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Assessment of the Inflammatory Effects of Gut
Microbiota from Human Twins Discordant for
Ulcerative Colitis on Germ-free Mice
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Disturbances in gut microbiota are prevalent in inflammatory bowel disease (IBD), which includes ulcerative colitis (UC).
However, whether these disturbances contribute to development of the disease or are a result of the disease is unclear. In
pairs of human twins discordant for IBD, the healthy twin has a higher risk of developing IBD and a gut microbiota that
is more similar to that of IBD patients as compared with healthy individuals. Furthermore, appropriate medical treatment
may mitigate these disturbances. To study the correlation between microbiota and IBD, we transferred stool samples from
a discordant human twin pair: one twin being healthy and the other receiving treatment for UC. The stool samples were
transferred from the disease-discordant twins to germ-free pregnant dams. Colitis was induced in the offspring using dextran
sodium sulfate. As compared with offspring born to mice dams inoculated with stool from the healthy cotwin, offspring
born to dams inoculated with stool from the UC-afflicted twin had a lower disease activity index, less gut inflammation, and
a microbiota characterized by higher o diversity and a more antiinflammatory profile that included the presence and higher
abundance of antiinflammatory species such as Akkermansia spp., Bacteroides spp., and Parabacteroides spp. These findings
suggest that the microbiota from the healthy twin may have had greater inflammatory properties than did that of the twin
undergoing UC treatment.

Abbreviations and Acronyms: DAI, daily disease activity index; DSS, dextran sodium sulfate; IBD, inflammatory bowel

disease; UC, ulcerative colitis
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Introduction

Ulcerative colitis (UC), characterized by inflammation and
ulcers in the colon and rectum, 733 is part of the human chronic
disease spectrum termed inflammatory bowel disease (IBD).
While some human patients respond to standard treatment,
others may require surgical interventions despite advanced
therapies. The precise etiology of IBD remains largely elusive;
however, a consensus is emerging that it arises from a com-
bination of genetic, immunologic, environmental, and gut
microbiota factors.>® Given the absence of a cure or predictive
tools for disease trajectory, coupled with the global increase in its
prevalence,?? a pressing need exists for a deeper comprehension
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of the disease’s nature and the determinants of its severity. Con-
sequently, numerous studies have examined the gut microbiota
of human IBD patients.>! Evidence indicates that an imbalance
favoring proinflammatory over antiinflammatory bacteria
contributes to the disease origin.** Specifically, IBD-prone indi-
viduals show a decline in diversity and reduced abundance of
Firmicutes.%>757¢ Diminished Bacteroidetes and elevated Pro-
teobacteria levels are also associated with IBD.>! Nonetheless,
conflicting findings have also surfaced,! particularly with regard
to the influence of IBD treatments in steering gut microbiota
toward a more beneficial profile.30374280 Interactions of gut
microbiota, diet, and various treatments have been reported.>**
Given the apparent impact of host genetics on gut microbiota
composition on IBD,* an important determination is whether
differences in specific taxa in patients and controls are due to
the disease, dietary choices, medication regimens, or genetics.
Consequently, identifying gut microbiota components that
trigger or contribute to disease onset is a complex undertaking.

In recent years, one research approach has been to mimic
the phenotype induced by a particular human gut microbiota
composition by transferring human gut material into germ-free
mice.?? This colonization results in a stable microbiota in the
transplanted animals, even across different housing conditions
and generations.*’ This methodology has successfully replicated
the obese phenotype of human patients in mice,*® while multiple
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microbiota transplantations have established an inducible
humanized microbiota mouse model for IBD, employing stool
samples from IBD patients exhibiting varying degrees of disease
activity.!> Experimental mouse models that exhibit key human
IBD traits*! can be chemically induced using methods such as
oral administration of dextran sodium sulfate (DSS) or rectal
application of haptens like oxazolone.?

In human cotwins discordant for IBD, the healthy twin has
a higher risk of developing IBD as compared with the general
population.!?# Recent findings suggest that the healthy cotwin
gut microbiota is more similar to that of their affected twin or
IBD patients in general, as compared with healthy individuals.!
It is conceivable that over a lifetime, the twin diagnosed with
IBD will have undergone numerous treatments and lifestyle
adjustments, including dietary modifications. Therefore, we
hypothesized that in some human twin pairs, the twin with
IBD may have developed a gut microbiota with less inflam-
matory potential and better protection against IBD than that
of the healthy twin. Thus, we conducted a study to compare
induction of IBD in offspring of pregnant mice inoculated with
fecal samples from one of 2 discordant twins: one healthy and
the other afflicted with UC.

Materials and Methods

Ethics. All animal experiments were carried out in accord-
ance with the Danish Act on Animal Experimentation (LBK No
1107 of July 1, 2022).5* The study was approved by the Animal
Experimentation Inspectorate, Ministry of Food, Fisheries and
Agriculture, Denmark (license number 2012-15-2934-00256) and
was planned in accordance with the PREPARE guidelines® and
reported in accordance with ARRIVE guidelines.’® Humane
endpoints were defined as weight loss greater than 20% of ex-
pected weight, reduced appetite, reduced activity, visible blood
in feces, and/or rectal prolapse. The human twin sample used
for this specific study was recruited and collected between July
1,2013, and December 31, 2013, as approved by the Ethics Com-
mittee of the Region of Southern Denmark (520120176) and the
Danish Data Protection Agency (2008-58-035). Informed verbal
consent and written consent were obtained from all subjects.

Animals, donors, and procedures. Eight to 12 germ-free Swiss
Webster (Tac:SW) mice (4 to 6 females, 4 to 6 males) (Taconic
Biosciences, Germantown, NY) were set up for pair breeding
at7 wk in our AAALAC-accredited isolator facility (Faculty of
Health and Medical Sciences, University of Copenhagen, Fred-
eriksberg, Denmark) in HEPA-ventilated isolators (PFI Systems,
Milton Keynes, UK) (pressure 110Pa, 23 °C). Mice were housed
with a light:dark cycle of 12:12h and received an irradiated Al-
tromin 1314 diet (Brogaarden) and sterilized water ad libitum.
Germ-free status of the recipients was confirmed by the absence
of bacteria in aerobic and anaerobic cultivation and 16S PCR.8!

Human stool samples for inoculation of mice were obtained
from a previously described Danish monozygotic IBD twin
cohort.#” A pair of human twins discordant for UC was selected
as donors. The twins were female, were 51y of age at sampling,
and had BMIs of 28.72 (overweight) and 33.41 (obesity class I)'¢
for the UC twin and healthy cotwin, respectively). Neither
twin had been treated with antibiotics during the 3mo before
sampling. The UC donor had remittent UC and had been di-
agnosed 20y earlier. At sampling, the UC twin was receiving
the standard medical treatment of 5-aminosalicylic acid.*” She
reported not having active disease at the time of sampling,
had a simple clinical colitis activity index score of 4 (inactive
disease 0 to 4, active disease 5 to 19),”” and had a fecal calpro-
tectin level of 379ng/L,' (a component of neutrophil cytosol

that provides a rough measure of inflammatory activity).% The
healthy cotwin had a colitis score of one and a fecal calprotectin
level of 22ng/L. The pairwise Bray—Curtis dissimilarity per-
cent for the twin pair was 66.5% and was calculated from 165
rDNA sequencing (V3-V4) data from the human stool samples
(unpublished results).

The human stool samples were collected according to the
Sample PREanalytical Code and Biospecimen Reporting for
Improved Study Quality guidelines.”* The twins collected
their own stool specimens and stored the samples in their home
freezer at —20°C.%” At collection from the participants’ homes,
samples were transferred immediately to a —80 °C freezer, which
has been reported as optimal to ensure stool samples are stable
in composition.”

Germ-free pregnant Swiss Webster mice were transferred in
an aseptic manner from the breeding isolator to 2 inoculation
isolators and were inoculated with stool from either the healthy
twin (referred to in figures and tables as “Healthy” mice) or the
UC twin (referred to in figures and tables as “UC” mice). The
human stool samples (200 uL per sample, previously stored at
-80°C) were suspended approximately 1:5 in sterile PBS in a
laminar flow hood. Two to 3 pregnant female germ-free mice
were used for each inoculum, and they were inoculated by oral
gavage with 200 uL human stool in PBS. Any excess sample was
distributed evenly on the fur of the inoculated mice to increase
the likelihood that the offspring would have a microbiota as
similar as possible to the original sample. An additional aliquot
of PBS-suspended stool sample was distributed on the fur of
the offspring and mammae of the mother at 1 and 3 wk after
birth. Previous studies report that colonization in this manner
remains stable over generations.*?

The pups were weaned at 3 wk of age and separated into
same-sex experimental groups within each litter. The mice were
then removed from the isolators and housed IVCs (Tecniplast,
Buguggiate, Italy) at one to 4 mice per cage under standard
laboratory conditions (a 12-h light:dark cycle and free access to
demineralized water and food [nonirradiated Altromin 1314,
Lage, Germany]) at the Biomedical Laboratory, University of
Southern Denmark, Odense, Denmark. The 2 groups were
housed in separate IVC systems and gloves were changed
between handlings. The room was controlled at 55% relative
humidity and 22 +3°C, and animal health status was monitored
according to FELASA guidelines.* Entry into the animal facil-
ity required donning protective clothing, disposable hats, and
dedicated shoes in a change room. Gloves were mandatory
when touching or handling animals.

Dextran sodium sulfate experiment and sample collec-
tion. The study design and timeline are illustrated in Figure 1.
The offspring (8 to 9 wk old) (Healthy-inoc n = 24 [12 males, 12
females] and UC-inoc n = 13 [4 males, 9 females]) were given
demineralized water containing 1.5% DSS (MP Biomedicals,
Solon, OH) ad libitum for 7 d to induce colitis. On the eighth
day, mice began to receive demineralized water without DSS.
Mice were euthanized by CO, asphyxiation on day 10 after
initiation of DSS but were euthanized prematurely if one or
more of the aforementioned humane endpoints were reached.
Four mice were euthanized prematurely when they reached
the aforementioned humane endpoints (2 mice on day 7 and
2 on day 9).

Fresh stool samples were collected from mice at baseline
(before DSS) and on days 7 and 10. At euthanasia, colon length
was measured, and cecum content was collected. The murine
colon was dissected and flushed with ice-cold PBS. Then, 1.5cm
of colonic tissue was fixed for 24 h in 4% formaldehyde, divided
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Figure 1. Experimental setup and timeline. After mating, pregnant germ-free mice were transferred from the breeding isolator into 2 different
isolators for inoculation with stool from either the healthy or the ulcerative colitis (UC) twin. The offspring remained in the isolators with their
mothers until weaning at approximately 3 wk of age. At approximately 5 wk of age, all offspring were removed from the isolators and separated
into experimental groups based on litter and sex. When the mice had reached 8 to 9 wk of age, dextran sulfate sodium (DSS) exposure was initi-
ated by giving all mice drinking water containing 1.5% (w/v) DSS ad libitum (baseline/day 1). On the morning on day 8, the DSS water was

substituted with pure drinking water. Mice were euthanized on day 10.

into 3 transverse fragments of 5mm, and transferred to PBS with
0.1% azide (all at 4°C) for storage before being embedded in
paraffin. All other samples were snap-frozen in liquid nitrogen
and stored at —80°C until analysis.

Blinding. When handling and assessing the mice, the daily
care staff and the clinical assessor were blind to which human
stool sample each cage of mice had received. An experienced
pathologist who was blind to treatment group assessed and
scored histologic findings. For the 16S and metabolomics analy-
ses, the 2 groups were assigned the names ‘donor 0" and ‘donor
1, such that the data analyst was blind to the sample origin.

Clinical assessment. Body weight, fecal score, and fecal blood
score were assessed on individual fecal samples every day from
baseline until euthanasia. Occult fecal blood was evaluated us-
ing the Hemoccult Sensa FOB-test (Beckman Coulter). Factors
were scored according to Table 1, and scores were added to give
a daily disease activity index (DAI) score, as modified from a
previous publication.?’ A similar DAI protocol is available at
Bio-Protocol Exchange.®

Histology. Formalin-fixed colon samples were paraffin-
embedded, cutin 4 um sections, and stained with hematoxylin-
eosin. Variables were assessed and scored for the degree of
lamina propria inflammatory cell infiltration, muscularis
mucosae thickening, goblet cell depletion, and the presence of
crypt abscesses (Table 1), as previously described.! Scores for

each category were summed, resulting in possible total scores
of between 0 (not inflamed) and 11 (inflamed).

16S rDNA sequencing. The fecal microbiota from baseline,
day 7, and day 10 and cecum content was characterized by
high-throughput sequencing. Samples were not available from
all mice at all time points. Numbers of samples were as follows:
baseline: UC-inoc, 13 and Healthy-inoc, 24; day 7: UC-inoc, 12
and Healthy-inoc, 22; day 10: UC-inoc, 13 and Healthy-inoc,
19; cecum content: UC-inoc, 13 and Healthy-inoc, 21. DNA was
extracted using the QIAamp DNA stool mini kit automated
on the QIA-cube (Qiagen, Aarhus, Denmark). Approximately
200mg of the fecal sample was transferred to 0.70mm Garnet
Bead tubes filled with 1.1 mL ASL lysis buffer (containing Pro-
teinase K; Qiagen). Bead beating was then performed using the
SpeedMill PLUS (Analytik Jena, Jena, Germany) for 45s at 50 Hz.
Samples were then heated to 95°C for 5min. PCR inhibitors
were removed by the combined action of InhibitEX (a unique
adsorption resin; InhibitEX, Alpharetta, GA), and an optimized
buffer. Variable regions V3/V4 of the 165 rRNA gene were
amplified using the primer pair 341F-805R in a dual-barcoding
approach. PCR products were verified through electrophoresis
in agarose gel. PCR products were normalized using SequalPrep
Normalization Plate Kit (Invitrogen, Waltham, MA), pooled
equimolarly, quality controlled via agarose gel electrophoresis,
and sequenced on the Illumina MiSeq (Illumina, San Diego, CA)
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Table 1. Clinical and histologic scoring of inoculated DSS-induced

mice

Disease activity index (DAI) scoring system

Weight loss Score Feces Score Fecal blood Score
<1% 0 Hard/firm 0 Negative 0
1% to 5% 1 Firm but sticky 1 Hidden 1
5% to 10% 2 Soft but still coherent 2 Visual 2
10% to 15% 3 Soft with loss of 3 Rectal 3
shape, mucus visible bleeding
15% to 20% 4 liquid without any 4
firm consistency
Histologic damage score parameters
Score
Type of damage 0 1 2 3

Inflammation Rare inflammatory

cells in the lamina

priopria
Crypt abscess Absent Present
Goblet cell depletion Absent Present

Degree of goblet cell
depletion

Normal (no depletion)

Muscle thickening (base of  Absent
crypt on the muscularis

mucosa)

Slight

Increased numbers of
granulocytes in the
lamina propria

Small decrease in
number of goblet cells

Transmural extension
of inflammatory
infiltrate and ulceration
of the mucosa

Confluence of
inflammatory cells
extending into the
submucosa

Pronounced goblet cell
depletion but goblet
cells present in

all areas

Moderate

Severe goblet cell
depletion; no goblet
cells present in
some areas

Marked

(2x300bp). Sequencing data were quality cleaned, merged,
chimera checked, and classified with BION-meta (Metabion,
Planegg, Germany) using the Ribosomal Database Project. Colo-
nization efficiency was calculated by identifying the number of
taxa on genus level in the sampled mice and determining the
fraction compared with the taxa in the inoculum.*

Fecal metabolite profiling. Metabolite extraction was per-
formed on stool samples from mice (., =12, Mealthy-inoe. = 20;
samples were not available from all mice) as previously
described with minor alterations.®® Briefly, the stool sample
(40mg) was dissolved in a 640 uL cold methanol:water (v/v 1:1)
mixture containing 1pmol/uL internal standard (C13-labeled
amino acids). Samples were vortexed at maximum speed for
10min using a flat-bed vortex, and the supernatant was centri-
fuged for 30 min at maximum speed (21,000 x g) at 4 °C, filtered
through a 13-mm 0.2-um filter, and dried in a Speed Vac (Hetovac
VR-1; Heto Lab Equipment, Allerad, Denmark). The lyophilized
samples were resuspended in 30 uL. 1% aqueous formic acid and
injected using an Agilent 1290 Infinity HPLC system coupled to
a Q-TOF mass spectrometer (model 6530; Agilent Technologies,
Santa Clara, CA) and analyzed as previously reported?® in both
positive and negative ion modes.

Databases containing retention time and metabolites of anno-
tated compounds were constructed according to the formula and
experimental fragmentation data of Metabolomics Standards
Initiative level 3.2 Chromatograms were extracted and quan-
tified using Profinder v. B.08.00 (Agilent Technologies) with a
mass tolerance of 50 ppm and retention time tolerance of 0.1 min.
An untargeted approach was also applied using MzMine.%” The
LC-MS data files were converted to the mzData format using the
Agilent MassHunter Qualitative Analysis program (v. B.07.00)
before processing using MZmine (v. 2.23). Molecular formulae
were generated using isotopic patterns and searched against
the Human Metabolite Database v. 3.6 (hmdb.ca) for putative
annotations (Metabolomics Standards Initiative level 4). The
lists from the targeted and untargeted data extractions were

combined. Peak intensities were normalized to total signals in
the sample. Normalized data were filtered for highly variable
signals, log transformed, and autoscaled using MetaboAnalyst!8
to create a PCA plot.

Statistical analyses. Welch ¢ test was used to compare the
2 groups, and a Mann-Whitney U test was used for data with a
non-Gaussian distribution or ordinal data. The area under the
curve was used to compare weight loss data. 16S sequencing
data were normalized to 100.000 reads before analysis. Barplots
were presented as individual samples with the dominating 11
genera. Diversity was calculated as the Shannon index and
tested with an ANOVA with Tukey post hoc test. Multivariate
analysis was conducted by nonmetric multidimensional scal-
ing on the family level, and meta-data was regressed onto the
ordination by the envfit-function, all using the vegan package.5?
The significance of 16S data for individual bacteria was analyzed
using the Kruskal-Wallis test followed by the Conover-Iman test
with Sidak correction for multiple comparisons.

Data availability. The datasets generated and analyzed during
the current study are available in the Mendeley Data repository
at https://data.mendeley.com/datasets/dfg449h2wt/1 and
the Sequence Read Archive, accession number PRINA809154,
respectively.

Results

Colon inflammation. Offspring whose dams had been inocu-
lated with stool from the healthy twin had significantly higher
clinical scores from day 3 of DSS onward as compared with
mice whose dams were inoculated with stool from the UC twin
(Figure 2A-D). Of the original 37 mice, 4 were prematurely eu-
thanized upon reaching human endpoints; all 4 (16.7% of their
group) had received stool from the healthy twin. The histologic
damage score of the colon sections was significantly lower in
mice that received stool from the UC twin as compared with
those whose dam had been inoculated with stool from the
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Figure 2. Clinical evaluation of Swiss-Webster mice (male/female; 8 to 9 wk at baseline) treated with dextran sodium sulfate (DSS) and inocu-
lated with human stool. Mice inoculated with stool from the UC twin (UC) are denoted in red (1 = 13), and those inoculated with stool from the
healthy cotwin (Healthy) are indicated in blue (1 = 24). These mice underwent a 7-d period of DSS in the drinking water (1.5% DSS), followed
by 3 d of water without DSS. (A) The average total disease activity score + SEM for all mice, analyzed through individual day Mann-Whitney
U tests. (B) The average body weight expressed as a percentage of the initial starting weight + SEM for all mice, evaluated using 2-way
ANOVA. (C) The average colon length in centimeters + SEM for all mice, analyzed using an unpaired f test. (D) Visual representation of
colon lengths from a mouse that received the Healthy inoculum and one that received the UC inoculum. Each square in the background of the
images indicates 1 x 1cm. The 2 colons are representative of the typical presentation for each respective group of mice. *, P < 0.05, **, P < 0.01, ***,

P <0.001, ***, P < 0.0001. DAI, disease activity index.

healthy twin (Figure 3A). Microscopic analysis of the colon tis-
sue displayed various characteristics of increased inflammation
(Figure 3B).

Microbiota. Specific bacterial taxa exhibited varying patterns
of presence. Dialister spp. and Intestinibacter spp. were predomi-
nant in the healthy twin’s samples. Conversely, Barnesiella spp.
and Bacteroides spp. were exclusive to the UC twin’s samples
(Figure 4). Bacteroides spp., including that both B. vulgatus and
B. fragilis, known for their opposing roles in inflammation ex-
acerbation and alleviation, respectively,®%> were consistently
abundant at all time points in the UC twin. Parabacteroides spp.
were predominantly present in mice inoculated with stool from
the UC twin, with steady abundance from baseline to termina-
tion. The efficiency of colonization of offspring at baseline was
approximately 39+1% and 34+1% (mean + SEM) for UC and
healthy twin gut microbiota, respectively. The transfer of taxa
from twin through the dam to their offspring was not consistent.
Faecalibacterium spp., a taxon recognized for its antiinflamma-
tory properties,”” were prominent in both donors, yet did not
establish in the mice. Conversely, unclassified Lachnospiraceae

and Porphyromonadaceae were effectively transferred from
both twins to their respective groups of mice and were sig-
nificant genera in the mouse microbiota, despite the low initial
abundance in human donors. The most abundant genus found
in the UC twin and mice inoculated with stool from the UC twin
was Bacteroides (Table 2).

The antiinflammatory Akkermansia spp. were observed at
relatively low levels in both twins. However, in mice, its abun-
dance rose significantly throughout the experiment, particularly
in mice that were inoculated with stool from the UC twin as
compared with those inoculated with stool from the healthy
twin (Table 2). Although Prevotella spp. were detected in both
twins, Paraprevotella spp. were identified only in stool from the
UC twin and subsequently were transferred only to the corre-
sponding group of mice. A multivariate analysis demonstrated
distinct clustering of the 2 groups of mice with regard to the
bacterial composition of stool from the 2 donors (Figure 5A).
The predominant taxa in the UC twin and the corresponding
mice were Bacteroidaceae, Prevotellaceae, and Verrucomicrobio-
aceae. In contrast, the healthy twin and the corresponding mice
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Figure 3. The histologic evaluation of Swiss-Webster mice (male/female; 8 to 9 wk old at baseline) that were inoculated with stool samples.
(A) Histologic damage scores are shown as mean + SEM for colon sections from mice treated with dextran sodium sulfate (DSS) and inoculated
with stool from the healthy twin (Healthy) in blue (n = 21) and from the UC twin (UC) in red (1 = 13). The difference was assessed using the
Mann-Whitney U test; *, P < 0.05. (B) Hematoxylin and eosin were used to stain colon sections from DSS-treated mice, revealing varying de-
grees of inflammation. Images were captured using both 4x and 20x objectives. Representative sections are shown. The top sections show no
pathologic damage; the 20x objective image shows numerous goblet cells, as indicated by the black box. The middle sections show moderate
pathologic changes, characterized by significant goblet cell depletion and a mild thickening of the muscularis mucosa (indicated by the black
arrow). The 20x objective image displays the absence of goblet cells, highlighted by the black box. The lower section shows severe pathologic
alterations, including complete goblet cell depletion, substantial infiltration of inflammatory cells, and prominent thickening of the muscularis
mucosa (indicated by the black arrow). In the 20x objective image, the presence of abundant inflammatory cells is highlighted in the black box.
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samples on day 10, and 21 cecal samples on day 10.

Healthy-inoculated mice
Figure 4.

predominantly had unclassified Bacteroidia, Lactobacillaceae,
Anaeroplasmataceae, and Eubacteriaceae (Figure 5A).

In the cecum, the distinctions in taxa between the 2 groups
paralleled those observed in the stool samples collected on day
10. However, differences between groups were not significantly
different when adjusted for multiple comparisons.

Alpha diversity, assessed at the family level (as depicted in
Figure 5B), was significantly greater in both feces and cecum of
mice that were inoculated with UC as compared with the other
group. Although this difference was not significant at the genus
level (Figure 5B), the genera present in these mice seemed to
span a more extensive range of bacterial families than did the
genera present in mice inoculated with stool from the healthy
twin. After DSS challenge, diversity at the family level fell in
both groups. Only mice inoculated with UC stool regained some
of the lost diversity after the DSS was stopped; this recovery
was also evident at the genus level. In contrast, the diversity at
the genus level in mice inoculated with stool from the healthy
twin was constant throughout the experiment. In essence, even
though the immediate impact of the DSS challenge on the gut
microbiota appeared to be more pronounced in the mice inocu-
lated with UC stool, they also showed a more effective recovery
as compared with the other group.

Effects of DSS. The DSS challenge appeared to have a uni-
form effect on the bacterial microbiota, as the qualitative and
quantitative bacterial differences between the 2 groups were
more obvious at baseline (Tables 2 and 3). Enterobacteriaceae,
which are known to be associated with IBD7* and are repre-
sented in this study mainly by Escherichia spp., were present
only in mice inoculated with UC stool, but their abundance
fell markedly after DSS administration. Although less abun-
dant, Rikenellaceae, Vallitalea spp., and Clostridiaceae also
fell in the UC mice after DSS administration, moving closer to

UC-inoculated mice

levels found in mice inoculated with healthy stool. Conversely,
Paraprevotella spp. (which was found only in mice inoculated
with UC stool) had a low abundance at baseline but increased
significantly during the DSS challenge and remained high after
DSS was stopped. Clostridiaceae were more prominent in UC
mice at baseline, but abundance fell in this group after DSS
administration. In contrast, the abundance of Clostridiaceae
increased at each time point in mice inoculated with stool
from the healthy twin. Lactobacillus spp. were significantly
more abundant in mice given healthy stool. The abundance
of Lactobacillus spp. was less in UC mice. Parasutterella spp.
were present only in mice inoculated with healthy stool, and
their abundance increased slightly throughout the experiment,
potentially due to inflammation.

Metabolomics. Stool samples collected from the mice af-
ter the DSS challenge on day 7 were analyzed in terms of
metabolomics. With the exception of one outlier, the UC mice
had a higher level of clustering (with R2Y: 0.96 and Q2: 0.61)
as compared with the other group, as shown in the orthogo-
nal partial least squares-discriminant analysis (Orthogonal
PLS-DA) (Figure 6). Seventeen metabolites differed significantly
between the 2 groups of mice. However, only a small subset of
these metabolites were annotated (that is, were clearly iden-
tifiable and found in the database we used). In the UC mice,
the metabolites valyl-alanine, L-leucyl-L-alanine, valyl-valine,
and 3-hydroxy-dodecane dioic acid were higher, and the me-
tabolite 1-methylguanine were lower (Table 4). Valyl-alanine,
L-leucyl-L-alanine, and valyl-valine are dipeptides that result
from incomplete protein digestion breakdown, whereas
1-methylguanine is a modified purine. These findings suggest
that mice inoculated with UC stool had more protein breakdown
products and less cell damage than did mice that received the
healthy stool.
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Figure 5. Bacterial composition of samples from human donors and inoculated mice. A nonmetric multidimensional scaling (nMDS) ordination
plots from multivariate analysis. The input data were Bray-Curtis dissimilarity measures based on microbiota composition at family level.
(A) nMDS score plots of stool samples and cecum content from mice inoculated with stool from the UC twin (UC) (colored triangles) and the
healthy twin (Healthy) (colored circles). Colors represent different time points and sample types as follows: green: stool, day 1 (n: UC 13, Healthy
24); yellow: stool, day 7 (n: UC 12, Healthy 22); red: stool, day 10 (1: UC 13, Healthy 19); turquoise: cecum content, day 10 (n: UC 13, Healthy 21).
Human donor stool samples from the UC twin (black triangle) and the healthy twin are also plotted (black circle). (B) Box plots of the bacterial
diversity to illustrate the o diversity (as measured by the Shannon index diversity) of stool samples from mice inoculated with stool from the
healthy twin (blue) and the UC twin (red). This analysis was performed for 3 time points: day 1 (baseline), day 7 (after dextran sodium sulfate
[DSS] challenge), and day 10 (at the end of the study, along with cecum content). The a diversity was assessed at the taxonomic levels of family
and genus. The results are presented graphically by using box plots that indicate the diversity changes over time and between the 2 groups
of mice.

Discussion
Our study documented distinct differences in the inflam-
matory potential of stool from 2 genetically identical human
twins discordant for UC by transferring the stool to germ-free
mice. Mice that received stool from the healthy twin had more
severe histopathologic DSS-induced IBD than mice inoculated
with stool from the healthy twin. This finding concurs with

a study of the gut microbiota composition of IBD-discordant
monozygotic twin pairs that found that the gut microbiome
of the healthy twin was more similar to that of IBD patients as
compared with that of healthy individuals in terms of species
composition and pathways related to butyrate biosynthesis.!
Others have also recently used germ-free mice for transplan-
tation of fecal matter from IBD patients and have shown that
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Figure 6. Visualization of the clustering of the metabolomic profiles of mice inoculated with stool from either the UC twin (UC, red; n = 12) or
the healthy twin (Healthy, blue, n = 20) based on a principal component analysis (PCA) plot and depicting the relative distance scores of the
principal component 1 (PC1 on the x-axis), which explains 13.2% of the differences in the metabolite composition, and the principal component
2 (PC2 on the y-axis), which explains 8.5% of the differences. The ellipses (clouds) are constructed to include the central 95% of the data based
on the variance and covariance of the points of each group, and, therefore, can extend beyond the actual range of the data points observed. The
larger cloud for the UC group suggests more variability in that group across the principal components analyzed. This analysis was conducted
using high-performance liquid chromatography quadrupole time-of-flight mass spectrometry (HPLC-Q-TOEF-MS).

specific traits of the human immune system, intestinal perme-
ability, and clinical appearance are transferable®”2 and that the
phenotypic expression reflects the microbiome of the donor. To
our knowledge we are the first to use this tool to compare the
phenotypes of mice transplanted with fecal matter from twins
with discordant for IBD.

We found several significant distinctions in gut microbiota
between our 2 groups of mice. Bacterial diversity, often regarded
as indicative of a healthier microbiota,®® was lower in mice
inoculated with stool from the healthy twin. The abundance of
both proinflammatory and antiinflammatory taxa was higher
in mice that received stool from the UC twin. While the pres-
ence of mucin-degrading Akkermansia spp. was nearly absent in
mice that received stool from the healthy twin, it was notably
abundant in those mice inoculated with stool from the UC twin,
despite the challenges normally associated with its transfer.??
Enterobacteriaceae were more abundant in mice inoculated
with stool from the UC twin (Table 3). Notably, the abundance
of Bacteroides spp. was significantly higher in mice inoculated
with stool from the UC twin, in contrast to its absence®? and
the prominent presence of Dialister spp.”! in the healthy donor
(Table 3). Parabacteroides spp. were predominantly found in
UC-treated mice. This pattern may indicate a more inflamma-
tory microbiota.

Akkermansia spp. is recognized for its antiinflammatory role,®
and its abundance is typically diminished in IBD patients.>
An increased abundance might be linked to a diet that is less
disease-inducing.”* In mice, Akkermansia spp. has potent anti-
inflammatory effects,?® exemplified by its ability to reduce the

Table 4. Metabolites that were significantly different in amount
in feces of mice that received UC or healthy incoula

UC compared

Metabolite Class with healthy
Valyl-alanine Dipeptide 1
L-leucyl-L-alanine Dipeptide 1
Valyl-valine Dipeptide 1
3-Hydroxydodecanedioic Medium-chain 1

acid hydroxy acid

1-Methylguanine 6-Oxopurine l

incidence of type 1 diabetes.>?” Adjacent to the enterocytes,
Akkermansia spp. generate the short-chain fatty acids (SCFAs)
acetate and propionate.?! Unlike bacteria such as F. prausnitzii
that produce butyrate without mucin degradation capabilities,
Akkermansia spp.’s mucin degradation facilitates close contact
of butyrate with the enterocytes, allowing SCFAs to signal
to the host via the G protein-coupled receptors GPR41 and
GPR43.13 While some studies have linked Enterobacteriaceae
with IBD,* early studies using mouse models showed that the
LPS from enterobacteriaceal sources can induce a more tolero-
genic state, thereby diminishing the susceptibility to both type
1 diabetes” and UC” later in life. Enterobacteriaceae also have
a lower prevalence in UC patients as compared with the gen-
eral population.! Healthy humans may not harbor Bacteroides
spp., although its presence is more common.” Healthy humans
normally show greater diversity early in life.”% In one study, the
depletion of Bacteroides spp. was correlated with IBD in human
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patients.?? In another study, a subset of the clinically active UC
patients had an overabundance of proteases that originated
from Bacteroides vulgatus, and use of a broad-spectrum protease
inhibitor prevented colitis from developing in B. vulgatus mono-
colonized, IL-10 deficient mice.4® Furthermore, transplantation
of feces from UC patients with a high abundance of B. vulgatus
proteases into germ-free mice induced protease-dependent
colitis. Although Bacteroides spp. also contain LPS in their cell
walls, their capacity to induce an antiinflammatory response in
children is potentially less than that of enterobacteriaceal LPS
and therefore they, also give children less protection against
development of inflammatory diseases later in life.”® Parabacte-
roides spp. are reportedly diminished in IBD cases as compared
with healthy controls.®* Oral administration of a specific antigen
derived from Parabacteroides distasonis can alleviate DSS-induced
colitis by activating innate and adaptive immunomodulatory
mechanisms.3*

Our metabolomics analysis corroborated the concept
of antiinflammatory gut microbiota in mice that received
stool from the UC twin. Substances like valyl-alanine and
3-hydroxydodecanoic acid, which have previously exhibited an-
tiinflammatory properties in mice subjected to 5-aminosalicylic
acid treatment,*>#8 were detected. Previous research has associ-
ated drug interventions and resultant lower disease activity with
alterations in the gut microbiota of both UC and rheumatoid
arthritis patients.?%> Consequently, prior and ongoing clinical
treatment of the UC twin may have mitigated the inflammatory
potential of her gut microbiota. Conversely, the gut micro-
biota of the untreated healthy twin had a more inflammatory
profile. Finally, differences in the dietary habits of these twins
could also have influenced their microbiota composition and
metabolism.1331

Mouse studies provide fundamental insights for research;
however, translating findings from mice to humans is not always
feasible due to the dissimilarities between species. Moreover,
not all human taxa can be effectively transferred to mice,*!
and the low colonization efficiency we observed is compara-
ble with similar studies.*!”® The antiinflammatory bacterium
F. prausnitzii, a potential catalyst for the favorable effects of a
less disease-inducing diet in human patients,”* was naturally
abundant in our donor inocula, consistent with its abundance
in humans.3® However, as in other human microbiota transfer
studies,*! F. prausnitzii did not become well established in our
inoculated mice. Such failed transfers might significantly affect
the disease phenotype of the mice. Also, we did not consider
the transfer of viral communities, which can have an effect on
the obese phenotype in mice.% A limitation of germ-free mouse
studies is that using a large number of donors is impossible for
studies in which all groups need a dedicated isolator; conse-
quently, our findings could be specific to specific individuals
and not applicable to all human donors. Furthermore, the
mouse immune response to the human microbiota is known to
be inadequate with respect to the generation of T cells,! further
complicating the transfer of human microbiota to germ-free mice.
Future studies should include an uninoculated group of mice
and a group inoculated with stool from recently diagnosed and
untreated IBD patients. This comprehensive approach would
provide a more holistic understanding of the dynamics at play.

The goal of our study was to assess the colitis-inducing po-
tential of microbiota transplantation from a UC-discordant twin
pair. In our study, mice that received stool from the healthy twin
had significantly greater colon inflammation upon DSS induc-
tion. This observation suggests that germ-free mice can be used
as a tool to show that the healthy twin had a gut microbiota with

greater inflammatory tendencies than that of the UC-diagnosed
twin. This conclusion is bolstered by the disparities observed
in the 2 twins with regard to their gut microbiota composition.
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