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Abstract: The pathogenesis of organ-specific autoimmune diseases such as Type 1 Diabetes (T1D) is regulated by 
genetic and environmental factors. There is increasing evidence that environmental factors acting at the intestinal 
level, with a special regard to the diverse bacterial species that constitute the microbiota, influence the course of 
autoimmune diseases in tissues outside the intestine both in humans and in preclinical models. In this review we 
recapitulate current knowledge on the intestinal immune system, its role in local and systemic immune responses 
and how multiple environmental factors can shape these responses with pathologic or beneficial outcomes for 
autoimmune diseases such T1D.
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Introduction

The complexity of the immune system reflects 
the multiple, complementary and sometimes 
opposing functions that are necessary to main-
tain a healthy organism. These functions are 
strictly dependent on the heterogeneous and 
dynamic features of the surrounding environ-
ment, and range from defense against invasive 
pathogens to capacity of tolerating innocuous 
substances to which the body is constantly 
exposed and self-components of the body. 
Autoimmune diseases arise from defects of 
this delicate equilibrium that, throughout 
immune-mediated recognition and destruction 
of self-tissues, cause systemic and/or organ-
specific inflammation and tissue destruction. 
The etiologic factors that alter immune toler-
ance towards self-issues and trigger autoimmu-
nity are largely unknown. In most autoimmune 
conditions, a combination of both genetic and 
environmental influences has been reported, 
suggesting a complex multi-hit model of dis-
ease, in which genetically predisposed individu-
als develop autoimmunity following exposure to 

different environmental factors [1]. As environ-
mental factors play a key role in the develop-
ment of autoimmune dysfunction, mucosal sur-
faces that are constantly in contact with the 
environment such as the intestinal mucosa 
become a natural place to look for the protago-
nists of autoimmune diseases.

The intestinal immune system

Mucosal surfaces, such as the intestine, repre-
sent a barrier between the human body and the 
external environment. Most pathogens enter 
the body throughout the intestinal mucosa, and 
must be rapidly eliminated by a protective 
immune response. By contrast, the intestine is 
normally home to a variety of commensal bac-
teria and is continuously exposed to large quan-
tities of food proteins. As a result, the intestinal 
immune system has to discriminate between 
invasive organisms and harmless antigens, 
inducing immunological tolerance towards the 
latter. The anatomical organization and peculiar 
cell subsets that are present in the gut mucosa 
reveal the complexity of its functions.
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At the basis of a robust and regulated immune 
response in the gut lays the necessity for the 
precise recognition of what substances and 
organisms the mucosal surface is facing. The 
intestinal epithelium is lined by a single layer of 
columnar intestinal epithelial cells (IECs), 
whose function is not only that of physical bar-
rier to luminal microbes. Indeed, IECs directly 
influence bacterial colonization via establish-
ment of a protective mucus layer and secretion 
of antimicrobial peptides. Furthermore, they 
sample the intestinal microenvironment and 
modulate accordingly the immune response in 
the gut [5]. Along the extensive intestinal sur-
face area, both IECs and innate immune cells, 
in particular dendritic cells (DCs), are equipped 
with a broad collection of pattern recognition 
receptors (PRRs), including Toll-like receptors 
(TLRs) [6] and nucleotide-binding oligomeriza-
tion domain-containing protein (NOD)-like 
receptors (NLRs) [7]. DCs also express other 
classes of PRRs, such as C-type lectin recep-
tors (CLRs), that can either induce independent 
signaling pathways or affect signaling through 
TLRs [8]. These receptors allow recognition of 
pathogen-associated molecular patterns 
(PAMPs), driving complementary functions in 
IECs and hematopoietic cells, aimed at the 
maintenance of intestinal homeostasis [9]. 
Basal PRR activation in the healthy intestine 
controls barrier function and influences com-
mensal composition. On the other hand, aber-
rant PRR signaling, either the recognition of 
elevated pro-inflammatory stimuli [10, 11] or 
the loss of immune modulatory ones [12, 13], 
leads to significant changes in the activation 
status of the intestinal immune system and to 
the eventual pathophysiology of chronic inflam-
mation and autoimmunity [14].

Innate and adaptive immunity in the GALT

The intestine is home to a variety of mononu-
clear phagocytes (DCs and macrophages) that 
elicit both innate and adaptive immune 
responses by acting as antigen-presenting cells 
(APCs). They reside in the gut-associated lym-
phoid tissue (GALT) that is composed of the 
Payer’s patches (PPs), mesenteric lymph nodes 
(MLNs) and the lamina propria tissue. APCs of 
the GALT have unique phenotypic and function-
al features compared to their counterparts resi-
dent in different peripheral tissues, thus sug-
gesting a unique role of the gut mucosa APCs in 

shaping the immune response. In the small 
intestine APCs have been classified according 
to the expression of surface molecules such as 
CD11c (αX integrin), CD11b (αM integrin), CD103 
(αE integrin) and the chemokine receptor 
CX3CR1, but their codification as bona fide DCs 
or macrophages remains elusive because of 
shared markers and similar morphology. The 
expression of CD103 characterizes small intes-
tinal APCs capable of activating both effector 
and regulatory T lymphocytes and eliciting 
immune tolerance as well as protective immu-
nity against pathogens [15, 16]. In vitro studies 
demonstrated that small intestinal lamina pro-
pria CD103+ DCs, but not CD103- DCs, drive the 
differentiation of FoxP3+ inducible regulatory T 
(iTreg) cells through a mechanism that depends 
on TGF-β and retinoic acid [17, 18]. Although 
the single epithelial layer represents a thin bar-
rier between the intestinal lumen and the 
underlying lamina propria, these tolerogenic 
CD103+ DCs appear unable to directly sample 
microbial and diet-related products in the 
steady state and depend on small intestinal 
goblet cells (GCs) as sources of antigens from 
the intestinal lumen [5]. Pro-inflammatory 
immune responses occur when bacteria pene-
trate the epithelial layer, thus triggering activa-
tion of pattern recognition receptors on DCs. 
For example, TLR5-expressing CD11c+ CD11b+ 
CD103+ cells, upon stimulation by the bacterial 
component flagellin, elicit adaptive immunity by 
inducing the differentiation of naïve B cells into 
immunoglobulin A-producing plasma cells and 
promoting the differentiation of effector Th17 
and Th1 cells [19].

As the number and variety of commensal micro-
organisms reach their climax in the colon of 
vertebrates, the mononuclear phagocytes that 
reside in the lamina propria of the large intes-
tine (colon) play a key role for homeostatic 
coexistence and reciprocal interactions 
between the commensal microbiota and the 
immune system. The steady-state colonic lami-
na propria of mice contains two major subsets 
of macrophages, characterized by high expres-
sion of CX3CR1 chemokine receptor and low 
CD103 expression. These macrophages consti-
tutively release high levels of the anti-inflam-
matory cytokine IL-10 in response to the micro-
biota and induce FoxP3+ Treg cells in the 
presence of TGF-β [20]. This suggests that, in 
the large intestine, the high phagocytic capaci-
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ty of colonic macrophages coexists with the 
ability to prevent excessive inflammatory 
responses against the intestinal flora and main-
tain intestinal immune homeostasis.

FoxP3+ inducible regulatory T (iTreg) cells play a 
pivotal role in the maintenance of intestinal 
immune homeostasis. A critical factor that 
affects the choice between physiological unre-
sponsiveness and inflammation in the gut is 
indeed represented by the balance between 
immune regulatory T cell subpopulations, which 
mainly include FoxP3+ iTregs and IL-10-secreting 
FoxP3- Tr1 cells, and pro-inflammatory T cell 
subsets, such as Th1 cells and Th17 cells. 
These T cell subpopulations are reciprocally 
regulated, with TGF-β as a common differentia-
tion factor and other signals that selectively 
promote the differentiation of the effector Th1/
Th17 or the regulatory FoxP3+/IL-10+ T cells 
subsets. As previously mentioned, intestinal 
APCs such as DCs and macrophages are criti-
cal for the T cell decision to become an effector 
or regulatory T cell in the gut mucosa. In fact, 
secretion of the pro-inflammatory cytokine IL-6 
by intestinal DCs promotes Th17 cell lineage 
priming in mucosal tissues, as it overcomes the 
suppressive effects of TGF-β and retinoic acid 
produced by CD103+ DCs [21]. IL-10-producing 
regulatory T cells including both FoxP3+ Treg 
and FoxP3- Tr1 cells can directly modulate 
effector T cell differentiation by suppressing 
Th17 cell induction in the small intestine 
through an IL-10-mediated mechanism [22]. 
The gut microenvironment, which is known to 
be relatively hypoxic under physiologic condi-
tions, may also influence the choice between 
Treg and Th17 cell differentiation through the 
hypoxia-inducible factor 1 (HIF-1), a key meta-
bolic sensor that was recently shown to act at 
the transcriptional level to favor activation of 
RORγt and inhibit FoxP3, master gene regula-
tors respectively of effector Th17 cells and 
FoxP3+ Treg cells [23].

Recent studies report that, beside reciprocal 
interactions between innate and adaptive 
immune cells, various bacterial species and 
their molecular components can differentially 
influence the course of the intestinal immune 
response, by selectively favoring the differenti-
ation or function of specific T helper cell sub-
sets. In the next sections, we will discuss how 
the intestinal microbiota affects local and sys-
temic immune responses.

Shaping immunity in the gut: the impact of 
commensal microbiota on the development 
and function of the immune system

The human intestinal microbial compartment 
includes at least 1,000 distinct bacterial spe-
cies, totaling about 1014 bacteria and contain-
ing 100-fold more genes than their human host 
[24, 25]. The understanding of the populations 
and functions of commensal microorganisms 
was greatly amplified by the advent of new 
molecular techniques that allow sequencing 
and recognition of bacterial species that could 
not be detected by culture-dependent methods 
[26, 27]. A large body of evidence for the critical 
role of the microbiota in shaping the immune 
response comes from the study of germ-free 
mice, which are completely deprived of intesti-
nal commensals. It has long been acknowl-
edged that, when compared with specific 
pathogen-free (SPF) animals, germ-free mice 
show numerous defects in the development of 
gut-associated lymphoid organs showing hypo-
plastic Peyer’s patches and reduced numbers 
of CD4+ T cells in the lamina propria [28]. 
Importantly, immunological anomalies of germ-
free mice are not restricted to the intestinal 
mucosa and GALT, as their spleen and periph-
eral lymph nodes (other than gut draining mes-
enteric lymph nodes) are also affected and lack 
conventional T and B-cell zones [29]. A recent 
study established that not the mere presence 
of bacteria in the gut lumen but selected host-
specific microbiota is essential for the matura-
tion of the gut immune system. In fact, small 
intestines of germ-free mice colonized at birth 
with human or rat gut microbiota do not devel-
op a normal gut immune system but remain 
similar to those of germ-free mice, with defec-
tive innate and adaptive immunity and 
increased susceptibility to gastrointestinal 
infections [30]. Hence, although similarities 
between the healthy human microbiota and 
that of other mammals exist at the phylum level 
[31], these findings suggest that the immune 
system of each mammalian host has coevolved 
with the microbiota and require specific bacte-
rial species to develop structurally and 
functionally.

It is becoming increasingly clear that the com-
mensal species inhabiting our mucosal surfac-
es are not only fundamental for the correct 
maturation of lymphoid organs but also play a 
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role in determining the phenotype and func-
tions of different immune cell subsets. Germ-
free mice colonized with human gut microbiota 
had extensive changes in the transcriptional 
program of intestinal CD4+ T cells with reduced 
expression of IL-17 and IL-22 cytokines and 
overall reduction of the Th17 response [30]. 
This was related to the absence in the human 
microbiota of one specific bacterial strain, the 
segmented filamentous bacteria (SFB). SFB are 
indeed potent inducers of the Th17 response, 
as demonstrated by mono-colonization experi-
ments, in which SFB was sufficient to trigger 
the differentiation of Th17 cells and expression 
of IL-17 and IL-22 in the lamina propria of mice 
lacking any other commensal species [32, 33]. 
The serum amyloid A (SAA), expressed in the 
lamina propria of mice after SFB colonization, 
could favor Th17 differentiation by directly stim-
ulating intestinal DCs to secrete Th17-inducing 
cytokines IL-6 and IL-23. However, the bacterial 
component/s and host receptors that regulate 
SAA expression in the gut mucosa upon SFB 
colonization remain elusive. The genome of 
SFB encodes four types of flagellins, three of 
which are recognized by TLR5 [34], thus sug-
gesting that the flagellin-TLR5 axis may be 
involved in the SFB-driven Th17 differentiation 
induced by intestinal CD11c+ CD11b+ CD103+ 
DCs [15, 19]. The capacity of commensal bac-
teria products to synergize with TLR agonists 
(PAMPs from pathogens) and modulate intesti-
nal DC function and T cell immunity has been 
extensively studied. For example, some in vitro 
studies found that a combination of 
Lactobacillus casei and the TLR3 agonist po- 
ly (I : C) is a potent promoter of Th1 responses 
[35].

Intestinal microbiota not only induce effector 
Th17/Th1 differentiation. In fact, there is a 
large body of evidence that selected bacterial 
species modulate (both positively and nega-
tively) differentiation of regulatory T cells in the 
intestines. Bacteroides fragilis was able to pre-
vent intestinal inflammation in a model of 
experimental colitis, and its protective effect 
was dependent on polysaccharide A (PSA) con-
tained in its capsule [36]. PSA signals directly 
through TLR2 expressed on CD4+ T cells to 
induce differentiation of FoxP3+ Treg cells and 
prevent Th17 expansion and colitis with an 
IL-10-mediated mechanism [13, 37]. 
Furthermore, a defined cocktail of 46 

Clostridium strains, spore-forming bacteria that 
are indigenous to the murine intestinal micro-
biota, promoted accumulation of FoxP3+ Treg 
cells in the colonic lamina propria. Colonization 
of germ-free mice with this consortium of bac-
teria triggered TGF-β expression by intestinal 
epithelial cells, thus establishing optimal condi-
tions for FoxP3+ Treg cell differentiation and 
function, with a mechanism that did not rely on 
canonical pattern recognition through TLRs or 
NLRs [38]. TLR9 engagement by the gut micro-
biota DNA played an opposite effect and nega-
tively modulated Treg cell differentiation in the 
small intestine. In fact, in the absence of TLR9 
triggering (TLR9-/- mice), there was an increased 
intestinal FoxP3+ Treg cell differentiation and 
reduced Th1 and Th17 function. Moreover, the 
presence of microbiota DNA inhibited the 
capacity of lamina propria DCs to induce Treg 
cell conversion in vitro [39].

In summary, it is now clear that the gut micro-
biota affects intestinal immune homeostasis 
by altering the balance between effector and 
regulatory T cell subsets through different 
mechanisms and play a crucial role for the 
maintenance of a healthy immune system in 
the gut.

Beyond the intestine: from gut to systemic 
immunity

In healthy mammals, the impact of the micro-
biota on the immune system and, specifically, 
on the equilibrium between effector and regula-
tory T cell subsets extends beyond the intesti-
nal environment. The physical interaction 
between live microbiota species and immune 
cells takes place in the gut mucosa where com-
mensal bacteria as well as pathogens are con-
fined in the intestinal lumen by anatomical bar-
riers like the epithelium and mucus layer. 
However, bacterial components can be cap-
tured by mucosal DCs through dendrites reach-
ing the intestinal lumen and transported to the 
mesenteric lymph nodes, where they are pre-
sented to T cells for the establishment of local 
protective immune responses [40]. The pancre-
atic lymph nodes (PLNs), mesenteric lymph 
nodes draining pancreatic tissues, are impor-
tant sites for the induction of gut-driven immune 
responses, as demonstrated by the ability of 
DCs loaded with orally administered ovalbumin 
to prime both OT-I and OT-II TCR-transgenic 
cells in the PLNs [41]. Although the systemic 



Gut immune regulation and autoimmune diabetes

160	 Am J Clin Exp Immunol 2013;2(2):156-171

immune system is believed to remain ignorant 
of gut-derived antigens and immunity, it is theo-
retically possible that effector and regulatory T 
cells differentiated in the GALT as well as intes-
tinal DCs modulated within the intestine and 
possibly loaded with bacterial antigens can 
reach secondary lymphoid organs other than 
mesenteric lymph nodes and affect immunity 
at systemic level.

Alternatively, bacterial molecules and metabol-
ic products can directly penetrate the host tis-
sues and influence systemic immune respons-
es. For instance, peptidoglycan derived from 
the commensal microbiota was found outside 
the gut and, specifically, in the sera and bone 
marrow cells, where it primed the innate immu-
nity by enhancing neutrophil function via Nod1 
signaling [42]. The short chain fatty acids 
(SCFAs) are the metabolic products of dietary 
fiber fermentation by commensal microbiota 
and, upon ingestion of large amount of fibers, 
are rapidly absorbed and found in systemic cir-
culation where they modulate innate immunity 
by different mechanisms. For example, they 
negatively regulate neutrophil function through 
binding of the G-protein coupled receptor 43 
(GPR43) [12]. Acetate and propionate, two 
SCFAs produced by colonic bacteria of the 
Bacteroidetes phylum, induced apoptosis in 
neutrophils and negatively regulate their che-
motaxis by reducing surface expression of the 
pro-inflammatory receptors C5aR and CXCR2 
[12]. Butyrate, a SCFA mostly produced by 
Firmicutes species, is a major energy source 
for colonic intestinal epithelial cells and induc-
es mucin synthesis helping maintaining the 
integrity of the gut epithelium [43]. The system-
ic innate immune system is therefore intimately 
connected with the gut microbiota and its met-
abolic products.

The influence of gut immunity on autoim-
mune diseases at sites distant from the 
intestine

The link between the intestinal environment, 
gut immunity and autoimmune diseases occur-
ring outside the intestine is increasingly recog-
nized. Specifically, the role of the microbiota in 
modulating autoimmunity at sites distant from 
the intestinal mucosa is currently the object of 
intensive studies. Recent reports demonstrat-
ed that microbiota modulate pathogenesis of 
autoimmune diseases in the central nervous 

system (CNS) in the experimental model of mul-
tiple sclerosis (MS), the Experimental Allergic 
Encephalomyelitis (EAE), in pancreatic islets in 
NOD mice, the pre-clinical model of T1D and at 
the joint level in animal models of Rheumatoid 
Arthritis (RA).

Several studies have investigated the role of 
the microbiota in shaping the Th17/Treg cell 
ratio thus influencing development of EAE, 
encouraged by the observation that oral antibi-
otic treatment protected mice from the autoim-
mune disease by reducing the burden and 
altering the composition of the gut commensal 
flora [44]. In those experiments, the beneficial 
effect of oral antibiotic treatment was depen-
dent on enhanced percentages of FoxP3+ Treg 
cells in the MLNs (GALT) as well as in the cervi-
cal lymph nodes (CLNs) that drain the CNS and 
are distant from the GALT. Oral antibiotics also 
enhanced the frequency in the CLNs of regula-
tory IL-10-producing CD1dhigh CD5+ B cells that 
inhibit EAE initiation in mice [45, 46]. Similarly 
to oral antibiotic-treated mice, germ-free (GF) 
mice are resistant to EAE [4]�����������������. Autoimmune pro-
tection in GF mice was associated with signifi-
cantly decreased levels of the pro-inflammatory 
cytokine IL-17A and of the transcription factor 
RORγt, responsible for lineage differentiation 
of Th17 cells compared to control mice hosted 
in Specific Pathogen Free facilities (SPF). 
Moreover, DCs from MLNs of GF mice were 
defective in promoting both IL-17A and IFN-γ 
expression in co-cultured T cells, compared to 
SPF mice. Intestinal mono-colonization of GF 
mice with SFB restored EAE by promoting pro-
inflammatory mechanisms, i.e., effector Th1 
and Th17 cell differentiation. Re-colonization 
with conventional commensal microbiota 
restored not only pro-inflammatory T cell 
responses but also MOG-specific autoantibody 
production [4]. Altogether, these data reveal 
that the microbiota is able to modulate autoim-
mune disease in the CNS by altering pro-inflam-
matory Th1 and Th17 responses as well as 
autoimmune B cell proliferation and function.

The ability of gut microbiota to modulate auto-
immune disease was also demonstrated in pre-
clinical models of RA. The first connection 
between joint inflammation and the intestinal 
microbiota dates back to 1979, when germ-
free but not conventional or specific pathogen-
free rats developed severe arthritis with 100% 
incidence after intradermal adjuvant injection 
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[47]. This observation suggested a protective 
role of the microbiota on the development of 
autoimmune arthritis. Mono-colonization of 
those rats with Escherichia coli suppressed 
disease development, favoring the hypothesis 
that this and maybe other commensal microbi-
al species inhibit the pathologic process lead-
ing to arthritis in this model [48]. Other reports 
in different rat and mouse models confirmed 
the role of the microbiota in modulating autoim-
mune arthritis, either with protective or exacer-
bating properties. For instance, HLA-B27 rats, 
which are transgenic for the human major his-
tocompatibility complex class I allele that con-
fers susceptibility to spondyloarthropathies, 
did not develop gut and joint inflammation 
under germ-free conditions [49]. Also SKG 
mice, in which a mutation in the gene encoding 
ZAP-70 leads to spontaneous T cell-mediated 
chronic autoimmune arthritis, failed to develop 
the disease when housed in a strictly controlled 
specific pathogen-free environment. In that 
model, arthritis was triggered by fungal compo-
nents such as β-glucans, recognized by DCs via 
the C-type lectin receptor Dectin-1 [50].

IL-1 receptor antagonist-knockout (Il1rn-/-) mice 
spontaneously develop autoimmune arthritis 
due to excessive IL-1 signaling and enhanced 
Th17 cell function. In those mice, onset of 
arthritis was abrogated in the absence of com-
mensal microbiota, while reintroduction of 
Lactobacillus bifidus alone was sufficient to 
activate the autoimmune process. In particular, 
TLR4 deficiency protected SPF Il1rn-/- mice from 
severe autoimmune arthritis by negatively regu-
lating IL-23 and IL-1 production by APCs and 
consequently number and function of Th17 
cells [51]. An even stronger connection between 
commensals, Th17 cells and arthritis was 
recently outlined in the K/BxN T-cell receptor 
transgenic mouse model, that showed dimin-
ished systemic Th1 and Th17 cell signatures 
and attenuated arthritis in germ-free versus 
SPF conditions. Strikingly, mono-colonization of 
those mice with SFB accelerated arthritis onset 
by promoting Th17 cell differentiation in the 
small intestinal lamina propria and their migra-
tion to the spleen [52]. Although this study sug-
gests the existence of a gut-joint inflammation 
axis, there is an open issue on how microbial 
components and/or immune cells that have 
been primed in the GALT are able to reach the 
site of inflammation at organs distant from the 

intestine such as the joint but also the CNS. 
Another related question concerns antigen-
specificity of those immune cells primed in the 
gut, i.e., which mechanisms make effector T 
cells trafficking out of the LP able to modulate 
tissue specific-damage outside the intestines. 
A suggestive hypothesis derives from recent 
discoveries on the initiation phases of RA and 
EAE. In those murine models of autoimmune 
diseases, local accumulation of Th17 cells that 
were not specific for CNS or joint auto-antigens 
and expressed the gut homing receptor CCR6 
occured in the early phases of the disease and 
was sufficient to trigger the initiation of tissue-
specific autoimmunity [53, 54]. Of note, expres-
sion of the CCR6 chemokine receptor also 
mediated the homing of CD4+ T cells to the 
GALT [55, 56], thus suggesting that Th17 cells 
trafficking out of the lamina propria are directly 
responsible for triggering pathogenesis of EAE 
and RA. According to this hypothesis, the bal-
ance between effector Th1/Th17 and Treg cell 
differentiation in the gut, which is regulated by 
several factors such as the microbiota compo-
sition, can finely modulate the autoimmune T 
cell response outside the intestine and be 
involved in the early phases of autoimmune dis-
eases such as EAE and RA (Figure 1).

The gut environment and autoimmune Type 1 
diabetes

Multiple studies both in patients with T1D and 
animal models revealed a strong association 
between T1D development and intestinal alter-
ations that often precede clinical signs of the 
disease. Major evidence supporting such con-
nection is represented by the high prevalence 
of clinical and subclinical celiac disease (CD) in 
diabetic patients. T1D patients often present 
with chronic inflammation of the intestinal 
mucosa even in the absence of clinical symp-
toms of CD [57]. Several human studies detect-
ed ultra-structural mucosal alterations and 
increased intestinal permeability in non-celiac 
diabetic patients in the preclinical phase of the 
disease [58]. Gut mucosal alterations in T1D 
patients could be due to microbiota composi-
tion. In fact, a recent metagenomic analysis of 
the gut microbiome in four pairs of age and sex-
matched new-onset T1D case and control sub-
jects revealed significant differences at the 
taxonomic and functional level [43]. Specifically, 
Actinobacteria, Bacteroidetes and Proteobac- 
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teria were more represented in T1D patients 
than in controls, while Firmicutes were less 
present. Importantly, butyrate-producer genera 

were scarcely represented in T1D patients. 
Since those species are responsible for butyr-
ate-dependent increase of mucin synthesis 

Figure 1. Environmental factors modify pathogenesis of autoimmune diabetes by altering gut microbiota composi-
tion. Several environmental factors such as diet, enteric infections and drugs (antibiotics) can affect the pathogene-
sis of autoimmune diseases like T1D by altering the gut microbiota and, specifically, by changing the Bacteroidetes/
Firmicutes ratio thus modifying the Treg/Teff balance in the GALT and systemically.
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and tight junction assembly, the absence of 
those bacteria could explain the mucosal 
abnormalities, whereas the concomitant defi-
ciency of mucin-degrading genera such as 
Prevotella in T1D patients could be responsible 
for increased gut permeability. Interestingly, 
microbiota of T1D patients was more efficient 
at producing other SCFAs, namely propionate, 
succinate and acetate, which affect neutrophils 
and could explain the impaired neutrophil func-
tionality observed in T1D patients [59, 60]. The 
latter observation suggests that microbiota 
can also affect autoimmune diabetes by alter-
ing gut immunity and immune regulation. In 
fact, there is clear indication that T1D patients 
have excessive activation of the gut immune 
system, documented by increased expression 
levels of class II MHC molecules and high fre-
quency of IL-1α and IL-4-secreting cells in the 
LP ������������������������������������������even in T1D patients lacking evident muco-
sal alterations [59, 61]. Gut immune activation 
in basal conditions could be explained by defec-
tive immune regulatory mechanisms in the 
intestine of T1D patients. Indeed, a defect of 
FoxP3+ Treg cells was recently found in the 
small intestinal mucosa of T1D patients com-
pared to healthy subjects, due to the inability of 
intestinal DCs to induce FoxP3+ Treg cell con-
version [62].

Although a clear correlation between altera-
tions of gut immunity and immune regulation 
and the pathogenesis of autoimmune diabetes 
in patients is still missing, studies in pre-clinical 
models of T1D indicated that the microbiota 
can directly modulate T cell autoimmunity 
against pancreatic islets. Studies in gnotobiotic 
animal models of spontaneous T1D helped 
defining the immunological influence of the 
microbiota on the pathogenesis of autoimmune 
diabetes. Analysis of microbiota composition in 
young pre-diabetic rats revealed that animals 
that subsequently developed diabetes had a 
significantly higher amount of Bacteroides spe-
cies and abundant Lactobacillus and 
Bifidobacterium compared to those that 
remained diabetes-free [63, 64]. Furthermore, 
antibiotic treatment decreased diabetes inci-
dence in BB rats [63] and in NOD mice. It is well 
known that the characteristics of the animal 
housing facility deeply influence the incidence 
of spontaneous diabetes in NOD mice, the 
most used pre-clinical model of T1D, most like-
ly by altering microbiota composition [65]. The 

definitive evidence that the gut microbiota influ-
ences autoimmune diabetes in NOD mice was 
provided by studies in MyD88-deficient NOD 
mice. MyD88 is an adaptor molecule involved 
in signaling of many TLRs and its absence com-
pletely modifies the gut microbiota composition 
and protected NOD mice from autoimmune dia-
betes. In that model, protection from T1D in 
MyD88KO was integrally dependent on the pres-
ence of a specific gut microbiota, characterized 
by a low Firmicutes/Bacteroidetes ratio and 
rich in Lactobacillaceae, since re-derivation of 
MyD88KO mice as germ-free restored autoim-
mune diabetes.

The protective effect of Lactobacillaceae spe-
cies in T1D was also proven by the protection 
obtained in NOD mice treated with the VSL#3 
probiotic preparation [66]. Also, changes of the 
gut microbiota obtained by feeding NOD mice 
with a gluten-free diet significantly reduced 
incidence of autoimmune diabetes [67]. Some 
studies have associated single bacterial spe-
cies with protection or exacerbation of T1D. 
Spontaneous monoculture gut colonization 
with an aerobic spore-forming bacterium, 
Bacillus cereus, delayed onset and reduced 
incidence of diabetes in NOD mice [68]. In a dif-
ferent animal facility, protection of female NOD 
mice from T1D segregated with SFB coloniza-
tion, and coincided with significant increase of 
Th17 cell immunity in the small intestinal LP, 
although no differences were observed at the 
level of PLN [69]. This observation supports the 
hypothesis that in T1D, unlike other autoim-
mune diseases such as MS and RA, Th17 cells 
do not act as effector pathogenic lymphocytes 
but rather play an immuneregulatory, suppres-
sive role against autoimmunity. However, the 
role of Th17 cells in T1D is still debated, given 
the detection of enhanced circulating Th17 
cells, possibly of intestinal origin (expressing 
the mucosal-homing chemokine receptor 
CCR6) in new-onset T1D patients [70, 71] and 
the increased Th17 immunity in the PLNs of 
T1D patients [72].

Those data clearly demonstrate the impact of 
the microbiota on gut immunity and on the 
pathogenesis of autoimmune T1D. However, as 
discussed in the previous paragraph for pre-
clinical models of MS and RA, it is still unclear 
how gut immunity can affect autoimmune pro-
cesses at site distal from the intestine such as 
the pancreatic islets. It must be considered 
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that pancreatic lymph nodes that drain pancre-
atic tissues are mesenteric lymph nodes. 
Hence, an immunological axis between the gut 
mucosa, GALT and pancreatic islets exists as 
indicated by the ability of orally administered 
antigens to prime T cell responses in the PLNs 
[41]. Studies in pre-clinical models of T1D 
helped to better define the anatomical associa-
tion between autoimmune diabetes and intesti-
nal immunity. The transfer of lymphocytes iso-
lated from MLNs of 3-week-old pre-diabetic 
NOD mice into NOD. Scid recipients induced 
diabetes, thus revealing that diabetogenic T 
cells are primed in the GALT at early stages of 
T1D pathogenesis [73]. Indeed, the constitutive 
expression of the adhesion molecule 
MAdCAM-1 by pancreatic islets allows homing 
of T cells of intestinal origin that up-regulated 
α4β7 integrin on their surface following activa-
tion by gut associated DCs [74].

New therapeutic approaches in autoimmune 
diabetes: shaping autoimmunity through gut 
microbiota modification

The assembly of the symbiotic species that 
constitute the intestinal microbiota is a com-
plex process that starts at birth and continues 
throughout life, with many host and environ-
mental factors actively shaping its composi-
tion. Neonates normally acquire their microbio-
ta at the time of delivery, when they are exposed 
to bacteria of maternal origin. The mode of 
delivery deeply influences the species that first 
colonize the intestines of newborns, as demon-
strated by the observation that vaginally deliv-
ered infants harbor bacterial communities that 
are similar to those found in the maternal vagi-
na, whereas microbiota from infants delivered 
via caesarean section resembles the skin com-
munities of the mother [75]. Community assem-
bly continues during infancy in a nonrandom 
fashion, with a gradual increase in diversity 
over time and abrupt shifts in the abundance of 
some taxa, strictly dependent on life events 
such as infections, antibiotic treatment and 
dietary changes [76]. Several studies reported 
that introduction of formula and solid food coin-
cided with increased Bacteroidetes and pro-
duction of SCFAs, which marked the transition 
toward an adult-like microbiota [76, 77]. After 
weaning, the body encounters several new 
sources of bacteria that are able to colonize the 
gastrointestinal tract depending on a number 

of factors, including body temperature, avail-
ability of nutrients and competing symbionts 
and pathogens. As we mentioned above, the 
microbiota deeply affects the development of 
the immune system and its functions, but the 
crosstalk also acts in the reverse direction, i.e., 
the GALT plays a fundamental role in contain-
ment and selection of bacterial species that 
inhabit mucosal surfaces, mainly by secretion 
of antibacterial products [78, 79]. Given the 
importance of commensals for the education 
of the immune response and prevention of 
autoimmune diseases, we now recapitulate the 
major environmental factors that are known to 
influence the composition of the microbiota in 
the adult and can be potentially modified for 
prevention and/or treatment of autoimmune 
diseases and T1D (Figure 1).

Diet

While postnatal acquisition of the primary 
microbiome relies on delivery mode, diversifica-
tion of the bacterial populations that inhabit 
the gastrointestinal tract from those present in 
other anatomical sites occurs at later stages, 
and is deeply influenced by weaning timing of, 
introduction of solid food and dietary habits 
[76]. In fact, bacterial species inhabiting our 
gastrointestinal tract require distinct nutrients 
and metabolic pathways according to the hydro-
lytic enzymes encoded by the microbiota 
genome (microbiome). Many complex polysac-
charides that are ingested with human diet and 
cannot undergo host-mediated degradation 
often represent a major source of carbon and 
energy for commensal microbes [80]. Studies 
in gnotobiotic mice demonstrated that those 
prebiotics play a crucial role for proliferation 
and competition between different bacterial 
species. For instance, Bacteroides thetaiotao-
micron, an obligate anaerobe found abundantly 
within the human microbiota, is able to harvest 
and metabolize polysaccharides from host 
mucus in the absence of dietary fructans [81]. 
On the other hand, an inulin-restricted diet 
favored the growth of Bacteroides caccae over 
B. thetaiotaomicron’s, due to differences in the 
gene content of their respective polysaccharide 
utilization loci (PULs). Another useful model for 
the study of the effects of diet on bacterial 
communities was obtained by transplanting 
adult human fecal microbiota into germ-free 
mice. The humanized gut microbiota murine 
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model not only provided interesting insights 
into the mechanisms of postnatal assembly 
and spatial distribution of the bacterial commu-
nity, but also revealed the abrupt effect of a 
change in diet on the composition of the gut 
microflora. Indeed, switching those mice from a 
low-fat, plant polysaccharide-rich diet to a high-
fat, high-sugar Western-like diet rapidly affect-
ed the relative abundances of bacterial taxa, 
epitomized by the increased Firmicutes/
Bacteroidetes ratio [82]. Similarly, a recent 
study demonstrated that children living in a 
rural village of Burkina Faso and fed on a tradi-
tional rural African diet rich in fiber and plant 
polysaccharides have a microbiota profile rich 
in Actinobacteria and Bacteroidetes while 
Firmicutes and Proteobacteria dominated the 
microbiota composition of European children, 
fed on a typical high-fat Western diet [83]. 
Furthermore, African children had significantly 
higher amounts of SCFAs compared to 
European children, in particular propionate and 
butyrate. Since those microbial species and 
metabolites can have a pivotal role in mainte-
nance of gut immune homeostasis and preven-
tion of autoimmunity in the gut and at distal 
organs, it is evident that the dietary habits of 
African children can explain the low incidence 
of autoimmune diseases in those populations 
[83]. The important implications of those find-
ings is that a diet rich in plant polysaccharides 
and low in fat and animal proteins able to favor 
pro-tolerogenic microbial species and promote 
gut immune regulation can be proposed to indi-
viduals genetically at risk for autoimmune dis-
eases such as T1D.

Enteric infections

Enteric infections either result from the encoun-
ter of the host with a pathogen or follow patho-
logical overgrowth of an opportunistic bacteri-
um normally present at low abundances in the 
microbiota [84]. In both cases, the invasive 
agent needs to find or create a favorable envi-
ronment rich of necessary nutrients and with-
out antimicrobial activities. The healthy micro-
biota represents an obstacle to enteric 
infections, not only because it competes for 
space and nutrients but also because it pro-
motes protective immunity and secretion of 
antimicrobial peptides by the gut mucosa [85]. 
This pathogen colonization resistance can be 
overcome by inflammation, which can precede 

or be caused by the enteric pathogen. For 
example, wild-type Salmonella enterica Serovar 
Typhimurium, but not a strain deficient in viru-
lence-associated type III secretion systems, 
triggered colitis that was sufficient to alter the 
cecal microbiota composition thus creating a 
favorable niche for pathogen colonization [86]. 
Accordingly, specific Bifidobacteria strains 
present in the healthy microbiota protected 
from lethal enterohaemorragic Escherichia coli 
infection by secreting acetate that inhibited the 
inflammatory and pro-apoptotic effects of that 
pathogen [87]. The ability of a pathogen to 
compete with the gut microbiota by regulating 
its virulence over time was recently confirmed 
in another model of infection. Citrobacter ron-
dentium significantly but transiently decreased 
the number of commensals in the colon of 
infected mice, due to early expression of viru-
lence factors [88]. These studies clearly indi-
cate the capacity of invading pathogens to 
modify the microbiota and suggest that repeat-
ed enteric infections can also play a critical role 
in shaping the commensal microbiota and 
altering gut immunity and immune regulation.

Antibiotics

In the absence of a pathogen-induced inflam-
matory response, iatrogenic causes are often 
responsible for alteration of the healthy micro-
biota [89-91] and can also provide conditions 
that favor outgrow of pathogens. Indeed, antibi-
otic treatment currently represents the major 
cause of disturbance for the diversity and com-
position of the microbiota. A study in healthy 
humans revealed that ciprofloxacin treatment 
significantly decreased the taxonomic rich-
ness, diversity and evenness of the gut micro-
biota, which returned to the pretreatment state 
by 4 days after the last antibiotic administra-
tion. However, it must be noted that some taxa 
did not recover during a six-months follow up 
[92]. Clindamycin had similar effects in another 
cohort of human volunteers, causing in particu-
lar a reduction in the diversity of Bacteroides 
species that persisted over a two-year period 
[93]. Treatment with vancomycin, an antibiotic 
that specifically kills Gram-positive bacteria, 
caused dramatic expansion of 
Enterobacteriaceae in the ileum and cecum of 
mice, which was not contained but rather 
increased in the two-week period after the last 
antibiotic administration [91]. These studies 
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indicate that, despite the existence of some 
mechanisms that are able to promote commu-
nity recovery after disturbance, antibiotic treat-
ments cause long-term effects on the composi-
tion of the gut microbiota, and therefore their 
use should be carefully considered, given their 
effects on the intestinal immune system and, 
indirectly on the pathogenesis of autoimmune 
diseases like T1D. One example of this pro-
found interconnection is represented by the 
ability of vancomycin to reduce the frequency 
of Treg cells in the colon of mice, by specifically 
depleting Gram-positive Clostridium species 
[38].

Probiotics

Probiotics are beneficial live microbes that can 
be administered to the host in many different 
formulations as drugs or dietary supplements 
[94]. Unlike the long-term effects on microbiota 
composition recorded after antibiotic treat-
ment, probiotic administration can trigger only 
transient modifications of commensal bacterial 
communities that lasted less than 15 days 
after treatment interruption [95]. However, con-
tinuous administration of high concentrations 
of probiotics can reduce gut immunity and 
maintain remission from inflammatory bowel 
disease [95, 96]. Interestingly, some probiotics 
were found to protect both human and mice 
from autoimmune diseases. In a preclinical 
model of rheumatoid arthritis, one strain of 
Lactobacillus casei inhibited inflammation and 
suppressed the progression of the disease 
[97]. Oral probiotic administration also prevent-
ed spontaneous autoimmune diabetes in the 
NOD mouse [66]. Given the beneficial effects 
of some orally administered probiotic species 
in the aforementioned inflammatory and auto-
immune diseases, the problem of short-term 
microbiota modification in humans may be 
overcome by combination strategies with anti-
biotics that are known to reduce colonization 
resistance. Alternatively, in order to restore a 
healthy and protective gut microbiota for pre-
vention of autoimmune diseases, it is possible 
to perform fecal bacteriotherapy, i.e., adminis-
tration of a suspension of feces from a healthy 
subject to individuals depleted of their own 
microbiota by antibiotics. This approach that is 
already experimentally used in some forms of 
enterocolitis and IBD [98] can be also proposed 
to patients affected by organ-specific autoim-
mune diseases such as T1D who have a dem-

onstrated alteration of the microbiota composi-
tion and documented increased of pro-inflam- 
matory species.

Another possible strategy to overcome the 
problems of limited viability and colonization of 
probiotics for human therapy may be the admin-
istration of the soluble bacterial factors that 
mediate their beneficial effects. As mentioned 
above, PSA from B. fragilis proved to be as effi-
cient as the entire bacterium at inducing FoxP3+ 
Treg cell conversion in the intestine of mice [13, 
37]. Germ-free mice fed acetate in drinking 
water were protected from DSS-induced colitis 
and experimental arthritis [12]. Although these 
and other molecules may not fully reproduce 
the complex immune-modulatory effects of liv-
ing microorganisms, they represent a good 
alternative to modify gut immunity and immune 
regulation in controlled experimental and clini-
cal settings.

Concluding remarks

It is now clear that the environment plays a cru-
cial role in shaping the immune system in both 
physiologic and pathologic conditions and mod-
ulates the pathogenesis of autoimmune dis-
eases such as T1D. The aforementioned stud-
ies indicate that the gut microbiota can have a 
fundamental role as intermediary between the 
high number of environmental triggers that 
alter autoimmune processes and the diverse 
immune cells, possibly including autoimmune T 
cells that patrol our mucosal surfaces. 
Furthermore, direct links between microbiota 
alterations and autoimmunity have been found. 
The discovery that specific nutrients and dietary 
supplements can selectively affect colonization 
capacity of either beneficial or detrimental spe-
cies of the microbiota open to the possibility of 
their therapeutic exploitation in the prevention 
or treatment of autoimmune diseases. Genetic 
predisposition still accounts for a large part of 
the etiology of these diseases, however envi-
ronmental modifications and, specifically, inter-
ventions that can modulate gut microbiota can 
be proposed to genetically at-risk individuals to 
prevent or delay the onset of autoimmune dis-
eases like T1D.
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