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 ■ Abstract 
The gut immune system has a key role in the development 
of autoimmune diabetes, and factors that control the gut 
immune system are also regulators of beta-cell autoimmu-
nity. Gut microbiota modulate the function of the gut im-
mune system by their effect on the innate immune system, 
such as the intestinal epithelial cells and dendritic cells, and 
on the adaptive immune system, in particular intestinal T 
cells. Due to the immunological link between gut and pan-
creas, e.g. the shared lymphocyte homing receptors, the 
immunological changes in the gut are reflected in the pan-
creas. According to animal studies, changes in gut microbi-
ota alter the development of autoimmune diabetes. This has 
been demonstrated by antibiotics that induce changes in the 
gut microbiota. Furthermore, gut-colonizing microbes may 
modify the incidence of autoimmune diabetes in animal 
models. Deficient toll-like receptor (TLR) signaling, mediat-
ing microbial stimulus in immune cells, prevents autoim-
mune diabetes, which appears to be dependent on altera-
tions in the intestinal microbiota. Although few studies have 

been conducted in humans, recent studies suggest that the 
abundance of Bacteroides and lack of butyrate-producing 
bacteria in fecal microbiota are associated with beta-cell 
autoimmunity and type 1 diabetes. It is possible that altered 
gut microbiota are associated with immunological aber-
rancies in type 1 diabetes. The changes in gut microbiota 
could lead to alterations in the gut immune system, such as 
increased gut permeability, small intestinal inflammation, 
and impaired tolerance to food antigens, all of which are ob-
served in type 1 diabetes. Poor fitness of gut microbiota 
could explain why children who develop type 1 diabetes are 
prone to enterovirus infections, and do not develop tolerance 
to cow milk antigens. These candidate risk factors of type 1 
diabetes may imply an increased risk of type 1 diabetes due 
to the presence of gut microbiota that do not support health. 
Despite the complex interaction of microbiota, host, envi-
ronment, and disease mechanisms, gut microbiota are prom-
ising novel targets in the prevention of type 1 diabetes. 
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1. Introduction 
 

 uring the last decade, our interest in the role 
 of gut microbiota as a regulator of health 
 and disease has increased tremendously, but 

the understanding of the gut microbiota function is 
still limited. The composition of gut microbiota has 
been associated with immune functions, immune-
mediated diseases of the host, energy output, and 
obesity [1]. The development of better techniques 
for the identification of the species and functional 
composition of the gut microbiota has enabled this 
particular research field to develop quickly. It has 
been shown by using 16S rRNA gene sequencing 

that non-culturable populations represent a sig-
nificant part of the human gut microbiota. Thus, 
genomic information of the gut microbiota is es-
sential. In addition to taxonomic data, modern ge-
nome sequencing technologies are able to reveal 
the functional repertoire, which may not necessar-
ily correlate with the phylogenetic profile of the 
microbiome. Metagenomics provide information on 
the functional properties of the gut microbiota, and 
may reveal important functions of the low-
abundance microbes in the gut. 

In germ-free mice, lack of microbial signal in 
the gut mucosa is associated with impaired oral 
tolerance [2] and impaired regulatory T cell func-
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tion [3]. The role of gut microbiota in the regula-
tion of immunity and tolerance is well-known, but 
understanding of the mechanisms involved is 
hampered by the complex interaction between bi-
ology of microbiota and host. Several commensals 
with key roles in the development of mucosal tol-
erance have been identified. Colonization of mice 
with human commensals, i.e. Bacteroides fragilis, 
facilitates differentiation of regulatory T cells and 
interleukin-10 (IL-10) production [4]. An immu-
nomodulatory molecule, polysaccharide A of Bac-
teroides fragilis mediates the conversion of CD4 
cells into Foxp3-expressing regulatory T cells dur-
ing commensal colonization. Also, polysaccharide 
A is able to prevent and cure experimental colitis 
in animals. Oral colonization with clostridial spe-
cies induces mucosal tolerance, characterized by 
the accumulation of regulatory T cells and activa-
tion of TGF-beta in the colon. These changes result 
in resistance to colitis and IgE response [5]. Such 
findings support further research into potential 
therapeutic options, based on the use of tolerance-
supporting bacterial strains or their beneficial me-
tabolites in the prevention and treatment of im-
mune-mediated diseases such as autoimmune dia-
betes. Recently, the search for diabetogenic or type 
1 diabetes-protecting microbiota has been intensi-
fied. Beside bacteria, other micro-organisms may 
be identified as regulators for immune ho-
meostasis in type 1 diabetes. 

 
 

2. Gut microbiota and autoimmune 
diabetes in animal models 

In 1987, it was first suggested that the 
development of autoimmune diabetes may be 
dependent on microbiota [6]. Transferring non-
obese diabetic (NOD) mice from pathogen-free to 
germ-free conditions resulted in a marked increase 
in the incidence of diabetes. In a recent study, the 
incidence of autoimmune diabetes in NOD mice 
did not increase in germ-free conditions, but the 
development of insulitis was accelerated [7]. These 
studies confirmed the role of gut microbiota as a 
regulator of inflammation in the islets of 
Langerhans. Decreased Foxp3 expression was 
observed in the ileum and colon of germ-free NOD 
mice. IL-17 expression was lower in the ileum, but 
higher in the colon in germ-free than in pathogen-
free NOD mice. In mesenteric and pancreatic 
lymph nodes of germ-free NOD mice, elevated 
levels of IL-17 and interferon gamma (IFN-
gamma) expressing CD4 cells were found, 
compared with pathogen-free NOD mice. Whereas, 
decreased levels of Foxp3-positive CD4 cells were 
found in germ-free NOD mice. Despite accelerated 
insulitis, the number of Foxp3-positive T cells 
infiltrating the islets was higher in germ-free NOD 
mice. The results indicated that a lack of 
microbiota clearly affects the intestinal regulatory 
T cell compartment and the progression of 
insulitis. The link between gut microbiota and the 
development of insulitis can be explained by the 
shared lymphocyte homing receptors in the gut 
and inflamed pancreas [8]. It has been shown that 
oral administration of antigen is able to activate 
antigen-specific T cells in pancreatic lymph nodes 
[9]. Thus, the microbiota-induced changes in the 
gut immune system may also be seen in immune 
cells of pancreatic lymph nodes and in insulitis. 

Several studies in animal models indicate that 
alterations in the intestinal microbiota are associ-
ated with the development of autoimmune diabe-
tes. At an early age, differences in gut bacterial 
composition were observed between rats that de-
velop and those that did not develop diabetes; dia-
betic rats had a lower amount of Bacteroides spe-
cies [10]. Furthermore, modulation of the intesti-
nal flora through antibiotic treatment decreased 
the incidence and delayed the onset of diabetes 
(Table 1). It has also been reported that stool from 
BioBreeding (BB) diabetes-resistant (DR) rats con-
tained more probiotic-like bacteria, whereas Bac-
teroides, Eubacterium, and Ruminococcus were 
more prevalent in diabetes-prone rats [11]. Lacto-

Abbreviations: 
 

BB – BioBreeding  
CCR2 – C-C chemokine receptor type 2 
DP – diabetes-prone 
DR – diabetes-resistant 
FINDIA - Finnish Dietary Intervention Trial 
FOXP3 – forkhead box P3 
HLA – human leukocyte antigen 
IgE – immunoglobulin E 
IL – interleukin 
IFN-gamma – interferon gamma 
KRV – Kilhan rat virus 
mDC – myeloid dendritic cell 
MyD88 – myeloid differentiation primary response gene 88 
NF-κB – nuclear factor ‘kappa-light-chain-enhancer’ of ac-
tivated B-cells 
NOD - non-obese diabetic 
OTU – operational taxonomic unit 
rRNA – ribosomal ribonucleic acid 
TGF-beta – transforming growth factor beta 
Th – T helper 
TLR – toll-like receptor 
TRIGR – Trial to  Reduce IDDM in the Genetically at Risk 
(study) 
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bacillus johnsonii, which was isolated from BB-DR 
rats, prevented diabetes when administered to BB 
diabetes-prone (DP) rats [12]. Induction of IL-17 
immunity in the mesenteric lymph nodes and 
spleen was seen in the rats who received Lactoba-
cillus johnsonii [13]. These data suggest an inter-
esting paradigm whereby the development of auto-
immune diabetes can be circumvented by gut flora-
mediated Th17 differentiation. In BB-DP rats, gut 
permeability and inflammation are associated with 
the development of diabetes [14]. Diabetes preven-
tion, in association with the upregulation of IL-17 
immunity, could be explained by the ability of IL-
17 to activate the anti-microbial response in com-
bination with mucosal repair mechanisms [15]. It 
is also possible that other mechanisms are in-
volved because Lactobacillus johnsonii affects 
epithelial integrity directly [16]. However, in 
NOD-mice, increased expression of colonic IL-17 
was associated with the development of diabetes, 
and dietary prevention of diabetes was associated 
with down-regulation of colonic IL-17 [17]. The 
upregulation of Th17 immunity has been reported 
in peripheral blood in patients with type 1 diabetes 
[18-21], but the role of Th17 immunity in autoim-
mune diabetes and in human type 1 diabetes is not 
fully understood. It seems that Th17 cells show 
some plasticity and share characteristics with Th1 
cells. It is critical to determine their phenotype 
and their effects on the target tissue. 

The role of intestinal microbiota as a regulator 
of autoimmune diabetes is strongly supported by 
evidence from NOD mice that lack the myeloid dif-
ferentiation primary response gene 88 (MyD88), 
an essential signal transducer in toll-like receptor 
signaling. These MyD88-deficient mice do not de-
velop diabetes [22]. The composition of their micro-
flora differs when compared with wild-type NOD 
mice. More importantly, the transfer of the intes-
tinal microflora from MyD88-deficient mice pro-
tects NOD mice from diabetes, which suggests the 
activation of tolerogenic mechanisms. See Table 1 
for an overview of the gut microbiota-related in-
terventions to treat autoimmune diabetes. 

3. Interaction between diet, enteral 
infections, and bacterial microflora 
in the gut 

The intestinal microbiota includes not only 
bacteria but also fungi and viruses. The interac-
tion between these microorganisms regulates their 
growth and function. In a model of virus-induced 
diabetes, Kilhan rat virus (KRV) infection resulted 
in a transient increase in the abundance of Bifido-
bacterium spp. and Clostridium spp. in fecal sam-
ples of infected animals from day 5, but not day 12 
[23]. Uninfected animals had no such increase. 
Treatment with a combination of trimethoprim 
and sulfamethoxazole, beginning on the day of in-

 
 
Table 1. Evidence for the gut microbiota as a regulator of autoimmune diabetes in animal models and for altered gut microbiota in human 
type 1 diabetes 
 

 

Animal models 
 

Intervention 
 

Effect 
 

Possible mechanism 
 

Reference 
 

BB rat 
 

Antibiotic treatment 
 

Prevention of diabetes 
 

Modulation of gut microbes 
 

10 

NOD mouse Antibiotic treatment Prevention of diabetes Dominance of Akkermansia 
muciniphila 

37 

BB rat Lactobacillus johnsonii Prevention of diabetes Upregulation of mucosal IL-17 12, 13, 16 

NOD mouse Diet Prevention of diabetes Downregulation of IL-17 17 

BB rat Diet Prevention of diabetes Increase of Lactobacilli and 
reduced Bacteroides species  

24 

NOD mouse MyD88-knock-out Prevention of diabetes Protective intestinal microbiota 21 
 

Human studies 
 

Subjects studied 
 

Findings of fecal microbiota   

 
 

Type 1 diabetes, prediabetes 
 

Bacteroides/Firmicutes ratio 
increased 

 
 

29 

 Type 1 diabetes, prediabetes Diversity decreased  29, 31 

 Prediabetes Low abundance of Bifidobacteria  31 

  Abundance of Bacteroides  31 

  Low number of butyrate-
producing bacteria 
 

 30, 31 
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fection, protected the rats from insulitis and auto-
immune diabetes. The virus-induced inflammation 
in the Peyer’s patches and pancreatic lymph nodes 
was reduced with antibiotic treatment. This result 
provides evidence that the interaction of enteral 
viruses and bacteria in the gut is of importance in 
the development of autoimmune diabetes. It is 
thus possible that altered composition of intestinal 
bacteria and subsequent immunological changes 
predispose children with beta-cell autoimmunity to 
enterovirus infections which are linked to type 1 
diabetes [24] (Figure 1). 

Viral infection may also modulate microbiota, 
as mentioned above [22]. In animal models, it has 
been demonstrated that dietary interventions 
modify the composition of the gut microbiota [25]. 
A hydrolyzed casein-based diet beginning at wean-
ing prevented diabetes in BB-DP rats. Higher IL-
10 levels were measured in ileum tissue explants 
from hydrolyzed casein-fed rats, and beneficial gut 
microbiota changes were found, i.e. increased Lac-
tobacilli and reduced Bacteroides spp. levels. 

4. Less diversity and abundance of 
Bacter-oidetes in human type 1 
diabetes 

Recent results from the Human Microbiome 
Project included follow-up samples from 242 
healthy adults. It was demonstrated that within-
individual variation over time was consistently 
lower than between-individual variation, both in 
organismal composition and in metabolic function 
[26]. This suggests that in healthy adults the 
stability of the microbial community at different 
body sites, such as oral cavity, gut, and skin, is 
likely associated with health. Low diversity of gut 
microbes, i.e. number, abundance, and distribution 
of distinct types of organisms, has been linked to 
obesity, inflammatory bowel disease [27-29], and 
type 1 diabetes including beta-cell autoimmunity 
[30-33]. 

The published data on gut microbiota in 
patients with type 1 diabetes or in prediabetic 
individuals is very limited. In a pilot study, the 
composition of the intestinal microbiota and 
metagenomic data was analyzed in serial fecal 
samples from four Finnish children who developed 
beta-cell autoimmunity and type 1 diabetes and 
from four control children who were matched for 
the age and HLA-DQ risk genotype of type 1 dia-
betes [30, 31]. In the follow-up samples, collected 
at three time points during the first years of life, 
gut microbiota development was more stable in 

control children, whereas in children who devel-
oped beta-cell autoimmunity the microbiome be-
came less diverse and less stable during the follow-
up [30]. In combination with findings in other im-
mune-mediated diseases, this suggests that im-
munological aberrancies are associated with loss of 
diversity of microflora. 

Over time, an increased ratio of Bacteroidetes 
versus Firmicutes developed in the four children 
who became beta-cell autoantibody positive during 
the follow-up [29]. Bacteroidetes sequences in-
creased from 53.27% of all sequences in the first 
sample to 69.17% in the third sample in the chil-
dren who developed type 1 diabetes. In contrast, 
Bacteroidetes sequences decreased from 76.13% to 
54.65% of all sequences in control children. The 
sequences of the second most abundant phylum, 
Firmicutes, declined from 43.1% to 20.66% in the 
diabetic children, but increased in controls. Three 
Firmicutes families were significantly more abun-
dant in controls, namely Ruminococcaceae, 
Lachnospiraceae, and Eubacteriaceae. At the ge-
nus level, Bacteroides increased over time in chil-
dren who developed type 1 diabetes, whereas 
Eubacterium and Faecalibacterium (part of the 
Firmicutes family) increased in controls. At the 
species level, 16-fold more Bacteroides ovatus se-
quences were found at the time of autoimmunity 
in the diabetic children than in controls, and sev-
eral Bacteroides species were more abundant in 
these children. However, Bacteroides vulgatus and 
Bacteroides fragilis were more abundant in con-
trols. 

Altered ratios of Bacteroidetes and Firmicutes 
have also been reported in obesity and Crohn’s 
diseaes, but these changes were different to those 
observed in type 1 diabetes. An abundance of 
Firmicutes was seen in obesity, while depletion of 
both Firmicutes and Bacteroidetes was reported in 
Crohn’s disease [27-29]. 

In our recent study, comprising 18 prediabetic 
children with beta-cell autoimmunity and 18 
matched controls, we used 16S rRNA pyrosequenc-
ing to examine the composition of bacterial micro-
biota in feces samples [32]. Children with beta-cell 
autoimmunity and children negative for beta-cell 
autoantibodies were matched for age, sex, and 
HLA risk genotype of type 1 diabetes. Fecal sam-
ples were collected from 18 children, who had de-
veloped at least two beta-cell autoantibodies dur-
ing the follow-up in the TRIGR or FINDIA pilot 
studies, and from matched control children nega-
tive for beta-cell autoimmunity. In the TRIGR pi-
lot study, the children were randomized to receive 
ordinary cow’s milk formula or hydrolyzed casein-
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based formula [33]. In the FINDIA pilot study, the 
children received hydrolyzed whey-based formula 
or insulin-free whey-based formula, as test for-
mula during the first 6 to 8 months of age [34]. We 
matched cases and controls for formula feeding 
history to avoid the well-known factors that modu-
late the composition of intestinal microbiota, i.e. 
host HLA genotype, gender, or early diet. The most 
interesting finding was that the Bacteroidetes phy-
lum, the Bacteroidaceae family, and the Bacter-
oides genus were more common in autoantibody-
positive than in autoantibody-negative children 
(4.6 vs. 2.2%, 3.5 vs. 1.5%, 4.3 vs. 2.0%, p = 0.035, 
0.022, and 0.031, Mann-Whitney U test, respec-
tively). Although the Bacteroides genus was asso-
ciated with autoantibody positivity, only a few of 

its many members were related to autoantibody 
positivity on the species level.  

We found that the diversity per sample was 
higher in autoantibody-negative than in autoanti-
body-positive children, as measured by the number 
of observed operational taxonomic units (OTUs) 
and the Chao index (p = 0.028 and p = 0.034, re-
spectively, Mann-Whitney U test). The measure-
ment was carried out in the TRIGR cohort, which 
comprised older children than the FINDIA cohort. 
In general, the diversity was higher in the TRIGR 
cohort than in the FINDIA cohort [32]. Table 1 
provides an overview of the human studies related 
to gut microbiota and type 1 diabetes. 

5. Low abundance of butyrate-
producing bacteria in children with 
beta-cell autoimmunity 

We also used principal component analysis to 
compare gut microbiota variation between children 
with and those without beta-cell autoimmunity. 
The analysis showed that a low abundance of lac-
tate- and butyrate-producing species was seen in 
children with beta-cell autoimmunity [32]. These 
bacteria were B. adolescentis, R. faecis (a member 
of Clostridium cluster XIVa), and F. prausnitzii (a 
member of Clostridium cluster IV). B. adolescentes 
is an acetate- and lactate-utilizing bacterium, 
whereas the members of Clostridium clusters XIVa 
and IV are acetate-utilizing butyrate-producing 
bacteria [35, 36] with anti-inflammatory properties 
[37]. In children from the FINDIA study, E. hallii, 
an acetate- and lactate-utilizing and butyrate-
producing bacterium from the Clostridium cluster 
XIVa [36], was inversely related to the number of 
beta-cell autoantibodies. Our findings of low abun-
dance of butyrate-producing bacteria in children 
with beta-cell autoimmunity correspond with the 
observations made in the four children with beta-
cell autoimmunity and their controls [30, 31]. The 
higher proportion of butyrate-producing bacteria 
in controls could contribute to the maintenance of 
a healthy gut because of its beneficial effects on 
gut integrity. Butyrate is an anti-inflammatory 
factor; it induces mucin synthesis and increases 
the barrier mechanisms of tight junctions. It also 
decreases bacterial transport across the gut epi-
thelium. 

Brown and co-authors reported that mucin-
degrading bacteria of the genera Prevotella and 
Akkermansia were 20- and 140- fold higher in the 
four control children compared with the four dia-
betic children [31]. In NOD mice, the dominance of 
Akkermansia muciniphila, caused by vancomycin 

 

Alterations of microbiota: 
Bacteroides

Bifidobacteria
Diversity

Functional changes:
Butyrate 

Immunological changes:
ICAM-1
HLA-DR
FOXP3

Gut permeability
Gut inflammation

Cow’s 
milk 
insulin

Impaired 
tolerance

Enteral infections 
(enterovirus, 
rotavirus)

Impaired immunity
Chronic / recurrent 
infections

Genetics

Mode of delivery Diet Microbial environment 

Infections

Beta-cell autoimmunity
and insulitis

 
Figure 1. The complex interaction between the gut micro-
biota, host, environment, and disease mechanisms in the 
development of beta-cell autoimmunity and type 1 diabe-
tes. Both genetic and environmental factors affect the devel-
opment of the gut microbiota, including mode of delivery 
and diet. In type 1 diabetes, an abundance of Bacteroides 
and low numbers of butyrate-producing bacteria have been 
reported. These changes may affect the immunological ho-
meostasis in the intestine and the gut permeability. In the 
inflamed gut, oral tolerance is not supported, and enhanced 
immune responses to food antigens, such as cow’s milk, is 
developed. Altered microbiota could also affect the immune 
protection against enterovirus infections associated with 
type 1 diabetes. 
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treatment, was associated with protection from 
autoimmune diabetes [38]. Interestingly, lactate 
producers, Lactobacillus, Lactococcus, Bifidobacte-
rium, and Streptococcus were more abundant in 
diabetes cases, although some strains of these 
genera, such as lactobacilli and bifidobacteria, 
were introduced as health-promoting probiotics in 
the treatment and prevention of allergic diseases 
in children [39]. In contrast, we observed a low 
abundance of certain lactate-producing bacteria in 
children with beta-cell autoimmunity [32]. It 
should be noted that lactate can be further me-
tabolized to butyrate or other short chain fatty ac-
ids with less beneficial effects. Therefore, the bal-
ance between different bacteria using lactate as 
substrate for short chain fatty acid metabolisms 
may be of importance for maintaining health. Pro-
ducers of lactate (e.g. bifidobacteria) may contrib-
ute to the net production of butyrate [36]. We also 
found that a low abundance (< 12%) of the two 
most common bifidobacteria, Bifidobacterium ado-
lescentis and Bifidobacterium pseudocatenulatum, 
was associated with beta-cell autoimmunity. 

In metagenomic analyses, the functional 
changes in the gut microbiota were analyzed in the 
same eight Finnish children that were included in 
the study examining gut microbiota composition 
[31]. Samples from those children who finally de-
veloped type 1 diabetes were taken after serocon-
version positive for at least two beta-cell autoanti-
bodies. In these samples, the functional diversity 
in diabetic children was lower than in controls. 
The metagenomic approach revealed that gut mi-
crobiota of the children who developed type 1 dia-
betes was more abundant in functions related to 
stress responses, virulence factors, phages, and 
motility genes. Whereas, central metabolism and 
respiratory functions were more abundant in the 
microbiota of the controls. 

6. Causality and functional effects of 
altered microbiota in type 1 diabetes 

Potentially, altered microbiota in type 1 diabe-
tes can be associated with alterations in the gut 
immune system, such as increased gut permeabil-
ity [40, 41], small intestinal inflammation [42, 43], 
and impaired tolerance to food antigens [44], ob-
served in type 1 diabetes. However, similar to the 
relationship between altered gut microbiota and 
the development of type 1 diabetes, studies on cau-
sality for the development of detrimental func-
tional gut effects are lacking. Therefore, it is quite 

possible that intestinal inflammation in type 1 
diabetes modulates the composition of the microbi-
ota and not vice versa, although there is evidence 
for the first direction of causality. Butyrate regu-
lates epithelial integrity. Therefore, the low abun-
dance of butyrate-producing bacteria in type 1 dia-
betes could contribute to the increased gut perme-
ability [45, 46]. Butyrate also acts as an anti-
inflammatory factor. Therefore, deficient produc-
tion of butyrate may be associated with the intes-
tinal immune activation in type 1 diabetes. 

Other evidence for the development of diabetes 
and impairment in gut function induced by gut mi-
crobiota alterations is given by studies investigat-
ing bacteria-based effects on the immune system. 
The diabetic gut appears to be underequipped with 
bacteria that promote protective immune mecha-
nisms. As aforementioned, certain members of 
Clostridium clusters XIV and IV were observed in-
frequently in the gut of children with beta-cell 
autoimmunity. Interestingly, these clusters were 
shown to promote the accumulation of regulatory 
T cells in the intestine, and to induce mucosal tol-
erance in germ-free mice [5]. Low expression of 
FOXP3 and impaired induction of FOXP3-positive 
regulatory T cells by small intestinal dendritic 
cells, from patients with type 1 diabetes, have been 
reported [47, 48]. Despite the upregulation of Th17 
immunity in the peripheral blood, we could not 
demonstrate enhanced IL-17 expression in the 
small intestinal biopsy samples taken from chil-
dren with type 1 diabetes [49]. This could be due to 
changes in commensals, which appear to be impor-
tant for the regulation of intestinal Th17 response 
and the balance between Th17 and regulatory T 
cells [50, 51]. 

Poor fitness of gut microbiota could explain 
why children who develop type 1 diabetes do not 
develop tolerance to cow’s milk proteins [44] or are 
prone to enterovirus infections [23]. These candi-
date risk factors for type 1 diabetes may imply an 
increased risk of type 1 diabetes because the pres-
ence of gut microbiota does not support health 
(Figure 1). The interaction of microbiota, host, 
environment, and disease mechanisms is complex, 
and the understanding of the role of microbiota in 
the development of type 1 diabetes is a real chal-
lenge. 

7. Outlook on future research 
In future studies, metagenomics will be of 

great importance for the assessment of functional 
changes in the microbiota. These studies should 
include immunological evaluations of functional 
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effects of the disease-associated gut microbiota on 
the immune system. This kind of simultaneous 
monitoring of the phylogenetic and functional 
composition of the microbiota and the immunologi-
cal stage of the host is challenging, especially be-
cause there are few reliable markers for type 1 
diabetes-related immune aberrancies other than 
beta-cell autoantibodies. In the pathogenesis of 
human type 1 diabetes, upregulated IL-17 immu-
nity [18-21] and aberrant function and plasticity of 
regulatory T cells [52, 53] have been of special in-
terest. Also, alterations of dendritic cells, such as 
decreased expression of CCR2 and enhanced NF-
κB signaling in mDCs, may play a role in microbi-
ota-induced diseases [54, 55]. These immunological 
changes may be modulated by the composition of 
intestinal microbiota, but their importance in the 
development of type 1 diabetes has not yet been 
clarified. 

It is of particular interest that the role of bu-
tyrate-producing bacteria has been emphasized in 
the two available studies in children with beta-cell 
autoimmunity. These studies showed that a defi-
ciency in butyrate-producing bacteria is associated 
with an increased risk of type 1 diabetes. These re-
sults were found independently, but both studies 
examined Finnish children. Environmental factors 
are important modulators of gut microbiota, and it 
is possible that these changes are specifically re-
lated to beta-cell autoimmunity in children living 
in Finland. Dietary habits affect the composition of 
the intestinal microbiota. According to our unpub-
lished data, there is remarkable variation in the 
composition of gut microbiota in children living in 
different Western European countries. Pronounced 
differences in bacterial assemblages and functional 
gene repertoires were noted between US residents 
and subjects living in the Amazonas region of 
Venezuela or rural Malawi [56]. 

It is also possible that in immune-mediated 
diseases, such as in type 1 diabetes, changes in gut 
microbiota reflect the immunological alterations 
leading to disease development, and the findings of 

altered microbiota are secondary to beta-cell auto-
immunity. We did not study samples from the 
children before the development of beta-cell auto-
immunity. Therefore, we are not able to evaluate 
whether these changes in the gut microbiota pre-
cede beta-cell autoimmunity [32]. However, we did 
observe the most significant alterations in gut mi-
crobiota in individuals with three or four autoanti-
bodies. Whereas, the difference between individu-
als with two autoantibodies and control subjects 
was less pronounced. The progression of beta-cell 
autoimmunity and immune attack against beta-
cells could thus have effects on intestinal microbi-
ota. Alternatively, an altered microbiota could af-
fect the progression of autoimmunity. Thus, innate 
immunity could be an important regulator of pro-
gression from beta-cell autoimmunity to beta-cell 
destruction and type 1 diabetes. 

The causality between altered microbiota and 
beta-cell autoimmunity needs to be clarified in fu-
ture studies, including follow-up samples from a 
large series of healthy children who develop beta-
cell autoimmunity and type 1 diabetes. Even 
though the diversity and abundance of microbes 
vary widely among healthy individuals, studies 
from the Human Microbiome Project have shown 
that there is considerable stability of the intestinal 
microbial composition in healthy people [26]. This 
is in contrast to subjects with autoimmunity. It 
has been argued that follow-up samples are not 
necessary in studies on the association of microbi-
ota and diseases. However, follow-up samples are 
essential for the understanding of the role and 
causality of altered microbiota in disease develop-
ment, and future microbiome studies will thus 
need to make use of longer follow-ups of people at 
risk of developing type 1 diabetes. 
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