=
o
=
<
=
4
<
~
o
(72]
-4
<
0@
=
(=]
4
<
>
O
o
-l
o
=
=2
=
=

3510

Diabetes Volume 64, October 2015

Aimon K. Alkanani,® Naoko Hara,! Peter A. Gottlieb,! Diana Ir,2 Charles E. Robertson,?3

Brandie D. Wagner,34 Daniel N. Frank,23 and Danny Zipris?

CrossMark

Alterations in Intestinal Microbiota
Correlate With Susceptibility to

Type 1 Diabetes

Diabetes 2015;64:3510-3520 | DOI: 10.2337/db14-1847

We tested the hypothesis that alterations in the intestinal
microbiota are linked with the progression of type 1
diabetes (T1D). Herein, we present results from a study
performed in subjects with islet autoimmunity living in
the U.S. High-throughput sequencing of bacterial 16S rRNA
genes and adjustment for sex, age, autoantibody pres-
ence, and HLA indicated that the gut microbiomes of
seropositive subjects differed from those of autoantibody-
free first-degree relatives (FDRs) in the abundance of
four taxa. Furthermore, subjects with autoantibodies,
seronegative FDRs, and new-onset patients had differ-
ent levels of the Firmicutes genera Lactobacillus and
Staphylococcus compared with healthy control subjects
with no family history of autoimmunity. Further analysis
revealed trends toward increased and reduced abundan-
ces of the Bacteroidetes genera Bacteroides and Prevo-
tella, respectively, in seropositive subjects with multiple
versus one autoantibody. Canonical discriminant analysis
suggested that the gut microbiomes of autoantibody-
positive individuals and seronegative FDRs clustered to-
gether but separate from those of new-onset patients
and unrelated healthy control subjects. Finally, no differ-
ences in biodiversity were evident in seropositive versus
seronegative FDRs. These observations suggest that al-
tered intestinal microbiota may be associated with dis-
ease susceptibility.

Type 1 diabetes (T1D) is an autoimmune disorder that in-
volves B-cell inflammation and destruction (1). Although
the mechanisms that trigger the disease are not yet clear,
human and animal studies implicate both genetic and

environmental factors in the disease process. The intesti-
nal microbiota plays a key role in the development and
function of the immune system (2). Data from human
and animal studies have led to the hypothesis that altered
gut microbiota (“dysbiosis”) could be associated with
mechanisms of metabolic and immune-mediated disor-
ders, such as obesity, celiac disease, type 2 diabetes, and
inflammatory bowel disease (3,4).

Dysbiosis has been postulated to be associated with
mechanisms of T1D (5-11). The development of T1D in
animal models, such as the NOD (6) and RIP-B7.1 (12)
mice and the diabetes-prone BioBreeding (13) and
LEW1.WR1 (10) rats, is linked with changes in the intestinal
microbiome. Human studies performed in subjects at risk for
T1D provided evidence for a decline and an increase in
the abundance of the bacterial phyla Firmicutes and
Bacteroidetes, respectively (14). Others reported the absence
of Bifidobacterium species and increased levels of the ge-
nus Bacteroides in children with two or more islet auto-
antibodies (15). A study performed in subjects with T1D
further demonstrated an increase in the abundances of
Bacteroidetes and Clostridium spp. in addition to a reduc-
tion in the genera Lactobacillus and Bifidobacterium (16).
Finally, significant alterations in microbial interaction
networks with no differences in bacterial diversity, mic-
robial composition, or the level of bacterial genera were
observed in seropositive and seronegative children (17).

In this study, we tested the hypothesis that alterations
in the human intestinal microbiota are linked with the
progression of human T1D. Analysis of 16S bacterial rRNA
sequencing data demonstrated that the abundances of four
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bacterial genera were altered in seropositive subjects com-
pared with seronegative first-degree relatives (FDRs). Further-
more, seropositive subjects and seronegative FDRs as well as
new-onset patients have a reduction in the abundance of
the Firmicutes genera Lactobacillus or Staphylococcus com-
pared with unrelated healthy control subjects. The data sug-
gest that gastrointestinal tract dysbiosis may be associated
with disease progression.

RESEARCH DESIGN AND METHODS

Subject Characteristics

We analyzed the gut microbiome from four subject co-
horts with or without evidence of islet autoimmunity
residing in the Denver metro area. These studies included
35 subjects with newly diagnosed T1D (up to 6 months
from disease diagnosis) recruited during their routine
visits to the Barbara Davis Center for Diabetes. Twenty-
one individuals with one to four autoantibodies and 32
seronegative FDRs of subjects with islet autoimmunity
were recruited from the Type 1 Diabetes TrialNet Natural
History Study (Table 1). Only two seronegative subjects
had siblings in the seropositive group. Twenty-three in-
dividuals without any family history of autoimmunity
(unrelated healthy control subjects) were recruited from
university employees and children of employees. The pres-
ence of antibodies against GAD65, insulin, ICA512, and
ZnT8 was determined by the Autoantibody/HLA Service
Center at the Barbara Davis Center for Diabetes. Typing
for HLA DR3 and DR4 of study subjects was performed by
PCR analysis (18). Thirty-two of the 35 new-onset patients
(91%) had DR3 and/or DR4 HLA diabetes risk alleles. All
autoantibody seropositive subjects (21 of 21) and 29 of 32
seronegative FDRs carried DR3 and/or DR4 (91%). Twelve
out of the 23 unrelated healthy subjects had DR3 and/or
DR4 (52%). The median HbA,level in the seropositive and
new-onset subject cohorts was 5.0% (range 4.2-5.3) and

Table 1—Cohort characteristics
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7.9% (range 5.5-15), respectively. Subjects who received
antibiotic therapy up to 4 weeks prior to sample collection
and individuals with known infections or gastrointestinal
disorders were not included in the study. One subject in each
of the seropositive and new-onset groups and three from the
seronegative cohort reported being vegetarians. The study
was approved by the institutional review board at the Uni-
versity of Colorado Denver. Fecal samples were collected at
the Barbara Davis Center for Diabetes or at the home of the
study participants using stool collection tubes and stored
at —80°C until use. Samples collected at home were stored
at —20°C and delivered to the Barbara Davis Center for
Diabetes on ice by study subjects or laboratory personnel.

Microbiome Analysis

Bacterial profiles were determined by broad-range am-
plification and sequence analysis of 16S rRNA genes. In
brief, amplicons were generated using primers that target
~280 base pairs of the V4 variable region of the 16S
rRNA gene (19). PCR products were normalized using a
SequalPrep kit (Invitrogen, Carlsbad, CA), pooled, lyoph-
ilized, purified, and concentrated using a DNA Clean &
Concentrator Kit (Zymo, Irvine, CA). The amplicon pool
was quantified using Qubit 2.0 Fluorometer (Invitrogen),
diluted to 4 nmol/L, and denatured with 0.2 N NaOH at
room temperature. The denatured DNA was diluted to
15 pmol/L and spiked with 25% of the Illumina PhiX Con-
trol DNA prior to loading the sequencer. Illumina paired-end
sequencing was performed on the MiSeq platform with
version 2.3.0.8 of the MiSeq Control Software and version
2.3.32 of MiSeq Reporter, using a 600-cycle version 3
reagent kit.

As previously described (9), Illumina MiSeq paired-end
sequences were sorted by sample via barcodes in the
paired reads with a python script. The sorted paired reads
were assembled using phrap (20,21). Pairs that did not
assemble were discarded. Assembled sequence ends were

Unrelated healthy New-onset
control subjects patients Seropositive Seronegative FDRs
Variable (n = 23) (n = 35) (n=21) (n =32)
Females/males, n/n 9/14 16/19 12/9 14/18
Age (years), median (range) 12 (4-24) 11 (2-20) 9 (4-49) 12 (3-45)
HLA, n (%)
3 alone 5 (22) 10 (29) 5 (24) 11 (34)
4 alone 3 (13) 13 (37) 12 (57) 8 (25)
3 plus 4 4 (17) 9 (26) 4 (19) 10 (31)
X/X 11 (48) 38 0 3 (10)
Autoantibodies, n (%)
Zero - 2 (6) 0 32 (100)
One - 12 (34) 5 (24) 0
Two to four - 21 (60) 16 (76) 0
HbA+., median (range) - 7.9 (6.5-15.0) 5.0 (4.2-5.3) -
Age at onset (years), median (range) - 10 (2-20) - -
Disease duration (weeks), median (range) - 5.1 (0.3-17.3) - -
Impaired glucose metabolism, n (%) - - 5 (24) -
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trimmed over a moving window of five nucleotides until
average quality met or exceeded 20. Trimmed sequences
with more than one ambiguity or shorter than 200
nucleotides were discarded. Potential chimeras identified
with Uchime (usearch6.0.203_i86linux32) (22) using the
Schloss (23) Silva reference sequences were removed from
subsequent analyses. Assembled sequences were aligned
and classified with SINA (1.2.11) using the 629,124 bac-
terial sequences in Silva 111 (24) as reference configured
to yield the Silva taxonomy. Operational taxonomic units
(OTUs) were produced by clustering sequences with identi-
cal taxonomic assignments. A median of 131,000 sequences
(range 8,100-313,000) were generated per sample, with
a median Good coverage score of 99.97%. The software
package Explicet (v2.9.4, www.explicet.org) (25) was used
for display, analysis (rarefied values for median Good cov-
erage), and figure generation of results.

Statistical Analysis

Patient demographics were described using percentages and
medians and ranges across the four groups for the categorical
and continuous variables, respectively. Shannon diversity was
calculated using rarefaction in Explicet and compared across
groups using ANOVA. For ease of interpretation, effective
number of species was calculated from Shannon diversity
(26,26). These values represent the expected number of taxa
in an even community. Wilcoxon rank-based tests were used
to compare the relative abundance of each taxa across
groups after adjusting for clinical covariates (age, sex, au-
toantibody presence, and HLA genotype). The relative
abundance for each taxa was transformed to ranks, and
these transformed variables were used as dependent vari-
ables in a linear regression model. If the overall P value of
the differences between the groups was significant, then
the pairwise differences were calculated using linear con-
trasts and a false discovery rate adjustment for multiple
comparisons was used. An unadjusted P value for the over-
all test across groups and the subgroup analysis used a 0.05
cutoff and the adjusted P value used for the individual
comparisons used a 0.1 cutoff to identify differentially ex-
pressed bacterial groups. Patterns in OTU prevalence and/or
abundance in seropositive subjects with one (n = 5) versus
two to four autoantibodies (n = 16) were analyzed using
Wilcoxon rank-based tests without the false discovery rate
correction. Canonical discriminant analysis was performed to
multivariately assess differences in the bacterial community
across the four groups. A small constant (1/total) was added
to the counts to eliminate zeros prior to the application of the
centered log ratio transformation recommended for multivar-
iate analysis of compositional data (27,28).

RESULTS

Taxa in the Stool From Subjects With and Without Islet
Autoimmunity

We postulated that alterations in the intestinal micro-
biome would be involved in the progression of human
T1D. To test this possibility, we sequenced the V4 region

Diabetes Volume 64, October 2015

of 16S rRNA genes (primers 534F-805R [9,10]) from fe-
cal samples of seropositive individuals with one to four
autoantibodies (n = 21) compared with seronegative FDRs
(n = 32). Comparisons were also made between the gut
bacterial content of autoantibody-positive individuals and
seronegative FDRs to that of new-onset patients (n = 35)
and autoantibody-free healthy control subjects with no
family history of autoimmunity (n = 23). A median of
131,000 (range 8,100-313,000) high-quality 16S rRNA
gene sequences were obtained for each sample. The data
presented in Fig. 1A demonstrate that similar overall
gut bacterial profiles were observed among the subject
cohorts. Furthermore, comparable Shannon bacterial di-
versity indices were measured in seropositive versus se-
ronegative FDRs (Fig. 1B) (P = 0.44). These observations
suggest that islet autoimmunity is probably not associated
with altered bacterial diversity or striking differences in
the intestinal microbiota.

Gut Bacterial Communities in Individuals With Islet
Autoimmunity

We next compared the abundance of individual bacterial
taxa from autoantibody-positive versus autoantibody-free
subjects. Similar numbers of bacterial phyla and genera
(i.e., OTU richness) were observed in the subject cohorts
(data not shown). Wilcoxon rank-based tests with adjust-
ment for covariates (i.e., age, sex, autoantibody presence,
and HLA) and multiple comparisons across groups revealed
significant differences in the abundance of nine bacterial
taxa, of which four were found to be different in
seropositive versus seronegative cohorts (Fig. 2, Table 2,
and Supplementary Table 1). Parameter estimates further
demonstrated that the level of the majority of the taxa
with significant differences across groups was not associ-
ated with age, sex, or HLA3/4 (Supplementary Table 2).
Only the level of a group of bacteria that belong to the
Bacteroidetes phylum and could not be classified to lower
levels (termed by us Bacteroidetes other) was observed to
be associated with age (P = 0.02). The limited sample size
of this study did not provide sufficient power to assess
the effect of the autoantibody number on the gut bacterial
composition. The covariate-adjusted analysis indicated that
a significant increase was detectable in the relative median
abundance of the Firmicutes genera Catenibacterium and of
the Bacteroidetes family and genus Prevotellaceae and RC9
gut group, respectively, in seropositive compared with
seronegative FDRs (adjusted P = 0.02 for all) (Fig. 2, Table 2,
and Supplementary Table 1). In contrast, a reduction in
the abundance of the taxa classified only to Bacteroidetes
(Bacteroidetes other) was evident in seropositive versus
seronegative FDRs (adjusted P = 0.09).

We further analyzed the gut microbiomes of seropos-
itive and seronegative subjects compared with those of
new-onset patients and healthy control subjects (Fig. 2,
Table 2, and Supplementary Table 1). Differences in the
bacterial level between these cohorts were noted in genera
that belong to the phylum Firmicutes. A reduction and
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an increase were observed in the relative abundance of
Succiniclasticum in new-onset subjects compared with se-
ropositive and seronegative subjects, respectively (ad-
justed P = 0.01 and P = 0.03, respectively). A decrease

of Catenibacterium was observed in new-onset subjects
compared with autoantibody-positive subjects (adjusted P =
0.04). An increase in the abundance of the Bacteroidetes
genera Alistipes was detected in seronegative FDRs versus
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Figure 2—Median percent abundance of bacterial communities in subjects with and without islet autoimmunity. The plot displays those
taxa that were significantly different across groups after adjustment for covariates (statistical significance and numeric values are shown in

Table 2 and Supplementary Table 1, respectively).

new-onset patients (adjusted P = 0.02). A decrease in the
abundance of the Bacteroidetes family Prevotellaceae and
the Firmicutes genera Lactobacillus and Succiniclasticum
was seen in seronegative FDRs versus new-onset patients
(adjusted P = 0.07 for Prevotellaceae and Lactobacillus and
P = 0.01 for Succiniclasticum). Spearman rank correlation
coefficients indicated that the relative abundance of all
taxa found to be significantly different in new-onset
subjects versus seropositive or seronegative FDRs was
not associated with the HbA; level, age of disease onset,
or disease duration (data not shown). The level of the
Firmicutes genera Lactobacillus and Staphylococcus was ele-
vated in unrelated healthy control subjects compared with
seropositive individuals (adjusted P = 0.02 and P = 0.03,
respectively), whereas the level of the Bacteroidetes fam-
ily and genus Prevotellaceae and RC9 gut group, respec-
tively, was elevated in seropositive individuals compared
with unrelated healthy control subjects (adjusted P = 0.03 for
both). The abundances of Lactobacillus and Staphylococcus

were also higher in the unrelated healthy cohort compared
with the new-onset and seropositive cohorts (adjusted P =
0.07 and P = 0.04, respectively).

Because of the wide age range of subjects in the sero-
positive and seronegative FDR groups (Table 1), we assessed
whether the differences observed in the gut bacterial com-
position may be related to age. To this end, we reanalyzed
the intestinal microbiome data after excluding those sub-
jects older than 18 years of age (n = 16 for unrelated healthy
control subjects, 34 for new onset, 17 for seropositive, and
21 for seronegative). We found that the abundances of
six out of nine bacterial taxa found to be different be-
tween cohorts (Fig. 2, Table 2, and Supplementary Table 1)
were also different when comparing cohorts of individuals
younger than 18 years (data not shown). Similar to cohorts
of subjects from all age-groups (Fig. 2, Table 2, and Supple-
mentary Table 1), the median abundances of Staphylococcus
and Lactobacillus were diminished in genetically susceptible
individuals under the age of 18 years with or without
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Table 2—Results from Wilcoxon rank-based tests after adjustment for covariates indicating the pairwise comparisons for the
genera with a statistically significant difference across the groups

Taxa Overall P value Comparison F value P value® FDR P value
Bacteroidetes other” 0.006 NO vs. Ab+ vs. Ab— 2.42 0.094 0.154
Ab+ vs. Ab— vs. Co 4.82 0.010 0.029
Ab+ vs. Co 9.48 0.003 0.019
Ab— vs. Co 1.69 0.197 0.276
NO vs. Ab— 2.86 0.094 0.154
NO vs. Ab+ 0.26 0.614 0.682
Ab+ vs. Ab— 4.13 0.045 0.090
Co vs. NO 8.65 0.004 0.019
Alistipes 0.013 NO vs. Ab+ vs. Ab— 4.52 0.013 0.034
Ab+ vs. Ab— vs. Co 1.10 0.338 0.422
Ab+ vs. Co 1.30 0.256 0.336
Ab— vs. Co 0.04 0.848 0.893
NO vs. Ab— 9.04 0.003 0.019
NO vs. Ab+ 1.73 0.191 0.273
Ab+ vs. Ab— 2.01 0.159 0.231
Co vs. NO 7.02 0.009 0.028
RC9 gut group 0.024 NO vs. Ab+ vs. Ab— 3.93 0.023 0.053
Ab+ vs. Ab— vs. Co 4.91 0.009 0.028
Ab+ vs. Co 7.52 0.007 0.025
Ab— vs. Co 0.03 0.864 0.893
NO vs. Ab— 0.89 0.348 0.422
NO vs. Ab+ 3.77 0.055 0.107
Ab+ vs. Ab— 7.72 0.006 0.024
Co vs. NO 1.15 0.287 0.369
Prevotellaceae 0.006 NO vs. Ab+ vs. Ab— 5.06 0.008 0.026
Ab+ vs. Ab— vs. Co 5.53 0.005 0.022
Ab+ vs. Co 7.59 0.007 0.025
Ab— vs. Co 0.01 0.912 0.912
NO vs. Ab— 4.61 0.034 0.070
NO vs. Ab+ 1.30 0.257 0.336
Ab+ vs. Ab— 9.44 0.003 0.019
Co vs. NO 3.69 0.058 0.108
Catenibacterium 0.015 NO vs. Ab+ vs. Ab— 5.37 0.006 0.024
Ab+ vs. Ab— vs. Co 5.13 0.007 0.025
Ab+ vs. Co 2.59 0.111 0.172
Ab— vs. Co 2.22 0.139 0.209
NO vs. Ab— 0.71 0.402 0.469
NO vs. Ab+ 6.03 0.016 0.039
Ab+ vs. Ab— 10.23 0.002 0.017
Co vs. NO 0.55 0.462 0.533
Lactobacillus <0.001 NO vs. Ab+ vs. Ab— 2.32 0.104 0.164
Ab+ vs. Ab— vs. CO 8.82 <0.001 0.008
Ab+ vs. Co 8.42 0.005 0.020
Ab— vs. Co 16.94 <0.001 0.004
NO vs. Ab— 4.63 0.034 0.070
NO vs. Ab+ 1.04 0.310 0.393
Ab+ vs. Ab— 0.87 0.352 0.422
Co vs. NO 4.87 0.030 0.066
Staphylococcus 0.001 NO vs. Ab+ vs. Ab— 1.88 0.158 0.231
Ab+ vs. Ab— vs. Co 8.52 <0.001 0.008
Ab+ vs. Co 6.79 0.011 0.029
Ab— vs. Co 16.79 <0.001 0.004
NO vs. Ab— 3.59 0.061 0.109
NO vs. Ab+ 0.23 0.630 0.691
Ab+ vs. Ab— 1.53 0.219 0.294
Co vs. NO 5.91 0.017 0.041
Succiniclasticum 0.001 NO vs. Ab+ vs. Ab— 6.58 0.002 0.017
Ab+ vs. Ab— vs. Co 0.20 0.818 0.877
Ab+ vs. Co 0.35 0.556 0.634
Ab— vs. Co 0.01 0.907 0.912

Continued on p. 3516
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Table 2—Continued
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Taxa Overall P value Comparison F value P value® FDR P value
NO vs. Ab— 11.73 <0.001 0.011
NO vs. Ab+ 6.77 0.011 0.029
Ab+ vs. Ab— 0.27 0.605 0.681
Co vs. NO 11.33 0.001 0.012
Thalassospira 0.008 NO vs. Ab+ vs. Ab— 1.61 0.204 0.283
Ab+ vs. Ab— vs. Co 4.73 0.011 0.029
Ab+ vs. Co 1.54 0.217 0.294
Ab— vs. Co 9.26 0.003 0.019
NO vs. Ab— 0.03 0.873 0.893
NO vs. Ab+ 2.34 0.129 0.197
Ab+ vs. Ab— 2.76 0.100 0.160
Co vs. NO 8.92 0.004 0.019

Ab—, seronegative; Ab+, seropositive; CO, unrelated control; FDR, false discovery rate; NO, new onset. ®Significant differences are in
bold font. PA group of bacteria that belong to the Bacteroidetes phylum and could not be classified to lower taxa levels.

autoimmunity compared with unrelated healthy control
subjects, but these differences did not reach statistical
significance. Furthermore, unlike that observed in groups
comprising both children and adults, the abundance of
the bacterial genus Alistipes was similar among individ-
uals under the age of 18 years. Finally, the abundance of
the Bacteroidetes genus Barnesiella was found to be signif-
icantly different among children and adolescents (data not
shown). A similar analysis in subjects older than 18 years
was not performed due to a limited sample number in each
cohort.

Collectively, these findings may suggest that alterations
in the abundances of specific bacterial groups can be ob-
served in the intestine of genetically susceptible individuals
prior to and after disease onset and some of these changes
may be age related.

Gut Microbiome in Subjects at Low Versus High Risk
for Disease Development

Next, we sought to identify trends in the gut microbiota
of subjects at high risk versus low risk for T1D. To do so,
we analyzed the intestinal microbiome of subjects with
two to four autoantibodies (n = 16) versus one autoantibody
(n = 5) using less stringent criteria, without adjustment for
multiple comparisons, for this preliminary subanalysis.
The data shown in Table 3 demonstrate a 6- and 12-fold
increase in the abundances of the genera Bacteroides and
Akkermansia, respectively, in subjects with two to four
versus one autoantibody (unadjusted P = 0.01 and P = 0.04,
respectively). In contrast, a considerable 260-fold reduc-
tion was observed in the abundance of Prevotella in subjects
with multiple versus one autoantibody (unadjusted P =
0.01). Finally, reduced abundances, albeit to a lesser de-
gree than seen for Prevotella, were observed in the level
of the genera Butyricimonas, Coprococcus, and Butyrivibrio
(unadjusted P = 0.03 for Butyricimonas and Coprococcus
and P < 0.01 for Butyrivibrio). These findings suggest
that seropositivity with more than one autoantibody
may be linked with alterations in the abundance of

bacteria that belong to the Bacteroidetes and Firmicutes

phyla.

Canonical Discriminant Analysis

We used canonical discriminant analysis to identify con-
stituents of the gut microbiota that multivariately differ-
entiate across the groups. In this analysis, taxa with
relative abundance <1% were combined into a single rare
category. Healthy control subjects and new-onset patients
formed fairly well-separated clusters, whereas seronega-
tive FDRs and seropositive subjects clustered together but
separate from the other two groups (Fig. 3 and Supple-
mentary Tables 3 and 4). The majority of the separation
was due to the first component (P = 0.02 for the first
component and P = 0.15 for the first two). The first com-
ponent separated the new-onset from the remaining
groups, and the second component separated the healthy
control subjects and new-onset cluster from the seropos-
itive and seronegative FDRs. These data raise the hypoth-
esis that the gut microbiomes of seropositive subjects and
seronegative FDRs are similar to each other but distinct
from those of new-onset patients and unrelated healthy
individuals. The data may also imply that the gut micro-
biota of new-onset subjects is different from that of un-
related healthy individuals.

DISCUSSION

The intestinal microbiota plays a pivotal role in main-
taining immune homeostasis in the gut and periphery,
protecting against microbial infections and promoting the
development and functionality of the immune system (29).
A shift in the compositional structure of the gut micro-
biome could potentially lead to the disruption of the nor-
mal interplay between the microbiota and the host,
resulting in adverse effects on health (30). Indeed, recent
human and animal studies have linked alterations in the
gut microbiota to both proinflammatory and metabolic
disorders (29). The composition of the gut microbiota is
influenced by environmental factors, such as diet, exposure
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Table 3—Median percent abundances of bacterial taxa in subjects with one versus multiple autoantibodies

One autoantibody Two to four autoantibodies Unadjusted

Taxa? (n =5) (n = 16) P value®
Bacteria/Bacteroidetes/Bacteroidia/Bacteroidales/

Bacteroidaceae/Bacteroides 6.37 (5.67-6.96) 35.62 (13.20-49.29) 0.01
Bacteria/Bacteroidetes/Bacteroidia/Bacteroidales/

Prevotellaceae/Prevotella 12.91 (9.62-26.77) 0.05 (0.01-1.82) 0.01
Bacteria/Bacteroidetes/Bacteroidia/Bacteroidales/

Porphyromonadaceae/Butyricimonas 0.53 (0.28-0.54) 0.23 (0.00-0.33) 0.03
Bacteria/Firmicutes/Clostridia/Clostridiales/

Lachnospiraceae/Coprococcus 1.37 (0.62-2.16) 0.26 (0.09-1.02) 0.03
Bacteria/Firmicutes/Clostridia/Clostridiales/

Lachnospiraceae/Butyrivibrio 0.08 (0.04-0.44) 0.00 (0.00-0.00) <0.01
Bacteria/Verrucomicrobia/Verrucomicrobiae/

Verrucomicrobiales/Verrucomicrobiaceae/

Akkermansia 0.06 (0.02-0.08) 0.74 (0.15-4.46) 0.04

Data are median relative abundance of 16S rRNA sequences for bacterial clade. Shown in parentheses are the ranges of the bacterial
abundance. ®Phylogeny of bacterial genera, assigned by 16S rRNA sequencing analysis. PResults from Wilcoxon rank-based test.

to microbes, geography, and cultural differences (reviewed
in Yatsunenko et al. [31]). Herein, we addressed the poten-
tial link between compositional changes in the intestinal
microbiota and disease development. We present for the
first time microbiome data from at-risk and new-onset
subjects living in the U.S. We made four key observations.
First, no clear bacterial signature of predominant OTUs
was detected in individuals with islet autoimmunity prior
to and after disease onset (seropositive and newly diag-
nosed subjects). Second, the abundances of four bacterial
genera were altered in seropositive subjects with one or
more autoantibodies compared with seronegative FDRs.
Third, the gut microbiota of healthy control subjects with
no family history of autoimmunity had increased abundan-
ces of Lactobacillus spp. and Staphylococcus spp. versus new-
onset patients and seropositive and seronegative FDRs.
Last, canonical discriminant analysis suggested that the
intestinal microbiomes of seropositive subjects and sero-
negative FDR cohorts are similar to each other but distinct
from those of new-onset patients and unrelated healthy
control subjects and that the microbiota of new-onset
patients is different than that of unrelated healthy sub-
jects. On the basis of these data, we hypothesize that alter-
ations in the intestinal microbiome may be linked with
diabetes susceptibility and T1D onset.

How alterations in the abundances of the bacterial phylum
Bacteroidetes (Bacteroidetes other) and the Bacteroidetes
genus and family RC9 gut group and Prevotellaceae, respec-
tively, that we observed in seropositive subjects compared
with seronegative FDRs is not yet clear. Changes in the
level of the RC9 gut group were observed by us in diabetes-
susceptible Toll-like receptor (TLR)9-deficient versus diabetes-
resistant mice (11). The altered abundances of the bacterial
genus and family Catenibacterium and Prevotellaceae, re-
spectively, in seropositive versus negative individuals are
reminiscent of observations made in subjects with HIV. In
patients with HIV, the fecal microbiota contained higher

levels of Catenibacterium and Prevotellaceae (32). It remains
to be seen whether the increase in these microbes in sub-
jects with islet autoimmunity may be caused at least in part
by proinflammatory responses, as was recently suggested
for individuals with HIV (32).

We observed a reduction in the relative abundances of
Staphylococci and Lactobacilli in the new-onset, seroposi-
tive, and seronegative FDR groups versus the unrelated
healthy control group. The data could raise the hypothesis
that subjects in the former groups have relatively limited
ability to regulate proinflammatory responses. Indeed,
potentially probiotic members of Lactobacilli (33) have
been associated with beneficial effects on proinflammatory
disorders (34). Support for the possibility that Lactobacilli
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Figure 3—Plot from canonical discriminant analysis used to dis-
criminate between seropositive and seronegative subjects. The
weights attributed to the taxa that contributed the most to the
components are displayed as vectors in the plot.
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could potentially downmodulate inflammation is provided
by recent data that dendritic cells cocultured with species
of Lactobacilli induce polarization of regulatory T cells
(35,36). As to Staphylococcus, it is an important inhabitant
of the human skin and the intestine (37). Its beneficial
effect on the gut microbiome could potentially be associ-
ated with promoting the growth of anaerobic bacteria, in-
cluding species of the genera Bifidobacterium, Clostridium,
and Bacteroides, bacterial groups that promote maturation
of the neonatal gut (33,38). Adding to the complexity of
a possible role of Staphylococcus in T1D is the fact that
these bacteria were also associated with the ability to pro-
mote proinflammatory responses (39). Thus, future studies
are required to elucidate whether and how changes in the
abundance of Staphylococci and Lactobacilli are linked with
disease progression.

The mechanisms leading to alterations in the intestinal
microbiota or the timing of these changes in genetically
susceptible individuals are not yet known. Our recent
animal studies suggested that dysbiosis may develop as
a result of microbial infections (10,11). Another potential
mechanism could be associated, at least in part, with
changes in immunity (32). We have recently shown that
monocytes and dendritic cells from autoantibody-positive
and new-onset subjects have enhanced TLR-induced
interleukin-1p responses (12). That the immune system
can reshape the gut microbiome with subsequent health
changes is based on recent mouse studies. For example,
mice with aberrant expression of TLRS5, interleukin-22, or
the inflammasome have altered gut bacteria associated
with colitis (40-42) and metabolic syndrome (43). Further-
more, Wen et al. (6) and our studies (11) demonstrated
that diabetes-susceptible mice deficient in various TLR
pathways have altered intestinal microbiota. The possibil-
ity that the altered gut bacterial composition observed in
seropositive subjects and autoantibody-free FDRs com-
pared with new-onset patients and unrelated healthy indi-
viduals is linked with differences in the expression of
high-risk diabetes HLA alleles is not supported by our
data, as we did not find significant association between
bacterial abundances and the expression HLA3 and/or
HLA4 versus other HLA types. Previous studies in mice
(44) and rats (45) have demonstrated that MHC expres-
sion is one of the factors that governs the gut bacterial
composition. It remains to be determined whether, like
mice and rats, the gut bacterial composition in humans is
influenced by the HLA profile.

Whether the altered gut microbiome observed in new-
onset patients is associated with disease onset is unknown,
since it could be linked at least in part with inflammation
observed in patients after disease onset (46). Our data do
not support the possibility that a shift in the gut micro-
biome in this cohort is linked with levels of HbA;, age at
onset, or disease duration (data not shown). It could be
that alterations in the gut microbiota of new-onset patients
are a result of changes in diet that often ensue after disease
onset (reviewed in Maslowski and Mackay [47]).
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We found a pattern toward increased abundances of
the Bacteroidetes genus Bacteroides and a reduction in the
Bacteroidetes genus Prevotella and the phylum Firmicutes
in subjects with multiple autoantibodies versus one auto-
antibody. These data are consistent with two Finnish
studies showing that seropositive individuals with multi-
ple autoantibodies have altered abundance of the Bacter-
oides genus (48). An increase in Bacteroides has been
linked with the “Western diet” characterized by content
high in protein and fat and low in plant fiber, whereas an
increase in Prevotella has been linked to a diet rich in plant
fibers (49). Prevotella is highly prevalent in African chil-
dren with a diet rich in grains (50), and taxa from both
Prevotella and Firmicutes can digest plant polysaccharides
(49,51) and promote the production of short-chain acids
known for their anti-inflammatory properties (52). Through
similar mechanisms, a Western diet may also be involved
in the global rise in the incidence of T1D observed in
recent decades (47,53). Our data further demonstrate
a trend toward a reduction in the level of Butyricimonas
and Coprococcus and an increase in Akkermansia in sub-
jects with multiple autoantibodies compared with one
autoantibody. How these changes may be involved in
disease progression is unclear. The abundance of the
Firmicutes genus Coprococcus was shown to be elevated
in Crohn disease and decreased in HIV individuals (54),
whereas taxa that belong to Butyricimonas, Butyrivibrio,
and Akkermansia were linked with the synthesis of short-
chain fatty acids (55-57).

Our observations are somewhat different than data from
previous reports that demonstrated increased microbial
diversity in patients with diabetes (15) or increased abun-
dances of the Bacteroidaceae family and the Bacteroides genus
in seropositive individuals compared with autoantibody-
negative control subjects (48). There could be various
reasons for these seemingly disparate observations, as
the gut microbiome is influenced by multiple environmen-
tal factors, such as diet, exposure to microbes, geography,
climate, and cultural differences that exist between differ-
ent countries and communities (reviewed in Yatsunenko
et al. [31]). Finally, the use of different data analysis ap-
proaches in previous studies compared with those used by
us could also have led to a different outcome.

This study has a number of potential limitations. First,
our results must be confirmed in larger, multicenter subject
cohorts to assess their validity and generalizability. The
relatively small sample size limited our ability to detect
significant differences in the microbiota of individuals
with multiple autoantibodies versus one autoantibody.
Second, due to the cross-sectional design of the study,
we were unable to determine whether alterations in the
microbiome within an individual were associated with
disease progression. Despite these limitations, our cohorts
were very well characterized, and the approach used
enabled us to analyze for the first time the gut microbiome
of genetically susceptible individuals with and without islet
autoimmunity versus the general population.
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In summary, our data raise the hypothesis that al-
terations in the structural composition of the intestinal
microbiota are associated with T1D progression. Identi-
fying bacteria and immune pathways associated with early
diabetes may lead to a new class of immunotherapies to
modulate the gut microbiota and prevent islet destruction.
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