protection from diabetes mediated by
S.mansoni is only observed if initiated when the mice are
approximately four weeks of age. No protection was
observed if treatment is started in eight-week old mice.

A subsequent experiment showed that injecting four
week old mice with two extracts derived from the helminth,
soluble worm antigen (SWA) and soluble egg antigen (SEA)
could completely protect mice from diabetes (Zaccone et al
2003 — EJI(5) 1439-49.) Soluble worm antigen and soluble
egg antigen are made by homogenising worms or eggs from
the helminth and removing the particulate matter. Clearly
then, they contain potent immunomodulatory products;
where they exert their effects will form much of the focus of
this review.

THE EFFECTS OF INFECTION ON THE INNATE
AND ADPATIVE IMMUNE SYSTEMS

The protection from autoimmunity that certain infections
appear to mediate throws up the intriguing possibility that we
may one day be able to protect individuals from
autoimmunity by employing immunomodulatory compounds
derived from pathogens. In order to accomplish this, it is
important to understand more precisely the mechansims that
cause infections to halt the damaging autoimmune responses.
The genetic pre-disposition to autoimmunity is complex and
incompletely understood. One would not, for instance, want
to vaccinate the population against one autoimmune disease
only to precipitate another. This possible pitfall was
highlighted in a study by Baxter et al. (13). They showed that
a single dose of heat-killed bacillus Calmette-Guerin (BCG)
administered intravenously to 8-week-old NOD mice
prevented diabetes but precipitated a syndrome similar to
systemic lupus erythematosus (SLE.) Treated mice
developed haemolytic anaemia, anti-DNA and anti-nuclear
autoantibodies and an increased severity of sialadenitis. This
data reminds us that a clearer understanding of genetic pre-
disposition to autoimmunity is necessary before therapies
derived from pathogens could be used in the clinical setting.

Immunity to infection is mediated by the innate immune
system, which responds quickly to limit the severity of the
infection in the initial stages and the adaptive immune
system, which responds more slowly but mounts a response
that generates memory and specifically targets the individual
pathogen and is therefore more efficient. The cells of the
innate immune system are not merely cannon fodder,
however in the war of attrition that characterises early
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immune responses. They are also sophisticated sentinels that
play a key role in the development of an appropriate adaptive
immune response

This theme of the instructive role of the innate immune
reponse in determining the phenotype of adaptive immune
responses has been at the forefront of immunology in recent
years (14). The paradigm developed because of the
limitations of the theory that the only determinant of the
initiation of an adaptive immune response is whether T cells
encounter self or non-self antigen on the surface of antigen
presenting cells.

It is now clear that not all potential antigens elicit an
immune response. For instance, a large proportion of the
world’s population consumes animal and plant proteins in
their diets but do not make immune responses to them. Many
vaccines composed of non-self proteins will not induce
protective immunity unless other substances known to
promote inflammation (adjuvants) are added. In addition,
processes such as puberty and pregnancy inform us that what
constitutes “self” is dynamic rather than static. T cells,
though famed for their specificity, exhibit a significant
degree of degeneracy: cross-reactivity with self-antigens
therefore exists. It had also become clear that as well as
TCR-MHC interactions (signal 1), further receptor-ligand
interactions between APCs and T cells, known as “co-
stimulation” were also necessary for T-cell activation.

These issues led Janeway (15) to propose the existence of
conserved structural features of pathogens that were not
present on host cells. He believed that these pathogen-
associated molecular patterns (PAMP’s) would bind to
pattern recognition receptors (PRR) on antigen presenting
cells and drive a signalling cascade that would allow them to
provide the second signal. In this way, peptides presented to
the adaptive immune system in the presence of a PAMP
would drive an immune response whereas peptide alone
would not. This model attracted a wealth of support but the
existence of the PRR remained unconfirmed until 1997 when
the human Toll-like receptors (TLR) were discovered (16).
Ten members of this family have now been identified, all of
which recognise conserved epitopes on micro-organisms
(7). The corollary of the notion that innate immunity drives
adaptive immunity is that it almost certainly has an integral
role in driving autoimmunity. If then, infection modifies the
incidence of autoimmunity it probably does so, at least in
part, through actions on the innate immune system.
Therefore, an understanding of the interaction of pathogens
with antigen-presenting cells is key to understanding both
immunity and autoimmunity. The effects of some of the
infections that prevent autoimmunity on APC’s will also
be discussed.

The most efficient antigen-presenting cells both in vivo
and in vitro are dendritic cells (DC’s.) Significantly, they are
the only professional antigen presenting cell that can
provoke autoimmune disease when transferred from donors
that are undergoing autoimmune attack to unwitting
recipients (18). Dendritic cell transfer can also prevent
autoimmune diabetes in the NOD mouse (19.) Their key role
at the interface of immunity and tolerance has been recently
emphasised by studies that suggest that they are essential for
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establishing peripheral tolerance of autoreactive T cells that
have escaped thymic deletion through peripheral deletion,
anergy and the induction of regulatory T cells (20)

So what features bestow such powerful properties upon
dendritic cells? DC’s are a heterogenous population of bone
marrow derived cells that circulate between tissues and
blood. They are particularly abundant at interfaces between
the host and its environment — for instance beneath the
epidermis of the skin and the respiratory epithelium. DC
possess abundant phagocytic receptors and can capture
antigens from their immediate environment. Following this,
they migrate to secondary lymphoid organs and present
antigens to T cells in association with classical and non-
classical MHC molecules.

In response to some stimuli such as infection, DC’s
undergo a profound phenotypic change, described as
activation or maturation that affects the response of the T
cells with which they interact (21).

Upon activation DC’s lose their ability to internalise
antigen. They become stellate in shape and can interact with
many T cells. They up-regulate expression of MHC class |
and Il molecules and present on them peptides that they have
taken up and processed. They increase their surface
expression of co-stimulatory molecules such as CD40, CD80
and CD86 (22) and produce cytokines and chemokines. This
“classical” activation pathway is generally mediated by the
Toll receptors whose existence Janeway had predicted.

This represents an elegant way in which the immune
system might discriminate between harmful and non-
harmful situations.

When BCG is incubated with murine dendritic cells, this
process occurs. The DC’s produce IL-12 and IL-10 and up-
regulate MHC class 1l and co-stimulatory molecules
following incubation with BCG. (23) However, not all
infectious products that influence the interaction of DC with
T cells activate the DC in this way. Some antigens derived
from microbes seem to have little effect of the expression of
co-stimulatory molecules and the production of cytokines by
the dendritic cells. However, when DC’s that have been
incubated with such products are allowed to present antigen
to T cells, an adaptive immune response is initiated and the T
cells appear to be functionally polarised.

Soluble egg antigen (SEA) derived from S. mansoni has
no effect on DC’s when incubated with them alone in vitro.
Nonetheless, murine DC that have been treated with SEA
can induce polarised adaptive immune responses (discussed
below) that could potentially oppose the damaging
autoimmune responses seen in diabetes mellitus (24,25).
Products such as soluble egg antigen and ES-62 (the
excretory secretory product of the helminth A.Viteae) (26)
that clearly affect the key antigen presenting cells but do not
elicit obvious phenotypic changes in the dendritic cell prior
to their interaction with T cells have been described as
“conditioning” dendritic cells. (27)

The fact that SEA is affecting dendritic cell function can
also be seen in its effects on LPS-mediated maturation of
dendritic cells. SEA reduces the levels of 1L-12 secretion
normally induced by LPS and increases the IL-10 secretion
that this compound normally elicits (Zaccone et al 2003 —

Current Topics in Medicinal Chemistry, 2004, Vol. 4, No.5 523

EJI(5) 1439-49) Our studies did not show an effect of the
other protective schistosomal antigen SWA on dendritic cells
in the NOD mouse. The potentiation of IL-10 secretion that
is mediated by soluble egg antigen of S.mansoni is
potentially a very significant finding because of the
association of IL-10 with the generation and effector
function of regulatory T cells — a topic which is discussed in
more detail later.

It is clear therefore that BCG and SEA, which both
protect NOD mice from diabetes have distinct effects on DC.
No unifying mechanism of protection is immediately
apparent, therefore we must consider the effects of such
infections on the adaptive immune system, both directly and
indirectly via their effects on DC.

Th1/Th2 Deviation as a Mechanism of Protection

The effects of infectious products on the DC determine
whether T cells proliferate and also the type of adaptive
immune response that occurs. The phenotype of the adaptive
immune response is controlled by CD4+ T cells. CD4+ T
cells can be broadly divided into two functional subsets (Th1l
or Th2) based on the cytokines that they secrete (28)

The factors that influence whether a T cell becomes
polarised towards the Thl or Th2 phenotype at the initiation
of an adaptive immune response include the cytokines
secreted by the APC, the concentration of antigen presented
at the cell surface and the co-stimulation that the APC
provides. Thl cells secrete mainly interferon-g (IFN-g) and
orchestrate cell-mediated responses. By contrast, Th2 cells
make IL-4. They drive antibody-mediated immunity that is
best suited to the elimination of extracellular pathogens and
promote the production of certain antibody isotypes. Thl
cells antagonise the development of Th2 cells from non-
polarised T cells and vice-versa. They are in, effect, an
immunological yin-yang. Many mechanisms probably
account for this antagonism but one of the best characterised
is the differential effects of IFN-g and IL-4 on the IL-12
receptor. IFN-gstabilises cell surface expression of the 1L-12
receptor thus promoting the production of more IFN-g IL-4
however, downregulates the expression of the IL-12 receptor
on T cells thus preventing the development of Thl cells.
Therefore, immune responses to certain pathogens become
polarised towards cell-mediated or antibody mediated
immunity depending on the conditions in which naive T cells
become activated.

The autoimmune destruction of the beta cells of the
pancreatic islets of Langerhans seen in diabetes is driven
both in mice and humans by CD4+ T cells. The CD4+ T
cells that mediate islet destruction in type | diabetes are
polarised towards the Th1l profile. The immune response to
S.mansoni in mice and humans is initially Thl-polarised but
becomes a Th2 response when the worms lay eggs (29).
These Th2 responses are characterised by production of IgE
antibodies, eosinophilia and Th2 cytokines such as IL-4, IL-
5 and IL-13. This correlates well with the tendency of SEA
to downregulate production of IL-12 by dendritic cells, as
this cytokine potently drives Th1 responses.

Therefore, is S.mansoni protective because the Th2
immune response to the parasite antagonises the develop-
ment of the pathogenic Th1l cells? It is certainly true that in



524  Current Topics in Medicinal Chemistry, 2004, Vol. 4, No. 5

the model of schistosomal protection from diabetes outlined
above, in vitro re-stimulation of spleen cells from treated
mice with schistosomal antigens results in high levels of IL-
4, IL-5, IL-10 and IL-13, which can be described as a Th2-
type response. It is also known that these cytokines are
produced by T cells because depletion of T cells before re-
stimulation of the splenocytes with antigen abrogates
cytokine secretion, whereas depletion of B cells does not.

Normally, splenocytes from NOD mice that are
transferred to SCID recipients cause rapid induction of
diabetes; however splenocytes from mice that have been
treated with S.mansoni, soluble worm antigen (SWA) or
soluble egg antigen (SEA) have a much reduced capacity to
transfer disease to SCID recipients (Zaccone et al.
manuscript submitted.) This would be consistent with a
skewing of islet-specific immune responses towards a Th2
profile but there are other feasible explanations.

The nature of the T cells that orchestrate these Th2
responses is also a point of contention because it has been
previously shown that NOD mice are deficient in a subset of
T cells called Natural Killer T cells (NKT) (30). These T
cells, which also carry some markers of NK cells recognise
glycolipids associated with the non-classical MHC class |
molecule CD1 on antigen presenting cells. The most well
characterised subset of NK T cells express the invariant
Val4Jal8 T cell receptor. They can produce both IFN-gand
IL-4 and are therefore thought to be capable of mediating
both Thl and Th2 responses. The Val4Jal8 subset bind
very strongly to the glycosphingolipid, alpha gal ceramide in
association with CD1d. This substance is found in marine
sponges and it is thought that it is probably similar to a host
molecule that the NKT cells recognise. Recognition of alpha-
gal-ceramide by the T cells is associated with IL-4
production (31)

Interestingly, numerous studies have shown that both
NOD mice and diabetic humans are deficient in NKT cells
(32-35) The proportion of NKT-like thymocytes is decreased
in NOD mice aged 3-5 weeks of age, which is just before the
mice develop insulitis. This defect is corrected in the thymus
by 10 weeks of age but persists in the spleen. Transfer of cell
populations that have been enriched for NKT cells can
reduce disease incidence. The forced expression of a
Valdlal8 transgene (36), which increases the number of
NKT cells also protects the mice from diabetes as does treat-
ment with their natural ligand alpha galactosyl ceramide
(37,38). By contrast, crossing NOD mice onto a CD1d-/-
background (so that NKT cells cannot recognise their natural
ligand) accelerates disease. The protection that NKT cells
appear to afford the NOD is associated with high levels of
Th2 cytokines such as IL-4, much like the protection
associated with  S.mansoni  treatment.  Intriguingly,
experiments carried out by our group show that treatment of
NOD mice with SWA protects mice from diabetes and also
significantly increases the number of NKT cells in the livers
of treated mice.

But is Th2 skewing through the expansion of previously
rare NKT cells the reason that S.mansoni protects NOD mice
from diabetes or simply a co-incident observation?
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Certain other experimental models support the notion that
deviation of immune responses from a Thl to a Th2
phenotype may be a mechanism by which NOD mice are
protected from diabetes. NOD mice that transgenically
express the signature Th2 cytokine IL-4 in the pancreatic
islet cells (39) are protected from diabetes. There are,
however, convincing arguments that deviation towards Th2-
polarisation cannot explain every case of infection protecting
NOD mice from diabetes. It has been argued that in many
cases where protection is accompanied by high levels of Th2
cytokines, the cytokines are simply associated with
protection rather than a causative factor. (40)

DC treated with BCG, which is also protective against
diabetes drive a Thl response when co-cultured with T cells,
as expected by their tendency to provoke 1L-12 production
from DC’s. Furthermore, innoculation of mice with BCG
causes Thl responses characterised by high levels of IFN-g
and low levels of IL-4.

In addition, in the BCG-induced protection model,
Serreze and colleagues have shown that protection can still
occur in IL-4 and IL-10 knockout mice on a NOD
background and NOD mice that have the IL-4 or IL-10 genes
knocked out do not have accelerated diabetes. Furthermore,
there is no protection from diabetes in IFN-gknockout mice,
indicating that this Th1l cytokine is necessary for BCG to
mediate its protective effects.

Immune Regulation as a Mechanism of Protection

It is clear that S.mansoni infection does promote Th2
responses in the NOD mouse but it is now apparent that there
may be other generalised effects on the immune system
following parasitic infection that could also account for the
observed protection from diabetes. Furthermore, infections
that do not cause Th2 deviation can also protect from
diabetes. Attention has therefore focused on the ability of
infection, particularly parasitic infection to induce regulatory
T cell populations.

The existence of regulatory T cells that suppressed the
actions of other T cell subsets was first posited as a
mechanism that might maintain tolerance in the early 1970’s.
However, a lack of consistent evidence for their existence
led to declining interest in the field. Since the mid 1980’s,
however, regulatory T cells have undergone something of a
renaissance and evidence for their existence has been
growing since that time (41)

So what is the evidence for policing of T cells by other T
cells as a mechanism by which tolerance is maintained? For
a start, it is clear that T cells are somewhat degenerate in
their specificity for antigen and deletion of autoreactive T
cells in the thymus (which is known as central tolerance)
cannot eliminate all autoreactive cells T cells from
the repertoire.

Therefore, even in normal healthy individuals, a
proportion of peripheral T cells are autoreactive but most
individuals do not suffer from autoimune diseases; therefore
there must be extrathymic or “peripheral” mechanisms for
maintaining tolerance. There are many proposed mechanisms
of induction of peripheral tolerance including immunological
ignorance of the antigen, anergy (unresponsiveness) upon
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encountering self-antigen and deletion upon encountering
self-antigen. It is likely that anergy and deletion in response
to self-antigen occur when the antigen is presented in the
absence of appropriate co-stimulation, which the presence of
infection would facilitate.

An intriguing finding though, is that in many systems,
tolerance can be adoptively transferred between animals by
T cells — suggesting the possibility of active suppression of
the activity of autoreactive cells. In addition, Sakaguchi and
colleagues (42)showed that an athymic mouse (i.e. lacking T
cells) that was reconstituted with T cells depleted of CD25+
cells developed multisystemic autoimmune disease. This was
the first investigation to propose a surface marker that could
identify regulatory T cells. Subsequently, the expression of
other markers such as CD45RB have been proposed to
divide regulatory and non-regulatory populations.

Further investigation of these phenomena was carried out
in a number of invitro and in vivo systems. In vitro, CD4+
CD25+ cells are able to suppress by 80 or 90% the
proliferation of CD4+ CD25- T cells, when both T cell
subsets are stimulated by antigen (43) In these in vitro
systems, suppression of proliferation appears to be cell-
contact dependent. In vivo, however, in models in which the
CD4+ CD45RB"™" subset was shown to protect mice from
inflammatory bowel disease (44,45) protection was
dependent upon the soluble factor TGF-b. In a further study
Groux et. al. generated T cell clones that could prevent
inflammatory bowel disease via TGF-b and IL-10 (46,47).
Furthermore, TGF-b and IL-10 knockout mice develop
multi-systemic  autoimmune diseases. Therefore, the
mechanisms by which these cells mediate suppression of T
cell proliferation and autoimmune diseases appear to vary in
different experimental systems.

It seems that regulatory T cells can be generated in the
thymus (48) or the periphery (49) but the exact antigen
specificity of regulatory T cells is still not clear in most of
the models described.

Therefore, evidence for the presence of regulatory cells
under normal physiological conditions has accumulated,
though much about their function remains obscure. An
attractive theory is that infection induces regulatory cells as a
way of limiting immune-mediated damage of normal tissues
during immune responses. Therefore, if the number of
infections that a given host acquires falls then the number of
regulatory T cells in the repertoire might also fall. The host,
if appropriately genetically pre-disposed, is thus in danger of
generating autoimmune responses.

Studies published this year have provided evidence that
infection can indeed induce the formation of regulatory T
cells. McGuirk and colleagues (49) demonstrated the
induction of regulatory T cells at a mucosal surface
following infection of the murine respiratory tract with
Bordatella pertussis. Even more interestingly, they describe
how the generation of such cells is probably directed by high
levels of IL-10 made by DC in response to a pathogen
derived molecule FHA (filamentous haemagluttinin). This
has interesting parallels with the ability of the S.mansoni
soluble egg antigen to increase IL-10 production by DC in
response to LPS stimulation.
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In their experiments McGuirk and colleagues isolated
pathogen-specific T cells from the respiratory tracts of mice
following infection with B.pertussis and cultured them in
vitro. Some of the clones established that were responsive to
restimulation with B.pertussis antigens produced high levels
of the immunomodulatory cytokine 1L-10 and were able to
suppress the proliferation and Thl-skewed cytokine
production of other T cells specfiic for B.pertussis both in
vitro and in vivo.

In another interesting study, Kullberg et al. (50), use an
experimental model of colitis to demonstrate the induction of
regulatory T cells by infection. It is known that IL-10
knockout mice develop colitis after infection with
Helicobacter hepaticus. If T cells from these mice are used
to re-constitute the immune systems of SCID recipients,
these SCID mice also develop colitis. If T cells from normal
mice are co-transferred with the T cells from IL-10 deficient
mice, colitis still occurs. However, if T cells from normal
mice that have previously been infected with Helicobater
hepaticus are used to re-constitute these mice, then colitis
does not occur.

The implication of this impressive study is that infection
with Helicobacter hepaticus has generated regulatory T cells
in the normal mouse via an IL-10 dependent mechanism.
Indeed, treatment of the recipient with anti-IL-10 receptor,
which blocks IL-10 signalling abrogates the protective effect
of the donor T cells. These animal models are elegant but are
conducted in precisely controlled and somewhat artificial
animal systems. Do they have any bearing on the
mechanisms by which infection may prevent human
autoimmune disease? In fact, increasing evidence in human
systems also points to a role for IL-10 dependent regulation
of inappropriate immune responses. It is interesting to note
though, that in the BCG model of diabetes protection
described by Serreze, mice that were unable to make IL-10
could be protected by BCG. This might suggest that different
infections prevent autoimmune diseases through different
mechanisms and while the induction of IL-10-producing
regulatory cells may be an important factor in some models,
it is not key to BCG-mediated protection.

The notion that infection can induce the formation of
regulatory T cells has gained credence with evidence that
individuals chronically infected with helminths have low
levels of allergy (51). Both allergy and helminth infection
cause individuals to make strong Th2 responses and one
might expect that if the immune system is primed to making
Th2 responses because of chronic helminth infection, such
patients might be more susceptible to allergy. In fact, there is
a negative association between the incidence of helminth
infections and allergy. This has been cited as further
evidence against the “Th2 skewing” hypothesis of
autoimmunity. Instead, it has been proposed that the
induction of regulatory T cells by helminth infection
prevents allergy and autoimmunity alike.

This idea is attractive for many reasons. Firstly chronic
parasitic infections and helminth infections in particular are
associated with poor antigen-specific T cell proliferative
responses and cytokine production. In the case of
schistosomiasis, there is also evidence that patients have
elevated circulating levels of IL-10. It remains to be seen
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though whether this IL-10 is actually derived from
regulatory T cells.

In agreement with this hypothesis, Van der Kleij and
colleagues (52) report that human DC that have been treated
with phosphatidyl serine derived from S.mansoni worms can
induce the formation of Th2 cells and regulatory T cells that
can suppress the proliferation of other T cells in culture.
They also showed that the capacity of the dendritic cell to
drive regulatory T cell formation was dependent on ligation
of toll-like-receptor 2 on the DC.

T cell Homeostasis as a Mechanism of Protection

While the induction of regulatory T cells by infection
may seem a compelling argument, the protection from
autoimmunity may occur through an even simpler
mechanism. Stockinger et al. (53) argue that simply by
competing for proliferation and survival signals that might
be provided by TCR-MHC interactions and cytokines, T
cells of different specificities to autoreactive T cells can
prevent the expansion of the damaging autoreactive cells. In
her convincing model, Stockinger proposes that T cell
regulation can be carried out by any cell that is capable of
proliferation in response to stimulation because the
proliferating clone will then compete with autoreactive
clones. This theory would argue, therefore, that infection
does not need to induce regulatory T cell populations;
“regulation” of a sort occurs simply because the infection
drives the expansion of pathogen-specific clones at the
expense of autoreactive clones.

Stockinger also argues that much of the evidence for the
regulatory T cell hypothesis can also be interpreted as simple
homeostatic expansion of transferred cells because the hosts
that develop autoimmunity without donor cell intervention
are usually congenitally lymphopenic or rendered
lymphopenic by irradiation. There is therefore “space” for
the transferred T cells to expand into. Stockinger also notes
that while “regulatory” T cells are often refractory to
proliferation in culture, they can often expand greatly when
transferred into lymphopenic hosts.

Despite these arguments, the ability of certain cells to
suppress proliferation of their fellow T cells in culture and
the immunosuppressive capabilities of T cell-derived
cytokines like IL-10 and TGF-beta would suggest that some
form of regulatory T cell does exist. Recently, O’Garra and
colleagues showed that it was possible to generate a pure IL-
10-producing population of T cells in vitro using vitamin D3
and dexamethasone further strengthening the evidence that a
specialised suppressor cells can form part of a T cell
repertoire (54) .

AND NOW THE BAD NEWS: VIRUSES MAY
TRIGGER AUTOIMMUNITY

It is easy to understand the excitement generated by the
ability of infections to halt autoimune processes. The
phenomenon not only suggests simple therapeutic
interventions but also offer insights into how the immune
system deals with the conflict at the heart of its existence —
vigorously attacking pathogens while remaining tolerant of
self. There is certainly an elegance to the notion that the key
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function of attack might re-enforce the opposite, though
equally important requirement for tolerance. It is timely, then
to remind ourselves that there is also a substantial body of
literature implicating infections in precipitating autoimmune
diseases. In particular, in both murine and human diabetes,
there is evidence to suggest that viruses can act to trigger the
disease in genetically susceptible individuals.

Various strains of the enterovirus family have been
implicated in type | diabetes but the Coxsackie virus
members of this family have come under the closest scrutiny
(55). In the human disease, there is epidemiological data that
suggests a high frequency of IgM antibodies against
Cocksackie B in children that were recently diagnosed with
diabetes. Some contradictory reports, however have failed to
find differences in antibody titre between diabetic and non-
diabetic patients. Coxsackie B4 and B5 strain viruses have
been isolated from the pancreas of patients with acute-onset
diabetes. Extensive research has also investigated the
capability of coxsackie viruses to cause diabetes in NOD
mice. Coxsackie B4 viruses and other serotypes can induce
diabetes in certain mouse strains if the virus has been
passaged in cultured beta cells to shift the tropism of the
virus from pancreatic acinar cells to beta cells.

It is not quite clear why these viruses can induce diabetes
but several mechanisms that are not mutually exclusive have
been proposed. Coxsackie viruses are cytolytic so direct
destruction of beta cells might account in part for the loss of
glycaemic control. In addition, infection of beta cells with
the virus appears to up-regulate the expression of GAD-65, a
target antigen in both human and murine disease. This might
therefore lead to increased presentation of this antigen to
autoreactive T cells. Another likely explanation for disease-
triggering might be molecular mimicry, whereby the virus
expresses antigens that are sufficiently similar to host
antigens that an immune response to viral antigens will also
lead to the destruction of host cells.

However, a recent paper (56) argues that inoculation of
4-8 week-old NOD mice with any of nine different
Cocksackie B virus strains actually reduced the incidence of
diabetes 2-10 fold over a ten month period.

CONCLUSIONS AND FUTURE DIRECTIONS

The evidence that bacterial and parasitic infection can
prevent autoimmunity has become compelling in recent
years. This is exciting news both for immunologists
attempting to discern the complex physiology of the immune
system and clinicians attempting to halt the alarming rise in
autoimmunity. What is also becoming clear is that multiple
mechanisms may account for this protection and may include
Th1/Th2 deviation, regulation and homeostatic mechanisms
(Fig. 1) It is likely that not all infections may protect by the
same mechanisms; indeed one infection may utilise multiple
mechanisms to abrogate autoimmune disease.

The success and relative safety of wvaccination
programmes for infection and the ability of some microbial
or even helminth antigens like SWA and SWA to prevent
diabetes highlights the potential of “autoimmune
vaccination.” This optimism must be tempered, however, by
the complex nature of autoimmune disease. There are many
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Fig. (1). Diagram summarising the possible mechanisms by which helmith infection may prevent Type | diabetes.

genetic susceptibility factors and these must be explored
more thoroughly to truly appreciate the nature of
autoimmune disease. It is important to note that individuals
with one autoimmune disease are also at higher risk of
getting others; therefore it would be imperative to establish
that the “vaccination” against autoimmune disease does not
merely precipitate another autoimmune syndrome.
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ABBREVIATIONS

NOD mouse =  Non-Obese Diabetic mouse
NKT cells = Natural Killer T cells

CFA =  Complete Freund’s Adjuvant
BCG = Bacillus Calmette Guerin
SWA =  Soluble Worm Antigen

SEA =  Soluble Egg Antigen

SLE =  Systemic Lupus Erythematosus
APC’s =  Antigen Presenting Cells
PAMP =  Pathogen Associated Molecular Pattern
PRR =  Pattern Recognition Receptors

DC = CD1d -/-CD1 knockout

CD =  Complementarity determining

TGF-b =  Transforming Growth Factor Beta;

FHA =  Filamentous Haemagluttinin

GAD =  Glutamic Acid Decarboxylase
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