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Abstract | Selected bacteria, viruses, parasites and nonliving, immunologically active microbial substances 
prevent autoimmune diabetes in animal models. Such agents might also have a protective effect in humans 
by providing immune stimuli critical during childhood development. The ‘hygiene hypothesis’ proposes that 
reduced exposure to environmental stimuli, including microbes, underlies the rising incidence of childhood 
autoimmune diseases, including type 1 diabetes mellitus (T1DM). This hypothesis is supported by data that 
highlight the importance of infant exposure to environmental microbes for appropriate development of the 
immune system, which might explain the observation that administration of microbes or their components 
inhibits autoimmune disease in animals. This finding raises the possibility of using live, nonpathogenic 
microbes (for example, probiotics) or microbial components to modulate or ‘re-educate’ the immune system and 
thereby vaccinate against T1DM. Progress has been assisted by the identification of receptors and pathways 
through which gut microbes influence development of the immune system. Such mechanistic data have moved 
a field that was once regarded as being on the scientific fringe to the mainstream, and support increased 
funding to advance this promising area of research in the hope that it might deliver the long awaited answer of 
how to safely prevent T1DM. 

Petrovsky, N. Nat. Rev. Endocrinol. 6, 131–138 (2010); doi:10.1038/nrendo.2009.273

Introduction
type 1 diabetes mellitus (t1Dm) is an autoimmune 
disease characterized by selective, t‑cell‑mediated 
destruction of pancreatic islet β cells.1,2 although non‑
specific immuno suppression can somewhat delay the 
progression of t1Dm, the substantial short‑term and 
long‑term toxic effects of previously used immuno‑
suppressive agents, such as cyclosporine, azathioprine 
and cyclophosphamide, has prevented their adoption 
into clinical practice.3–5 new immuno suppressive agents 
that might have a reduced toxic ity, such as antibodies 
against lymphocyte antigens (CD3, CD4 and CD20) or 
the immunosuppressant drugs tacrolimus, sirolimus, 
and mycophenolate mofetil are currently being tested 
in preclinical and clinical studies as potential tools to 
decrease the risk of t1Dm.6,7 whether any of these new 
immuno suppressive therapies will be sufficiently protec‑
tive and safe to be used routinely for pr evention of t1Dm 
in suscep tible individuals is not yet known.

a t1Dm vaccine, specific for either a β‑cell protein or 
other relevant antigen, could offer many potential advan‑
tages over nonspecific immunosuppression, including 
greater safety and long‑term protection without the need 
for ongoing treatment.8 ideally, a t1Dm vaccine should 
produce a long‑term immune response that specifically 
blocks autoimmunity but without otherwise interfering 
with immune function. this goal could be effected via 

various mechanisms, for example, by changing a β‑cell 
destructive immune response (mediated by t‑helper‑1 
[tH1] lymphocytes) to a nondestructive response (medi‑
ated by tH2 lymphocytes); inducing the production of 
antigen‑specific regulatory t cells; inactivating auto‑
reactive t cells or making them β‑cell‑tolerant; pre‑
venting interactions between effector cells; or blocking 
immune‑mediated β‑cell‑apoptosis.

Previously used approaches include the administration 
of tissue‑specific or antigen‑specific vaccine therapies, 
for example parenteral or mucosal immunization with 
self‑antigens (such as insulin, GaD65, heat shock pro‑
teins and various antigenic peptides).9 although posi‑
tive results have been reported in animal models and in 
small early phase trials, an antigen‑specific vaccine has 
yet to be proven effective in a large, placebo‑ controlled, 
phase 3 clinical trial. a potential problem associated 
with  antigen‑specific approaches is that these antigens 
have been identified through their recognition by auto‑
antibodies, whereas the critical antigens driving β‑cell 
destruction are t‑cell targets, the identity of which 
remains elusive. Hence, an alternative approach is the 
use of nonantigen‑specific vaccines able to downregulate 
auto reactive t‑cell responses, removing the need to first 
identify the t‑cell autoantigen that drives β‑cell destruc‑
tion. the earliest clues to the ability of nonantigen‑
specific vaccine approaches to modulate autoimmune 
diabetes came from studies into the nonobese diabetic 
(noD) mouse model, identified in 1980 by Japanese 
investigators searching for a cataract‑prone mouse.10
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noD mice are prone to spontaneous, immune‑
mediated diabetes and are widely used as a surrogate 
to study the pathogenesis of t1Dm and to test the effi‑
cacy of candidate therapies.10 although the noD mouse 
model is far from perfect and diabetes in these mice is 
much easier to avert than in humans, it remains the best 
model of spontaneous β‑cell autoimmunity in which to 
test potential t1Dm therapies. notably, almost all t1Dm 
therapies that have been taken into clinical trials have 
first been shown to be effective in the noD model. the 
noD mouse exhibits multiple immune defects even 
before the onset of diabetes, with a similar pattern of 
immune defects as is observed in the diabetes‑prone 
BioBreeding (BB) rat11 and humans with t1Dm.12 thus, 
immune system defects predate the development of 
autoimmune diabetes, which points to immune‑system 
development in early childhood as a critical juncture at 
which the right environmental signals ensure develop‑
ment of a normal healthy immune system with toler‑
ance for self‑antigens. alternatively, in the absence of 
such signals, a defective immune system develops that 
is prone to autoimmunity.

this observation is consistent with the hygiene hypo‑
thesis, which posits a critical role of microbial organisms 
in the signals that drive normal immune system develop‑
ment.13 according to this hypothesis, a major factor 
behind the increasing incidence of childhood immune 
diseases, including t1Dm and allergy, in de veloped 
countries may be the reduced exposure of children and 
their immune systems to environ mental microbes.14 
this reduced exposure is proposed to have occurred as 
a consequence of improved hygiene, including access to 
purified drinking water and food free from microbial 
contamination, and reduced infections as a consequence 
of vaccination and antibiotic therapy. thus, invoking a 
potential ‘microbial immune‑ education’ model, appro‑
priate microbial exposure in early life (for example, by 
the organisms delivered in breast‑milk that colonize a 
newborn baby’s gut) might provide critical ‘educational’ 
signals that drive development of a healthy immune 
system. strong support for this model comes from studies 
that show a critical role for intestinal microbes in the 
development of the intestinal immune system.15 if correct, 
susceptibility to autoimmunity could then derive from 
failure to deliver the appropriate microbes that provide 
these immune developmental signals; for example, from 
failure to breast feed or from receptor defects that prevent 
the baby’s immune system from appropriately responding 
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to these microbial signals. the fact that the over whelming 
majority of microbes that humans are exposed to are com‑
mensal bacteria in the large intestine might explain why 
dietary modifications that change the gut flora might also 
influence suscepti bility to autoimmune disease.16

this theory raises the question as to whether microbes or 
microbial components could be effective as a  nonantigen‑ 
specific immunotherapy or vaccine to protect against 
t1Dm.14 although—as discussed below—the data on the 
use of microbial stimuli to prevent auto immune disease 
remain preliminary and are mainly derived from animal 
studies, the idea has potential. if it were to be proven 
effective, reducing t1Dm risk by giving at‑risk children 
a dietary supplement of probiotic organisms or a single 
course of vaccination would be a most attractive option 
for any parent.

Methods of vaccination against T1DM
several methods of vaccination against t1Dm have been 
reported, each associated with potential advantages and 
disadvantages (table 1). the biological mechanisms that 
underpin the mode of action of these candidate t1Dm 
vaccines vary widely (table 1 and Figure 1). 

Microbial infections
exposure to infectious agents is an important environ‑
mental factor that influences diabetes status in noD 
mice: these animals exhibit a high incidence of sponta‑
neous autoimmune diabetes only when housed under 
specific, pathogen‑free conditions. autoimmune diabetes 
can be averted in noD mice and diabetes‑prone BB rats 
by immunization with the widely used vaccine adjuvant 
Freund’s complete adjuvant (FCa), which contains killed 
mycobacteria in an oil emulsion.17,18 although FCa is a 
potent immunostimulant, it can induce extremely severe 
reactions, including skin necrosis, as a result of exces‑
sive immunostimulation, and is unsuitable for human 
use. Bacillus Calmette–Guérin (BCG) is a suspension of 
a live, attenuated strain of Mycobacterium tuberculosis 
that is routinely used for childhood vaccination against 
tuberculosis. similar to FCa, inoculation of young noD 
mice with BCG averted the development of autoimmune 
diabetes.19 However, despite such a protective effect in 
animal studies and a pilot study in humans,20 subsequent 
larger and better‑powered trials of BCG vaccination in 
individuals with recent‑onset t1Dm yielded negative 
results.21 the apparent ineffectiveness of BCG for the 
prevention of t1Dm in humans might be explained by its 
much weaker immunostimulatory effect than FCa.22

infection with a live, attenuated strain of Salmonella 
typhimurium was shown to prevent autoimmune dia‑
betes in the noD mouse.23 the protective mechanism 
was suggested to involve altered chemokine expression 
and priming and trafficking of t cells in the infected 
mice, leading to downregulation of auto reactive 
t cells. the same group of researchers also showed that 
infection of noD mice with the parasitic trematode 
Schistosoma mansoni prevented diabetes, as did infection 
with the gastrointestinal helminths Trichinella spiralis or 
Heligmosomoides polygyrus.24 Protection from diabetes in 
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the helminth models was postulated to involve immune 
deviation towards a tH2‑response, which in noD mice 
has been associated with reduced β‑cell destruction.25

viruses can also prevent diabetes in animal models. 
newborn and adult noD mice infected with lympho‑
tropic virus were protected against diabetes, suggesting 
that viruses and/or host factors induced by viral infec‑
tion might have potential for prevention of t1Dm.26,27 
reducing the environmental exposure of diabetes‑
prone rats to virus by cesarean delivery accelerates and 
increases the frequency of diabetes within the colony, 

again consistent with a protective effect of viral infection 
against autoimmune diabetes.28

Despite the abundance of data on bacterial, tremato de, 
helminithic and viral protection against auto immune dia‑
betes in animal studies, no human infection or coloniza‑
tion has yet been shown to protect against t1Dm. 
substantial risks could be associated with any use of 
live pathogens, such as BCG, Salmonella typhimurium, 
Schistosoma mansoni or viruses, to prevent t1Dm in 
infants. However, as discussed below, such safety barriers 
would be alleviated if it were possible to develop t1Dm 

Table 1 | Comparison of candidate microbial T1DM vaccines

type of t1dM vaccine Mechanism of action Advantages disadvantages

Inactivated microbial vaccines

Freunds complete adjuvant Unknown Positive animal data Too toxic for human use

Q fever antigen Induction of regulatory T-cell response 
through IFN-γ and nitric oxide

Existing human vaccine Negative results in pilot  
human trial

Bacterial DNA with CpG motif Activation of TLR9 Human product available Animal data equivocal

Escherichia coli 
lipopolysaccharide

Induction of regulatory T-cell response Characterized compound Low therapeutic–toxicity margin

Klebsiella pneumoniae 
glycoprotein extract

Induction of regulatory T-cell response Nontoxic Poorly defined bacterial extract

Escherichia coli  
extract OM-85

Induction of TGF-β through TLR 
accessory molecule MyD88

Defined mechanism  
of action

Poorly defined bacterial extract

Escherichia coli  
extract OM-89

Immune deviation to a noncytotoxic 
TH2 response

Defined mechanism  
of action

Poorly defined bacterial extract

Heat-labile enterotoxin Induction of regulatory T-cell response 
and increased production of IL-10

Characterized compound Potential safety issues related 
to use of enterotoxin

Live pathogens

Schistosoma mansoni Immune deviation to a noncytotoxic 
TH2 response

Positive animal data Live pathogen

Salmonella typhimurium Downregulation of autoreactive  
T cells through altered chemokine 
expression 

Positive animal data Live pathogen

Trichinella spiralis Immune deviation to a noncytotoxic 
TH2 response

Positive animal data Live pathogen

Heligmosomoides polygyrus Immune deviation to a noncytotoxic 
TH2 response

Positive animal data Live pathogen

Lymphotropic virus Unknown Positive animal data Live pathogen

BCG Altered immune-cell trafficking Existing human vaccine Equivocal human data

Probiotic organisms

Probiotics Downregulation of inflammation  
by production of SCFAs that bind  
to GPR43

Safe to use in humans 
Oral administration

None known

VSL#3®* T-cell mediated protection associated 
with increased IL-10

Safe to use in humans 
Oral administration

None known

Lactobacillus casei T-cell mediated protection associated 
with increased production of IL-4, IL-5, 
IL-6 and IL-10

Safe to use in humans 
Oral administration

None known

Bacteroides fragilis Capsular polysaccharide activates 
dendritic cells, stimulating lymphoid 
organogenesis

Safe to use in humans 
Oral administration

None known

PRODIA study52 formulation‡ General protective effects  
of probiotics

Safe to use in humans 
Oral administration

None known

*Comprises Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus paracasei, 
Lactobacillus bulgaricus and Streptococcus thermophilus (VSL3 Pharmaceuticals, Gaithersburg, MD). ‡Comprises Lactobacillus rhamnosus, Bifidobacterium breve and 
Propionibacterium freudenreichii ssp. Shermani JS. Abbreviations: BCG, Bacillus Calmette–Guérin; GPR43, G-protein coupled receptor 43; IFN-γ, interferon γ;  
IL, interleukin; SCFAs, short chain fatty acids; T1DM, type 1 diabetes mellitus; TGF-β, transforming growth factor β; TH2, T-helper-2; TLR, toll-like receptor.
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therapies that mimic the protective effects of live patho‑
gens, but which comprise the microbial components 
mediating these beneficial effects rather than the whole 
living organism.

inactivated microbial vaccines
as mentioned above, the risks associated with the use 
of live organisms could be avoided by using inactivated 

or subunit vaccine formulations. Q fever complement‑
fixing antigen (QFa) derived from formalin‑inactivated 
Coxiella burnetii is the basis of an australian Q fever 
vaccine that has been in use for several decades.29–31 
Q fever infections are caused by Coxiella burnetii, a 
 rickettsia‑like organism with worldwide distribution. 
Coxiella burnetii is a common pathogen of wild animals 
and domesticated livestock; human infection occurs 
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Figure 1 | Mechanism of action of microbial vaccines against T1DM. Inactivated or subunit microbial vaccines administered 
IM are bound and phagocytosed by muscle macrophages and dendritic cells. These cells become activated, start to 
express regulatory cytokines (IL-10 and TGF-β) and migrate systemically via the axillary lymph node to the pancreatic lymph 
nodes where they stimulate regulatory T cells, which in turn suppress β-cell destruction mediated by autoreactive T cells. 
Orally ingested live probiotic vaccines mixed with preprobiotic inulin fiber enter the large intestine where the probiotic 
organisms ferment the inulin to produce SCFAs. The SCFAs bind to GPR43 on immune cells that line the intestinal wall, 
delivering an anti-inflammatory signal within the GALT. At the same time, polysaccharides, glycolipids and proteins in the 
probiotic cell wall bind to other immune receptors, such as TLR, on intestinal macrophages, inducing them to adopt an anti-
inflammatory phenotype and migrate to the pancreatic lymph nodes where they induce regulatory T cells, which in turn 
inhibit autoreactive T cells responsible for β-cell destruction. Abbreviations: GALT, gut-associated lymphoid tissue; GPR43, 
G-protein coupled receptor 43; IL-10, interleukin 10; IM, intramuscular; SCFAs, short-chain fatty acids; T1DM, type 1 
diabetes mellitus; TGF-β, transforming growth factor β; TLR, toll-like receptor.
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by inhalation of aerosolized matter from dead, infected 
animals or by drinking infected, raw milk.32,33 vaccination 
with QFa produces a long‑term, protective immune 
response against Q fever and induces a potent, non‑
specific suppression of unrelated infectious organisms, 
including malarial parasites,34 bacteria and viruses.35 this 
nonspecific effect of QFa has been attributed to increased 
production of cytokines, such as tumor necrosis factor 
(tnF), interferon γ (iFn‑γ) and nitric oxide (no), which 
are associated with cell‑mediated immune responses,34 
and are similar to the immune responses evoked by  
FCa and BCG, which suggests that QFa might also share 
their diabetes‑protective effects.

indeed, QFa administered subcutaneously to young 
noD mice provided robust protection against dia betes.36 
QFa therapy also preserved islet β‑cell mass in pancreas 
sections of 300‑day‑old noD mice better than did BCG or 
FCa and prevented recurrent autoimmune destruction of 
syngeneic islets grafted into diabetic noD mice.36 QFa is  
a potent inducer of cytokines, particularly iFn‑γ.30 QFa 
protec tion against diabetes was lost in iFn‑γ‑deficient 
noD mice, indicating an essential role of iFn‑γ in dia betes 
protection.36 as iFn‑γ is an important inducer of no pro‑
duction, the protective effect of QFa might be regu lated via 
a no‑mediated mechanism. this effect would be consis‑
tent with studies in other models of autoimmune disease, 
for example experimental autoimmune encephalo myelitis, 
where no protected against autoimmune disease.37–39 a 
pilot clinical trial of QFa in patients with recent‑onset 
t1Dm did not show remarkable effects, in dicating the 
need for further refinement of this approach.

subunit microbial vaccines
although use of inactivated organisms like QFa is safer 
than the use of live pathogens, there remains a risk of 
adverse reactions. an even better approach, therefore, 
would be to identify and extract the protective microbial 
component for use as a subunit vaccine. such a strategy 
is feasible as purified bacterial components, including a 
lipopolysaccharide from Escherichia coli and glycoprotein 
extracts from Klebsiella pneumoniae, reduced diabetes 
when fed to noD mice.40 lymphocytes taken from these 
orally immunized mice had a reduced capacity to induce 
β‑cell destruction and diabetes when transplanted into 
healthy recipient mice, consistent with a role for these 
microbial components in inducing a regulatory t‑cell 
response. Diabetes in noD mice was also successfully pre‑
vented by oral administration of Escherichia coli‑derived 
extract om‑89, in combination with insulin.41 Potentiation 
of the effect of oral insulin by om‑89 was associated with 
an altered tH2‑mediated immune response, characterized 
by upregulation of interleukin 4 (il‑4) producing tH2 
cells in infiltrated islets and downregulation of inducible 
no synthase.41

toll‑like receptors (tlrs) expressed on immune cells 
have a critical role in immune recognition of microbial 
com ponents, including bacterial and viral Dna, rna, pro‑
teins and lipoproteins. Host‑cell tlrs may be an impor tant 
link between microbial exposure and protection against 
autoimmunity. interestingly, CpG‑containing Dna that 

specifically binds and activates tlr9 is a major immuno‑
stimulatory component of BCG and might contribute 
to the ability of BCG to inhibit diabetes in noD mice. 
nonprotein‑coding Dna plasmids containing CpG motifs 
decreased insulitis when injected into noD mice, consis‑
tent with an inhibitory effect of bacterial Dna on auto‑
immune diabetes.42 However, other studies of vac cination 
of noD mice with bacterial CpG‑containing Dna found 
no protective effect on diabetes, suggesting that as yet 
uncharac terized features of some Dna mo lecules might 
be critical for diabetes prevention.43

an alternative subunit approach involved oral or intra‑
peritoneal administration of the bacterial extract om‑85, 
which delayed or completely prevented, respectively, dia‑
betes in noD mice.44 optimal protection was observed 
when treatment was started at 3–6 weeks of age, although 
effects were still observed when started as late as 10 weeks 
of age. the therapeutic effect of om‑85 depended upon 
transforming growth factor β (tGF‑β) and the activity 
of natural killer t cells. om‑85 is a complex mixture of 
bacterial components and the active constituent has yet 
to be identified. lipopolysaccharides were excluded as the 
active component, but one or more other tlr‑agonists 
might be involved, as induction of tGF‑β by om‑85 is 
dependent on the tlr‑accessory molecule, myD88.44

other successful subunit vaccine approaches not involv‑
ing tlrs include intranasal treatment with the B‑subunit 
of a Escherichia coli-derived protein, heat‑labile entero‑
toxin, which also prevented diabetes in noD mice.45 this 
effect was associated with a reduction in the number of 
macrophages, CD4+ t cells, B cells, and major histo‑
compatiblity complex (mHC) ii‑bearing cells in the 
pancreatic islets. treated mice had increased numbers of 
il‑10‑producing cells in the pancreas, and a decreased 
cytokine production by tH1 cells and tH2 cells in the pan‑
creatic lymph node. Protection against dia betes could be 
transferred by injecting CD4+ t cells from treated mice to 
untreated recipients.45 However, FDa approval for the use 
of such toxins in t1Dm prevention might be problematic, 
given that a similar enterotoxin caused facial palsy in a 
human trial of nasal influenza vaccine.46

probiotic organisms
Commensal microorganisms that confer a health benefit 
on the host (probiotics) might have an overlooked role in 
t1Dm prevention. the large intestine contains many fami‑
lies of commensal bacteria and yeasts that have important 
health‑promoting roles. For example, germ‑free animals 
have impaired immune system development that can be 
corrected by gut colonization with the ubiqui tous micro‑
organism Bacteroides fragilis.15 interestingly, susceptibility 
of noD mice to autoimmune diabetes is dependent on 
their being raised in a germ‑free environment,10 consistent 
with a protective effect of microbial colonization.

Direct evidence that probiotics inhibit diabetes patho‑
genesis is provided by vsl#3® (vsl3 Pharma ceu ticals, 
Gaithersburg, mD), a probiotic that co nsists of eight differ‑
ent strains of lactic‑acid producing bacteria (Bifidobacterium 
breve, Bifidobacterium longum, Bifidobacterium in fantis, 
Lactobacillus acidophilus, Lactobacillus plantarum, 
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Lactobacillus paracasei, Lactobacillus bulgaricus, and 
Streptococcus thermophilus). when given orally to noD 
mice, vsl#3® prevented diabetes, with increased pro‑
duction of the regulatory cytokine il‑10 seen in Peyer’s 
patches, the spleen and the pancreas of these mice.47 the 
protective effect of vsl#3® was transferable to irradi‑
ated mice receiving diabetogenic t cells by injection of 
splenocytes from vsl#3®‑treated animals.47 although 
no experience in humans with t1Dm has been reported, 
vsl#3® has been shown to be safe and to reduce colon 
inflammation and induce remission in children with 
ulcerative colitis, making it a promising candidate for 
t1Dm studies.48

Protective effects against autoimmune diabetes have 
also been observed using the probiotic, Lactobacillus casei. 
Young noD mice treated with orally administered 
Lactobacillus casei showed preservation of β cells with an 
increased ratio of CD45r+ B cells and CD8+ t cells in 
the spleen, decreased production of iFn‑γ and increased 
production of il‑4, il‑5, il‑6 and il‑10.49 the anti‑
inflammatory effects of Lactobacillus casei were also 
seen in the KKay mouse model of type 2 diabetes mel‑
litus where oral administration inhibited the production 
of inflammatory cytokines by t cells.50 alloxan is a toxin 
that generates reactive oxygen species and induces β‑cell 
death which mimics that seen in patients with t1Dm.51 
administration of Lactobacillus casei protected against 
alloxan‑induced diabetes in 7‑week‑old BalB/c mice, 
consistent with a protective effect of this probiotic on 
inflammation‑induced β‑cell death.51

Probiotics are an attractive choice for a t1Dm inter‑
vention because of their longstanding safety record and 
widespread public acceptance. the ProDia study52 is cur‑
rently testing whether oral administration of a pro biotic 
mixture of Lactobacillus  rhamnosus, Bifidobacterium breve 
and Propionibacterium fr eudenreichii ssp. Shermani JS 
during the first 6 months of life reduces the development 
of β‑cell autoantibodies in children with an increased 
genetic risk for t1Dm.52 if the results of this trial are posi‑
tive, interest in the use of probiotics to regulate immune 
function in children at risk of autoimmune disease is 
likely to increase substantially.

Mechanisms of microbial protection
a number of hypotheses have been put forward to explain 
how microbes and microbial components protect against 
autoimmune disease. one theory suggests that micro‑
bial stimuli shift a proinflammatory tH1 response to a 
noninflammatory tH2 response, characterized by pro‑
duction of regulatory cytokines such as il‑4 and il‑10.41 
an alternative theory proposes that microbial stimuli 
induce CD4+ regulatory t‑cells.53 alternatively, microbial 
stimuli change immune‑cell trafficking and thereby divert 
autoreactive t cells away from the site of autoimmune 
destruction.54,55 thus, administration of FCa to noD 
mice reduced the number of infiltrating dendritic cells 
and t cells and suppressed CCl21 and CD31 expression 
on the endothelial lining of lymphatic vessels.55 similarly, 
immunization with Salmonella  typhimurium was shown 
to be mediated by an effect on dendritic cells which 

altered trafficking of autoreactive t cells and prevented 
development of diabetes.56,57

most—if not all—of the effects of microbes and micro‑
bial components that influence the development of 
autoimmune diabetes can be tracked back to activation 
of monocytes or dendritic cells by cell‑surface, innate 
immune receptors, such as tlr, that recognize spe‑
cific microbial compounds. For example, the immuno‑
modulatory activity of Bacteroides fragilis on the gut 
immune system was shown to be mediated by a specific 
bacterial polysaccharide that, when ingested by intes‑
tinal dendritic cells, activated CD4+ t cells, and stimu‑
lated lymphoid organogenesis.15 the critical role of the 
bacterial polysaccharide was confirmed by showing 
that a Bacteroides fragilis strain that expressed a mutant 
po lysaccharide did not restore gut immune function.15

noD mice genetically lacking the myD88 adaptor 
protein critical for tlr signaling were protected against 
autoimmune diabetes when housed under specific 
pathogen‑free conditions.58 the protective effect of the 
block to tlr signaling was dependent on commensal 
gut microbes: germ‑free and myD88‑negative noD mice 
continued to develop autoimmune diabetes, whereas pro‑
biotic colonization of such mice with a defined microbial 
consortium restored protection.58 as myD88 is the major 
signaling molecule in the tlr pathway in monocytes 
and dendritic cells, the above findings suggest that these 
immune cells have an important role in immune educa‑
tion by microbial stimuli. a gluten‑free diet has also been 
shown to reduce autoimmune diabetes in noD mice at 
the same time as substantially changing the bacterial 
flora in their intestines.16 surprisingly, a gluten‑rich diet 
also reduced the incidence of diabetes in noD mice,59 
consistent with the idea that dietary manipulations 
achieve benefi cial outcomes through a common effect 
on modulat ing the intestinal flora. some exciting data 
showed that short‑chain fatty acids produced by gut com‑
mensal bacteria downregulate inflammatory responses 
by stimulating the chemoattractant receptor GPr43 on 
neutrophils providing further mechanistic data on how 
microbial stimuli act to suppress autoimmune disease.60

taken together, the above data suggest that microbial 
vaccines protect against autoimmune diabetes through 
their ability to activate and modulate host immune cells, 
driving normal development of the immune system. 
microbial compounds including lipopolysaccharides, 
polysaccharides, rna or Dna bind to host cell receptors, 
such as tlrs, resulting in activation of monocytes and 
dendritic cells. these activated immune cells interact in 
turn with antigen‑specific t and B cells, leading to altera‑
tions in cell trafficking, cytokine expression and regula‑
tory function that together act to suppress auto reactive 
t cells. such microbial effects on immune function are not 
unique to pathogens, such as mycobacteria, but are also 
mediated by commensal organisms (pro biotics) resident 
in the human intestine. this finding presents a unique 
opportunity to modulate and prevent auto immune disease 
by regulating the gut environment, either by administering 
health‑promoting probiotic organisms or by ap propriately 
altering infant diets, for example, by encouraging breast 
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feeding or supplementing the diet with soluble fibers 
such as inulin that stimulate probiotic growth.58 studies 
of dietary interventions, such as infant avoidance of 
exposure to cow’s milk to prevent t1Dm in children, are 
already underway.

Conclusions
Clinically proven strategies for long‑term prevention of 
t1Dm remain elusive. whereas modest benefits have been 
achieved in clinical trials with various immuno suppressive 
therapies, short‑term and long‑term toxicity remain a 
major concern. extensive animal data supports the idea 
that genetic and acquired immune defects that underlie 
susceptibility to autoimmune diabetes might be corrected 
by early‑life exposure to specific microbes or micro‑
bial components. activation of immune receptors (for 
example, tlrs, GPr43 and polysaccharide receptors) by 
microbes and microbial components is critical to normal 
immune system development and provides important anti‑
inflammatory signals within the intestinal environ ment. 
with increasing hygiene, these microbial stimuli become 
insufficient to drive maturation of the immune system and 
suppression of inflammation, particularly in genetically 
susceptible individuals, resulting in aberrant immune 

system development and auto immune disease. in such 
individuals, inadequate microbial immune stimula tion 
could be supplemented either by intra muscular immuniza‑
tion with purified microbial components or by dietary 
manipulation with pro biotics and/or a pre probiotic fiber 
such as inulin. although the use of microbes to manipu‑
late the human immune system remains in its infancy, the 
safety and utility of this approach when compared with 
other proposed remedies such as immuno suppression, 
warrants major investment by funding bodies. the fact 
that two key papers on this topic have recently been 
published in the high‑ranking journal Nature58,60 should 
help dispel doubts as to the scientif ic credibility of such 
microbi al therapy approaches.
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