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Abstract

Obesity is associated with dysbiosis and a state of chronic inflammation that contributes to the
pathogenesis of metabolic diseases, including diabetes. We have previously shown that obese
mice develop glucose intolerance, increased alloreactivity and accelerated transplant rejection. In
the present study, we investigated the influence of the microbiota on diet-induced obesity (DIO)-
associated transplant rejection and hyperglycemia. Antibiotic treatment prolonged graft survival
and reduced fasting glycemia in high fat diet (HFD)-fed specific pathogen-free (SPF) mice,
supporting a role for the microbiota in promoting accelerated graft rejection and hyperglycemia
induced by DIO. Further supporting a microbiota-dependent effect, fecal microbiota transfer
(FMT) from DIO SPF mice into germ-free (GF) mice also accelerated graft rejection when
compared to lean mice-FMT. Notably, HFD could be also detrimental to the graft independently
from microbiota, obesity, and hyperglycemia. Thus, whereas HFD-associated hyperglycemia
was exclusively microbiota-dependent, HFD affected transplant outcomes via both microbiota-
dependent and -independent mechanisms. Importantly, hyperglycemia in DIO SPF mice could be
reduced by the addition of the gut commensal Alistipes onderdonkii, which alleviated both HFD-
induced inflammation and glucose intolerance. Thus, microbial dysbiosis can be manipulated
via antibiotics or select probiotics to counter some of the pathogenic effects of obesity in
transplantation.

Keywords
organ transplantation; obesity; gut microbiota; inflammation; diabetes

gorrespondence to: Maria-Luisa Alegre, MD, PhD, 924 E. 57th St., JFK-R314, Chicago, IL 60637.
Co-first authors

The authors declare no conflict of interest pertinent to this study.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 2

Introduction

Results

Pre-existing risk factors such as dietary habits and obesity contribute to diabetes not only in
the general population but even more so in transplant recipients who are more susceptible
to developing diabetes (1). In solid organ transplantation, accumulating evidence has shown
that obesity, a chronic low-level inflammatory state, contributes to shortened transplant
survival and is associated with increased risk of postoperative complications (2). Moreover,
the use of immunosuppressants contributes to the pathogenesis of post-transplantation
diabetes mellitus (PTDM). For example, corticosteroids can promote gluconeogenesis,
disturb insulin signaling and cause hyperglycemia (3, 4) and tacrolimus can impair
pancreatic p-cell function and lead to PTDM (5).

We have previously shown that mice on a high-fat diet (HFD) develop hyperglycemia and
reject allografts faster than mice on a low-fat diet (LFD) (6-8). HFD induces systemic
inflammation, which may contribute to both the acceleration of transplant rejection (9) and
the development of insulin resistance (10). In parallel, we and others have shown that the
microbiome influences both transplant outcomes (11-14) and diabetes susceptibility (15).
Given that diet determines the membership composition of the microbiota, it is conceivable
that some of the effects of HFD on transplant rejection kinetics are microbiota dependent.
For instance, we have reported that a diet rich in fat and sugar increases the abundance

of Oscillibacter valericigenes, which increases the numbers of Mmp12* macrophages in
adipose tissue, thus leading to insulin resistance (16).

In the present study, we aimed to investigate whether the microbiota has a causal role

on the capacity of HFD to accelerate allograft rejection and induce hyperglycemia. Our
results show that HFD accelerated transplant rejection through both microbiota-dependent
and -independent mechanisms. HFD-induced hyperglycemia on the other hand was driven
only by the microbiota as it failed to occur in HFD-fed GF mice. While the HFD-induced
dyshiosis enabled hyperglycemia, we also identified a gut microbial community member,
Alistipes onderdonkii, that improved both HFD-induced inflammation and HFD-induced
glucose intolerance when supplemented to SPF mice, in the absence of reduced body
weight. Our results indicate that both diet alone, and the interaction between diet and
microbiota play an important role in regulating alloimmune responses and graft outcome,
offering insights for novel solutions in the setting of PTDM.

HFD-induced obesity is associated with hyperglycemia and accelerated allograft rejection

Six to 8 week-old C57BI/6 (B6, H-2°) male mice were maintained under SPF conditions
and started on either a HFD or a normal chow diet (NC). Longitudinal fecal samples

were collected every 2—4 days after 7 weeks of diet prior to transplantation, and a fully
mismatched DBA/2 (H-29) skin graft was placed after at least 8 weeks of diet (Fig. 1A).
Immediately prior to transplantation, HFD-fed mice exhibited distinct and stable fecal
microbiome composition, evident obesity and higher fasting blood glucose levels compared
to NC-fed mice (Fig 1B-D). Confirming our previously published data, DIO mice rejected
their transplants significantly faster than lean mice (Fig. 1E). Donor-specific antibody
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(DSA) titers were determined from sera sampled on two occasions, immediately prior to
transplantation and 20 days later. As expected, DSA levels were markedly elevated in both
DIO and lean mice post-transplantation (Fig. 1F).

Antibiotic treatment improves hyperglycemia and prolongs allograft survival

To investigate the role of HFD-associated dysbiosis in accelerating transplant rejection in
obese mice, DIO SPF mice were gavaged daily with a broad-spectrum antibiotic cocktail
(Abx) or vehicle daily for 10 days prior to transplantation. (Fig. 2A). Abx-treatment did
not reduce body weight (Fig. 2B) but resulted in significantly lower levels of fasting blood
glucose (Fig. 2C). Moreover, Abx pre-treatment significantly prolonged allograft survival
(Fig. 2D), suggesting a possible role for HFD-associated microbiota in hyperglycemia and
accelerated graft rejection.

FMT from HFD-fed mice into GF mice results in accelerated allograft survival

As an alternative approach to investigating if the influence of HFD on transplant outcome
was gut microbiota mediated, we transplanted fecal microbiota from either DIO or lean SPF
mice into GF mice 12 days prior to transplantation. The recipients of FMT were started at
the time of FMT on a diet matched to that of their FMT donors to support the persistence of
the transferred microbiota and were maintained on their respective diets for the duration of
the experiment (Fig. 3A). HFD-FMT-reconstituted hosts exhibited significantly accelerated
skin graft rejection compared to NC-FMT-reconstituted host (Fig. 3B). To determine if
HFD-FMT increased alloreactivity, we enumerated donor-reactive CD4* T cells in the
spleen of ex-GF mice at 3 weeks post-transplantation using fluorescently labeled I-AP
tetramers loaded with a K9-derived peptide. Consistent with their faster graft rejection,
HFD-FMT-reconstituted ex-GF mice displayed increased numbers of donor-specific CD4*
T cells when compared to NC-FMT-reconstituted ex-GF mice (Fig. 3C), supportive of
DIl0O-associated microbiota’s sufficiency to increase alloreactivity.

In the absence of microbiota, HFD accelerates rejection but does not impair glucose

tolerance

Our previous experiments in Abx-treated DIO SPF mice and in HFD-FMT-reconstituted
ex-GF mice indicated a role for HFD-associated microbiota in mediating hyperglycemia,
increased alloreactivity and accelerated graft rejection. We next investigated whether
some of the effects of HFD could be microbiota independent. To this end, GF B6 mice
devoid of microbiota received a HFD or NC diet for 12 weeks prior to DBA/2 skin
transplantation (Fig. 4A). In contrast to DIO SPF mice, sterile HFD-fed GF mice were
resistant to developing obesity and diabetes (Fig. 4B—C), as previously described (17, 18).
However, HFD was still able to accelerate skin graft rejection in sterile GF mice (Fig.
4D), correlating with increased activation of donor-reactive splenic T cells (Fig. 4E), as a
readout of alloreactivity. These results support a microbiota-independent impact of HFD on
transplant outcome, but an essential role of the microbiota in HFD-associated obesity and
hyperglycemia. Moreover, they also indicate that a HFD can be detrimental to the graft
independently from obesity and independently from hyperglycemia.
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A. onderdonkii improves HFD-induced inflammation and glucose intolerance

Our previous results indicate that accelerated transplant rejection and diabetes following
HFD were partially and fully microbiota-dependent, respectively. We and others have
previously reported that transplant rejection and glucose intolerance are both dependent

on TNF-mediated inflammation (19, 20). We have recently identified a gut commensal,

A. onderdonkii DMS19147, present in slow-rejecting SPF mice (14), the administration of
which was sufficient to reduce TNF production by T cells and myeloid cells at homeostasis
and to prolong minor mismatched allograft survival in lean SPF mice (21). To determine if
this commensal could inhibit TNF production and improve glucose tolerance in the setting
of HFD and DIO, we administered A. onderdonkii DMS19147 3 times/week starting at

the time of HFD initiation (Fig. 5A). Administration of A. onderdonkii DMS19147 did not
reduce HFD-dependent weight gain (Fig. 5B). As expected, HFD resulted in a significant
increase in TNF production by LPS-stimulated CD11b~CD11c* cells and CD11b* cells
(Fig. 5C, D). Similar to the effects we had shown in lean SPF mice (22), A. onderdonkii
DMS19147 administration to DIO SPF mice significantly reduced TNF production by those
cells (Fig. 5C, D). Additionally, A. onderdonkii DMS19147 administration was sufficient to
reduce the fasting blood glucose levels associated with obesity (Fig. 5E) and significantly
improved glucose tolerance (Fig. 5F, G).

Discussion

Chronic inflammation is involved in both the development of insulin resistance (23)

and post-transplantation complications (2). Inflammation can be induced by microbiota-
dependent and microbiota-independent mechanisms. On the one hand, intestinal dysbiosis
can increase gut epithelial permeability allowing microbial components to enter the
circulation and activate both innate and adaptive immune responses via microbe-associated
molecular patterns, thus contributing to systemic inflammation in a microbiota-dependent
process. On the other hand, dying adipocytes resulting from adipose tissue hypertrophy-
mediated ischemia and hypoxia can recruit and activate macrophages via damage-associated
molecular patterns, contributing to sterile inflammation (24), a microbiota-independent
process.

A number of studies have demonstrated that diet shapes the composition of the gut
microbiota, which further regulates immune responses and energy metabolism (25). In this
work, we show that DIO promotes both the accelerated rejection of transplants and the
onset of glucose intolerance. Moreover, perturbations of the gut microbiota induced by HFD
in SPF mice were sufficient to significantly affect alloimmunity, transplant outcomes and
blood sugar levels, indicating a causal role for the gut microbiota in regulating alloimmune
responses and metabolism. In parallel, our results also identify a microbiota-independent
effect of HFD in its ability to accelerate graft rejection. Thus, HFD can be detrimental to
graft survival (i) independently from obesity and from diabetes, and (ii) independently from
its associated dysbiotic state, as sterile GF mice fed a HFD were resistant to obesity and
hyperglycemia but still developed accelerated graft rejection. Therefore, HFD can impair
transplant outcomes through both microbiota-dependent and independent mechanisms, and
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independently from obesity and hyperglycemia. We hypothesize that these distinct effects
correspond to microbiota-based inflammation and to sterile inflammation, respectively.

There have been conflicting results regarding whether GF mice are resistant or not to
diet-induced hyperglycemia. Whereas we found that our HFD did not cause obesity or
hyperglycemia in GF B6 mice, another study reported that western diet induced adiposity
and glucose intolerance equally in SFP and GF B6 mice (26). Conversely, Logan et a/
(27) reported that HFD significantly induced body weight gain but failed to cause glucose
intolerance in GF Swiss Webster mice, though blood glucose levels were trending up.
Different diets interact differently with the gut microbiota and the host, with certain
HFDs containing nutrients such as fiber that require the gut microbiota for processing and
optimal calorie utilization, while other HFDs lower in fiber and richer in end products are
less dependent on the microbiota for digestion. Although the microbiota may not be an
indispensable factor in the onset of diabetes, undoubtedly it is a contributing factor that can
mediate and exacerbate the detrimental effects of HFD.

We previously identified a gut commensal, A. onderdonkii, whose presence in mice
obtained from Jackson Laboratories (JAX) was associated with prolonged survival of
minor mismatched skin grafts when compared with rejection kinetics observed in mice
obtained from Taconic Farms (TAC) which lacked this intestinal bacterium (14). Cohousing
of JAX and TAC mice or performing FMT from JAX to TAC mice were sufficient for
transient establishment of A. onderdonkiiin TAC mice and to convert the TAC-associated
fast rejecting phenotype into a slow rejecting one (14). More recently, we showed that

oral supplementation with A. onderdonkiiDSM19147 in TAC mice was sufficient to
prolong graft survival, and this correlated with reduced production of TNF by T cells and
myeloid cells both at steady state and after transplantation (22). Prolonged graft survival
induced by A. onderdonkii supplementation was similar to that in animals treated with a
blocking TNF antibody and A. onderdonkii administration did not improve graft survival
in anti-TNF-treated mice (22), suggesting that the graft-protecting effect of A. onderdonkii
was dependent on its ability to reduce TNF production. DIO is also associated with TNF-
dependent inflammation (28). In this work, we show that A. onderdonkii supplementation
also reduced TNF production by myeloid cells in obese mice, improving HFD-induced
inflammation. Consistently, A. onderdonkii also improved glucose tolerance. Thus, A.
onderdonkii serves as an example gut microbe that can both slow transplant rejection and
improve glucose tolerance through its anti-inflammatory properties and that can counteract
select effects of obesity-associated dyshiosis.

In summary, this study shows that HFD induces systemic inflammation and exacerbates
transplant rejection through both microbiota-dependent and microbiota-independent
mechanisms, whereas its hyperglycemia-promoting effects rely more on diet’s interaction
with the gut microbiota. Importantly, our data also reveal a deleterious impact of HFD
independent from obesity and hyperglycemia, which may be of importance for diet
counseling of transplant patients regardless of their body mass index and diabetes status.
Finally, we identify a gut commensal, A. onderdonkii, which holds potential to improve
transplant outcomes and PTDM.
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Materials and Methods

Bacterial cultures

Mice

A. onderdonkii DSM19147 was obtained from the DSMZ (Germany) and cultured in
chopped meat medium (Anaerobe System, AS-811) in an anaerobic chamber at 37°C for
24h. Bacterial pellets were resuspended in PBS containing 10% glycerol and stored at
-80 °C until use.

C57BI/6 (B6, H-2°) mice were obtained from Taconic Farms and maintained in a specific
pathogen-free facility. All experiments were started on 6-8 week-old mice. Some B6 mice
were bred in house and maintained in a germ-free facility. DBA/2 mice (H-29) were
obtained from Charles River. SPF mice on normal chow received irradiated diet from Envigo
(Harlan, Teklad-2918). For HFD experiments, SPF male B6 mice were fed irradiated diet
from Research Diets Inc. (New Brunswick, NJ, D12492, 60% calories from Fat) for 8-12
weeks. For the antibiotic treatment experiment, animals were daily gavaged for 10 days
prior skin transplantation with 200uL antibiotic cocktail solution containing gentamycin
(0.35 mg/mL, Fresenius Kabi), kanamycin (5.25 mg/mL, Gibco, Thermo Fisher Scientific),
colistin (8500 U, RPI), metronidazole (2.15 mg/mL, Sigma-Aldrich), and vancomycin (0.5
mg/mL, Hospira) diluted in autoclaved water. Some animals were simultaneously gavaged
with A. onderdonkii DSM19147 (108 bacteria) or vehicle control 3 times a week starting

at the initiation of the HFD and until the end of the experiment. GF mice were fed
autoclaved 5K67 LabDiet for normal chow and doubly irradiated diet from Research Diets
Inc. (New Brunswick, NJ, D12492-1.5V) for HFD. Animals were weighed weekly. All
animal experiments were approved by the University of Chicago Animal Care and Use
Committee and adhered to the standard of NIH guide for the Care and Use of Laboratory
Animals.

Metagenome analyses

Fecal samples were collected from lean and obese mice longitudinally. Quality-controlled
metagenomic shotgun reads were assembled de novo using Metaspades (29) with

default settings. Contigs longer than 1,000 base pairs were retained for further analysis.
Metagenomic binning was performed using MetaBAT2 (30) with default parameters to
generate metagenome-assembled genomes (MAGs). Completeness and contamination of
MAGs were assessed using CheckM v2 (31) with lineage-specific marker genes. MAGs with
completeness =70% and contamination <10% were considered high-quality and used for
downstream analyses. Taxonomic classification of MAGs was conducted using GTDB-Tk
v2 (32) with the Genome Taxonomy Database release 207(33).

Skin transplantation

Tail skin from male DBA/2 mice was transplanted onto the flank of male SPF or GF B6
recipients as previously described (34) and bandages were removed after 7 days. Graft
survival was monitored every other day thereafter. Rejection was identified by visually
inspecting grafts for size, the presence of hair, pigmentation, and the development of
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inflammatory spots or tissue necrosis. Rejection was determined when the graft scab fell
off.

Blood glucose levels and intraperitoneal glucose tolerance test

For fasting blood glucose levels, animals were fasted overnight with free access to water
and blood glucose was measured in the morning using a Freestyle Lite glucometer (Abbot
Diabetes Care). For testing glucose tolerance, mice were fasted for 6 h during the light
phase with free access to water. A concentration of 1.5mg/kg glucose (Sigma-Aldrich)
was injected intraperitoneally. Blood glucose was measured at 0, 15, 30, 60 and 120 min
post-injection.

Cell cultures and in vitro stimulation

Spleen cells were isolated, resuspended in complete DMEM (Corning) with 5-10%FBS,
1% penicillin/streptomycin, 1% L-glutamine, 1% NEAA, 1% HEPES, and 0.028 mM -
mercaptoethanol, and cultured at 37°C in 10% CO2.

Isolated spleen cells were plated in 96-well plates (2 x108/well). Cells were stimulated with
various doses of LPS (0-10ng/mL) as indicated, and brefeldin A (5pg/ml) was added into
each well 60-120min after plating. After 16—-20h, cells were harvested and stained for flow
cytometry analyses as described below. All samples were analyzed with the LSR Fortessa
(BD Biosciences).

Flow cytometry analyses

All monoclonal antibodies were purchased from BD Biosciences, Invitrogen, or eBioscience
and BioLegend. Spleens were isolated from mice, homogenizedand resuspended in a

signle cell suspension in DMEM. Cells were counted with a Fortessa flow cytometer

prior to staining 1:1000 with fixable Live Aqua live/dead stain (Invitrogen) for 20—

30 min at RT in the dark. For tetramer staining analyses, 5x106 unenriched spleen

cells were stained with both phycoerythrin (PE) and allophycoerytherin (APC)-coupled
pKI(PEYWEEQTQRAKSD):I-AP (NIH core facility) for 60 min at RT in a dark water bath.
Cells were then surface stained with fluorophore conjugated anti-CD4 (GK1.5), anti-CD8
(53-6.7), anti-B220 (RA3-6B2), anti-CD44 (IM7) for 10 min at RT in the dark. For TNF
production analyses, cells were stained with anti-CD11c (N418) and anti-CD11b (M1/70)
for 10min at RT in the dark. Cells were then fixed and permeabilized with an intracellular
FoxP3 staining kit (Invitrogen) according to the manufacturer’s instructions and stained
intracellularly with anti-FoxP3 (FJK-16s) or anti-TNF (MP6-XT22) for 30min at RT in the
dark.

For DSA titer determination, serum was collected from transplant recipients and stored at
-20° C. 5x10° DBA/2 splenocytes in PBS 2%FBS were incubated with 524 serum for 20
min at RT. Cells were washed with PBS 2%FBS, then stained with a fixable viability dye
(Invitrogen), anti-CD19 (6D5), and goat anti-mouse 1gG (H+L) (catalog 1031-02, Southern
Biotech) for 15 min at RT. Relative 1gG was determined by the MFI of live CD19™ cells.
All samples were run on a LSR Fortessa 4-12, 4-15, 4-15HTS or X20 flow cytometer (BD
Biosciences).
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Statistical analyses

Non-parametric Mann Whitney (comparing two groups), Kruskal-Wallis followed by
Dunn’s multiple comparison (comparing 3 or more groups), or Logrank Mantel-Cox (for
survival curves) tests were used for statistical analyses using Prism (GraphPad). Differences
were considered significant at p< 0.05. Results are displayed as Mean +/— SEM.
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Abx antibiotics

APC allophycoerytherin

C57BL/6 B6

DIO diet-induced obesity

DSA donor-specific antibodies

FMT fecal microbiota transfer

GF germ-free

HFD high fat diet

JAX Jackson Laboratories

LFD low fat diet

MAG metagenome-assembled genome
NC normal chow

PE phycoerythrin

PTDM post-transplant diabetes mellitus
RT room temperature

SPF specific pathogen-free

TAC Taconic Farms
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Figure 1. HFD accelerated skin graft rejection and impaired glucose tolerance.
SPF C57BI/6 (B6, H-2P) mice were fed either HFD or NC for 8 weeks, then received fully

mismatched DBA/2 (H-29) skin grafts while continuing with their respective diet. A. flow
chart depicting the experimental design. B. Shotgun sequencing analysis from fecal samples

collected longitudinally every 2-4 days (n=6 mice/group) starting after 7 weeks of the

respective diets (d0-d12) and prior to skin transplantation. Differentially abundant species

in lean versus obese mice are represented. C. Weekly changes in body weight of SPF mice
on a HFD or NC before skin transplantation. D. Fasting blood glucose of SPF mice before
and after 8 weeks of HFD or NC. E. Allograft survival curves (log-rank test). F. Donor
specific antibody titers in the serum of recipient mice before and at d20 post-transplantation.
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n=10).
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Figure 2. Abx cocktail pre-treatment prolongs skin graft survival and improves glucose tolerance

in obese mice.

SPF B6 mice on a HFD were gavaged with a broad-spectrum Abx cocktail Abx or vehicle
daily for 10 days prior to transplantation with DBA/2 skin grafts. A. flow chart depicting
experimental design. B. Body weight of HFD-fed mice before and after Abx treatment
(n=8). C. fasting blood glucose of HFD-fed mice before and after Abx treatment (n=8). D.
Allograft survival curves (log-rank test, n=4-5). (**p<0.01, ***p<0.001, ****p<0.0001, ns,

not significant).
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Figure3. FMT from HFD-fed mice accelerated skin graft rejection in ex-GF mice.
GF male B6 mice received FMT from either HFD-fed or NC-fed SPF mice and started on

a HFD or NC diet matched to that of their FMT donors 12 days before they received fully
mismatched DBA/2 skin grafts. A. flow chart depicting experimental design. B. Allograft
survival curves (n=8-9, log-rank test). C. Proportion of donor-reactive cells among CD4*
T cells in the spleen of ex-GF mice at 3 weeks post-transplantation measured by I-Ab
tetramers loaded with a K9-derived peptide (n=4). (Tet, tetramer, *p<0.05).
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Figure 4. HFD accelerated rejection in GF mice but did not impair glucose tolerance.
GF B6 mice on a HFD or NC for 12 weeks received DBA/2 skin transplants while

continuing with their respective diet. A. Flow chart of experimental design. B. Weekly body
weight change of SPF and GF mice on a HFD (n=6-10). C. Fasting blood glucose of SPF
and GF mice on a HFD (n=6-10). D. Survival curves of DBA/2 skin graft in GF mice on

a NC or HFD (n=17-18). E. Proportion of antigen experienced (CD44hi) cells among all
donor-reactive CD4* T cells in the spleen of GF mice. (*p<0.05, **p<0.01, ***p<0.001,

****p<0.0001, ns, not significant).
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Figure5. A. onderdonkii reduced HFD-induced inflammation and improved glucose tolerance.
SPF male mice were fed a HFD or NC for 10 weeks. One group of HFD-fed mice received

A. onderdonkiitreatment. A. Flow chart of experimental design. B. Body weight gain of
mice after 10 weeks of diet and treatment (percentage increase of body weight at end

of experiment relative to initial body weight). C-F. Mean fluorescence intensity of tumor
necrosis factor by different cell types isolated from the spleen of mice after LPS stimulation
in vitro. G. Tail blood fasting glucose levels measured by glucometer after 10 weeks of

diet and treatment. H-1. Intraperitoneal glucose tolerance test after 10 weeks of diet and
treatment. GTT-AUC, glucose tolerance test-area under curve, n=4-5, *p<0.05, **p<0.01,
***n<0.001, ****p<0.0001, one-tail p-value, Mean+=SEM.
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