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Abstract

The composition of the gut microbiome represents a very important environmental factor that
influences the development of type 1 diabetes (T1D). We have previously shown that MyD88-
deficient non-obese diabetic (MyD88—/-NOD) mice, that were protected from T1D development,
had a different composition of gut microbiota compared to wild type NOD mice. The aim of our
study was to investigate whether this protection could be transferred. We demonstrate that transfer
of gut microbiota from diabetes-protected MyD88-deficient NOD mice, reduced insulitis and
significantly delayed the onset of diabetes. Gut bacteria from MyD88-deficient mice, administered
over a 3-week period, starting at 4 weeks of age, stably altered the family composition of the gut
microbiome, with principally Lachnospiraceae and Clostridiaceae increased and Lactobacillaceae
decreased. The transferred mice had a higher concentration of IgA and TGFf in the lumen that
was accompanied by an increase in CD8*CD103* and CD8af T cells in the lamina propria of the
large intestine. These data indicate not only that gut bacterial composition can be altered after the
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neonatal/weaning period, but that the composition of the microbiome affects the mucosal immune
system and can delay the development of autoimmune diabetes. This result has important
implications for the development of probiotic treatment for T1D.

1. Introduction

Development of type 1 diabetes (T1D) requires a genetic predisposition that interacts with
environmental factors [1]. The exact nature of these environmental factors has not been
clearly understood, although infection has long been thought to play a role [2]. Recent
evidence suggests that gut bacteria play a role in Non Obese Diabetic (NOD) mouse and the
BioBreeding (BB) rat models of T1D and this role is also true for humans [3].

The incidence of T1D has increased over the last 40 years, in common with allergic diseases
[4-6]. To account for these changes in incidence and prevalence, the “Hygiene hypothesis”
or a refinement of this, the “Old Friends hypothesis” has been suggested [5, 7]. This
postulates that a reduction in exposure to microorganisms in the environment can lead to a
failure of immunoregulation [8-10]. These “Old Friends” could either be non-pathogenic
organisms, as in saprophytic mycobacteria [11] or lactobacilli [12, 13], or parasitic
infections, such as with helminths [14-16] that are more common in developing countries.
The idea is that these organisms influence the maturation of dendritic cells, stimulating
regulatory T cells and reducing pathogenic effector cells [10]. In addition to the possible
effect of increasing tolerance and/or bystander suppression, there may also be other
mechanisms of importance.

It is interesting that the BB rat, the main rat model of T1D, was originally derived in germ-
free (GF) conditions [17]. It was later reported that the BB rat has an abnormal intestinal
barrier, [18]. There are numerous studies, in both humans and animal models of human
diseases, which strongly support the role of gut microbiota as an important factor in
balancing health and disease. Development of inflammatory bowel disease (IBD) is
influenced by gut microbiota as most, if not all, of the experimental IBD animal models are
disease free if they are housed in GF conditions. There is an increasing public interest in
probiotic compounds as an alternative medicine. Probiotics are cultures of beneficial
bacteria from the healthy gut microbiota that improve the balance of the intestinal milieu by
modifying the gut microbiota and suppressing inflammatory responses caused by the host
immune cells in response to harmful microbes in the intestine. Recent studies have shown
that oral probiotic administration prevents diabetes development in NOD mice [19]. This
suggests that normal commensal microbes and their balance in the gut are extremely
important for maintenance of health. In this study, we investigated the effect of gut
microbiota transfer on diabetes development in NOD mice and our results suggested that
transient gut microbiota transfer at a young age could have long- lasting effects on diabetes
development in adulthood in the NOD mouse model of human T1D.
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2. Materials and Methods

2.1. Mice

NOD/LtJ mice purchased from the Jackson Laboratory were used for studying diabetes
development. NOD/Caj mice were originally obtained from the Jackson Laboratory (NOD/
LtJ) and have been maintained at Yale University for over 25 years. MyD88-/-NOD mice
were generated as described previously [20] and have been maintained at Yale University
for over 7 years. MyD88-/-B6 mice were kindly provided by Dr. Akira [21] and have been
maintained at Yale University for over 10 years. B697 breeders were kindly provided by Drs.
Mathis and Benoist (Harvard University) and have been bred at Yale University for over 10
years. MyD88-/-B697 mice were generated by breeding B697 with MyD88-/-B6 mice.
C57BL/6J (B6) mice were originally obtained form the Jackson Laboratory and have been
maintained at Yale University for over 5 years. All mice used in this study were kept in the
same room, in specific pathogen—free conditions, in a 12-hour dark/light cycle and housed in
individually-ventilated filter cages with autoclaved food at the Yale University animal
facility. The use of the animals in this study was approved by the Yale University
Institutional Animal Care and Use Committee.

2.2. Antibodies and reagents

All fluorochrome-conjugated monoclonal antibodies (mAbs) were purchased from
Biolegend Inc. All the reagents for detection of mouse immunogobulins were purchased
from Southern Biotech Inc. The reagents for detection of TGF were from R&D Systems.
The reagents for isolation of bacterial DNA and pyrosequencing were from Qiagen and
Roche, respectively.

2.3. Gut microbiota transfer

Fresh feces (10 fecal pellets ~150mg) were collected from each of the following female
donor mice (n=3-4/strain): MyD88-/-NOD, MyD88-/-B6, MyD88-/-B637 and wild type
B6 mice (all at 12-15 wks of age) and resuspended in 250 ml of sterile water, containing
approximately 6x10°/ml bacteria. The treated water was given to wild type female NOD/LtJ
mice for 3 weeks (at ~4 wk of age, n=15/group) and the freshly treated water was changed
twice a week.

2.4. Bacterial DNA isolation

Total bacterial DNA was extracted from 0.25 g fecal sample using the repeated bead beating
method described by Favier [22] with modifications. Briefly, 250 mg of fresh mouse fecal
samples from colon were first loosened by vortex in TE buffer before Proteinase K (200
ug/ml) digestion. Repeated bead beating was done in 50% PCI solution (phenol/chloroform/
isoamyl alcohol: 25/24/1) and spun after bead beating. DNA was precipitated and washed
sequentially using isopropanol and 70% (v/v) alcohol, respectively.

2.5. 16S rRNA gene sequencing

The V2 region of the 16S rRNA gene was amplified from each DNA sample using a
composite broadly conserved bacterial forward primer (5’
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CATGCTGCCTCCCGTAGGAGT-3') and bar-coded broad-range bacterial reverse primer
(5-TCAGAGTTTGATCCTGGCTCAG-3’) as described by Vaishnava et al [23]. The PCR
products were purified with a Qiagen gel extraction kit (Qiagen, CA). After quantification of
DNA concentration by NanoDrop, each sample was diluted to a concentration of 1x10°
molecules/pl in TE buffer and pooled. 20ul of the pooled sample was used for
pyrosequencing with GS Junior Titanium Series 454 sequencing system according to the
manufacturer’s instructions (Roche 454, Life Sciences Corp. Branford, CT, USA).

2.6. Microbiota classification

The sequencing data were analyzed with QIIME software [24] package (version 1.6) to
assign operational taxonomic units (OTUs). After quality filtering based on the
characteristics of each sequence, any low quality or ambiguous reads will be removed.
Taxonomy assignment was performed at various levels using representative sequences of
each OTU. Beta-diversity was calculated to compare differences between microbial
communities and the data was shown as Principal Coordinate Analysis (PCoA) [24].

2.7. Gut lumen IgA and TGFp measurement

Intestine (small and large) was harvested from the mice and flushed with 10 ml of sterile
PBS. The total material was centrifuged for 5 min at 2,000 rpm. The supernatant was
collected and IgA (Southern Biotech) or TGFp (eBioscience) was measured by ELISA. The
results were expressed as the total IgA or TGFf content, which was calculated by
concentration per milliliter x 10 (ml).

2.8. Lamina propria lymphocyte isolation

Mouse intestine was divided into small intestine (SI) and colon. Luminal contents were
washed off with sterile PBS. After removing Peyer’s patches (PP), the intestine was cut
longitudinally into 0.5cm lengths. Mucus in the gut segments was washed off by gently
shaking the tube. The gut segments were then transferred to a new 50 ml tube into pre-
warmed HBSS and 1 mM EDTA and shaken for 20 min at 250 rpm at 37°C, followed by
further vigorous shaking for 30 seconds. The sample was then filtered through nylon mesh.
The remaining gut tissue was further cut into small pieces and digested with 1 mg/mi
collagenase D and 500 U DNAsel in RPMI medium and incubated for 1 hr at 250 rpm,
37°C. Lamina propria (LP) lymphocytes were isolated using 40% (w/v) Percoll.

2.9. Intracellular staining

Foxp3 staining was performed using a Foxp3 staining kit (eBioscience) following the
manufacturer’s instructions. For intracellular cytokine staining, 10° cells were cultured for 5
hours in the presence of 50 ng/ml PMA (Sigma), 500 ng/ml of ionomycin (Sigma) and 1
ul/ml of Golgi plug (BD Bioscience). After staining of surface markers, cells were fixed in
IC fixation buffer (eBioscience) for 20 minutes at room temperature. After 2 washes with
permeabilization buffer (eBioscience), cells were stained with anti-cytokine antibodies.
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2.10. Histopathology and insulitis score

Pancreata were fixed in 10% buffered formalin and paraffin-embedded when the mice were
terminated either at the time of diabetes development or at the end of study (7 month old).
Tissues were sectioned and stained with H&E. Insulitis was scored under light microscopy
using the following grading: 0, no insulitis; I, insulitis affecting less than 25% of the islet; 11,
insulitis affecting 25~50% of the islet; 111, more than 50~75% islet and IV, >75% islet was
infiltrated. Fifty-six to 120 islets were scored for insulitis in each group (n=9 to 15 mice) by
an individual blinded to the experimental design. The statistical analysis was performed with
2 analysis.

2.11. Statistics

PCoA based on multivariate statistical analysis that maps the samples in different
dimensions, was performed with QIIME software [24] for finding clusters of similar groups
of microbial species (giime.org). All other statistical tests were performed using GraphPad
Prism software (V4). For incidence of diabetes, a log rank test was used and for the
comparison between the groups, Student t test was used. P values of less than 0.05 were
considered significant.

3. Results

3.1. Transient gut microbiota transfer induces a delay in onset of diabetes and reduced
insulitis in NOD mice

Our previous study suggested that gut microbiota play an important role in diabetes
development [20] and the dysbiosis of gut microbiota in MyD88—/-NOD mice resulted in
complete protection from diabetes development [20]. We hypothesized that gut bacteria
from diabetes resistant mice could transfer diabetes protection to otherwise highly
susceptible (to diabetes) hosts. To test our hypothesis, we transferred fecal bacteria from
diabetes-resistant female MyD88—/-NOD to female NOD/LtJ mice (~4 wks, n=15) through
drinking water. The incidence of diabetes in recipient mice was observed after exposure to
the “bacterially-contaminated” water, which was freshly prepared twice a week for 3 weeks.
To ascertain whether the composition of gut microbiota of MyD88—/-NOD mice was
related to lack of MyD88, we treated another group of female NOD/LtJ mice (n=15) with
water similarly prepared using fresh MyD88-/-B6 (females) fecal pellets for 3 weeks. To
test whether the MHC plays a role in the composition of gut microbiota, in addition to lack
of MyD88, we treated a second control group where female NOD/LtJ mice (h=15) were
given water treated with fresh MyD88-/-B697 (females) fecal pellets for 3 weeks. We also
set up three more control groups (n=15/group), in which female NOD/LtJ mice were given
wild type B6 or NOD/Caj fecally-treated or normal clean water. Table 1 shows a summary
of the mice used in the study. Figure 1 shows diabetes development in NOD mice that
received orally-transferred gut microbiota from different mouse strains. Our data show that
transient gut microbiota transfer at a young age, for a limited period, can affect the outcome
of diabetes development in adulthood. Strikingly, transfer of the gut bacteria of the diabetes-
resistant MyD88-/-NOD strain conferred diabetes protection to wild type NOD mice. In
contrast, transfer of microbiota from the MyD88-/-B6 and MyD88-/-B697 donors did not
provide diabetes protection (Figure 1A, p=0.002 and p=0.04, respectively). It is interesting
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that the gut microbiota from wild type B6 donors appeared to have a diabetes promoting
effect as the recipient NOD/LtJ mice developed earliest onset of diabetes at 5 wks of age
although this did not reach statistical significance when compared with the NOD/LtJ mice
that received gut microbiota from NOD/Caj donors (Figure 1B). We had a third control
group, in which NOD/LtJ mice were not given “exogenous” gut bacteria but clean water,
although these mice can transmit their gut microbiota naturally through the fecal-oral route.
The incidence of diabetes in this control group was similar to the incidence of disease in
mice that ingested fecal materials from NOD/Caj or B6 mice (p=0.214, Figure 1B). Thus, in
this large cohort of bacterial transfer experiment, only gut microbiota from MyD88—/-NOD
mice delayed and reduced diabetes development (Figures 1A+C). In addition, in line with
the delay in diabetes seen in the mice receiving MyD88-/-NOD bacteria, there was also a
reduction in insulitis in these mice compared with the mice receiving gut bacteria from the
control mouse strains (Figure 2A+B).

3.2. Gut microbiota transfer resulted in a long-term change of host intestinal microbiota

To investigate whether the difference in diabetes development was associated with the
recipients’ gut microbiota, we collected fecal samples from the recipient NOD/LtJ mice 4-6
months after transient gut microbial transfer and extracted bacterial DNA. The fecal samples
were taken from colon, instead of excrement, in order to better represent the gut microbiota
in vivo. We focused on 2 groups of recipient mice that were given either MyD88-/-NOD or
MyD88-/-B6 gut microbiota, as the different incidence of diabetes between these 2 groups
was highly significant (p=0.002). We compared the gut microbiota in the recipients with that
from the donor MyD88-/-NOD or MyD88-/-B6 mice. We also analyzed the gut
microbiota of NOD/LtJ mice that had not received “exogenous” gut microbiota as baseline
controls. We performed 16S rRNA gene sequencing and analyzed the composition of gut
microbiota in these groups. After filtering low quality reads from each sample, analysis at
the phylum level showed that NOD mice that received gut microbiota from MyD88-/-NOD
mice carried more Bacteroidetes (16% of total microbiome identified) and Actinobacteria
(5%) but less Firmicutes (77%) than those that received gut microbiota from MyD88-/-B6
mice (15%, 3% and 80%, respectively) (Figure 3A). Although these differences at the
phylum level are small, the difference in the gut microbiome between the two groups was
greater at the family level. NOD/LtJ mice that were given gut microbiota from MyD88-/
—NOD mice had less Ruminococcaceae and Lactobacillaceae (7% and 3%, respectively)
compared to the NOD/LtJ mice that received MyD88-/-B6 gut bacteria (10 and 16%,
respectively) (Figure 3B). However, NOD/LtJ mice treated with MyD88—-/-NOD gut
bacteria showed a higher abundance of Lachnospiraceae family (66%) compared with
MyD88-/-B6 treated NOD/LtJ mice (55%). Principal component analysis (PCA) at family
level revealed that the composition of gut microbiota was very different in NOD/LtJ mice
that had different donor microbiota (Figure 3C). The composition of gut microbiota of
untreated control NOD/LtJ mice was also very different from that in treated NOD/LtJ mice
(Figure 3D+E). This demonstrates that the change of gut microbiota in treated mice was due
to the exposure to exogenous gut bacteria. It is noteworthy that although the NOD/LtJ mice
received donor microbiota at a young age, the gut microbiota was distinct between the
groups several months after bacterial transfer. It is interesting that the composition of the gut
microbiome in the recipient mice does not faithfully mirror the composition of microbiota of
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the donor mice (Supplementary Fig. 1A). This is not surprising since our recipient mice are
housed in SPF conditions and have a full community of endogenous gut microbiota, unlike
germ-free mice that often faithfully present bacteria introduced exogenously. However, one
family of gut bacteria, F. Lachnospiraceae, remained in high abundance in both MyD88-/
—NOD donor and NOD recipients (Supplementary Fig. 1A and Table 2) whereas the same
family showed a 13.4 fold reduction in NOD recipients after transferring MyD88-/-B6 gut
bacteria (Table 2). Interestingly, there was a 22.6 fold increase of Erysipelotrichaceae in the
same recipients (Table 2). Our results indicate that gut microbiota transfer can have a
considerable effect on the composition of gut microbiota in the hosts, long after the transfers
had been performed and this would most likely be responsible for the different diabetes
incidences as all the recipient mice originated from the same source.

3.3. Higher IgA and TGFB in NOD mice with lower diabetes incidence

We hypothesized that different gut microbial communities would have different effects on
host mucosal immunity, which in turn affects diabetes development. To test our hypothesis,
we measured the content of IgA and TGFp in the gut lumen of the NOD/LtJ mice that had
been transferred with gut microbiota from MyD88-/-NOD or MyD88-/-B6 mice. As
shown in Figure 4, NOD/LtJ mice that had delayed diabetes onset when MyD88—-/-NOD
gut microbiota were introduced compared to their counterparts that were treated with
MyD88-/-B6 gut microbiota had higher levels of IgA (Fig. 4A) and TGFp (Fig. 4B) in the
gut lumen. There was no difference in any of the other isotypes of mucosal immunoglobulin
between the two groups (data not shown). We also measured IgA and TGFp in the gut
lumen of the donor mice and found that whereas the level of IgA in the gut lumen was
comparable (Fig. 4C), TGFf was higher in the MyD88-/-NOD donor mice compared to
that in the MyD88-/-B6 mice (Fig. 4D). It is noteworthy that the scale of TGFf in the donor
mice was approximately 10 times lower than that in the recipients, which indicates that gut
bacteria transfer induced an active immune response in the intestine of the recipient mice.

3.4. Higher inflammatory cytokine producing T cells in NOD mice with lower diabetes

We next investigated the cytokine profile of T cells from gut associated lymphoid tissue
(GALT) in the two groups of mice. We isolated lymphocytes from mesenteric lymph nodes
(MLN), Peyer’s patches (PP), small intestine (SI) and colon. Unexpectedly, we found that
although T cells from the GALT in NOD/LtJ mice that had a later onset of diabetes had
higher levels of mucosal IgA and TGFf3, the CD8 T cells also expressed more inflammatory
cytokine IFNy. We also observed an increased percentage of 1L-17 producing CD4 T cells
from PP (Figure 5A-E). It is interesting that we did not find any difference in IFNvy or IL-17
producing T cells in the pancreatic lymph nodes (PLN, data not shown).

3.5. Increased CD103* gut homing T cells and CD8af T cells in NOD mice with lower

diabetes

CD103 is an intergrin protein and expressed on most T cells from GALT [25]. To
investigate whether transient transfer of gut microbiota would affect gut-homing T cells in
NOD recipient mice used in this study, we examined CD103* T cells from spleen and
GALT. Figure 6A showed a significant increase in the percentage of CD103* T cells, both
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TCRap and TCRy3, only in the large intestines of the NOD/LtJ recipient mice that received
MyD88-/-NOD gut microbiota, which led to a later onset of diabetes. It is interesting that
we did not find this increase in T cells harvested from MLN, PP and small intestine (data not
shown).

It is known that most CD8 T cells from GALT express CD8aa homo-dimer co-receptor
whereas most CD8 T cells from non-GALT, including spleen and lymph nodes, express the
CD8ap hetero-dimer co-receptor [26, 27]. We postulated that the change of gut microbiota
attracted peripheral T cells, especially CD8 T cells from other peripheral lymphoid tissue to
GALT. To investigate this possibility, we examined expression of the CD8 co-receptor from
T cells in spleen and intestine. As predicted, we found a significant increase of CD8a
expressing CD8 T cells in the large intestine of the NOD mice that received MyD88-/
—NOD gut microbiota (Figure 6B), whereas no difference was found in spleen (data not
shown). Consistent with the CD103* T cells, the increase of CD8ap expressing CD8 T cells
also appeared to be only in large intestine.

4. Discussion

Our studies have shown that the composition of gut bacteria can have a significant effect on
development of diabetes in the genetically diabetes-predisposed NOD mouse. The innate
immune response, together with mouse genetic background also has an influence on the
composition of the gut microbiota. We have shown that mice of different genetic
backgrounds, housed in similar environments, and fed with the same food and water have
differences in their gut microbiota. This interaction between gut bacteria and the host is
clearly important as transfer of gut bacteria from diabetes resistant MyD88-/-NOD mice
significantly reduced insulitis and delayed disease onset in recipient NOD mice, whereas
neither MyD88-/-B6 nor MyD88-/-B697 gut bacteria had obvious effect. Interestingly, we
found that the NOD mice that were given gut bacteria from wild-type mice on a B6 genetic
background had a trend towards promoting earlier diabetes onset, although this did not reach
statistical significance. Thus, any host effect of MyD88 deficiency on the gut microbiome is
also modified by other genetic factors.

In this report, we have also shown that short-term oral transfer of fecal bacteria, from
different diabetes resistant mouse strains on NOD or B6 genetic backgrounds, into diabetes-
prone NOD mice can have a long-term effect on the incidence of autoimmune diabetes. The
composition of the gut bacteria in the mice that received MyD88—/-NOD gut microbiota or
the bacteria from the various control strains was altered compared with untreated recipient
NOD mice, even months after the initial feeding of bacteria. However, the mice in which
onset of diabetes was delayed, had gut bacterial composition of increased diversity, which
concords with the observation that greater diversity of gut microbiota is present in non-
diabetic individuals who are age and sex matched with T1D patients [28]. Conversely, it is
interesting that there was a trend to accelerated diabetes in mice that received B6 microbiota,
whether wild type or MyD88 deficient. This indicates that the MyD88 deficiency per se does
not necessarily predispose to more diverse gut microbiota, but rather that this deficiency,
together with the NOD genetic background leads to this change. This is not due to
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influences of the MHC, as the effects of transfer on diabetes incidence of MyD88-/-B697
microbiota was similar to the transfer of MyD88—/-B6 microbiota.

Comparing the composition of the flora from mice transferred with faecal bacteria from
MyD88-/-B6 and the MyD88—/-NOD mice in more detail, it is clear from the PCA that
while the overall proportion of the phyla is not different, the individual families are quite
different. It was notable that the main differences in the families was seen in the Firmicutes,
principally in Lachnospiraceae and Clostridiaceae that were increased and the
Lactobacillaceae were decreased in the mice that received the MyD88—/-NOD bacteria.
Unlike germ-free mice, the composition of the gut bacteria from the NOD recipients, that
are housed in SPF conditions and have the full spectrum of gut microbiota, does not
faithfully mirror the composition of gut bacteria from the donor mice. However, the increase
of Lachnospiraceae remains consistent between donors and recipients. There was also a
sharp reduction (11-fold) of Bacteroidales between MyD88—/-NOD donors and the NOD
recipients. It is interesting that Lachnospiraceae had over 13-fold decrease between the
MyD88-/-B6 donors and the NOD recipients whereas Erysipelotrichaceae showed
approximately 23-fold increase in NOD recipients compared to the MyD88-/-B6 donors
(45.2 vs 2), but over 226 times higher than the NOD mice received MyD88—/-NOD gut
bacteria (45.2 vs <0.2). We also found changes in other families of gut bacteria, which
indicates that introducing exogenous gut bacteria possibly promotes competition and
interaction among gut commensals. Furthermore, the content of TGFf in gut lumen remains
consistent between donors and recipients albeit on a lower scale. Our results suggest that
transferring exogenous gut bacteria not only alters the community of gut bacteria in the
hosts but also immune responses. Although individual bacterial families have not been
identified that have a particularly pathogenic role in diabetes, the different composition is
likely to have an influence on development of diabetes. These effects were also not limited
to individual cages [29] but rather was seen in the groups of mice as a whole, spread over
several separate cages.

The second generation of high throughput sequencing has advanced rapidly over the past 5
years and the Roche 454 platform is one of the technologies among the second generation
sequencing. We have used sequencing of 16SrRNA with the 454 platform as a quantitative
means of phylogenetic identification, which also allows for identification of unknown
bacteria. For more in depth analysis, it has been reported that whole genome sequencing
may give better resolution of bacterial nucleic acid sequences and possibly identify single
base changes in the whole genome [30-32]. The whole genome sequencing approach has
recently been used for identifying bacterial or viral variants in infectious diseases [33-36]. It
is possible that one could find individual bacterial families or even strains that have a
particularly pathogenic or protective role in diabetes, although in this context, we feel that it
is unlikely that there would be a single strain responsible for the phenotype. However, this
has important implications for future development of probiotic treatment that could be used
to delay or prevent diabetes.

In addition to the possible influence of bacteria themselves on the autoimmune response, the
effect of these bacteria on the mucosal immune system is likely to play a central role in the
observed diabetes-protective effects. Gut bacteria shape immune homeostasis and influence
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the generation of regulatory T cells [37]. Antigen-presenting cells within the gut are directly
affected [38], with recent evidence suggesting that particular metabolites such as short-chain
fatty acids are key players [39, 40]. We have shown that the mice transferred with the
MyD88-/-NOD microbiota expressed regulatory immune responses in the gut, with
increased IgA and TGFp as well as a considerable increase in a population of CD8*CD103*
T cells which have been identified to be a regulatory CD8 population [41]. It is not clear
which cells produce the increased TGFp, but recent evidence suggests that TGFp is
important for upregulation of CD103 and necessary for the maintenance of T resident
memory cells of the gut [42]. These CD8*CD103* T cells may play an immunoregulatory
role in the mice that induces delay in the onset of diabetes, although their regulatory
function is yet to be determined. Not only are regulatory cells stimulated in situ by the
interaction with the gut bacteria, but we have shown that there is also an increase in
CD4*IL17* T cells as well, that may occur also as a result of increased TGFf production
within the gut environment. Whether these cells have a local function to maintain
homeostasis or recirculate to other lymphoid tissue is not known. There is also a general
increase in IFNy producing cells in the GALT as well as the spleen. Interestingly, although
IFNYy producing cells are generally associated with a Th1 inflammatory response, it is clear
that IFNY is a necessary cytokine for regulatory function of cells [43]. A similar finding was
also observed in autoimmune thyroiditis [44]. Thus, the altered composition of bacterial
families in the NOD mice transferred with MyD88—-/-NOD mice induces changes in the
GALT that could contribute to the delayed onset of diabetes. However, this protection may
be counterbalanced by effects of potentially pathogenic cells, leading to delay in onset of
disease rather than complete protection. Further experiments will help clarify the roles of the
expanded populations.

In conclusion, we have shown that altering the gut bacteria, in this case by feeding the
bacteria over a short period at young age can have a lasting effect on alteration of the gut
microbiome, gut mucosal immunity and ameliorate autoimmunity. By altering the bacterial
composition, the interactions of these gut bacteria with the mucosal immune system can
induce regulatory CD8 T cells that may influence the development of autoimmune diabetes.
The challenge remains to determine how and why the different bacterial families induce
these mucosal responses. If these can be understood, this may form a rational basis for
selection of specific probiotic agents to boost mucosal regulatory responses.
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Figure 1.

Incidence of diabetes after ingestion of “exogenous” gut microbiota. (A) Female NOD/LtJ
mice were given water containing female MyD88—/-NOD gut microbiota; MyD88-/-B6
gut microbiota or MyD88-/-B697 gut microbiota (n=15/group; n=3-4 gut microbiota donor
mice/strain). The water was administered for 3 weeks (at 4wk to 7wk of age) and mice were
screened for diabetes by testing for glycosuria weekly and diabetes was confirmed by blood
glucose >250mg/dl (13.9mmol/l). (B) Female NOD/LtJ mice were given water containing
female wild type C57BL/6 (B6) or NOD/Caj gut microbiota as described above or normal
clean water (n=15/group; n=3-4 gut microbiota donor mice/strain). (C) Comparison of
diabetes development in NOD/LtJ mice that received MyD88—/-NOD gut microbiota in (A)
with NOD/LtJ mice that received NOD/Caj gut microbiota or normal clean water in (B).
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Figure 2.

Insulitis score. Pancreata were fixed in 10% buffered formalin and paraffin-embedded when
the mice were terminated either at the time of diabetes development or at the end of study (7
month). Tissues were sectioned and stained with H&E. Insulitis was scored under light
microscopy using the following grading: 0, no insulitis; I, insulitis affecting less than 25% of
the islet; Il, insulitis affecting 25~50% of the islet; 111, more than 50~75% islet and 1V,
>75% islet was infiltrated. Fifty-six to 120 islets were scored for insulitis in each group (n=9
to 15 mice) by an individual blinded to the experimental design. The statistical analysis was
performed with 2 analysis.
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Figure 3.

Taxonomic analysis of gut microbiota by 16S rRNA sequencing. (A) Composition of gut
microbiota (Phylum) of the NOD/LtJ mice received gut bacteria from MyD88-/-NOD or
MyD88-/-B6 mice. NOD/LtJ mice without gut bacterial transfer were controls. (B)
Composition of gut microbiota (family) of the NOD/LtJ mice used in (A). (C) Principal
component analysis (PCA, unweighted) of taxonomic families of gut microbiota from the
NOD/LtJ mice that received gut bacteria from MyD88-/- NOD or MyD88-/-B6 mice. (D)
Principal component analysis (PCA, unweighted) of taxonomic families of gut microbiota
from the control NOD/LtJ mice (that did not receive exogenous gut bacteria) compared with
those that received gut bacteria from MyD88-/-NOD mice. (E) Principal component
analysis (PCA, unweighted) of taxonomic families of gut microbiota from the control
NOD/LtJ mice (without receiving exogenous gut bacteria) or received gut bacteria from
MyD88-/-B6 mice.
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Figure 4.
IgA and TGF in gut lumen. Total IgA (A) and TGFp (B) content in gut lumen from

NOD/LtJ mice, that were transferred with gut microbiota from MyD88-/-NOD or
MyD88-/-B6 mice, was measured by ELISA as described in Materials & Methods. N= 8-
10/group. Total IgA (C) and TGFp (D) content in gut lumen of donor MyD88—/-NOD or
MyD88-/-B6 mice were also measured. N= 3-4/group.
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Figure 5.
IFNy and IL-17A producing T cells in NOD/LtJ mice that were transferred with gut

microbiota from MyD88-/-NOD or MyD88-/-B6 donors. Lymphocytes were isolated from
different lymphoid tissues as indicated and intracellular IFNy and IL-17A producing T cells
were examined by flow cytometry as described in Materials & Methods. Examples of FACS
plots from each lymphoid tissue in each experimental group are shown. Bar charts represent
the summary percentage of IFNy and IL-17A producing T cells in NOD/LtJ mice that were
transferred with gut microbiota from MyD88-/-NOD or MyD88-/-B6 donors. N=5-7/

group.
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Figure 6.

Phenotype of CD8 T cells from the large intestine of NOD/LtJ mice that were transferred
gut microbiota from MyD88—-/-NOD or MyD88-/-B6 donors. Lymphocytes from lamina
propria (LP) in the large intestine of NOD/LtJ mice was isolated as described in Materials &
Methods. LP lymphocytes were examined by flow cytometry after staining with different
markers. (A) Examples of FACS plots of CD103* CD8 T cells are shown on the left and the
summary of % of CD103* CD8 T cells in total LP lymphocytes is shown on the right (n=6-
8/group). (B) Examples of FACS plots of CD8aff and CD8aa T cells are shown on the left
and the summary percentage of CD8af T cells in total LP lymphocytes is shown on the right
(n=6-8/group).
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Fecal donors used in the study

Table 1

Fecal donor MHC class Il gene | Non-MHC genes | MyD88 | Diabetes
MyD88-/-NOD 1-A97 NOD -/- -
MyD88-/-B6 1-Ab B6 -/ -
MyD88-/-B697 1-A97 B6 -/- -
B6 I-AP B6 ++ -
NOD (Caj) 1-A97 NOD +/+ +

Fecal samples from the mice listed above (all females) were collected and transfterred to the NOD/LtJ female mice for diabetes study.
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