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Effect of Early-life Gut Mucosal Compromise on
Disease Progression in NOD Mice

Katja M Bendtsen,"” Camilla HF Hansen,' Lukasz Krych,® Karsten Buschard,”? Helene Farlov,' and Axel K Hansen'

Disease expression in spontaneous nonobese diabetic (NOD) mice depends on environmental stimuli such as stress, diet, and gut
microbiota composition. We evaluated a brief, early-life gut intervention in which pups were weaned to low-dose dextran sulfate
sodium (DSS). We hypothesized that the mucus-reducing effect of this compound and subsequent increased host-bacterial contact
would delay disease onset and decrease insulitis due to enhanced oral tolerance. However, disease incidence did not differ between
groups, although median survival (time point when 50% of the mice are still alive) of the control group was 184 d compared with
205 d for DSS-treated mice. Mean age at disease onset (that is, blood glucose of at least 12 mmol/L) was 164 d for control mice and
159 d for DSS-treated mice. In addition, 62.5% of control mice reached a blood glucose of 12 mmol/L before 30 wk of age compared
with 59% in DSS-treated mice, which had a significant transient increase in serum insulin in week 4. No changes were found in
immune cells collected from spleen, pancreatic lymph nodes, and mesenteric lymph nodes. Although mice received a low dose of
DSS, the subsequent reduction in the diversity of the microbiota during weeks 4 through 6 led to increased cecal length and weight
and, in week 13, a tendency toward decreased colon length, with increased leakage of LPS to the blood. We conclude that mucus
reduction and subsequent increased host-bacterial contact did not affect overall disease progression in NOD mice.

Abbreviations: DSS: dextran sulfate sodium; NOD, nonobese diabetic; OTU, operational taxonomic unit; ng, regulatory T cells

The nonobese diabetic (NOD) mouse is an extensively stud-
ied spontaneous genetic model for the development of type 1
diabetes mellitus. This immune-mediated disease is caused by
molecular dysfunction leading to the rise of islet-antigen—spe-
cific cells, which autonomously attack the insulin-producing
cells in the pancreas. The insulitis is of a mixed and progressive
nature, with infiltration innately initiated by neutrophils, den-
dritic cells, and macrophages and continued through both T and
B lymphocyte reactivity."* Typically NOD mice are diagnosed
when blood glucose reaches 12 mmol/L (reference value, 4 to
6 mmol/L) beginning at approximately 10 wk of age, however
prediabetic mechanisms are recognizable from as early as 3 to
6 wk.”!! Despite the strong genetic and molecular background,
the model is further complicated in its etiology by many exter-
nal manipulations that affect disease outcome. In addition to a
sex-associated bias, with an incidence of 40% to 90% in females
compared with 10% to 40% in males," the incidence, progression,
and severity of the hyperglycemia in NOD mice are dependent
on environmental circumstances from fetus to adult. Housing,
handling, and transportation stress have often been claimed to
alter incidence, likely mediated through stress-related changes
in the gut microbiota.?® Gluten in the diet is known as a strong
trigger; NOD mothers kept on a gluten-free diet give birth to low
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incidence pups, and similar results are achieved in weaning the
pups from a standard fed mother to a gluten-free diet.?! The ef-
fect is in fact considered to be mediated by the microbiota of the
gut, which has an important influence on the onset and progres-
sion in this model,'** as with other inflammatory diseases due
to the effect on regulatory immune priming.? The importance of
mucosal immune interaction with commensal bacteria and in-
digenous antigens for tolerance maintenance is shown in several
studies,'*!>* and enhancing the regulatory immune environment
in this model was previously reported as a suggested factor in
disease amelioration.*'*'”!” Even though no translational treat-
ments have yet been achieved, the NOD mouse model has great
value in search for basic mechanistic understanding exploitable in
human diabetes research. In fact, a gluten-free diet is a promising
prevention in maintaining children off insulin treatment.®
Because ‘diabetogenic’ microbiota compositions have been
proposed,’ factors that influence the gut microbiota composition
in NOD mice should be assessed. For example, a change from
neutral to acidified water decreased diabetes incidence, with a
shift to decreased Firmicutes and increased Bacteriodetes, Acti-
nobacteria, and Proterobacteria and upregulation of Th17 and
regulatory T cells (T,,).** In the current study, we weaned NOD
pups to drinking water supplemented with a low dose of dextran
sulfate sodium (DSS), which compromises the gut barrier; higher
concentrations of DSS (usually 3% to 5%) cause colitis in rodents,
depending on strain, duration, and concentration.’®**We have
previously shown that low-dose DSS treatment compromises the
gut barrier due to an acute regulatory immunologic response in-
fluenced by dietary antigens and that DSS treatment changes the
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composition of gut microbiota toward decreased gram-positive
and increased gram-negative species,* which findings best are in
line with other studies. >*' Knowing the relevance of both the gut
microbiota and regulatory functions, we chose the NOD model to
evaluate the hypothesis that brief gut mucosal compromise dur-
ing early life would delay disease onset and decrease insulitis due
to increased host-microbial contact and increased stimulation of
Treg cells, thereby testing the robustness of the model.

Materials and Methods

This study was in agreement with the Directive 2010/63/EU
of the European Parliament, the Council of 22 September 2010
on the protection of animals used for scientific purposes, and the
Danish Animal Experimentation Act (LBK 474 15/05/2014). The
study was approved by the Animal Experiments Inspectorate
under the Ministry of Environment and Food in Denmark (license
no. 2012-15-2934-00256 C1-5).

Mice. All animals were female NOD/BomTac mice, bred on-
site in barrier-protected rooms, and weaned at 3 wk (minimal
body weight, 6.5 g). The breeding mice were purchased from
Taconic (Hudson, NY) and were free of murine pathogens evalu-
ated during their routine health monitoring program. At our fa-
cility, sentinel mice were serologically tested for and found free
of mouse hepatitis virus, reovirus type 3, Theiler virus (GDVII),
Sendai virus, minute virus of mice, mouse parvovirus, rotavirus
(EDIM), and Clostridium piliforme (Biodoc Diagnostics, Hannover,
Germany). Fecal samples from cages were tested inhouse for en-
doparasites (Fecalyzer, Kruuse A/S, Marbjerg, Denmark). Full
microbiota 16S sequencing (Miseq, Illumina, San Diego, CA) was
done inhouse on samples from all mice from the study. None of
the assays revealed any reportable agents according to FELASA
guidelines for health monitoring.'*

The animals were housed in standard cages (type 1290, Techni-
plast, Buggiatate, Italy) with aspen chip bedding (Tapvei, Har-
jumaa, Estonia) supplemented with Enviro-Dri and Alpha-Nest
nesting material (Shepard Specialty Papers, Watertown, TN),
Shepherd Shacks (Shepard Specialty Papers), and an aspen chew
block (Tapvei). They were fed a standard diet (no. 1324, Altro-
min, Lage, Germany) and housed under a 12:12-h light:dark cycle
(lights on, 0700) with 55% humidity and temperature of 20 to 24
°C. Treatment with 1% DSS (molecular weight, 36,000 to 50,000
Da; lot no. M2709; catalog no. 160110, MP Biomedicals, Santa
Ana) in free-choice municipal drinking water beginning on the
day of weaning, for a total of 7 d. The solution was changed once.
Water and food intakes were measured during the treatment
week and for 2 wk after.

Design. Two experimental groups of mice were evaluated: an
incidence group and a sample-collection group. Untreated control
(n = 25) and DSS-treated (n = 29) NOD mice were followed until
they were 30 wk old. The mice were weighed and cage-changed
once weekly and handled minimally. From week 10 through 30,
the blood glucose level was measured once each week; if it was at
least 7 mmol, the mouse was measured again after 2 d. When the
blood glucose level exceeded 12 mmol, the mouse was considered
diabetic and euthanized. One control mouse was euthanized ear-
ly in the study due to a study-unrelated pathogenic finding iden-
tified during daily inspection. In addition, 9 control mice (37.5%)
and 11 DSS-treated animals (37.9%) did not reach the diabetic
threshold of 12 mmol/L.

Early-life gut mucosal compromise in NOD mice

Of the sample-collection group, 6 control mice and 6 DSS-treat-
ed mice were euthanized after the last treatment day (age, 4 wk),
and relevant samples collected to evaluate their status. At 6 and
13 wk of age (reflecting early prediabetic state and after normal
onset-age, respectively), 8 control and 8 or 9 DSS-treated mice
were euthanized, and serum, plasma, feces, cecal contents, weight
and length of cecum, length of colon, pancreas, spleen, and pan-
creatic and mesenteric lymph nodes were collected.

General sampling procedure. The blood glucose was measured
by tail sampling (FreeStyle Lite Blood Glucose Monitoring Sys-
tem, Abbott, Chicago, IL), the mouse weighed and then sedated
with fentanyl, fluanisone (0.315 mg/mL fentanyl with 10 mg/
mL fluanisone, VetPharm, Anglesey, Wales), and 5 mg/mL mid-
azolam (Roche, Denmark) diluted 1:1:2 in sterile water and dosed
at approximately 0.6 mL/100 g body weight. Blood was collected
from the infraorbital sinus by using a hematocrit tube, first into an
EDTA tube and then into a sterile microfuge tube. The EDTA tube
was placed on ice, and both tubes were allowed 15 min to coagu-
late. After centrifugation, plasma and serum were frozen imme-
diately at —20 °C and stored at 80 °C when prolonged reservation
was necessary. Immediately after blood collection, the mouse was
killed by cervical dislocation. First, the pancreatic lymph nodes
were dissected and placed in cold PBS (Sigma—Aldrich, St Louis,
MO). Then the pancreas was placed in formaldehyde, and finally
the spleen and mesenteric lymph nodes were placed in cold PBS.
The gut was exteriorized, the colon and cecum measured, and
feces or cecal contents (or both) were collected and frozen imme-
diately at —20 °C and stored at —80 °C when prolonged preserva-
tion was necessary.

Flow cytometry. Samples were stored in 1 mL cold PBS (Sigma-
Aldrich) in microfuge tubes and processed within 2 h. The cells
were isolated by placing the tissue between 2 microscope slides
and gently pressing them together. Cells were resuspended in 5
mL PBS, with subsequent filtering through a 100-pm cell strainer
(catalog no. 340611, BD Biosciences, San Jose, CA). Lysis, washing,
and staining were performed according to the manufacturer’s
protocol for FoxP3 staining buffer (catalog no. 00-5523-00, eBio-
science, San Diego, CA). The following antibodies were used:
CD8-APC (catalog no. 561093), CD25-PE (550082), CD4-PerCP
(550954), CD25-APC (561048), and CD4-FITC (553046; all from
BD Biosciences) and CD3-FITC (11-0032-82), y6-TCR-PE (12-5711-
82), and FOXP3-PE (12-5773-82) from eBioscience. Isotype con-
trols were APC IgG2a (catalog no. 560720), APC IgG1 (554686),
and FITC IgG2b (556923) from BD Biosciences and PE IgG1 (12-
4301-81) from eBioscience. Flow cytometry was performed by
using a model C6 flow cytometer (Accuri Cytometers, Ann Arbor,
MI).

Insulin and LPS. Plasma insulin content was measured in du-
plicate without dilution by using a standard fluorescence direct
sandwich ELISA system (catalog no. 10-1247-01, Mouse Insulin
ELISA, Mercodia, Uppsala, Sweden) according to the manufac-
turer’s protocol. LPS content was measured by using a fluores-
cence excitation/emission ELISA system (Pyrogene Recombinant
Factor C Endotoxin Detection Assay, 50 to 658 U, Lonza, Visp,
Switzerland) in serum diluted 1:1000, as established by using the
product inhibition test according to the manufacturer’s protocol.
The diluted samples were heat-inactivated in 70 °C water bath for
10 min before proceeding, as recommended by the manufacturer.
The fluorescence is proportional to the endotoxin concentration

389

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



Vol 67, No 5
Comparative Medicine
October 2017

50

gpomn

% of total islets counted

E - T - k T — T — - T -
DSS6w Controléw DSS13w Control 13 w
Figure 1. Insulitis evaluation. Insulitis of NOD mice treated with 1% DSS at weaning for 7 d was evaluated at weeks 6 and 13 and compared with that of
control mice. (A) Islets of Langerhans with increasing infiltration. Representative histologic images of islet scores 1 through 4 used to evaluate insulitis.
Upper left: score 1 = no infiltration (bar; 50 um), upper right: score 2 = non-invasive peri-insulitis (bar; 20 um), lower left: score 3 = invasive infiltration
of <50% of islet (bar; 100 pm), and lower right: score 4 = invasive infiltration of >50% of islet (bar; 100 um). (B) Overview of insulitis scores per group.
The graph shows the assigned scores within treated and control groups (percentage of total number of counted islets per group).
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Early-life gut mucosal compromise in NOD mice

Table 1. Insulitis scores (% of 20 islets per mouse; mean + 1 SD) of NOD mice treated with 1% DSS for 7 d after weaning and of untreated control

mice
Score
1 2 3 4
Week 6
DSS (n=9) 69.4+15.7 13.3+6.6 16.1+10.2 1.1+22
Control (n = 8) 725+19.1 11.3+74 16.3+14.6 0£0
Week 13
DSS (n = 8) 15.6+11.5 21.9+103 325185 30.0+£14.9
Control (n = 8) 14.4+15.0 13.8+£10.3 413+ 14.6 30.6 £18.9
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Figure 2. Flow cytometric evaluation of activated T and T, cells. Immune cell counts were evaluated in NOD mice treated with 1% DSS for 7 d, be-
ginning at weaning, in pancreatic lymph nodes (left panels%, mesenteric lymph nodes (middle panels), and spleen (right panels) at weeks 6 and 13.
Horizontal lines indicate mean values. (A) Percentage of CD25*CD4* cells at 6 wk. (B) Percentage of FoxP3*CD25*CD4" cells (Treg) at 6 wk. (C) Percent-
age of CD25*CD4* cells at 13 wk. (D) Percentage of FoxP3* CD25*CD4* cells (Treg) at 13 wk. No significant differences were found for any population.
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Figure 3. Flow cytometric evaluation of CD3*, y8*, NK, and NKT cells at weeks 6 (3 leftmost columns of graphs) and 13 (3 rightmost columns of graphs)
in pancreatic lymph nodes (left graph of each set of 3), mesenteric lymph nodes (middle), and spleen (right). Horizontal lines indicate mean values. (A)
Percentages of CD3*CD4" cells. (B) Percentages of y6*CD3* cells. (C) Percentages of NKT cells. (D) Percentages of NK cells. No significant differences
were found for any population.

Table 2. Age (d) of control and DSS-treated NOD mice at disease onset and blood glucose concentration at euthanasia

Control DSS
Age (d) when blood glucose >7 mmol/L n 17 11
Mean 158.9 150.5
1SD 35.24 33.97
Minimum 105 84
Maximum 217 187
Age (d) when blood glucose n 16 18
212 mmol/L Mean 164.6 159.6
1SD 31.75 40.46
Minimum 105 84
Maximum 224 231
Blood glucose (mmol/L) at euthanasia n 15 17
Mean 16.34 17.9
1SD 4.04 2.48
Minimum 12.20 12.7
Maximum 27.8 22.10

NOD mice were treated with 1% DSS for 7 d, beginning at weaning. Blood glucose of untreated control and DSS-treated mice was monitored at least
weekly beginning 10 wk of age. Mice were considered hyperglycemic when blood glucose exceeded 7 mmol/L and monitored twice weekly; once the
blood glucose exceeded 12 mmol/L for 2 consecutive measurements, the mice were diagnosed as diabetic and euthanized.

on a double-log scale and is linear in the range of 0.005 to 5.0 tion at the edges of the islet; 2, less than 25% of the islet affected;
endotoxin units. 3, 25% to 50% affected; 4, more than 50% affected (Figure 1 A).

Histology. For scoring of insulitis, mice were killed by cervi- For histologic evaluation, the gut was exteriorized, and the colon
cal dislocation and the pancreas placed in formaldehyde until (from cecum to distal colon, without anus) and ileum (2.5 cm)
embedded in paraffin and stained with hematoxylin and eosin. were opened longitudinally. The surface was cleaned and flushed
Scores were given to each of 25 islets per mouse across 6 slides. with cold PBS, and the tissue was rolled transversally with the
Scores were assigned as: 1, no to slight mononuclear cell infiltra- luminal surface inside. The rolls were fixed by using a 27-gauge
392
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needle, preserved in formaldehyde for 5 d, and then placed in
70% ethanol until paraffin embedding.

Bacterial DNA. When mice were handled, fecal pellets were
collected in sterile microtubes and stored at —80 °C until bacterial
DNA was extracted (catalog no. 51504, QIAamp DNA Stool Mini
Kit, Qiagen, Hilden, Germany). The quality and quantity of DNA
were assessed (NanoDrop 1000, Thermo Scientific, Waltham, MA)
before storage at -80 °C. Samples were purified (PowerClean Pro
DNA Clean-Up Kit, Mo Bio Laboratories, Carlsbad, CA), and
spermine was added to prevent DSS from inhibiting the poly-
merase.

High-throughput sequencing. The composition of the fecal
microbiota was determined by using tag-encoded 16S rRNA
high-throughput sequencing (MiSEquation 2 x 250PE, Illumi-
na). Cellular DNA extraction, DNA storage, sequencing library
preparation steps, and merging and trimming of the raw dataset
containing pair-ended reads with corresponding quality scores
were done as previously described.* For analysis steps, the Quan-
titative Insight Into Microbial Ecology (QIIME) open-source soft-
ware package’ (versions 1.7.0 and 1.8.0) was used. The UPARSE
pipeline® was used to purge chimeric reads from the data set and
construct de novo operational taxonomic units (OTU). The Green
Genes (version 13.8) 16S rRNA collection was used as a reference
database.*

Principal coordinate analysis plots were generated by using the
Jackknifed Beta Diversity workflow based on 10 distance metrics
calculated by using 10 subsampled OTU tables. The number of
sequences taken for each jackknifed subset was set to 85% of the
sequence number within the most indigent sample. Weighted
and unweighted UniFrac® distance matrices were generated
based on rarefied (7500 reads per sample) OTU tables, and sepa-
ration between the groups was tested with analysis of similari-
ties (ANOSIM). The relative distribution of the registered genera
was calculated for normalised and summarized at the genus level
OTU tables.

The o diversity measures expressed for an observed species
(sequence similarity, 97% OTU) value were computed for rarefied
OTU tables (7500 reads per sample) using the o rarefaction work-
flow (QIMME v1.8.0). Differences in o diversity were determined
by using a t test-based approach according to the nonparametric
(Monte Carlo) method (999 permutations) implemented in the
Compare o Diversity workflow (QIMME v1.8.0).

ANOVA was used to determine quantitative (relative abun-
dance) association of OTUs with given group. These were calcu-
lated based on 1000 subsampled OTU tables rarefied to an equal
number of reads (7500 per sample) and summarized to the ge-
nus level. Both the P value and the conservative FDR-corrected P
value for multiple comparisons are reported.

The G test of independence (q_test) and ANOVA were used
to determine qualitative (presence or absence) and quantitative
(relative abundance) association of OTU with a given group, re-
spectively. These were calculated based on 1000 subsampled OTU
tables rarefied to an equal number of reads (7500).

Data were tested with the D’Agostino and Pearson omnibus
normality test (Prism 6, GraphPad Software, San Diego, CA), and
normally distributed data were tested at a 95% confidence level,
with one-way ANOVA and paired or unpaired Student ¢ tests
with Welch correction for unequal variances, when appropriate.
Nonparametric and small-sample-size data were tested with
Kruskal-Wallis and the Wilcoxon matched-pairs test or Mann-

Early-life gut mucosal compromise in NOD mice
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Figure 4. Blood glucose levels in control and DSS-treated NOD mice
during weeks 10 through 33. Mice were monitored once each week from
10 wk of age and were considered hyperglycemic when blood glucose
exceeded 7 mmol/L; they subsequently were monitored twice weekly
until blood glucose exceeded 12 mmol/L on 2 consecutive measure-
ments.

{pre-diabetic)

Whitney test, where appropriate. For plasma insulin, outliers
were detected and removed by using the ROUT method.” A gen-
eral linear model was calculated for immune cells, with treatment
as the primary factor and lymphatic organ as a secondary factor
(Minitab 17, Coventry, United Kingdom).

Results

Insulitis. Insulitis was evaluated in NOD mice at weeks 6 and
13 (Figure 1 and Table 1) and varied widely in both groups. When
scores were grouped together as noninvasive (scores 1 and 2) and
invasive (3 and 4), a mean of 72% of control group islets were
invasively infiltrated compared with 62% of islets in DSS-treated
mice (control median, 75%; DSS median, 70%; Mann-Whitney
test for nonnormality, P = 0.074). No significant differences were
found.

Immune cells. Flow cytometry was used to evaluate immune
cells in the pancreatic lymph nodes, mesenteric lymph nodes, and
spleen at weeks 6 and 13. Evaluation of activated T cells(Figure
2Aand C), T_ cells (Figure 2 B and D), CD3* (Figure 3 A), y6*
(Figure 3 B), NKT (Figure 3 C), and NK (Figure 3 D) cells did not
show significant differences for any population.

In addition, both CD4* and FoxP3* cell fractions were com-
pared in general linear models, with treatment as the primary fac-
tor and lymphatic organ as a secondary factor. Neither CD4* nor
FoxP3* cells differed in relation to treatment, whereas there were
significant (P = 0.000) differences relative to which lymphatic or-
gan they were sampled from.

Insulin, LPS, incidence, and blood glucose. Log-rank testing
revealed no significant difference between the incidence curves.
The median survival (defined as the time point at which 50%
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Figure 5. Insulin, LPS, and incidence. Plasma insulin and serum LPS values in control and DSS-treated NOD mice were measured at 4, 6, and 13 wk of
age. Incidence was evaluated according to blood glucose measurements from week 10. Left: Plasma insulin (pmol/L; *, P < 0.05, unpaired ¢ test with
Welch correction for unequal variances). Middle: Box and whiskers plot of serum LPS (endotoxin U/mL; whiskers, minimum to maximum; line, me-
dian; +, mean). *, P <0.05; 1, P <0.01 (unpaired t test). Right: Kaplan-Meier survival curve. Incidence is depicted as the proportion (%) of mice surviving
relative to the total number of mice per group. Median survival (defined as the time point at which 50% of the mice are still alive) of the control group
was 184 d compared with 205 d for DSS-treated mice.

Figure 6. Histologic images of colon. Left: ‘Swiss roll’ of DSS-treated colon. Bar, 200 pm. Right: Normal colonic tissue from control animal. Bar, 50 pm.
No pathologic changes were found upon histologic evaluation of control or DSS-treated NOD mice.

of the mice are still alive) was 184 d for the control group com- was significant in week 13. The effect of DSS on colon length ap-
pared with 205 d for DSS-treated NOD mice. In addition, 15 of proached significance in week 13 (P = 0.072; Figure 7).
24 (62.5%) mice in the control group reached a blood glucose Gut microbiota. In light of the change in cecum size, which also
level of 12 mmol/L before 30 wk, compared with 17 of 29 (59%) occurs in germ-free conditions, we investigated the effect of low-
DSS-treated mice, with average ages at onset of 164 and 159 d, dose DSS treatment in early life on the gut microbiota composi-
respectively (Table 2 and Figure 4). There was a transient effect on tion. At early ages (weeks 4 and 6 combined), we found a general
plasma insulin in week 4, immediately after DSS treatment, with separation in principal coordinate analysis, based on unweighted
a higher level in DSS mice than in control mice. Serum LPS did UniFrac distance matrices (qualitative) between control and DSS-
not differ between control and DSS, but increased from week 4 to treated mice (Figure 8). Because weighted UniFrac distance ma-
6 in both groups; subsequent values continued to increase in the trices (quantitative) showed no clear clustering, the difference in
DSS-treated mice but stabilized in control mice (Figure 5). microbial composition between week 4 and 6 is mainly due to
Cecum, colon, and gut microbiota. As expected, low-dose DSS the low-abundance or distantly related taxa. Evaluation of the
treatment was not associated with histologic abnormalities on presence and absence of bacteria (G test) showed that 10 OTU
examination of the gut (Figure 6). DSS treatment significantly in- classified to the Lachnospiraceae family (Firmicutes) and 2 OTU
creased cecum length at all measured time points. DSS treatment from 524-7 (Bacteriodetes) were significantly (P < 0.01) under-
tended to increase cecum weight in week 4 and 6, and the effect represented in the DSS group in weeks 4 and 6 (Table 3). In week
394
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Figure 7. Cecal length (left panels) and weight (middle panels) and colonic length (right panels) measured after euthanasia of control and DSS-treated
NOD mice at 4, 6, and 13 wk of age. Horizontal lines indicate mean values. *, P < 0.05; 1, P < 0.01 (unpaired ¢ test).

13, 6 members of the Rikenellaceae family from the Bacteroidetes
phylum were significantly (P < 0.01) underrepresented, and DSS
likely affected the presence of these bacteria. However, relative
abundancy of taxa did not differ between DSS-treated and control
NOD mice at week 4, 6, or 13 (Figure 9).

Discussion

In this study, we tested whether a brief early-life intervention
would influence disease development in NOD mice. NOD mice
potentially are prediabetic beginning at week 3 of age, and some
mice may already have developed diabetes at week 10. We evalu-
ated the incidence of diabetes until 30 wk of age; insulitis, im-
mune cells, and gut microbiota composition were evaluated at 6
and 13 wk.

The low-dose DSS treatment at weaning changed the composi-
tion of the gut microbiota transiently, influenced the gut metrics,
and briefly differentiated plasma insulin levels at 4 wk. However,
it had no significant influence on the numbers of immune cells,
insulitis, or diabetes incidence, demonstrating the robustness of
the NOD model despite early-life interruption of gut homeosta-
sis, barrier function, and microbiota.

Insulitis scores in the current study were subject to large varia-
tion, which might have contributed to the nonsignificant result.
In particular, although mean values suggested between-group

differences (at 13 wk, 72% of control group islets were invasive-
ly infiltrated compared with 62% in DSS-treated mice), testing
of median values yielded only a statistical tendency (P = 0.074,
Mann-Whitney). In another study, the mice failed to develop a
significant difference in insulitis until 20 wk, even though sig-
nificant differences in microbiota, gastrointestinal pH, and FoxP3
expression were demonstrated from 2 wk of age.** These data
further emphasize the robustness of the end-disease outcome of
NOD mice.

The low-dose DSS treatment we used had some effect on the
gut of NOD mice, demonstrated by the robust differences in cecal
length and weight from week 4 through 13. Colonic shortening,
a standard effect of colonic DSS treatment, was not significant at
week 6; however, there was a tendency toward delayed shorten-
ing in the DSS-treated mice at week 13 despite the lack of changes
in the histologic evaluation. A similar pattern was seen in the LPS
data: in DSS-treated mice, serum LPS levels in continued to in-
crease from 4 to 13 wk, whereas the control group remained at
same level as in week 6. These data indicate that DSS treatment
has a progressive effect on the gut barrier.

Diabetes incidence is the final outcome of the model, but the
prediabetic changes are more interesting in terms of disease
mechanisms. The cellular mechanisms in these early stages re-
spond to changes in the homeostasis of the gut microbiota due to
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Figure 8. Plots of differences in gut microbiota composition. Fecal samples collected during weeks 4 and 6 (combined) from DSS-treated and untreated
control NOD mice. Principal coordinate analysis plots are based on (A) unweighted and (B) generalized UniFrac distance matrices calculated from
10 rarefied (7500 reads per sample) OTU tables. PERMANOVA (F = 1.990, P = 0.001) and PERMANOVA-g (F = 1.827, P = 0.025) analyses based on
unweighted and generalized UniFrac distance matrices, respectively, show significant separation between the 2 categories. The degree of variation be-
tween 10 jackknifed replicates of principal coordinate analysis is displayed with confidence ellipsoids around each sample. Weighted UniFrac analysis
did not yield any separation between the categories (data not shown).

Table 3. Results of G test of independence

G probability FDR corrected OTU OTU OTU OTU
per 1000 OTU for 392 positive  positive negative. negative
Phylum Class Order Family Genus tables observations DSS Control DSS Control
OTU (4 and 6 wk of age)
Firmicutes Clostridia  Clostridiales Lachnospiraceae =~ — 0.001 0.381 0,4 7,3 12,8 2,6
Firmicutes Clostridia  Clostridiales Lachnospiraceae = — 0.004 0.857 0,3 6,3 12,9 3,6
Firmicutes Clostridia  Clostridiales Lachnospiraceae = — 0.009 1.153 4,7 9,6 8,5 0,3
Firmicutes Clostridia  Clostridiales Lachnospiraceae — 0.009 0.916 2,6 9,5 10,6 0,4
Firmicutes Clostridia  Clostridiales Lachnospiraceae = — 0.021 1.640 2,5 7,4 10,7 2,5
Firmicutes Clostridia  Clostridiales Lachnospiraceae — 0.027 1.527 58 9,6 7,4 0,3
Firmicutes Clostridia  Clostridiales Lachnospiraceae = — 0.035 1.720 4,7 8,5 8,5 1,4
Firmicutes Clostridia  Clostridiales Lachnospiraceae — 0.036 1.573 2,6 9,5 10,5 0,4
Firmicutes Clostridia  Clostridiales Lachnospiraceae — 0.038 1.482 58 9,6 7,4 0,3
Firmicutes Clostridia  Clostridiales Lachnospiraceae — 0.048 1.698 2,5 7,4 10,6 2,5
Bacteroidetes Bacteroidia Bacteroidales S24-7 — 0.026 1.680 1,5 7,3 11,7 2,5
OTU (13 wk of age)
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae — 0.009 1.006 0,3 6,3 8,5 1,4
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae — 0.014 1.128 1,4 6,3 7,4 1,4
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae — 0.031 2.031 0,3 5,2 8,5 2,5
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae — 0.003 1.093 0,3 6,3 8,5 1,4
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae — 0.005 0.752 0,3 6,3 8,5 1,4
Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae — 0.009 1.006 0,3 6,3 8,5 1,4

Fecal samples were collected during weeks 4, 6, and 13 from untreated control and DSS-treated NOD. Mice were treated with 1% DSS at weaning for
7days. The G test of independence (g_test) based on 1000 subsampled operational taxonomic unit (OUT) tables rarefied to the identical number of reads
(7500 per sample) indicates whether the presence or absence of a species is associated with a given category. The false discovery rate (FDR) represents
the probability after correction with FDR, where the raw P values are first ranked from low to high and then each P value is multiplied by the number
of tests divided by this rank. The 2 numbers in the OTU_positive columns respectively represent the number of OTU observed within a given group
and the number of OTU expected to be observed if the OTU was distributed randomly across samples from this category. The 2 numbers in the OTU_
negative columns respectively represent the number of OTU missing within a given group and the number of OTU expected to be missed if the OTU
was distributed randomly across samples from this category.
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control DSS
phylum class order family genus spacies
Bacteroidetes Bacteroidia Bacteroidales Other Other Other
B Eacteroidetes Bacteroidia Bacteroidales Bacterocidaceae Bacteroides Uinclassified
Bacteroidetes Bacteroidia Bactercidales Bacteroidaceae Bacteroides uniformis
B Eactercidetes Bacteroidia Bacleroidales Porphyromonadaceas  Parabacteroides Unclassified
B Eactercidetes Bacteroidia Bactercidales Prevotellaceae Prevotella Unclassified
B Bactercidetes  Bacleroidia Baclercidales Rikenellaceas Unclassified Unclassified
B Eacteroidetes Bacteroidia Bacteroidales 524-7 Unclassified Unclassified
I Cyancbacteria  Chloroplast Streptophyta Unclassified Unclassified Uinclassified
B Deferribacteres  Deferribacteres Deferribacterales Deferribacteraceas Mucispirillum schaedleri
P Firmicutes Bacilli Lactobacillales Lactobacilaceas Lactobacillus Unclassified
[ Firmicutes Clostridia Clostridiales Other Cther Other
[ Firmicutes Clostridia Clostridiales Unclassified Unclassified Unclassified
[ Firmicutes Clostridia Clostridiales Clostridiaceas Unclassified Unclassified
[ Firmicutes Clostridia Clostridiales Clostridiaceae CandidatusArthromitus  Unclassified
[ Firmicutes Clostridia Clostridiales Dehalobacteriaceas Dehalobacterium Unclassified
[ Firmicutes Clostridia Clostridiales Lachnospiraceas Other Other
I Firmicutes Clostridia Clostridiales Lachnospiraceas Unclassified Unclassified
I Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia Unclassified
[ | Firmicutes Clostridia Clostridiales Lachnospiraceas Butyrivibrio Unclassified
Firmicutes Clostridia Clostridiales Lachnospiraceas Coprococcus Unclassified
Firmicutes Clostridia Clostridiales Lachnospiraceas Dorea Unclassified
' Firmicutes Closlridia Clostridiales Lachnospiraceas [Ruminococous) gnavus
00 Firmicutes Clostridia Clostridiales Ruminococcaceae Other Other
P Firmicutes Closiridia Clostridiales Ruminococcaceae Unclassified Unclassified
BN Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerolruncus Unclassified
B Firmicutes Clostridia Clostridiales Ruminococcaceas Oscillospira Unclassified
B Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcus Unclassified
I Firmicutes Clostridia Clostridiales [Mogibacteriaceas) Unclassified Unclassified
B Firmnicutes Erysipelotrichi Erysipelotrichales  Erysipelotrichaceas Unclassified Unclassified
B eroicobacteria  Alphaprotecbacteria  Unclassified Unclassified Unclassified Unclassified
Tenericutes Maollicutes Anaeroplasmatales  Anaeroplasmataceas  Anaeroplasma Unclassified
Tenericutes Mallicutes RF38 Unclassified Unclassified Unclassified
Other

Figure 9. Abundance of various gut bacteria. Fecal samples were collected during weeks 4 and 6 (combined) and week 13 from DSS-treated and un-
treated control NOD mice. ANOVA identified no significant differences.
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particular food elements, antibiotics, and other factors and likely
are critical for future disease development within an individual.
The pattern of fluctuations in the blood glucose concentration, for
instance, has been proposed to reflect 2 phenotypes: one in which
the concentration progressively and steadily rises and the other in
which blood glucose acutely increases. Mice with lower starting
blood glucose values and steady rise were associated with higher
disease reversal.” In our study, plasma insulin showed a transient
significant difference at 4 wk of age, indicating an acute but not
persistent effect of DSS treatment. This finding could be a result
of the temporarily increased permeability across the barrier, with
increased uptake leading to transiently increased insulin level.

The low dose of DSS in the current study did not have any
marked effect on the standard disease parameters of the NOD
model. Because this model is considered highly dependent on
environmental influences, the idea of using a simple gut inter-
vention early in life to induce oral tolerance and decrease disease
expression is attractive. Data from our laboratory show that DSS
changes the composition of the gut microbiota, characterized by
increases in gram-negative strains, such as Proteobacteria, and
decreases in Firmicutes, and an overall decrease in diversity.*
Similar tendencies were seen in the current study, where Rikenel-
laceae and Lachnospiraceae were underrepresented in the DSS
group at weeks 4 and 6.

The importance of the microbiota in the NOD mouse is un-
questionable,” but whether the microbiota is a disease factor to be
manipulated or a result of stable intrinsic genetic conditions and
the contributions of the diet in these scenarios remain unresolved.
Some have suggested that NOD mice already have a ‘diabetogen-
ic’ microbiota.> One study found fewer colonic Alphaproteobacte-
ria, Bacteroides, and Ruminococcus and the presence of Prevotella,
generally concluding that NOD mice contained more pathogenic
strains and an overall different metabolic profile, compared with
diabetes-resistant mice.’ In that study, after fecal transplanta-
tion of NOD microbiota to diabetes-resistant mice, the normally
limited insulitis of the diabetes-resistant mice was exacerbated.
Interestingly, fecal transplantation of microbiota from diabetes-
resistant mice to NOD recipients did not overcome their diabetes.
In turn, administration of the probiotic VSL3 did not achieve any
effective colonization or disease amelioration.’

Interventions achieving most profound effects on diabetes de-
velopment occur during fetal life, by targeting the mother, for
example, through gluten-free diets or antibiotic treatment. Con-
flicting results have been reported for vancomycin, depending on
treatment timing: one study reported decreased incidence and
increased Akkermansia and tolerance when administered until
weaning of NOD mice,"” suggesting a health-improving effect on
the already established microbiota. In another report, administra-
tion of vancomycin to NOD mice from fetal life until the end of
the study increased disease incidence, Akkermansia species, and
Th1-type cells, pointing to a different microbiotal starting point
as well as a difference between brief early-life manipulation and
prolonged microbiotal intervention.> Very early-life events that
affect the establishment of the (diabetogenic) microbiota clearly
seem to be important for disease development in the NOD model.

DSS is known to disrupt the gut barrier, and we hypothesized
that this early-life intervention would increase the tolerogenic
effects of antigen—host contact, which normally leads to oral toler-
anceand T _ induction. However, NOD mice may have deficien-

reg
cies in antigen-presenting dendritic cells.” In addition, although
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the DSS treatment we used was low-dose and brief, NOD mice
may have a leaky gut, which has been proposed as a disease
mechanism>® leading to an increased Th1 inflammatory setting.

In conclusion, under the study conditions, DSS-induced dis-
ruption of small intestinal barrier function early in life failed to
influence immune cells and did not overcome the disease mecha-
nisms of the NOD mouse model. Other interventions, perhaps
occurring much earlier in life, seem to be necessary to overrule
the robustness of the NOD model.
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