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Abstract

Introduction: Recent evidence suggest a link between gut microbiome dysbiosis and metabolic
syndrome, including type-2-diabetes, obesity, and non-alcoholic fatty liver disease (NAFLD). Fecal
microbiota transplantation (FMT) has been explored as a way to restore a healthy gut microbiome
in obese patients but poses safety concerns. The wide use of FMT is limited by safety concerns
about transferring the entire fecal microbiome from one individual to another. Fecal virome
transplantation (FVT) is a safer alternative that transfers bacteriophages without bacterial transfer,
but still carries the risk of eukaryotic virus infection. Therefore, a safer and more effective tool for

modulating gut microbiome is needed.

Methods: We explored the potential of implementing three alternative FVT techniques with
increased safety established in a recent study (eukaryotic viruses were either eliminated or
inactivated) to ameliorate symptoms associated with a diet-induced obesity mouse model. Male mice
were fed with an ad libitum high-fat diet before being euthanized (23 weeks of age) and received the
different FVT treatments twice with one week of interval. Body weight was measured, oral glucose
tests were performed, feces were sampled frequently, and liver, fat pads, mesenteric lymph node,

and blood serum were sampled at termination of study.

Results: FVT treatments had no effect on weight gain or the amount of epididymal white adipose
tissue. Mice given regular untreated FVT (FVT-UnT) had a significant (p < 0.05) drop in the
pathological score of their liver tissue when compared to HFD-control mice. Mice treated with a
chemostat propagated fecal virome (FVT-ChP, eukaryotic viruses eliminated by dilution) improved
their blood glucose regulation significantly (p < 0.05) compared to HFD-control mice. Gut microbiome
analysis of both the bacterial and viral component suggested that bacteriophage-mediated

modulation of the gut microbiome could be a driving factor for the observed effects.

Conclusions: These results may lay the ground to develop safer bacteriophage-based therapeutic

tools to restore the dysbiotic gut microbiome associated with metabolic syndrome.
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Introduction

Over the past century, obesity has become a chronic metabolic disease affecting adults and children
worldwide due to high-calorie foods and inadequate exercise resulting from modern lifestyles?.
Especially, type-2-diabetes is the most common type of diabetes that are associated with obesity?2.
Although many obese patients can obtain substantial weight-loss, only few are able to maintain their
body weight long-term®. It is increasingly accepted that a dysbiotic gut microbiome is highly
associated to obesity®>® and with recurrent obesity’. Ridaura et al. revealed that fecal microbiota
transplantation (FMT) from a human donor that suffered from obesity to germ-free mice resulted in
a significantly increased body weight compared to germ-free mice that received FMT from a lean
human donor’®. While the majority of clinical experience with successful FMT comes from treating
recurrent Clostridioides difficile infections, the application of FMT to treat obesity and type-2-diabetes
remain exploratory and with limited effects®!!. Although the beneficial effects of FMT on intestinal
pathology are well established?!?, safety concerns remain associated with FMT. This was exemplified
by the death of a patient in 2019 that was caused by a bacterial infection after FMT*3, In addition to
bacteria, the fecal matrix of FMT includes archaea, eukaryotes, viruses, and gut metabolome, any
of which may be responsible for both the beneficial and detrimental effects of FMT!4. Therefore,
reducing the complexity of the donor fecal matrix, while maintaining its therapeutic efficacy, would

be an improvement in regard to the safety in clinical settings.

The gut virome is composed of predominantly bacteriophages (in short phages) that are viruses
which infect bacteria in a host-specific manner®>8, This ubiquitous viral entity is also prevalent in the
mammalian gut microbiome and is thought to play a key role in shaping and maintaining the
composition of the gut microbiome as well as affecting host metabolism’8, Fecal virome
transplantation (FVT, sterile filtrated donor feces) has been suggested as an alternative to FMT6:19,
Patients suffering from recurrent Clostridioides difficile infections that were treated with FVT had a
cure rate comparable to FMT treatment?®2!, and FVT has shown to alleviate symptoms of type-2-
diabetes and obesity in mice??, as well as preventing the onset of necrotizing enterocolitis in preterm
piglets?. FVT has also reported to restore the gut microbiome in mice after initial disturbance with
antibiotics?*. Taken together, these findings illustrate the promising application of FVT as a treatment
targeting a variety of diseases associated with gut microbiome dysbiosis. No studies have yet
reported any severe adverse effects associated to FVT?~23, however, it remains critical to ensure
that no harmful microorganisms are transferred to humans when treated with FVT. The centrifugation
and filtration steps applied for preparing FVT?®, cannot separate phages from eukaryotic viruses due
to similar size. Screening assays can be used to detect known pathogenic viruses, but during recent
years it has become evident that the human gastrointestinal tract harbors hundreds of eukaryotic

viruses of unknown function’:2>26, Although most of these viruses are likely harmless, it should not
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be neglected that they might play a key role in later disease development, as seen for the human
papillomavirus (HPV) that can induce cervical cancer years after infection?’. In two recent studies,
we sought to enhance the safety of FVT by developing methodologies that selectively inactivate? or
remove the eukaryotic viruses from the fecal matrix?°, while preserving an active gut phage
community. In order to achieve this, we utilized the differences in key characteristics between
eukaryotic viruses and phages?2°: most eukaryotic viruses are enveloped RNA viruses*-3?, and the
majority of phages are non-enveloped DNA viruses®?33, Solvent detergent treatment was used to
inactivate enveloped viruses®, a compound (pyronin Y) that specifically binds to RNA*>3¢ was
applied to inactivate RNA viruses, and an optimized chemostat fermentation of fecal inoculum
removed the eukaryotic viruses by dilution?®. Some of these modified FVT viromes showed promising
results in treating Clostridioides difficile infections in a mouse model?, which represent a simple

disease etiology that mainly is caused by the toxin producing C. difficile®’.

In this study we used the same modified FVTs? to investigate their treatment efficacy in a diet-
induced obesity model® that represents a more complex gut microbiome associated disease,

compared to C. difficile infections.

Results

The aim of this study was to assess potential alleviating effects of symptoms associated with type-
2-diabetes and obesity by FVTs that was modified by inactivating or removing the eukaryotic viral
component of the fecal viromes. We applied a solvent/detergent method (FVT-SDT) to inactivate
enveloped viruses by dissolving their lipid membrane, pyronin Y treatment (FVT-PyT) to prevent
RNA virus replication, and a chemostat propagated virome (FVT-ChP) to remove eukaryotic viruses
by dilution. The different modified viromes were compared with an untreated virome (FVT-UnT) and
saline (control) treatment of the mice fed either a high-fat (HFD-control) or low-fat diet (LFD-control).

All the transferred fecal material used in the study was from the same mixed donor material.
A chemostat propagate virome improves the blood glucose clearance

The weight gain percentage of the mice was measured to evaluate the effect of the different
treatments on body weight. The HFED-control mice significantly (p < 0.05) increased their body weight,
epididymal white adipose tissue (eWAT), and insulin resistance compared to the LFD-control mice
(Figure 1A, 1B, & 1C), hence, emphasizing that the diet-induced-obesity model had progressed as
expected. However, the body weight and size of the eWAT was not improved by any of the FVT
treatments when compared with the HFD-control group (Figure 1A and 1B). Oral glucose tolerance
tests (OGTT) were performed after 13 weeks (Figure S1) and 18 weeks on high-fat diet to evaluate

the insulin sensitivity of the mice. The OGTT measures of the HFD-control mice was not increased

Page 4 of 27


https://doi.org/10.1101/2023.03.20.532903
http://creativecommons.org/licenses/by-nc-nd/4.0/

113
114
115
116
117
118
119
120
121
122
123

124
125
126
127
128

129

130
131
132
133
134
135
136
137
138
139
140

141

142
143
144
145

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.20.532903; this version posted March 20, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

compared to the LFD-control mice at week 13 (18 weeks of age) which indicated that the model was
not yet fully effective at this stage. Neither did any of the FVT treatments show improved OGTT
measured when compared with the HFD-control (Figure S1). All mice fed high-fat diet had a
hampered clearance of blood glucose compared with the LFD-control mice in the first 15 min after
the oral glucose administration (Figure 1D). At study week 18 (23 week of age) the blood glucose
levels of mice treated with the chemostat propagated virome (FVT-ChP) decreased sharply from 30
min to 60 min after glucose administration. This highlighted a significantly (p = 0.0429) improved
blood sugar regulation of the FVT-ChP treated mice 10 weeks after 2" FVT treatment, compared
with the HFD-control mice (Figure 1C). Although the level of blood glucose of FVT-ChP was
influenced by the HFD (Figure 1C & 1D), the administration of the chemostat propagated enteric

virome seemed to have contributed to an improved insulin sensitivity.

A non-alcoholic fatty liver disease (NAFLD) activity score was assessed by histopathology to
evaluate the consequences of a high-fat diet on liver status (Figure 1E & Figure S2). The FVT-UnT
treated mice had a significantly (p < 0.05) lower pathological score compared to the HFD control
mice (Figure 1E). The pathological score of HFD-control, FVT-ChP, FVT-SDT, and FVT-PyT

presented a significant increase (p < 0.05) compared with LFD-control mice.
Chemostat propagated virome treatment altered immune cell composition in fat tissue

Fluorescence-activated cell sorting (FACS) was performed to evaluate the presence of immune cells
in fat tissue (Figure 2A-L) and the mesenteric lymph node (Figure S4) at termination (23 weeks of
age). The mice that were treated with the chemostat propagated virome (FVT-ChP) expressed a
significant (p = 0.0331) decrease in the number of central memory T cells CD4 (CD44+CD62I+/CD4)
compared with the LFD-control (Figure 2A). The high-fat fed mice all appeared with a significant (p
< 0.05) increase in the level of activated M1 macrophages (CD11c+/F4.80) when compared with the
LFD-control group (Figure 2L). The mice treated with the untreated FVT (FVT-UnT) showed a
decrease in cell number of central memory T cells CD8 (p= 0.00314, CD44+CD62I1/CD8), dendritic
cells (p = 0.0375, CD11c+/CD45), and M1 macrophages (p = 0.0109, CD11c+/F4.80) compared to
the HFD-control mice (Figure 2D, 2J, & 2L). The FVT-ChP treated mice had significant (p= 0.00371,
p= 0.00433) elevated levels of dendritic cells compared with FVT-UnT mice (Figure 2J).

Transplantation of modified fecal viromes shifted the gut microbiome composition

The gut bacterial and viral composition of the mice were investigated at three time points: their arrival
at our housing facilities (5 weeks of age), 1 week after 2" FVT (13 weeks of age), and at termination
(23 weeks of age). Interestingly, the mice treated with the chemostat propagated virome (FVT-ChP)

had significantly (p < 0.05) changed their gut bacterial composition compared with the HFD-control
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mice and FVT-UnT treated mice at termination. Also the FVT-UnT treated mice had significantly (p
< 0.05) changed their bacterial component at termination when compared to the HFD-control. (Figure
3B & Table S1). At termination, the relative abundance of the bacterial genus Allobaculum was
significantly higher in FVT-ChP (p = 0.04715) and LFD_control (p= 0.00144) when compared with
the HFD-control mice.

At the arrival to our housing facility the bacterial component of the mice appeared similar when
analyzing the Shannon diversity index (bacterial diversity) and Bray-Curtis dissimilarity (bacterial
composition) (Figure 3A and 3B). The high-fat diet had clearly (p < 0.05) affected the bacterial
component 1 week after 2" FVT and at termination, compared to the mice fed low-fat diet (Figure
3A & 3B). The relative abundance of Bifidobacterium in high-fat diet fed mice at termination was
significantly lower (p < 0.05) than LFD-control mice, suggesting that the high-fat diet had influenced
the relative abundance of Bifidobacterium. Meanwhile, FVT-ChP, FVT-SDT, FVT-PyT, and HFD-
control mice were all composed with a significant higher (p < 0.05) relative abundance of

Lactobacillus and Lactococcus compared with LFD-control mice.

None of the FVT treatments had affected the gut viral diversity, expressed by the Shannon diversity
index, however, the viral composition (Bray-Curtis dissimilarity) of mice treated with FVT-ChP, FVT-
UnT, and FVT-SDT were all significantly (p < 0.05) different when compared with the HFD-control
mice (Figure 4A, 4B, & Table S2). More than 21.8% of the relative viral abundance could not be
classified (Figure 5C). The main viral taxa represented the order Caudovirales (including Podo-,
Myo-, and Siphoviridae) and the viral family of Microviridae. Analysis of the differential viral
abundance was performed on both the level of viral contigs (vOTUSs) and their predicted bacterial
hosts (Figure S5 and Figure S6) to support the observed differences in the viral composition.
Especially the viruses belonging to the family Microviridae and order Caudovirales were observed
with significant (p < 0.05) differences in their relative abundance (Figure S5) while significant (p <
0.05) differences of the relative abundance of the predicted bacterial hosts belonged to the genera
of Parabacteroides, Bacteroides, Prevotella, and Akkermansia (Figure S6) when comparing FVT-
ChP and -UnT treated mice with the HFD-control at termination. This suggests that treatment with

the modified viromes also affected the viral gut component of the mice over a span of 18 weeks.

Discussion

Here we addressed the safety considerations associated with the eukaryotic viral component in fecal
virome transplantation (FVT) that previously have shown to alleviate symptoms of type-2-diabetes?2.
Recent developed methodologies were applied to either inactivate or remove the eukaryotic

component of FVT while maintaining an active enteric phage community?®2°, The potential effects of
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alleviating symptoms of type-2-diabetes and obesity with these modified FVTs were investigated in
this present study using a diet-induced obesity mouse model. The modified FVTs represented a
chemostat propagated enteric virome (FVT-ChP), solvent/detergent treated fecal virome for
inactivating enveloped viruses (FVT-SDT), and chemically binding of the compound pyronin Y for
hindering replication of RNA viruses (FVT-PyT). Their potential alleviating effect on the diet-induced
obesity model were compared with an untreated fecal virome (FVT-UnT) and a saline treatment of

high-fat diet (HFD-control) and low-fat diet (LFD-control) fed control mice.

Regular FVT (equivalent to FVT-UnT) has previously been reported to reduce weight again and
normalize the blood glucose regulation in a similar diet-induced obesity model??. However, we could
not replicate these results in our study, since no clear differences in weight gain and epididymal
white adipose tissue size were observed when comparing any of the FVT treatment groups with HFD
control mice (Figure 1A & 1C). The FVT-UnT treated mice neither expressed improved phenotype
in regard to their blood glucose regulation (Figure 1C & 1D). This is likely explained by gut
microbiome differences in the donor materials that are driven by various parameters at the mouse
vendor facilities which indeed challenges reproducibility®*-42. Surprisingly, mice treated with the
chemostat propagated virome (FVT-ChP) expressed a significantly (p < 0.05) improved blood
glucose regulation compared with the HFD-Control mice. Considering the reproducibility of enteric
phageome propagated with a chemostat setup (inoculated with either mouse and human
inoculum)?®, this approach may constitute future perspectives to enhance the reproducibility of FVT-
based studies. Most of the drug-based treatments for chronic diseases are long-term or periodic*>44,
but this study only treated mice with FVT twice. Compared with the phenotypical changes induced
by a long-term high-fat diet, the two FVT treatments may be insufficient, raising the question if the

number of FVT treatments should be increased in future intervention studies.

Histopathological assessment of the mouse liver tissue was performed since metabolic syndrome
including obesity is highly associated with non-alcoholic fatty liver disease (NAFLD)*. The high-fat
diet had led to NAFLD-like manifestations in the liver tissue as expected (Figure 1E, Figure S3),
however, the mice treated with untreated fecal virome (FVT-UnT) had a significantly decrease in
their NAFDL activity score. The fluorescence-activated cell sorting (FACS) analysis performed in this
study provided valuable insights into the immune cell composition of the fat tissue of the mice in
different FVT treatment groups. The FVT-UnT treated mice showed a decrease in the number of
central memory T cells CD8 (CD44+CD62I/CD8), dendritic cells (CD11c+/CD45), and M1l
macrophages (CD11c+/F4.80) compared with the HFD-control mice. A reduction in adipose tissue
macrophages is correlated with a decrease in adipose tissue inflammation and a reduction in insulin

resistance that is induced by obesity*®=8, Additionally, dendritic cells can play a role in the immune
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response to liver injury*®. These findings suggest that FVT-UnT may have a suppressive effect on
the immune response in the fat tissue of the mice which might result in a reducing liver pathology.
The FACS analysis showed that mice fed a high-fat diet, except FVT-UnT mice, had a significant
increase in the level of M1 macrophages (CD11c+/F4.80), which is consistent with previous studies
indicating that high-fat diets promote M1 macrophage infiltration and activation in adipose tissue,

leading to low-grade inflammation and insulin resistance®.

Motived by the observed effects of the FVT-ChP and FVT-UnT treatments on, respectively, the
OGTT and histology measures, the cytokine profile of the mouse blood serum was examined since
low grade systemic inflammation is connected to metabolic syndrome®52, The overall blood cytokine
profile of the FVT-UnT treated mice was not different from the HFD-control mice, hence, these data
does not explain the improved liver pathology associated with FVT-UnT compared to the HFD-
control mice. In contrast, the cytokine profile of the FVT-ChP treated mice had significantly higher (p
< 0.005) expression of several pro-inflammatory cytokines, such as IL-15, TNF-a, and MIP-2, than
those of FVT-UnT, HFD-control, and LFD-control mice (Figure S7). TNF-a is produced by adipose
tissue and work as pro-inflammatory cytokines that can contribute to insulin resistance and have
been shown to play a role in the development of NAFLD%3-%®, In obese individuals without type-2-
diabetes, a study demonstrated that inhibiting TNF-a for a duration of 6 months resulted in a
reduction in fasting glucose levels®. The recruitment and activation of neutrophils via MIP-2 can
prompt the release of diverse inflammatory mediators, which can hasten the onset of liver
inflammation®®. The increased level of several pro-inflammatory cytokines of the FVT-ChP treated
mice compared to the HFD-control may be related to the pathological liver score. How and if the
blood cytokine profile of the FVT-ChP treated mice was linked to the improved blood glucose

regulation (Figure 1D) is unknown.

The high-fat diet decreased (p < 0.05) the bacterial diversity and changed the bacterial composition
of the mice compared to the low-fat diet, as expected?>%’. The FVT strongly influenced both the
bacterial and viral GM composition (Table S1 & Table S2), with HFD-control mice being significantly
(p < 0.05) different from both the FVT-UnT and FVT-ChP treated mice. The dominant bacterial
phylum detected in the feces of mice were Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Deferribacteres and Verrucomicrobia (Figure S8). Our findings (Figure S9) revealed a significantly
higher abundance of Lactobacillus in the gut of FVT-ChP mice compared to FVT-UnT (p = 0.00295),
HFD-control (p = 0.015762), and LFD-control (p = 0.000358) mice. A decrease in the
Bacteroidetes/Firmicutes ratio has been associated with improved metabolic health and lowered
inflammation in several animal models and human studies®®*°, while increased levels of

Lactobacillus in patients with non-alcoholic fatty liver disease (NAFLD) have been reported®-%3, A
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high relative abundance of the Lactobacillus taxa may partly explain the increased pro-inflammatory
response and symptoms of NAFDL that was associated with the FVT-ChP treated mice (Figure 1E
and Figure S7). A significant increase (p < 0.05) in the relative abundance of Allobaculum was
detected in feces samples from the FVT-ChP treated mice compared to HFD-control (p = 0.04715)
and FVT-UnT mice (p = 0.00358), and it was not different (p = 0.17821) from the relative abundance
of Allobaculum associated with LFD-control mice (Figure S9). Allobaculum is a Gram-negative
bacteria found in both murine and human hosts®*%°. Allobaculum have been suggested to be an
important gut bacterium that is inversely associated with high-fat diet induced metabolic syndrome
including improved insulin response®-58, which is in line with our observations of improved blood
glucose regulation in the FVT-ChP treated mice. Differences in etiologies may explain our findings
of better glucose control and reduced NAFLD in, respectively, FVT-ChP and FVT-UnT treated mice.
Analysis of the differential abundance of both the viral contigs (vOTUs) and their predicted bacterial
hosts showed clear differences when comparing the FVT-ChP with the FVT-UnT treatment (Figure
S5 and Figure S6), hence, these differences in viral profiles may have contributes to the two different
phenotypes.

Although the chemostat propagated virome (FVT-ChP) treatment promoted an inflammatory
response measured in the blood serum, the FVT-ChP also showed the ability to reshape the gut
microbiome composition and to improve the blood glucose regulation of the mice, likely through a
cascade of events!®. This emphasized the potential application of phage-mediated modulation of the

gut microbiome to change the host phenotype.

FMT and FVT have the potential to revolutionize treatments for numerous gut-related diseases, but
due to their inherent safety issues, widespread use is unlikely. Here we showed the potential of using
chemostat propagated enteric viromes to improve safety of phage-mediated gut microbiome
modulation that affects the host phenotype. When optimized in future studies, this approach has the
potential for higher reproducibility, standardization, large-scale production, increased removal of

eukaryotic viruses by further dilution, and depends on only a few effective donors.

Methods

The animal origin and preparation of donor viromes and FMT

In total 54 C57BL/6N male mice were purchased to harvest intestinal content for preparing FVT, as
earlier described?®?. In brief, the mice were five weeks old at arrival and purchased from three
vendors, represented by 18 C57BL/6NTac mice (Taconic, Denmark), 18 C57BL/6NRj mice (Janvier,
France), and 18 C57BL/6NCrl mice (Charles River, Germany). Animal housing was carried out at

Section of Experimental Animal Models, University of Copenhagen, Denmark, under conditions as
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described previously®®. For 13 weeks the mice were fed ad libitum low-fat diet (LF, Research Diets
D12450J) until termination as 18 weeks old. To preserve the strict anaerobic bacteria for chemostat
fermentation, 6 mice from each vendor (in total 18 mice) were sacrificed and immediately sampled
for intestinal content under anoxic conditions. The intestinal content from the remaining mice was
sampled in aerobic atmosphere to generate the fecal virome for downstream applications of the FVT-
UnT, FVT-SDT, and FVT-PyT treatments. The abovementioned processes are illustrated with a flow-
diagram (Figure S10). All procedures for handling of animals used for donor material were carried
out in accordance with the Directive 2010/63/EU and the Danish Animal Experimentation Act with
the license ID: 2012-15-2934-00256.

Untreated fecal virome (FVT-UnT)

Intestinal content from cecum and colon was thawed and processed to produce FVT solutions as
previously described??, with the exception of using Centriprep Ultracel YM-30K units (Millipore)
instead of YM-50K units for concentrating filtrates and removing metabolites below the size of 30
kDa. These fecal viromes were mixed into one mixture from mice of all three vendors representing
the “untreated fecal virome”, FVT-UnT, which was immediately stored at -80°C. The remaining fecal
viromes were further processed to inactivate the eukaryotic viruses in the fecal viromes by either
dissolving the lipid membrane of enveloped viruses with solvent/detergent (S/D) treatment or inhibit

replication of RNA viruses with pyronin Y treatment.

Solvent/detergent treated fecal virome (FVT-SDT)

The solvent/detergent (S/D) treatment is commonly used for inactivating enveloped viruses (most
eukaryotic viruses are enveloped) in blood plasma, while non-enveloped viruses (most phages are
non-enveloped) are not inactivated®*%°7°, The fecal viromes were treated by following the
recommendations from the World Health Organization (WHO) for clinical use of S/D treated plasma;
incubation in 1% (w/v) tri(n-butyl) phosphate (TnBP) and 1% (w/v) Triton X-100 at 30°C for 4 hours
1, S/D treatment was performed by following the method of Horowitz et al ** and the removal of
TnBP and Triton X-100 were performed as described by Trescec et al.”?>. The removal of the S/D
agents from the fecal viromes yielded approx. 100 mL viral-flow-through from the column which was
concentrated to 0.5 mL using Centriprep Ultracel YM-30K units. The final product constituted the
FVT-SDT treatment.

Pyronin Y treated fecal virome (FVT-PYT)

Pyronin Y (Merck) is a fluorescent compound (strong red-colored dye) that has been reported to

efficiently bind to ss/dsRNA, while the binding to ss/dsDNA is less efficient®*>3¢. Fecal filtrate was
treated with 100 puM pyronin Y and incubated at 40°C overnight to inactivate viral particles containing

RNA genomes. The non-bound pyronin Y molecules were removed by diluting the pyronin y treated
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fecal filtrate suspensions in 50 mL SM-buffer followed by concentration to 0.5 mL with Centriprep
Ultracel YM-30K units. This process was repeated three times and resulted in an almost transparent

appearance of the pyronin Y-treated fecal filtrate, which constituted the FVT-PyT treatment.

Chemostat propagated fecal virome (FVT-ChP)

The preparation of the chemostat propagated virome was performed as described previously?. In
brief, anaerobic-handled mouse cecum content was used for chemostat propagation. The culture
medium was designed to mimic the LF diet (Research Diets D12450J) that the donor mice were
provided as feed and the growth conditions as temperature, pH, etc. were set to mimic the
environmental conditions found in mouse cecum. The end cultures fermented with a slow dilution
rate (0.05 volumes 1/h) showed to generate a microbial composition closest to the donor's initial
microbial composition profile?®, and these batches were mixed and constituted the applied FVT-ChP

treatment.

Fluorescence microscopy

Virus-like particle (VLP) counts were evaluated of all applied fecal viromes (FVT-UnT, FVT-SDT,
FVT-ChP, and FVT-PyT) by epifluorescence microscopy stained by SYBR™ Gold (Thermo
Scientific, cat. no. S11494) as described dx.doi.org/10.17504/protocols.io.bx6cpraw. The viral

concentration was normalized to 2 x 10° VLP/mL per treatment.

Animal model design

Forty-eight male C57BL/6NTac mice (Taconic Biosciences A/S, Lille Skensved, Denmark) were
divided into 6 groups at 5 weeks of age: low-fat diet (LFD, as lean control), high-fat diet (HFD, as
obese and prediabetic control), FVT-UnT (as control for modified FVTs), FVT-ChP, FVT-SDT, and
FVT-PyT (Figure 5). Only male C57BL/6NTac mice were included since female mice are protected
against DIO " For 18 weeks, mice were fed ad libitum a HFD (Research Diets D12492, USA), except
the LFD control mice that was fed a LFD (Research Diets D12450J, USA). After 6 whole weeks on
their respective diets, the FVT-UnT, FVT-ChP, FVT-SDT, and FVT-PyT mice were treated twice by
FVT with 0.15 mL enteric virome by oral gavage with a 1-week interval (study weeks 7 and 8)
between the FVTs. The titre of the applied FVT virome was approximately 2 x 10° virus-like particles
(VLP)/mL (Figure S11). The mice were subjected to an oral glucose tolerance test (OGTT) at week
13 and 18 of the study, and food intake and mouse weight were monitored frequently. Procedures
were carried out in accordance with the Directive 2010/63/EU and the Danish law LBK Nr 726 af
09/091993, and housing conditions as earlier described®. Blood serum, epididymal white adipose
tissue (eWAT), mesenteric lymph node (MLN), liver tissue, intestinal content from the cecum and
colon, as well as tissue from the colon and ileum were sampled at termination at study week 18 (23

weeks old) and stored at -80°C until downstream analysis. Liver tissue was fixated in 10% neutral-
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buffered formalin (Sarstedt Formalin System) for histological analysis and stored at room
temperature. All procedures regarding the handling of these animals were carried out in accordance
with the Directive 2010/63/EU and the Danish Animal Experimentation Act with the license ID: 2017-
15-0201-01262 C1.

Cytokine analysis

Pre-weighted tissue was homogenized in 400ul lysis buffer (stock solution: 10ml Tris lysis buffer,
100ul phosphatase inhibitor 1, 100ul phosphatase inhibitor 2, and 200ul protease inhibitor (MSD
inhibitor pack, Mesoscale Discovery, Rockville, MD) using a tissue blender (POLYTRON PT 1200
E, Kinematica, Luzern, Switzerland), and centrifuged (7,500g; 4°C; 5 min). Samples were diluted 1:2
and analyzed for IFN-y, IL-183, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, KC/GRO, and TNF-a with V-
PLEX Proinflammatory Panel 1 Mouse kit (Mesocale Discovery) and for MIP-3q, IL-16, IL-17A, IL-
17C, IL-17E, IL-17F, IL-21, 1L-22, IL-23, and IL-31 with V-PLEX Th17 Panel 1 Mouse (Mesoscale
Discovery) according to manufacturer’s instructions. Measurements out of detection range were
assigned the value of lower or upper detection limit. Concentrations were extrapolated from a
standard curve and normalized to total protein measured with Pierce Detergent Compatible Bradford

Assay kit according to manufacturer’s protocol.

Histology

Formalin-fixed liver biopsies were embedded in paraffin, sectioned and stained with hematoxylin &
eosin for histopathological evaluation. We used a cumulative semi-quantitative NAFLD activity score
(NAS) comprising the following three histological features: Steatosis (0-3), immune cell margination
and infiltration (0-2), and hepatocellular ballooning (0-2) with higher values corresponding to

increased dissemination. The histological assessment was performed by a blinded investigator.
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Cell isolation and flow cytometry (FACS)

Directly after sacrificing the mice, the mesenteric lymph node and white adipose tissue (eWAT) were
placed inice cold PBS. Single cell suspensions were prepared by disrupting the lymph node between
two microscope glasses and passing it through a 70 um nylon mesh. After washing and
resuspension, 1x106 cells were surface stained for 30 min with antibodies for Percp-Cy5.5
conjugated CD11c, PE-conjugated CD86, APC-conjugated CD11b, and FITC-conjugated CD103 (all
antibodies were purchased from eBiosciences) for the detection of tolerogenic dendritic cells (DCs).
For the detection of T cell subsets, 1x106 cells were initially surface stained for 30 min with FITC-
conjugated CD3, PercP-Cy5.5-conjugated CD4, and APC-conjugated CD8a (ebiosciences), then
fixate and permeabilized with the FoxP3/Transcription Facter Staining Buffer Set (ebiosciences), and
finally stained for 30 min with PE-conjugated intracellular forkhead box P3 (FOXP3) (ebioscience).

Analysis was performed using an Accuri C6 flow cytometer (Accuri Cytometers).

Pre-processing of fecal samples for separation of viruses and bacteria

Fecal samples from three different timepoints were included to investigate gut microbiome changes
over time: arrival at our housing facility, 1 week after 2" FVT, and at termination. This represented
in total 144 fecal samples. Separation of the viruses and bacteria from the fecal samples generated
a fecal pellet and fecal supernatant by centrifugation and 0.45 um filtering as described previously®°,

however, the volume of fecal homogenate was adjusted to 5 mL SM buffer.

Bacterial DNA extraction, sequencing and pre-processing of raw data

The DNeasy PowerSoil Pro Kit (Qiagen) was used to extract bacterial DNA from the fecal pellet by
following the instructions of the manufacturer. The final purified DNA was stored at -80°C and the
DNA concentration was determined using Qubit HS Assay Kit (Invitrogen, Carlsbad, California, USA)
on the Qubit 4 Fluorometric Quantification device (Invitrogen, Carlsbad, California, USA). The
bacterial community composition was determined by Illumina NextSeq-based high-throughput
sequencing (HTS) of the 16S rRNA gene V3-region, as previously described 3. Quality-control of
reads, de-replicating, purging from chimeric reads and constructing zOTU was conducted with the
UNOISE pipeline " and taxonomically assigned with Sintax ® (not yet peer reviewed). Taxonomical
assignments were obtained using the EZtaxon for 16S rRNA gene database’®. Code describing this
pipeline can be accessed in github.com/jcame/Fastq_2_ zOTUtable. The average sequencing depth
after quality control (Accession: PRJEB58786, available at ENA) for the fecal 16S rRNA gene
amplicons was 67,454 reads (min. 12,790 reads and max. 295,746 reads).

Viral RNA/DNA extraction, sequencing and pre-processing of raw data
The sterile filtered fecal supernatant was concentrated using centrifugal filters Centrisart with a filter
cut-off at 100 kDA (Sartorius) by centrifugation centrifuged at 1,500 x g at 4°C
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(dx.doi.org/10.17504/protocols.io.b2gagdse). The viral DNA/RNA was extracted from the fecal

supernatants with Viral RNA mini kit (Qiagen) as previously described®. Reverse transcription was
executed with SuperScript VILO Master mix by following the instructions of the manufacturer and
subsequently cleaned with DNeasy blood and tissue kit (Qiagen) by only following step 3-8. In brief,
the DNA/cDNA samples were mixed with ethanol, bound to the silica filter, washed two times, and
eluted with 40 uL elution buffer. Multiple displacement amplification (MDA, to include ssDNA viruses)
using GenomiPhi V3 DNA amplification kit (Cytiva) and sequencing library preparation using Nextera
XT kit was performed at previously described®, and send for sequencing using the NovaSeq
platform (NovoGene). The average sequencing depth of raw reads (Accession: PRJEB58786,
available at ENA) for the fecal viral metagenome was 13,145,283 reads (min. 693,882 reads and
max. 142,821,858 reads. The raw reads were trimmed from adaptors and the high-quality sequences
(>95% quality) using Trimmomatic v0.357" with a minimum size of 50nt were retained for further
analysis. High quality reads were de-replicated and checked for the presence of PhiX control using
BBMap (bbduk.sh) (https://www.osti.gov/servlets/purl/1241166). Virus-like particle-derived DNA
sequences were subjected to within-sample de-novo assembly-only using Spades v3.13.178 and the

contigs with a minimum length of 2,200 nt, were retained. Contigs generated from all samples were
pooled and de-replicated at 90% identity using BBMap (dedupe.sh). Prediction of viral
contigs/genomes was carried out using VirSorter2” (“full" categories | dsDNAphage, ssDNA, RNA,
Lavidaviridae, NCLDV | viralquality = 0.66), vibrant®® (High-quality | Complete), and checkv®! (High-

quality | Complete). Taxonomy was inferred by blasting viral ORF against viral orthologous groups

(https://vogdb.org) and the Lowest Common Ancestor (LCA) for every contig was estimated based
on a minimum e-value of 10e®. Phage-host prediction was determined by blasting (85% identity)
CRISPR spacers and tRNAs predicted from >150,000 gut species-level genome bins (SGBs)8283 (83,
not yet peer reviewed). Following assembly, quality control, and annotations, reads from all samples
were mapped against the viral (high-quality) contigs (vOTUSs) using the bowtie2* and a contingency-
table of reads per Kbp of contig sequence per million reads sample (RPKM) was generated, here
defined as vOTU-table (viral contigs). Code describing this pipeline can be accessed in

github.com/jcame/virome_analysis-FOOD.

Bioinformatic analysis of bacterial and viral sequences

Initially the dataset was purged for zOTU’s/viral contigs, which were detected in less than 5% of the
samples, but the resulting dataset still maintained 99.5% of the total reads. Cumulative sum scaling
(CSS)®® was applied for the analysis of beta-diversity to counteract that a few zOTU/viral contigs
represented a majority of count values, since CSS have been benchmarked with a high accuracy for

the applied metrics®. CSS normalization was performed using the R software using the
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metagenomeSeq package®’. R version 4.2.2% was used for subsequent analysis and presentation
of data. The main packages used were phyloseq®, vegan®, deseseq2%, ampvis2%2, ggpubr®® and
ggplot2%, A-diversity analysis was based on raw read counts and statistics were based on ANOVA.
B-diversity was represented by Bray Curtis dissimilarity and statistics were based on PERMANOVA.
T-test with pooled standard deviations was applied to assess the statistically differences between
the treatment groups of cytokine levels, immune cell levels, eWAT, bodyweight, and histology.
Mouse data (weight and OGTT levels) were analyzed in GraphPad Prism using one-way analysis of

variance with Tukey’s post hoc test.
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Figure 1: Overview of mouse phenotypic characteristics. A) Weight gain percentage of the mice treated with the four
different FVT treatments. B) Measure of epididymal white adipose tissue isolated from mice from the different FVT
treatment groups. C) and D) Oral glucose tolerance test (OGTT) and total area under the curve (tAUC) measured 10 weeks
after second FVT (23 weeks old) of the different FVT treatment groups. E) Cumulative score and representative histology
images of liver tissue evaluating the effect of the different FVT treatments related to liver pathology. Significant changes
compared to LFD-control treatment, HFD-control, and FVT-UnT are marked by (a), (b), and (c), respectively. Scale in
histology images = 300 pm.
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Figure 2: Immune cell count in fat tissue at study termination. A) to L) are showing the overall fluorescence-activated cell

sorter (FACS) profile in the mouse fat tissue of the different FVT treatments. Significant changes compared to LFD-control

treatment, HFD-control and FVT-UnT are marked by (a), (b), and (c), respectively.
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Figure 3: Bacteriome analysis based on 16S rRNA gene amplicon sequencing. A) The general bacterial Shannon diversity
index (alpha diversity), B) bray-curtis dissimilarity based PCoA plot (beta diversity) and C) heatmap representing the
relative abundance of dominating bacterial taxa at arrival (before diet intervention, age week 5), one week after the second
FVT (1w after 2 FVT, age week 14), and termination (age week 23). Significant changes compared to LFD-control
treatment, HFD-control and FVT-UnT are marked by (a), (b), and (c), respectively.
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755 Figure 4: Metavirome analysis based on whole-genome sequencing of viral entities. A) The general viral Shannon diversity
756 indexes (alpha diversity), B) Bray-curtis dissimilarity based PCoA plot (beta diversity), C) heatmap representing the relative
757 abundance of dominating viral taxa at arrival (before diet intervention, age week 5), one week after the second FVT (1w
758 after 2" FVT, age week 14), and termination (age week 23). Significant changes compared to LFD-control treatment, HFD-
759 control and FVT-UnT are marked by (a), (b), and (c), respectively.
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762 Figure 5: Overview of the animal model. Forty-eight male C57BL/6NTac mice (5 weeks old) were divided into six groups.
763 The mice were fed with either low-fat diet and high-fat diet. After six and seven weeks on a high-fat diet, the mice were
764 treated with either FVT-UnT (fecal virome transplantation with untreated sterile filtered donor feces from heathy mice),
765 FVT_ChP (FVT with chemostat propagation of fecal donor virome to remove eukaryotic viruses by gradient dilution),
766 FVT_SDT (FVT with solvent detergent treatment to inactive enveloped viruses), and FVT_PyT (FVT with pyronin Y
767 treatment to inactive RNA viruses), or a saline solution as sham. Oral glucose tolerance tests (OGTT) were measured at

768 week 18 and 23 of age. The brown crosses mark the timepoint of feces samples that were used for gut microbiome analysis.
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