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Abstract

Inthe search for environmental triggers of type 1 diabetes (T1D), disease associations with the human gut microbiome
are of great interest. Three studies of children at high genetic risk for T1D have examined associations between
microbial taxa and the development of T1D autoimmunity: DIPP (Diabetes Prediction and Prevention), BABYDIET
(Primary Prevention of Type 1 Diabetes in Relatives at Increased Genetic Risk), and DIABIMMUNE (Pathogenesis of
Type 1 Diabetes— Testing the Hygiene Hypothesis). These studies are herein examined for their findings, including areas
for improvement and means to go beyond preliminary taxonomic associations for predicting functional influences by
microbes. These studies serve as useful tools for guiding future research and deserve careful consideration.
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Introduction

The increasing incidence of autoimmune type 1 diabetes (T1D)
in developed countries is known to have surpassed levels attributable
solely to genetic susceptibility, suggesting an environmental component
to the disease as a likely contributing factor [1]. This environmental
component could manifest as a trigger for autoimmune progression
or perhaps a loss in a protective function. Many hypotheses have been
proposed to explain the increase in T1D incidence but no single cause
seems to fit every scenario [2]. The hygiene hypothesis posits that lack
of early childhood infections, or rather exposure to infectious agents at
a young age, impedes proper immune system development, and that
this phenomenon occurs because of increased sanitary living conditions
in the developed world [3]. This however contradicts findings that
viral infection may act as the trigger for T1D, although other studies
demonstrate that viral infection in some cases may have a protective
function, and in some instances viral exposure has decreased in areas
where T1D prevalence is highest [4-7]. Furthermore, other factors
including vitamin D and diet may play a more widespread or influential
role in T1D, although some studies have ruled no association to vitamin
D and T1D autoimmunity [1,8]. When executing a study aimed at
associating changes in the microbiome with disease, a carefully designed,
holistic approach is needed and the effects of potential confounders
must be considered.

Literature Review

Diabetes prediction and prevention

The earliest work with a human cohort on connections between
the microbiome and T1D was done with samples from the Diabetes
Prediction and Prevention (DIPP) study in Finland [9-12]. In the
beginning, this study was carried out with very few samples but hinted
at both taxonomic and functional differences between children with and
without T1D [9,10]. Later work with many more subjects from Turku,
Finland showed a significantly higher number and relative abundance of
Bacteroides dorei in autoimmune subjects compared to healthy subjects
several months prior to autoimmunity [13]. During that time, 947
stool samples were collected at monthly intervals from at-risk children
between 4 months and 2 years of age, representing 47 healthy controls
and 29 children who were positive for at least two autoantibodies, 22
of which later developed T1D (cases). This analysis also demonstrated
no connection between antibiotic use and future T1D autoimmunity in
keeping with the observation that Bacteroides dorei genomes showed a

high level of antibiotic resistance [13]. These efforts, particularly the
metagenomics done by Brown et al. (2011), led to the hypothesis that
butyrate production by gut bacteria may prevent T1D in children [9,14].

Pathogenesis of type 1 diabetes- Testing the hygiene
hypothesis (DIABIMMUNE)

The DIABIMMUNE study has two aims: 1) determine the role the
hygiene hypothesis plays in T1D and other autoimmune diseases and
2) define the mechanisms that lead to immune dysregulation based on
the findings of aim 1 [15,16]. This is a relatively large, longitudinal study
that enrolled 387, 330, and 115 babies followed prospectively from birth
to 3 years of age in Finland, Estonia and Karelian Russia, respectively.

Kostic et al. published results on an analysis of the microbiome of
DIABIMMUNE study subjects from Finland and Estonia [17]. In total,
33 infants genetically predisposed to T1D were sampled at time points
between birth and 3 years old. Of these subjects, 22 were matched
healthy controls, 7 were subjects who seroconverted (seroconverters)
and 4 were subjects who seroconverted and later developed T1D
(cases). It is important to note that only six subjects were from Estonia
including four controls, one autoimmune subject, and one with T1D,
while the remaining 27 subjects were from Finland.

A plateau in alpha diversity in T1D subjects was described when
autoimmune and healthy subjects experienced increasing gut microbial
diversity. This occurred in the time window between seroconversion
and T1D diagnosis. However, despite almost monthly sampling
from seroconverters and controls, only one case subject was sampled
consistently in this time frame, making this conclusion based on a
single subject. Furthermore, no associations of specific bacterial taxa
and T1D outcome were described, perhaps owing to small sample
size. This highlights an important issue regarding consistent sampling
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among a large pool of subjects for each outcome category that should be
observed in any microbiome-related study aiming to make statistically
significant comparisons. In addition, confounders such as antibiotic use
in these subjects could not be accounted for due to a lack of properly
annotated metadata and was therefore assumed to have a fixed effect.
The importance of extensive and well documented metadata should
be underscored for any future microbiome analysis to remove the
possibility of confounding data. Additionally, Vatenan et al. proposed a
role for differences in lipopolysaccharide (LPS) contribution based on
differentially abundant bacteria in the DIABIMMUNE study, however
the analysis on LPS structure was done on isolates not associated
with disease and with isolates not collected from subjects in the
DIABIMMUNE study [18]. Thus, further work is necessary.

Primary prevention of type 1 diabetes in relatives at increased
genetic risk (BABYDIET)

A comparison of the work from DIPP and BABYDIET illustrates
the importance of the confounder of geography when attempting
to make bacterial associations with disease. As described above,
the DIPP study found a strong bacterial association with T1D
autoimmunity. Although no such associations were found analyzing
the gut bacterial communities of 298 stool samples from 44 subjects
in the German BABYDIET study, a substantial decline in microbial
interaction networks were observed in subjects who developed islet
autoimmunity versus those who did not [19]. Further analyses showed
that significant bacterial taxonomic differences were associated with
islet autoimmunity in those subjects with a complex food diet early in
life [20]. Bacteroides was high in subjects who became autoimmune for
T1D while Akkermansia was higher in subjects who remained healthy.

Discussion

Comparing the cohorts

A consensus is building behind the notion that bacteria in the
genus Bacteroides are in high numbers some months prior to islet
autoimmunity but remain low in abundance in healthy children.
This was observed in DIPP where B. dorei had a higher relative and
absolute abundance of this species approximately 8 months prior to
seroconversion [13] and in BABYDIET in those children provided
a complex diet early in life [20]. In DIABIMMUNE, an intriguing
hypothesis was raised that the LPS structure of B. dorei may prevent
immunotolerance in the gut thereby leading to autoimmunity [18].
However, this idea requires more testing with the appropriate genetic
constructs of B. dorei. However, few bacteria have been strongly
associated with health in these cohorts apart from Akkermansia in
BABYDIET [20]. Bacteria associated with health in human cohorts may
prove to be useful as probiotics for the prevention of T1D. Such bacteria
need to be isolated and characterized to discern mechanisms that may
be associated with health in animal models. Work from the TEDDY
(The Environmental Determinants of Diabetes in the Young) study
showed the great variation in gut microbiome composition among
the six clinical sites used in TEDDY [21]. This suggests that bacteria
associated with health may be difficult to identify by their taxonomy
since the bacterial species are not likely to be sampled around the world.

Conclusion

Comparing results from multiple cohorts can reveal important
trends and suggest directions for future work. More integrated, systems
approaches are needed to assess the roles of gut bacteria and viruses
in the development of pediatric T1D. The role of phage and bacterial
epigenetics also needs to be explored in the future [22]. Meta-omics

such as meta transcriptomics and meta proteomics can provide a more
comprehensive and quantitative view of which genes and proteins are
being expressed and produced [23]. Large metabolomics studies are
also warranted in the future. This can complement metagenomics
which can only provide functional potential. The value of a holistic
multi-omic approach has been stated previously and this practice has
been adopted in recent gut microbiome studies [1,21,24]. Great effort
has recently been invested in identifying environmental contributors
to T1D autoimmunity originating in the human gut. Complex,
longitudinal studies such as DIPP and DIABIMMUNE have proved
useful in providing direction for future research aimed at functional
hypotheses between gut microbes and T1D. Vatenan et al. proposed a
role for differences in lipopolysaccharide (LPS) contribution based on
differentially abundant bacteria in the DIABIMMUNE study, however
the analysis on LPS structure was done on isolates not associated with
disease and further work is necessary [18]. Additional efforts from
these studies have also lead to connections between TID and the
intestinal virome/epigenome that are worthy of further investigation
[22,25]. These studies highlight the importance of careful study design
and a holistic mult-omic approach to better identify all the functional
changes in the gut as it relates to disease.
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