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ABSTRACT

Gut microbiome (GM), the complex community that combines all bacteria, viruses,
protozoa, and fungi located in the gut of human or animal, plays a significant role in host
health and disease. Animal model are widely used to investigate human disease in
biomedical research. The GM differs in animal models results from many factors such as
vendors, facilitates, husbandry, environment, etc. The variation of GM can contribute to
the difference of the disease phenotype in animal models which results in poor
reproducibility and repeatability in biomedical research. The differences in the gut virome
can also impact the repeatability between animal models and contribute to the poor
translatability of animal disease models to human disease due to less pathogen exposure in
lab animals. The different methods of GM modulation also can lead to differences between
animal models of disease.

In this project, first, we investigated the potential contributors to research repeatability and
translatability of animal models by characterizing the gut virome differences between mice
from different sources including pet stores and different laboratories. Second, we assessed
the role of differing GM transfer methods of efficiency and completeness of transfer of
GM and impact of transfer on the DSS model of colitis. Ultimately to explore and provide
a better way for the biomedical research community to do the GM transfer with higher
transfer efficiency and more practical in any genetically modified animal disease model
with desired GM.

We applied the gold standard GM transfer method, embryo transfer (ET), to assess the
genetic background and GM contributing to the GM transfer efficiency and subsequent

disease phenotype in animal model. We transferred well-established richness GM4 and low

XVi



richness GML1 to two different substrain B6J and B6N mice to assess the GM and genetic
influence on the recipient mice and the subsequent influence on disease phenotype in DSS-
induced chronic colitis mouse model. We found that both GM and substrain genetic
background contributing to the GM transfer efficiency and have an influence on the disease
phenotype in mouse models.

We then designed experiments using the same GM transfer to the same genetic background
recipient mice to compare and investigated the different transfer methods (standard ET,
commonly used co-house, and newly explored cross-foster) influence on GM transfer
efficiency in animal models and subsequent influence on disease phenotype.

In conclusion, by comparing the gut virome of standard lab mice and presumably more
antigen-experienced wild and pet store mice we explored how informative and translational
standard lab mice are in contemporary biomedical research and by comparing the gut
virome of mice from different vendors the project addressed one of the possible causes of

poor reproducibility in biomedical research that uses mice.

We investigated and determined whether differing GM transfer methods and the associated
differences in GM transfer efficiency result in differences in animal model phenotypes
using the DSS model of colitis. We also established efficient and economically feasible
methods of GM transfer that can be applied to any genetically engineered mouse model of
disease. Cross-foster could be used as an alternate GM transfer method to transfer the same
desired GM to an animal model if the gold standard ET is not available in the lab. The
result generated using co-house method as a GM-associated modulation manner should be

interpreted with caution.

Xvii



CHAPTER |

Consideration of gut microbiome in murine models of diseases

(Chunye Zhang, Craig L. Franklin, Aaron C. Ericsson)



1.1 Abstract

The gut microbiome (GM), a complex community of bacteria, viruses, protozoa, and fungi
located in the gut of humans and animals, plays significant roles in host health and disease.
Animal models are widely used to investigate human diseases in biomedical research and
the GM within animal models can change due to the impact of many factors such as vendor,
husbandry, and environment. Notably, variations in GM can contribute to differences in
disease model phenotypes, which can result in poor reproducibility in biomedical research.
Variation of the gut microbiome can also impact the translatability of animal models. For
example, standard lab mice have different pathogen exposure experiences when compared
to wild or pet store mice. Because humans have antigen experiences more similar to the
latter, the use of lab mice with more simplified microbiomes may not be yielding optimally
translatable data. Last, the literature uses many methods of manipulation and differences
between these methods can also result in differing interpretation of outcomes measures.

In this review, we focus on the GM as a potential contributor to poor reproducibility and
translatability of mouse models of disease. First, we summarize the important role of GM
in host disease and health through different gut-organ axes and the close association
between GM and disease susceptibility through colonization resistance, immune response,
and metabolic pathways. Then we focus on the variation of the microbiome in mouse
models of disease and address how this variation can potentially impact disease phenotypes
and subsequently influence research reproducibility and translatability. We also discuss
variation between genetic substrains as potential factors that cause poor reproducibility via
effects on the microbiome. In addition, we discuss the utility of complex microbiomes in

prospective studies and how modulation of GM through differing transfer methods impact



model phenotypes. Lastly, we highlight current knowledge gaps in the field and emphasize
the need to explore novel methods of GM characterization and manipulation.
Keywords: gut microbiome, virome, mouse model of disease, modulation, reproducibility,

translatability



1.2 Role of gut microbiome in disease

1.2.1 Gut microbiome in health and disease

The term gut microbiome (GM) refers to the community of all microorganisms including
bacteria, viruses (virome), protozoa (protozoome), and fungi (mycobiome) that colonize
and exist in the gut of all animals [1, 2]. In the host, the GM plays a critical role in providing
nutrition through metabolism of dietary components [3] and absorption of minerals [4],
maintenance of the normal function of the gut barrier [5, 6], protection against pathogen
infection through colonization resistance [7] and contributing to immune system
development [8], drug metabolism [9] and hormone secretion [10], all of which contribute
to the health of the host.

Accumulating studies suggest that changes or differences in the GM are associated with
numerous diseases such as inflammatory bowel disease (IBD) [11-13], irritable bowel
syndrome (IBS) [14-16], colon cancer [17, 18], and Clostridium difficile infection [19, 20].
Differences in GM are also associated with non-intestinal conditions through different axes
(Fig. 1). For instance, differing GM can influence the phenotype in neurological diseases
such as Alzheimer’s disease [21] through the gut-brain axis [22], respiratory diseases via
the gut-lung axis [23, 24], liver diseases through the gut-liver axis [25-27], cardiovascular
diseases [28, 29], autoimmune disorders [30, 31], and more. In the proceeding paragraphs,
we review the current knowledge of the GM of laboratory mice, and its influence on host
health and disease susceptibility through colonization resistance, immune responses, and

metabolic pathways.



1.2.2 Gut microbiome and colonization resistance

The GM, harboring symbiotes and commensals during health, can also serve as a reservoir
and transporter of pathogenic bacteria and viruses [32, 33]. Pathogenic bacteria such as E.
coli replicate and proliferate mainly in the gut after infection [34]. The commensal
microbiome plays an essential role in protecting the host from foreign pathogenic bacterial
and viral infection using different strategies, collectively referred to as colonization
resistance (CR). These include out-competing pathogenic bacteria for space and nutrition,
and producing bactericidal factors like antimicrobial peptides [35]. Notably, conventional
mice harboring a specific pathogen free (SPF) microbiome are less susceptible to bacterial
infection compared to germ-free mice [36]. Similarly, germ-free mice inoculated with
Oligo-Mouse-Microbiota (OMM?*?), a commensal bacterial community containing 12
bacterial species originally isolated from mice, are less susceptible to infection compared
to Altered Schaedler Flora (ASF) colonized mice due to the increased colonization
resistance in OMM?*? mice [37]. Both examples demonstrate the protective function of

colonization resistance conferred by the commensal microbiome.

1.2.3 Gut microbiome and immunity

Commensal bacteria protect the host not only by directly competing with pathogenic
bacteria for available space and energy sources, but also indirectly through their role in
immune system development. Many studies [38, 39] have demonstrated the complex
interaction between the gut microbiome and host immunity, including both local and
systemic immune responses, in a variety of diseases.

Certain commensal bacterial species such as segmented filamentous bacteria (SFB) [40-

42] have been identified as potent inducers of secretory IgA (slgA), IL17, and defensins.



The presence of these immune mediators can enhance host resilience to bacterial pathogens.
For example, immunoglobulin A produced at the mucosal surface plays a critical role in
intestinal immunity. When infection occurs, high-affinity pathogen-specific secretory IgA
(slgA) is secreted into the intestinal lumen to serve a protective function via mechanisms
such as viral or bacterial toxin neutralization[43-45].

The presence of SFB in the gut microbiome play a protective role against Citrobacter
rodentium [46] and decrease the host susceptibility to Salmonella colonization in rats [47]
and E. coli 0103 infection in rabbits [48]. sIgA plays an important role in pathogen
clearance through effector functions such as limiting pathogen growth in the gut lumen,
preventing the interaction between pathogen and host intestinal mucosa, and decreasing
bacteria-induced inflammatory responses in the case of Salmonella typhimurium diarrhea
[49] and Shigella flexneri infection [50].

SFB also induces increased production of IL-17, IL-22, and the antimicrobial peptide
Regllly [51-53]. This protective T helper 17 (Th17) response has been shown to be
important in defense against Citrobacter rodentium infection [54]. Similarly, IL-17 and IL-
22 play protective roles in Salmonella infection [55, 56], and IL-22 can enhance the
secretion of antimicrobial peptides in intestinal epithelial cells.

Another example of association between the gut microbiome and immunity can be seen
with members of the bacterial genus Helicobacter. Helicobacters serve as provocateurs to
include a potent T helper type 1 (Th1l) immune response to normally commensal bacteria.
In turn, helicobacters, such as H. hepaticus and H. bilis are used as disease triggers in many
mouse models of gastrointestinal disease, including models of inflammatory bowel disease

(IBD) and colitis-associated colorectal cancer (CAC) [57, 58].



1.2.4 Gut microbiome and metabolites

Microbiome metabolites such as bile acids and short-chain fatty acids (SCFASs) can
maintain host health by providing nutrition and energy and modulating host immunity.
These metabolites include small compounds produced directly by commensal bacteria and
end products of dietary substrates metabolized by commensal bacteria with both playing
an important role in maintaining host health [59]. Primary bile acids such as
chenodeoxycholic acids [60] have been demonstrated to have bactericidal activity against
pathogenic bacteria, associated with increased production of host antimicrobial peptides.
GM-derived secondary bile acids and symbiotic products such as propionate also hinder
colonization of bacterial pathobionts, such as Clostridium difficile [61, 62]. GM-derived
SCFAs have also been shown to influence diseases such as obesity, Parkinson's disease,
and those that disrupt intestinal epithelial integrity [63-66]. SCFAs also have beneficial
effects on maintaining the intestinal homeostasis through immune modulation [67]. Kang
et al. [68] reported the reduced abundance of butyrate-producing bacterial species within
the family Ruminococcaceae in Crohn's disease (CD) patients compared to healthy
individuals. These studies support the notion that the GM exerts a portion of its influence
on disease susceptibility through metabolites present in the lumen of the gut.

Collectively, through various direct and indirect mechanisms, such as colonization
resistance, immune modulation, and modulation of host metabolism, the gut microbiome
plays an essential role in host health and disease.

1.3 Factors contributing to gut microbiome variation

Considering the important role that the GM plays in host health and disease, differences in

the GM between mice could result in a different disease phenotype in a given model,



causing poor research reproducibility [69]. Mouse models are useful and valuable tools to
investigate many disease mechanisms of and therapeutics for human disease. However,
there are many factors that can influence the gut microbiome of mouse models including
the interaction between different organic components within the gut microbiome (Fig. 2)
and environmental factors (Fig. 3). Organic factors that contribute to the variation of gut
microbiome include the interaction between the virome and commensal bacteria. For
example, bacteriophages can transfer antibiotic resistance genes to commensal bacteria or
pathogenic bacteria in the gut through transduction. Similarly environmental factors
ranging from supplier or even housing facility can alter the GM [70]. For example, mice
obtained from Envigo (Harlan Sprague Dawley) usually harbor a higher richness GM when
compared to those provided by Jackson Laboratory. In addition, many environmental
factors such as diet, bedding, caging, housing size, the mode of birth delivery can
contribute to the variance of the microbiome composition between mice [71].

Host genetics have also been shown to “shape” the GM. For example, in the IL10”~ mouse
model, the different genetic backgrounds (C3H and B6) showed variation in GM
colonization [72]. In summary, the existence of variations in GM in contemporary mouse
colonies and the multitude of factors that can modulate the GM highlight the need to
consider GM as a potential cause when differences in in disease phenotypes arise resulting
in poor reproducibility.

1.4 Microbiome variation and reproducibility of an animal disease model

In addition to the aforementioned role of SFB in mucosal immune system development and
subsequent influence on Citrobacter rodentium colitis, there are many examples of how

certain commensal bacteria can modulate host physiology and disease. For example,



members of the phylum Firmicutes produce butyrate, which down-regulates the expression
of epithelial indoleamine 2,3-dioxygenase-1 (IDO-1), an important molecule that
modulates intestinal immune responses [73].

Interactions between commensal bacteria and host immune responses also have potential
to alter disease phenotypes. For example, germfree mice colonized by commensal bacterial
consortia highly coated with IgA were more susceptible to colitis when compared to mice
colonized by a commensal consortium with lower levels of IgA coating [74].

Thus, the variation of GM, their products and complex interactions with the host have great
potential to modulate disease phenotypes of animal models. Therefore, when lack of model
reproducibility is found, consideration should be given the role of the GM.

1.5 Microbiome and translatability of animal model for human disease

Mouse models are widely used to investigate the genetic basis of human disease due to the
feasibility of genetic modification in mice [75-77]. In addition, the GM of mice and humans
are similar in that both are made up of roughly 90% Firmicutes and Bacteroidetes [78].
Recently, attention has been focused on mice from non-laboratory sources (e.qg., pet stores,
feral populations and wild mice) due to the significant difference in antigen experience
compared to traditional lab mice. For example, more antigen-exposed pet store mice
develop a human adult-like immune system, while the less antigen-experienced lab mice
develop an infant-like immune system [79]. In a separate study, lab mice colonized with
the GM of wild mice show increased resistance to influenza virus infection, and reduced
incidence of AOM/DSS-induced colorectal cancer compared to the cohorts harboring the

GM profile of standard lab mice [80]. These studies highlight that differences in antigen



experience have a profound impact on the immune profile and associated susceptibility to
a broad range of diseases.

1.6 Genetic drift of substrain and disease in mouse model

The susceptibility to many diseases, both infectious and immune-mediated, often has an
underlying genetic basis [81-85] . For example, early discovery of the mutation of
Chemokine receptor 5 (CCR5)-A32 (32bp deletion) revealed a link to susceptibility to
human immunodeficiency virus 1 (HIV-1) infection [86, 87]. Similarly, susceptibility to
chronic hepatitis B virus infection is strongly associated with human leukocyte antigen
(HLA) loci [88, 89]. Genome-wide association studies (GWAS) also revealed genetic loci
associated with susceptibility to Mycobacterium leprae infection [90]. The different
genetic background of BALB/c and C57BL/6 mice results in differences in the ability to
produce IgA, which results in a higher diversity of microbiota in BALB/c mice compared
to C57BL/6 mice, and BALB/c mice are susceptible to Salmonella infection compared to
C57BL/6 mice [91]. Additionally, genetic drift describes variation between different
mouse substrains within the same genetic background. The genetic variation between
substrains potentially impacts the diversity of the GM and disease susceptibility of mouse
model. Genetic factors play an important role in shaping the human gut microbiome as
well, and consequently, influencing metabolism and disease susceptibility [84]. When
studies were conducted using two different substrains of C57BL/6 mice (B6N and B6J),
the results of select neurological function tests were significantly different between
substrains [92]. Some metabolism-related diseases differ between the different substrains
of C57BL/6 mice due to the mutation of nicotinamide nucleotide transhydrogenase (Nnt)

gene [93-96].These examples demonstrate that differences between mouse substrains can
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impact disease phenotypes. Unfortunately, many of these studies were performed prior to
the recognition that GM can also influence model phenotype and almost invariably, they
were performed without consideration of differing GM, for example the profound
differences seen in B6 substrains from the Jackson Laboratory and Envigo. Moving
forward, when designing or troubleshooting experiments using animal models, it will be
critical to consider host genetic and microbial factors as well as complex interactions
between the two.

1.7 Methodology to investigate the contribution of genetic and microbiome

As described above, both GM and host genetics can play critical roles in host disease
susceptibility and the interaction between these two factors is often complex. To address
this challenge, we have applied complex microbiota targeted rederivation (CMTR) [97] to
generate genetically engineered mouse models harboring distinct microbiome profiles.
Simply, embryos from mice of the chosen genetically engineered model are transferred
into surrogate MU:CD-1 dams that harbor different complex microbiome profiles. Pups
thus obtain their GM during the natural process of delivery and maternal care. In this way,
the complex microbiome can be faithfully transferred to any genetically engineered mouse
model for further research purposes. Using this strategy, isogenic (genetically identical)
mice harboring different GM are created and can be used to investigate the role of GM
variation in model phenotype. This approach can also be used to transfer the same GM into
mice with different genetic backgrounds, to investigate the genetic factors that may shape
the microbiome. Using the described methods, we [72] successfully identified the GM as
a contributing determinant in IL107 IBD disease model, demonstrating that the variation

of GM among commercial vendors could affect the disease severity. Recent studies [98,
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99] using a similar approach showed that the microbiome and genetics both play a critical
role in the susceptibility of development of colon cancer in a Apc™™ mouse model. This
approach can also be applied to investigate different areas such as identifying the
contributing commensal bacteria to disease, signal pathways, drug metabolism, and
treatment efficacy.

1.8 Why modulate microbiome in animal model and the potential application
Manipulation and modulation of the gut microbiome are performed for different purposes,
such as creating a well-controlled GM environment for further investigation of the
underlining mechanism [98], identifying the contributing component(s) of the GM [100],
exploring the interaction between different commensal bacteria of the GM [101],
therapeutic approaches [102, 103] investigating drug metabolism for development of
precision medicine [104-106], and improving the reproducibility [107] of biomedical
research by decreasing the variability induced by differing GM. A controlled GM
transferred to a mouse can provide a controlled GM environment in any genetically
modified disease model as illustrated in the figure (Fig. 4).

1.8.1 Improve reproducibility through a better understanding of methods to transfer
the GM

A better tool or platform is needed for modulating the GM between mouse models.
Currently, there are several different ways to transfer the gut microbiome in mouse models
of disease (Fig. 5). Embryo transfer (ET) is considered the gold standard method. For
facilities where ET is not possible, researchers often use alternative methods such as fecal
microbiome transfer (FMT), co-house (CH), and cross-foster (CF). These methods each

carry certain limitations and the method of GM transfer can itself affect model outcomes.
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Researchers should therefore be aware of these method-based influences, control for them
accordingly, and interpret resulting data in the context of the transfer methods used. The
pro and cons for each method should be considered.

The fecal microbiome transfer (FMT) method is a commonly used method. Fecal or cecal
contents (either frozen or freshly prepared slurries) from donors are transferred to recipient
mice through gastric gavage. The advantage of FMT in animal models is its flexibility of
using stored fecal or ceca contents, as well as ease of use. Most mouse FMT studies use
germfree mice. However, for some studies that do not use germfree mice, prior to transfer,
the administration of antibiotics was required to deplete the microbiome in recipient mice.
For those studies that used post-antibiotic treatment, the drawback of using FMT is, that
the transfer efficacy is highly dependent on the GM richness of donor and recipient [108].
The embryo transfer (ET) method is considered the gold standard for GM transfer. In this
approach, embryos of the intended GM recipient mice are collected and surgically
transferred to a pseudopregnant GM donor dam. The transferred embryos go through the
fetal development stage in the donor GM environment. The recipient pups can obtain the
vaginal microbiome from the donor dam through natural delivery. After birth, the pups
acquire the donor GM through maternal care. In this way, the complete donor GM can be
transferred to the GM recipient mice and pups harboring the transferred GM can be used
for study. ET results in very high efficiency transfer of the donor GM due to exposure to
the donor GM environment during the delivery process, and with maternal care. However,
this method requires considerable expertise and well-trained personnel, and is relatively

expensive, making it inaccessible for many labs.
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Co-housing is another commonly used method in the literature. Co-housing the recipient
mice with the donor mice after weaning results in the transfer of the donor GM, through
coprophagy and grooming. The advantage of co-housing is the ease of use and low cost.
However, co-housing results in transfer of GM after a critical pre-weaning period during
which immune system development occurs and the microbiome is changing rapidly, which
results in an incomplete transfer and does not capture any GM-mediated influences on
phenotypes dependent on some developmental process.

Additionally, the transfer efficiency of using the co-housing method is low due to the fact
that recipient mice already have an established GM, resulting in a hybridized GM.

Using cross fostering as a method of GM transfer represents a third option. The recipient
pups are put with the GM donor dam within 24 hours after birth, allowing the recipients to
pick up most of the GM from an early stage during the maternal care process from the GM
donor dam. Theoretically, cross-fostering will transfer the GM with higher transfer
efficiency compared to the co-housing method. Cross fostering has the advantages of ease
of use and low cost compared to the ET method. However, there are some drawbacks of
using the CF method such as requirement of timed mating, incomplete transfer due to the
lack of vaginal GM transfer and potential hybridized GM.

1.8.2 Investigation of the disease mechanism and diagnostic biomarker

The composition of the gut microbiome has been proposed as a potential diagnostic
biomarker for many diseases. The exploration of microbiome-based biomarkers has
included associating bacterial phyla ratios with disease, such as identifying a higher ratio
of Firmicutes/Bacteroidetes as a biomarker for obesity [109]. Microbiome-based

biomarkers have also been used to predict disease progression, For example,
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Lactobacillales and Verrucomicrobiales are enriched in early-stage liver fibrosis, while
Enterobacteriales are enriched at later stages [110]. Other examples include
Fusobacterium nucleatum as a potential biomarker for colorectal cancer [111] and
increases of Bacillus as a biomarker of lung cancer [112]. However, the variation of GM
impacts the accuracy of diagnosis as a disease biomarker and thus much work is needed to
fully appreciate the use of microbes as biomakers.

1.8.3 The efficiency of microbiome-mediated therapeutic exploration

The exploration of gut microbiome-mediated treatment for various diseases has drawn
extensive attention in the field. Beneficial microbiome components alone, as well as in
combination, have been administered through diet intervention, probiotic supplementation,
and fecal microbiome transplantation (FMT), to enhance the stability of the gut ecosystem
and modulate the immune response to ameliorate the disease. An example is FMT as an
effective microbiome-based therapeutic option [113-116] for Clostridium difficile colitis.
This involves the transfer of fecal material from a healthy donor to a patient with C. difficile
bacterial infection. Many other studies [117-119] have investigated the use of microbiome-
based treatment for inflammatory bowel disease, including FMT to transfer beneficial
commensal bacteria such as Bifidobacterium sp. One recent study [120] demonstrated the
modulatory function of microbiota in regulatory T (Treg) cell MyD88/RORyt signaling in
the treatment of food allergy. Other therapeutic applications include treatment of chronic
Kidney disease [121, 122], autism [102, 123], diabetes [124, 125], obesity [126, 127] and
cancer [128-132].

Therefore, the exploration of microbiome-based therapeutic approaches is dependent on

the GM environment in which they are studied. Animal models are critical to develop new
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microbiome-based therapies and have the advantage of being done in a controlled GMs
which cannot be done in human studies. The variation of GM could result in different
outcomes that not only influence the reproducibility or translatability of animal disease
models, but have a fundamental impact on the efficacy of the tested therapies. A well-
defined and well-controlled GM environment coupled with a well-validated microbiome
modulation method are needed for the investigation of treatment approaches, and
conceivably the efficacy of the therapy.

The gut microbiome is associated with the immunotherapy response to cancer treatment
for hepatocellular carcinoma [133], gastrointestinal cancer [134], lung cancer [135], and
others [136]. The abundance of certain commensal bacteria or combinations such as
Bifidobacterium longum [137, 138], and Akkermansia muciniphila [135] showed a
significant association with the treatment efficacy. Manipulation of microbiome such as
oral supplementation with the commensal bacteria, Akkermansia muciniphila, enhanced
the response to immune checkpoint inhibitor treatment in a mouse model of melanoma
[139]. In addition to the studies of disease development, in an immunotherapy study [140]
significantly higher levels of Ruminococcaceae family were found in cancer patients that
showed a response to the immunotherapy compared with that in the patients who did not
respond to the anti-programmed cell death 1 protein (PD-1) immunotherapy for melanoma
treatment.

The gut microbiome is critical for drug metabolism through both direct and indirect
processes [9, 106, 141, 142]. Commensal bacteria transform xenobiotics (i.e., drugs) in the

lumen (via enzymes to steal carbon as an energy source), and the possible effects on the
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parent compound (such as activate the inactivated prodrug to conduct the therapeutic
function, make toxic, change the half-life of medicine, etc.) [143, 144].

Thus, the development and characterization of a novel drug and the metabolism pathway
in the model host will benefit from a well-controlled microbiome environment due to the
important contribution of microbiome on drug metabolism.

1.9 Research gap in the field

Until now, it is unclear whether the mice with different genetic substrain background due
to the genetic drift have an influence on GM transfer efficiency, as well as whether the
mice generated using different transfer methods display different disease susceptibility in
the context of transfer with an identical complex GM. The assessment and evaluation of
how the GM and genetic substrain impact the GM transfer outcome and the disease
phenotype of mouse models are needed.

To date, there are limited data available regarding GM transfer efficiency using different
transfer methods in a controlled manner. The associated GM transfer efficiency influence
on disease phenotype is unclear. Thus, there is a desire to assess the efficiency of the
microbiome transfer between mice using different transfer methods and evaluate the
subsequent influence on the susceptibility to disease in the generated mouse model.
Considering both the advantages and disadvantages of each transfer method to transfer the
GM (FMT, ET, CH, CF), it is important to better understand the specific limitations in
transfer efficacy using each method, and the implications in disease models. Cross-foster
is an efficient and economically feasible method to do GM transfer especially for the
studies that investigate the GM-associated early-state development such as before the

weaning age.
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In addition, investigation of the co-housing method is necessary regarding its influence on
the susceptibility to disease phenotype in an animal model. The appropriate time to expose
to the foreign GM components, oral tolerance, the stage of the immune system
development, the GM richness of the recipient mice and the donor mice, the genetic
background of both, all the above-mentioned factors need to be taken into consideration
when conducting the experiment that involves the co-housing method.

Assessment of GM transfer methods and evaluation of associated differences in disease
phenotype will improve our understanding of the method-specific effects on host
physiology and reproducibility and repeatability in biomedical research using mouse
models. Our current study (Chapter3) revealed that the co-housing method had a significant
influence on DSS-induced colitis phenotype compared with the ET and CF methods. Mice
generated using CH method and the data generated using CH method should be interpreted
with caution. Cross-foster method can be used as an alternative approach to transfer the
GM between mice.

1.10 Conclusion and perspectives

Despite their limitations, mouse models are still a valuable, practical, and irreplaceable tool
for studying human disease. There is no one type of animal model that is 100% percent
ideal for human disease. However, a better understanding of each model system can
provide an improved study design and overcome the limitations associated with animal
models.

Most importantly, it is necessary to consider experimental methods and platforms as factors
affecting experimental reproducibility and explore novel tools to identify and investigate

the different factors that influence animal disease-associated factors. Application of the
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well-controlled GM and appropriate transfer method to transfer the GM between
genetically generated mouse models can provide an advantage of putting both the genetics
and GM under a well-controlled condition, such as our CMTR platform. With the rigorous
experimental design, such as the optimal GM transfer method and necessary experimental
control, the reproducibility of using animal disease model in a more efficacy way can be
improved. A better platform combined with a well-designed study can provide a more
informative and translational animal model in different areas such as drug development,
diagnostic biomarker, to meet the requirement of maximizing and optimizing the use of
animal models.
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Characterization of the eukaryotic virome of mice from different

sources
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2.1 Abstract

Accumulating studies show that the host microbiome influences the development or
progression of many diseases. The eukaryotic virome, as a key component of the
microbiome, plays an important role in host health and disease in human and animals,
including research animals designed to model human disease. To date, the majority of
research on the microbiome has focused on bacterial populations while less attention has
been paid to the viral component. Members of the eukaryotic virome interact with the
commensal bacterial microbiome through trans-kingdom interactions, and influence host
immunity and disease phenotypes as a collective microbial ecosystem. As such, differences
in the virome may affect reproducibility of animal models, and supplementation of the
virome may enhance the translatability of animal models of human disease. However, there
are minimal empirical data regarding differences in the virome of mice from different
commercial sources.

Our hypotheses were that the mice obtained from pet store sources and lab mice differ in
their eukaryotic virome, and that lab mice from different sources would also have different
viromes. To test this hypothesis, the ViroCap platform was used to characterize the
eukaryotic virome in multiple tissues of mice from different sources including three
sources of laboratory mice and two pet stores. As expected, pet store mice harbored a much
greater diversity within the virome compared to lab mice. This included an ostensibly novel
norovirus strain identified in one source of these mice. Viruses found in both populations
included four strains of endogenous retroviruses and murine astrovirus with the latter being

restricted to one source of lab mice.
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Considering the relative high richness virome within different samples from healthy
humans, these data suggest that mouse models from alternative sources may be more
translational to the human condition. Moreover, these data demonstrate that, by
characterizing the eukaryotic murine virome from different sources, novel viruses may be
identified and used in the lab as field strains.

Keywords: Gut microbiome, Virome, Laboratory mice, Pet store mice, Translatability,

Reproducibility, Novel virus
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2.2 Introduction

Animal models, especially mouse models, are used in biomedical research to investigate
conditions including chronic diseases such as autoimmune diseases, cancer, HIV, and acute
conditions such as many infectious diseases. While the advantages of using mouse models
are appreciated, there are limitations to be considered in terms of their reproducibility and
accurate recapitulation of the human conditions they are used to study [75, 145-147]. For
example, one clinical study using the same drugs that worked very well in experimental
treatment in a well-established mouse model of human amyotrophic lateral sclerosis (ALS)
disease [148] was unable to reproduce these preclinical results when applied to a human
population [146]. This example of therapeutic failure of a promising drug during clinical
trials, combined with other study results [149-151] related to the reproducibility or
translatability of rodent studies, suggests a need for a more thorough characterization and
consideration of mouse models used in biomedical research.

The bacterial microbiome has gained extensive attention among the biomedical research
community because of its influence on many physiological parameters, and association
with many adverse health outcomes. For instance, the bacterial gut microbiome is
important for metabolism [152], mucosal barrier function [153], defense against certain
pathogens [154], and regulation of the immune system [155, 156]. Certain compositional
features of the microbiome have also been associated with specific diseases such as
inflammatory bowel disease [157], colorectal cancer [158] and obesity [159], among others
[160]. In contrast to research on the bacterial microbiome, there are relatively few studies
focused on the viral portion of the microbiome, i.e., the virome (including prokaryotic and

eukaryotic viruses), a fundamental component of the host-associated microbiome [161,
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162]. Investigations of the eukaryotic virome are hindered by the lack of an efficient
technique for untargeted detection of all viral nucleic acid present within a sample, with
high sensitivity and specificity.

Previous studies comparing the bacterial gut microbiota of mice from different commercial
sources showed significant differences in diversity and composition between the suppliers,
and dramatically increased viral pathogen loads in mice obtained from not-traditional
sources of mice such as pet stores [70, 163]. Therefore, in the present study, we
hypothesized that pet store mice would harbor a more complex eukaryotic virome than
mice from traditional sources of research mice, and that lab mice from different sources
would also differ in their virome.

To characterize the eukaryotic virome (including both DNA and RNA viruses) present in
multiple tissues of mice from different sources, weaning age mice (4 weeks old) were
purchased from three commercial suppliers of laboratory mice (Jackson, Taconic, and
Envigo) and two local pet stores, and multiple tissues (ileum, perianal skin, and lung) were
collected for processing using a robust, virus isolation-independent, probe-based approach,
ViroCap. ViroCap contains a targeted sequence capture panel containing specific targets
of 337 viral species [164] and enabling the detection of known viruses, as well as novel
viruses based on sequence similarity to viral capture sequences.

2.3 Results

2.3.1 Comparison of the eukaryotic virome of mice from laboratories and pet stores
A subjective review of viruses detected in each group of mice revealed two clear patterns.
First, pet store mice harbored a rich virome in multiple tissues while lab mice harbored a

limited diversity of eukaryotic viruses. Second, several eukaryotic retroviral sequences
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were detected in all groups. Twenty-one virus strains in total were detected in samples from
pet store mice, including both DNA and RNA viruses belonging to ten families. Within
those 21 strains, there were 9 DNA and 12 RNA viruses, respectively. As expected, most
RNA viruses (i.e., Picornaviridae, Arteriviridae, Astroviridae, Coronaviridae, and
Caliciviridae) were detected primarily from sequenced cDNA reverse-transcribed from
sample RNA. In contrast, DNA viruses (i.e., Parvoviridae, Herpesviridae, Adenoviridae,
and Papillomaviridae) were detected in both DNA and RNA extracted from samples,
suggesting active replication by many of these viruses. Also, in contrast to most RNA
viruses, sequences matching Retroviridae were detected in both DNA and RNA from all
tissues, suggesting that the former may represent proviral DNA within the host genome.

In samples from laboratory mice, all viral sequences belonged to either Retroviridae or, in
a handful of samples, astrovirus. The four detected retroviruses included xenotropic murine
leukemia virus-related virus (XMRV), murine leukemia virus (MLV), Moloney murine
sarcoma virus, and Mus musculus mobilized endogenous polytropic provirus. Murine
Astrovirus was detected in only one of the three lab mouse suppliers (Envigo) in only two
mice, as well as in two of the four pet store mice (Fig. 1). While not absolutely quantitative,
the number of sequences detected suggested a trend in viral load among the retroviruses
comprising greater amounts of XMRV and MLV relative to Moloney murine sarcoma and
the polytropic provirus, in both lab mice and pet store mice. For pet store mice, when
analyzed based on the sex, we found that Lactate dehydrogenase elevating virus and adeno-
associated virus were only detected in samples from the male mice (Fig. 2). The number
or retrovirus sequences detected differed between lab mice and pet store mice. Most

curiously, differences were also seen in lab mice from different vendors. Murine leukemia
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viruses detected from JAX showed statistically significant differences compare to PS (JAX
vs. PS p = 0.005) and HSD (JAX vs. HSD: p = 0.037) (Fig.3). There is significant
difference within males between JAX and PS (JAX vs. PS p = 0.008). Moloney murine
sarcoma virus showed significant difference between JAX male and PS male (JAX vs. PS
p = 0.045).

Aside from the Retroviridae, the remaining viruses detected in pet store mice reflected
three different assigned orders, five different unassigned orders, and nine different families
of viruses, ranging from Picornaviridae to Caliciviridae (Table 1).

Based on the number of sequences detected, the six most frequently detected viruses
(sequence count >100000) included mouse parvovirus (35,422,544), minute virus of mice
(13940530), murine adenovirus 2 (3,413,654), murine coronavirus (400,590), murine

hepatitis virus (330,627), and Theiler's encephalomyelitis virus (117,708).

2.3.2 Comparison of the viruses in specific tissues/tropisms

In this study, we took samples from the respiratory tissue (lungs; whole pluck), dermal
tissue (glabrous perianal skin), and gastrointestinal tissue (ileum). Within the more diverse
pet store virome, tissue tropisms were readily apparent. The recently identified Mus
musculus papillomavirus, first reported in 2011 [165, 166], is skin-trophic [167-169] and
was detected only in skin tissue (Table 2). All three members of the herpesviridae (MHV1,
MCMV, and muromegalovirus) were detected in skin and lung, but not the ileum, while
murine adenovirus 2 and adeno-associated viruses were detected in the ileal and skin
samples, but not lung. Endogenous retroviruses (ERVs) were present in all tissue types. In
specific tissues tropisms, according to the percentage of detected viral sequence from

different tissue, some ERVs appeared in greater abundance than others across all tissue
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types tested. For example, the detected sequence of endogenous retroviruses XMRV and
MLYV displayed a higher percentage in all tissues compared to Moloney murine sarcoma
virus (Table 2).

2.3.3 Potential for novel virus identification

In an effort to identify putative novel viruses, the sequence of the norovirus found in a pet
store mouse was compared to known murine noroviruses (Fig. 4). This virus was found to
share 92% sequence identity with the most closely related strain found in GenBank. Given
that noroviruses are highly mutable RNA viruses, this finding was not surprising, but
reinforces that screening tools such as ViroCap can yield data on novel strains that may be
worth further characterization and pursuit.

2.4 Discussion

While the majority of microbiota research focuses on the bacterial component,
characterization of the eukaryotic virome has lagged due to the lack of efficient methods
to comprehensively survey viromes in a non-targeted fashion. Viruses, different from
bacteria, lack a universal conserved gene (such as the 16S rRNA gene in bacteria) enabling
the identification and classification of different community members based on variable
regions within that conserved gene. Virome identification, on the other hand, is
complicated by the large diversity of viruses which do not share any universal phylogenetic
marker [170, 171]. While shotgun metagenomic sequencing has been used to identify
eukaryotic viral sequences, the development of capture-based methods like ViroCap enrich
the sequenced pool of nucleic acid for viral DNA and RNA, and allows investigation of
the eukaryotic virome in greater detail [164]. Our results are in agreement with previous

reports regarding the differences in virome composition between laboratory, pet store [79,
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172] and wild mice [80, 173] and confirm that while most murine viral pathogens have
been eradicated from lab mouse production facilities, these agents are abundant in non-
laboratory populations [77].

The virome in mammalian hosts includes prokaryotic viruses (bacteriophages) that infect
resident bacteria, eukaryotic viruses which transiently infect the host cells, and viral
elements including retroviruses that are integrated into the host genome [174]. There is
increasing evidence of a relationship between the eukaryotic virome and susceptibility to
immune-mediated diseases such as inflammatory bowel disease (IBD) [175] and
rheumatoid arthritis [176, 177]. Furthermore, studies on the interaction between virus and
bacteria suggest direct inter-kingdom communication, and synergistic influences on the
development of host immunity and susceptibility to various conditions [178]. The
eukaryotic virome as a key component of the virome likely plays a critical role in host
health and disease, including unidentified, subclinical viruses which may influence host
physiology, immune system development, and disease/model susceptibility. As a
consequence, there are potential influences on preclinical research investigating disease
mechanisms, and development of novel therapeutics. All of these issues highlight the
importance of a deeper understanding of the eukaryotic virome of mouse models [179, 180].
To optimize mouse models of disease, a better understanding of the role of the microbiome,
including the virome, in model phenotypes is needed. However, the variability in
endogenous retroviruses remain. This finding was not unexpected given recent studies by
Lee et al [181] that used a TREome probe from murine leukemia virus-type endogenous
retroviruses to survey C57BL/6J mice. They noted marked variability in the MLV-ERV

landscape that depended on several factors, including individual mouse, sex, tissue, and
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cell type. What remains to be determined is the impact of such variation on individual mice
as well as mouse models of disease in general.

Our study also identified murine astrovirus in both laboratory and pet store mice. Murine
astrovirus was first found in nude mice in 1985, followed by the complete genome
sequence from a wild mouse in 2011 [182, 183]. The first complete murine astrovirus
genome sequence was obtained from immunocompetent lab mice and published in 2012
[184]. Subsequent reports have confirmed the existence of astrovirus in laboratory mice
[184, 185], but the true prevalence in most research colonies remains unknown as it is not
on many health monitoring profiles.

It has been speculated that the high prevalence of murine astrovirus in lab mice coupled
with the diversity of virus strain [185] and asymptomatic infection could contribute to
phenotypic differences between mice used in research.

This study also identified a murine norovirus in pet store that shared 92% sequence identity
to the next most-closely related strain. Murine noroviruses have been proposed as model
agents for the study of human noroviruses [186, 187]. However, unlike their human
counterparts, which are a leading cause of non-bacterial epidemic gastroenteritis, murine
noroviruses are asymptomatic unless infections occur in mice lacking anti-viral defense
mechanisms [188]. However, their study has revealed novel putative roles for these viruses
in intestinal homeostasis. For example, germfree mice infected with MNV have increased
numbers of CD4+, CD8+ T cells and IFN-y when compared to norovirus-free mice [189].
To this end, MNV-CR6 infection suppresses the expansion of group 2 innate lymphoid
cells, a function similar to that of commensal bacteria [190]. In addition, MNV-CR6

infection of antibiotic-treated mice protected against DSS-induced intestinal injury. These
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findings suggest that noroviruses may play a physiological beneficial role in intestinal
homeostasis. The identification of additional noroviruses such as the one identified in this
study provide further tools to understand the complex role of this family of viruses in health
and disease.

Characterization of the microbiome of lab mice, pet store mice and wild mice stands to
greatly aid our understanding of the crucial roles the microbiome play in host physiology
and disease. Moreover, investigating at what extend the murine microbiome is
representative of that seen in humans can promote the exploration of more informative and
translational mouse models of disease. Critical to this characterization and refinement is
inclusion of the virome in discussions of the microbiome. Because lab mice are relatively
free of viral pathogens, inclusion of studies of pet store or wild mice are needed to better
incorporate the role of viruses. Collectively, such studies will also enhance our
understanding of inter-kingdom interactions between viral and bacterial communities and
the host.

2.5 Methods

Ethical approval and informed consent

All studies were conducted in accordance with the recommendations put forth in the Guide
for the Care and Use of Laboratory Animals and were approved by the University of
Missouri Institutional Animal Care and Use Committee.

Animals

C57BL/6 mice (4 males, 4 female) were purchased from Jackson Laboratory (Sacramento,
CA and Bar Harbor, ME), C57BL/6NHsd mice (4 males, 4 female) from Harlan

Laboratory (Envigo, Indianapolis, IN) and C57BL/6NTac mice (4 males, 4 female) from
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Taconic Biosciences, Inc. (Cambridge City, IN facilities). Pet store mice were purchased
from Petco pet store (PS, Columbia, MO) (2 males and 2 females) and Columbia Pet
Center (PS, Columbia, MO) (2 males and 2 females). All mice were around 4 weeks old
and were post-weaning.

Tissue collection

All mice were euthanized by carbon dioxide asphyxiation and tissues including respiratory
tissue (lungs; whole pluck), dermal tissue (glabrous perianal skin), and gastrointestinal
tissue (ileum) were collected and flash-frozen in liquid nitrogen and stored in cryovials
at -80°C.

RNA, DNA extraction and cDNA synthesis

Qiagen RNeasy kit (Cat #74104) and Qiagen DNeasy blood and tissue kit (Cat #69506,
Qiagen, Germantown, MO) were used for RNA isolation and DNA isolation, respectively,
according to the manufacturer’s instructions. The Agencourt AMPure XP kit (Beckman
Coulter, Brea, CA) was applied for the cDNA purification after cONA synthesis. 100 pL
of cDNA was processed by adding 100 pL of the AMPure XP beads. Forty pL of elution
buffer was added to dilute the purified cDNA following the manufacturer’s
recommendations. The quality and quantity were measured by Qubit. Only one tissue type
was used at a time to prevent cross-contamination of samples.

Primer Information

Primer A: 5>GTTTCCCAGTCACGATANNNNNNNNNS3’ a random primer used for
cDNA synthesis in the first round and the specific primer B:
5’GTTTCCCAGTCACGATAZ3’ used for the generated template application. Primers were

purchased from Integrated DNA Technologies, (Coralville, 1A).
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Library preparation

For the sequence library construction preparation, every 4 samples of the same type were
pooled in equal volume for a single sequencing library. For instance, 4 DNA samples from
the female mice sampled at the skin were pooled together and treated as one single pooling
group.

Automated dual-indexed libraries were constructed with 100-250 ng cDNA or gDNA using
the KAPA HTP Library Kit (KAPA Biosystems). 250 bp length inserts were targeted by
using the SciClone NGS instrument (Perkin Elmer). Twenty-four cDNA libraries were
pooled pre-capture generating an 18ug library pool. Twenty-four gDNA libraries were
pooled pre-capture generating a 27ug library pool.

Virome sequencing

Both library pools were hybridized with a custom Nimblegen probe set (Roche, Madison,
WI), termed “ViroCap”, targeting a pan-virome space. The concentration of each captured
library pool was accurately determined through qPCR (KAPA Biosystems) to produce
cluster counts appropriate for the Illumina HiSeq4000 platform. One lane of 2x125
sequence data was generated per library pool yielding an average of 4 Gb of data per
sample.

Data analysis

Two-way ANOVA followed by Holm-Sidak mehod. A p value of less than 0.05 was used for all

analyses (SigmaPlot 14.0).

Acknowledgment
These studies were partly funded by the University of Missouri Mutant Mouse Resource

and Research Center (MMRRC; NIH U42 OD010918). We would also like to acknowledge
37



the animal care staffs at Discovery Ridge, the MU DNA Core and Informatics Research
Core facilities, and the Comparative Metagenomics Laboratory.

Author Contributions

CF and AE conceived and designed the study. All authors were responsible for the
collection and analysis of data. CZ prepared the manuscript. All authors read and revised
the manuscript.

Additional Information

Competing interests: The authors declare no competing interests.

38



Pet store Taconic Envigo Jackson

Aichi virus # Sequences

Sikhote-Alin virus

Lactate dehydrogenase elevating virus I 0
Lulll virus
Minute virus of mice I l 1
Mouse parvovirus
t

Murid herpesvirus 1 10
Murine cytomegalovirus 100
Muromegalovirus

Murine adenovirus 2 1,000
Adeno-associated virus

Mus musculus papillomavirus 1
Murine astrovirus

Murine coronavirus

Murine hepatitis virus

Murine norovirus
Theiler’s encephalomyelitis virus I .

>10,000

XMRV
Murine leukemia virus
Moloney murine sarcoma virus

1 dM n
Mobilized endogenous polytropic provirus

MFMFMFMFMFMF MFMFMFMFMFMF MFMFMFMFMFMF MFMFMFMFMFMF
DRDRDR DRDRDR DRDRDR DRDRDR
Skin Lung GIT Skin Lung GIT Skin Lung GIT Skin Lung GIT

Figure 2-1. Heat map of vertebrate viruses from individual mice.

Mice are grouped according to the source from which they were obtained: Pet Store, Taconic Farms,
Envigo and the Jackson Laboratory. RNA (R) and DNA (D) were isolated from samples of
gastrointestinal tissue (GIT), lung, and Skin. Viruses detected are listed on the vertical axis. The value

in the color key shows the range of detected sequence number. M: male; F: female.
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Figure 2-2. Heat map of vertebrate viruses from pet store mice.
Mice are grouped according to the sex including female (left) and male (right): RNA (R) and DNA (D)
were isolated from samples of gastrointestinal tissue (GIT), lung, and Skin. Viruses detected are listed

on the vertical axis. The value in the color key shows the range of detected sequence number.
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Figure 2-3. Retroviruses detected in mice obtained from different sources.

Resources: Jackson Laboratory (JAX), Taconic Farms (TAC), Envigo (HSD), and Pet store (PS). Two-

way ANOVA followed by Holm-Sidak mehod)
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A7

FJ692501.1 Norovirus dog/GVI.1/HKU Ca035F/2007/HKG ORF1 polyprotein VP1 capsid protein and VP2 minor structural protein genes complete cds
KC782764.1 Murine norovirus 1 clone CW3 subclone P6 complete genome
JX048594.1 Murine norovirus strain KHU-1 complete genome
JF320651.1 Murine norovirus GV/NIH-4431/2005/USA complete genome
JF320652.1 Murine norovirus GV/NIH-A114/2006/USA complete genome
KM458057.1 Murine norovirus strain BJ 10-2062 partial genome
HQ317203.1 Murine norovirus strain GuangzhowK162/09/CHN complete genome
AB601769.1 Murine norovirus genomic RNA complete genome strain MT30-2
AB435515.1 Murine norovirus genomic RNA complete genome strain S7-PP3
Norovirus Partial Genome Missouri
KC792553.1 Murine norovirus 3 clone P6 complete genome
—KR349276.1 Murine norovirus strain MuNoVIT1 complete genome
—KF113527.1 Murine norovirus isolate O1 complete genome
——DQ911368.1 Murine norovirus strain Berlin/04/06/DE complete genome
_:FJM6720.1 Murine norovirus 3 strain K4 complete genome
EF531291.1 Murine norovirus strain Berlin/06/06/DE complete genome
: EU004663.1 Murine norovirus GV/WU11/2005/USA complete genome
EU854589.1 Norovirus mouse/Hannover1/2007/DEU complete genome
——FJ446719.1 Murine norovirus 4 strain S18 complete genome
_:JQ237823.1 Murine norovirus GV/CR6/2005/USA clone STL1 complete genome
EU004677.1 Murine norovirus GV/CR7/2005/USA complete genome
EU004682.1 Murine norovirus GV/CR17/2005/USA complete genome
— JF320653.1 Murine norovirus GV/NIH-D220/2007/USA complete genome
——EU004680.1 Murine norovirus GV/CR13/2005/USA complete genome

Figure 2-4. Phylogenetic tree of murine noroviruses.

A single representative dendrogram showing the phylogenetic relationship of one potentially unique virus (shown in red) identified in pet store mice (92%

identity to the next most-closely related stain).



Table 2-1. Categorization of viruses identified (retroviruses excluded).

Table shows the summary of the identified viruses that belong to different viral families based on the
common taxonomy for classification of viruses. Besides the retrovirus family that was shared by both pet
store mice and lab mice, the 9 listed viral families in this table were only found in pet store mice. *

Astrovirus was the only virus found also in lab mice.

DNA/RNA Virus Family Virus Species
RNA Picornaviridae Aichi Virus
RNA Picornaviridae Skihote alin virus
RNA Picornaviridae Theilers encephalomyelitis virus
RNA Arteriviridae Lactate dehydrogenase elevating virus
RNA Astroviridae* Murine astrovirus
RNA Coronaviridae Murine coronavirus
RNA Coronaviridae Murine hepatitis virus
RNA Caliciviridae Murine norovirus
DNA Parvoviridae Lulll virus
DNA Parvoviridae Minute virus of mice
DNA Parvoviridae Mouse parvovirus
DNA Parvoviridae Adeno associated virus
DNA Herpesviridae Murid herprsvirus 1
DNA Herpesviridae Murine cytomegalovirus
DNA Herpesviridae Muromegalovirus
DNA Adenoviridae Murine adenovirus 2
DNA Papillomaviridae Mus musculus papillomavirus. Type 1
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Table 2-2. Categorization and tissue tropism of viruses identified.

Table shows the detected tissue-specificity of vertebrate viral species and the percentage in the tested

samples for Gl, lung and skin tissue samples from pet store mice and laboratory mice.

Tissue Specificity Vertebrate Viruses in Pet Store Mice

Viral Family Viral Species Gl Lung Skin
Retroviridae XMRV 4/4 (100%) | 4/4 (100%) | 4/4 (100%)
Retroviridae Murine leukemia viruses 4/4 (100%) | 4/4 (100%) | 4/4 (100%)
Retroviridae Moloney murine sarcoma virus 1/4 (25%) 1/4 (25%) 2/4 (50%)
Retroviridae Mus musculus mobilized endogenous polytropic provirus 4/4 (100%) | 4/4 (100%) | 4/4 (100%)
Astroviridae Murine astrovirus 2/4 (50%) 0/4 None 2/4 (50%)
Picornaviridae Aichi Virus 2/4 (50%) 1/4 (25%) 2/4 (50%)
Picornaviridae Skihote alin virus 2/4 (50%) 0/4 None 1/4 (25%)
Arteriviridae Lactate dehydrogenase elevating virus 1/4 (25%) 1/4 (25%) 1/4 (25%)
Parvoviridae Lulll virus 3/4 (75%) 3/4 (75%) 2/4 (50%)
Parvoviridae Minute virus of mice 3/4 (75%) 3/4 (75%) 2/4 (50%)
Parvoviridae Mouse parvovirus 3/4 (75%) 3/4 (75%) 2/4 (50%)
Herpesviridae Murid herprsvirus 1 0/4 None 4/4 (100%) | 3/4 (75%)
Adenoviridae Murine adenovirus 2 4/4 (100%) | 0/4 None 1/4 (25%)
Parvoviridae Adeno associated virus 4/4 (100%) | 0/4 None 2/4 (50%)
Papillomaviridae Mus musculus papillomavirus. Type 1 0/4 None 0/4 None 2/4 (50%)
Coronaviridae Murine coronavirus 2/4 (50%) 0/4 None 2/4 (50%)
Coronaviridae Murine hepatitis virus 2/4 (50%) 0/4 None 1/4 (25%)
Caliciviridae Murine norovirus 2/4 (50%) 0/4 None 1/4 (25%)
Picornaviridae Theilers encephalomyelitis virus 2/4 (50%) 0/4 None 1/4 (25%)
Tissue Specificity Vertebrate Viruses in Laboratory Mice
Retroviridae XMRV 12/12 (100%) | 12/12 (100%)| 12/12 (100%)
Retroviridae Murine leukemia virus 12/12 (100%)| 12/12 (100%)| 12/12 (100%)
Retroviridae Moloney murine sarcoma virus 6/12 (50%) 8/12 (67%) 8/12 (67%)
Retroviridae Mus musculus mobilized endogenous polytropic provirus 12/12 (100%) | 11/12 (92%) | 12/12 (100%)
Astroviridae Murine astrovirus 2/12 (17%) 0/12 None 1/12 (8%)
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CHAPTER 111
Gut microbiome transfer method influences transfer efficiency and

disease phenotype

(Chunye Zhang, Matthew Burch, Benjamin Olthoff, Aaron C. Ericsson*, Craig L.

Franklin*)
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3.1 Abstract

Background: Complex gut microbiota (GM) can influence the phenotype of mouse
models of gastrointestinal (Gl) disease. To identify contributing microbes or assess the
influence of a complex GM on some physiological process, researchers frequently transfer
GM between mice using different methods. Transfer of embryos (ET) into surrogate dams
harboring the desired GM is the gold standard for transfer. However, this method requires
expertise and is costly. Co-housing (CH) weaning-age or adult mice is one of the most
commonly used method of GM transfer, attractive due to its simplicity and low cost. Lastly,
cross-fostering (CF) of newborn pups to GM donor surrogate dams represents a third
method of passive GM transfer. We hypothesized that ET and CF would be similar, and
that both would transfer GM with a higher efficiency compared to CH method. To assess
whether the mice generated using different transfer methods have different susceptibility
to disease phenotype in the disease model, we systematically investigated the effect of three
transfer methods (ET vs. CF vs. CH) on the disease severity in the commonly used DSS-
induced colitis model. We also investigated the recipient genetic background influence on
the GM transfer efficiency and potential subsequent influence on disease susceptibility.
Results: Our results suggested that both the recipient genetic background and the richness
of donor GM influenced the GM transfer efficiency and disease susceptibility. Additionally,
our results demonstrated that the transfer method influenced the transfer efficiency, and the
disease susceptibility differed between groups generated using different transfer methods.
GM transferred by ET and CF showed high similarity to donor GM (i.e., higher transfer

efficiency) and less disease severity compared with transfer by CH, suggesting that CF is
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a viable alternative to ET. Our results suggest that data generated using the CH method
should be interpreted with caution.

Conclusions: Our findings highlight the importance of recipient host genetics and GM
transfer methods on both transfer efficiency and the phenotype of animal disease models.
These results also raise caution when interpreting data using CH in an experimental design.
Keywords: Gut microbiome transfer, embryo transfer, cross foster, co-house, DSS-
induced colitis, mouse model

3.2 Background

The collection of microorganisms that live in human and non-human animals’
gastrointestinal tract, known as the gut microbiome (GM), is associated with health and
disease [191-193]. Our previous study showed that supplier-dependent differences in the
GM contribute to differences in disease phenotype in several disease models, such as the
IL107- mouse model of inflammatory bowel disease (IBD) and the Polyposis in Rat Colon
(Pirc) rat model of colorectal cancer [72, 194]. Experimental transfer of the GM using
animal models is an extremely popular approach to identify associations between differing
GM and disease phenotypes, create a well-controlled GM environment for further
investigation of underlying mechanisms, and improve the reproducibility of biomedical
research using animal models [98, 101, 102, 104, 107, 195, 196]. Accumulating studies
show that many factors can contribute to the variation of the GM [70, 71, 197]. In this
project, we focus on different methods of GM transfer and the subsequent change of disease
phenotype in mice generated via the different methods. Additionally, the influence of host
genetic factors was investigated using embryo transfer rederivation of two substrains

(C57BL/6J and C57BL/6NHSsd) that originated from a similar genetic background.
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There are several commonly used methods of experimental GM transfer [198, 199].
Embryo transfer (ET) using surrogate dams harboring a desired GM is considered the gold
standard [97]. Simply co-housing (CH) GM donor and recipient mice is also commonly
used in the literature [200-203]. As ET requires considerable expertise and infrastructure,
cross-fostering (CF) of pups within the first 24 hours of life to a surrogate dam harboring
the GM of interest represents a third option to be used as a GM transfer method [198, 199].
While yet to be investigated, the latter showed promise based on its common use to
eliminate targeted bacterial pathogens [204, 205]. Our hypothesis is that the different GM
transfer methods differ in transfer efficiency, and result in subsequent differences in the
disease phenotype of a commonly used mouse model. Specifically, we hypothesized that
ET would provide complete transfer of the GM from birth dam to offspring, CH would
result in the lowest transfer efficiency, and CF would be intermediate between ET and CH
in transfer efficiency.

As we have shown previously that transfer of the GM between mice via repeated gastric
gavage of antibiotic-treated mice is dependent on the relative richness of the donor and
recipient GM, two different substrains of the commonly used C57BL/6 mouse, C57BL/6J
(B6J) and C57BL/6NHsd (B6NHSsd), harboring low richness and high richness GM [108],
respectively, were used as GM recipients. CD1 mice harboring the well-characterized low
richness GM1 and high richness GM4 (originally derived from C57BL/6J and
C57BL/6NHsd mice, respectively) were used as GM donors [97]. This allowed for
reciprocal transfers (i.e., high richness GM4 donors and low richness B6J recipients, and
low richness GM1 donors and high richness B6NHsd recipients) using each of the three

different transfer methods. Additionally, the ET studies were performed using a fully
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crossed study design to determine the influence of recipient substrain genetics on the
composition of the GM at adulthood. At 7 weeks of age, all recipient mice were subjected
to the DSS-induced model of chronic colitis using the classical approach [206, 207]. The
primary metrics of disease severity were percent weight loss and colon length, with
histological evaluation used to confirm the development of colitis.

3.3 Materials and Methods

Mice: Two colonies of mice were used as GM donor mice: MU:CD-1 (CD-1) mice
harboring a standard complex low richness microbiome (GML1) originating from B6J mice
(the Jackson Laboratory, Bar Harbor, ME), and CD-1 mice harboring relatively high
richness GM4 originating from B6NHsd mice (Envigo, Indianapolis, IN) [97]. Separate
colonies of CD-1 mice harboring those two GMs have been maintained at our facility for
over 35 generations, using a rotational breeding scheme and annual introduction of external
CD-1 genetics via ET to maintain allelic heterozygosity in each colony. B6J and B6NHsd
mice (offspring of mice supplied by the respective supplier) were used as GM recipient
mice. GM transfers were then carried out via 1) breeding of recipient mice, collection of
embryos, and surgical embryo transfer to pseudopregnant GM donor dams; 2) breeding of
recipient mice and fostering of neonatal pups (< 12 hr) on to surrogate GM donor dams
nursing newborn litters; or 3) timed breeding of GM recipient and donor mice, followed
by co-housing in a 1:1 ratio beginning at weaning (21d). These three methods resulted in
recipient mice that were exposed to the donor GM at embryonic, immediate post-natal, or
weaning stages of life (Figure 1).

All mice were housed in the AAALAC International-accredited Discovery Ridge vivarium

(Columbia, MO) in micro-isolator cages on ventilated racks (Thoren Caging Systems Inc.,
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Hazelton, PA). Ad libitum supply of irradiated 5058 (breeder) or 5053 (maintenance) chow
(LabDiet, St. Louis, MO) and acidified autoclaved water were provided. All animal
experiments were approved by the University of Missouri Institutional Animal Care and
Use Committee (protocol 9587) and followed the recommendations set forth in the Guide
for the Care and Use of Laboratory Animals.

Study group nomenclature: Throughout the manuscript, the different groups of mice are
designated as recipient substrain (B6NHsd or B6J) followed by the GM to be transferred
(GM1 or GM4) and the method of transfer (ET, CF or CH). For example, B6NHsd
(GMA4ET) represents a B6NHsd mouse to which GM4 has been transferred using embryo
transfer. The study design and schematic graph are presented in Figure 1.

Embryo transfer method (ET): For this group, B6J and B6NHsd mice, obtained directly
from the Jackson Laboratory and Envigo respectively, were bred, and embryos were
collected at the zygote cell stage and surgically transferred to pseudopregnant CD-1
surrogate dams. Embryo collection and transfer were performed following the previously
described procedure [97]. Briefly, B6J and B6NHsd embryo donor mice were serially
injected with luteinizing hormone-releasing hormone and gonadotropins for estrus
synchronization. On day 4, B6J and B6NHsd embryo donor mice were mated to intact
males to generate embryos. GM donor CD-1 surrogate dams were mated to vasectomized
stud males to induce pseudopregnancy. Four days later, embryos were collected and
surgically transferred to plug-positive CD-1 surrogate dams. All procedures were
performed at the MU Mutant Mouse Resource and Research Center.

A fully crossed study design was used for this arm of the study, with B6J and B6NHsd

embryos each being transferred to CD-1 surrogate dams harboring low richness GM1 or
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high richness GM4, and resulting in four different sub-groups using the embryo transfer
method: B6J (GM4ET, n = 24), B6NHsd (GM1ET, n = 24), B6J (GM1ET, n = 24), and
B6NHsd (GM4ET, n = 24). Both female and male mice were included in the experiment
design.

Cross-foster transfer method (CF): B6J and B6NHsd mice, obtained directly from the
suppliers, were bred to generate pups for use as recipient mice. Pups were reciprocally
cross-fostered to CD-1 GM donor mice harboring high richness GM4 or low richness GM1,
respectively, within 24 hours after birth to generate two transfer sub-groups with opposite
transfer direction. B6J (GM4CF, n = 13) and B6NHsd (GM1CF, n = 11). For these studies,
CD-1 females were bred to CD-1 males two days prior to breeding of B6 mice to ensure
that CD-1 surrogate dams had litters prior to B6 parturition. This ensured that B6 pups
could be transferred within 24 hours after birth to a foster-ready mother. Approximately
three CD-1 mice/litter were kept and included in fostered litters in order to prevent
cannibalism and further facilitate GM transfer. Extra pups that were not used for the study
from donor or recipient were humanely euthanized by CO. asphyxiation according to
protocol.

Co-housing transfer method (CH): B6J and B6NHsd mice, obtained directly from the
suppliers, were bred to generate recipient mice. At 21 days of age, recipient mice were
weaned and reciprocally co-housed with weanling CD-1 donors harboring high richness
GM4 or low richness GM1, respectively, with two donor and two recipient mice per cage,
to generate two sub-groups, B6J (GM4CH, n = 12) and B6NHsd (GM1CH, n = 12). Only
females were used in the CH study to avoid the inter-male aggression among non-

littermates when co-housed at weaning.
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DSS administration: At seven weeks of age, all recipient mice received freshly prepared
2.5% DSS (MP Biomedicals, Irvine, CA. mol. wt. 36-50 kDa) in their drinking water for 7
days, followed by 10 days of DSS-free drinking water, and this was repeated for four cycles
to induce chronic, relapsing inflammation. During the DSS-treatment, the weight change
was tracked every other day on an individual basis. At the end of the 4™ cycle, all mice
were humanely euthanized for sample collection. During the study, any mouse that lost
more than 20% of its initial body weight or exhibited clinic signs such as dehydration or
lethargy was humanely euthanized.

Sample collection: At 3 and 7 weeks of age, mice were placed in a sterile autoclaved cage
and allowed to defecate after which 2-3 fecal pellets were collected. After DSS treatment,
mice were humanely euthanized and endpoint feces and cecal contents were collected for
GM analysis. The colon length was carefully measured from the cecocolic junction to the
rectum. The colon was rinsed with 10% neutral buffered formalin, divided into three pieces
and arranged in histology cassette, followed by fixation in formalin in preparation for
paraffin embedding. Fecal samples were also collected from ET recipient dams, CF
surrogate dams, and all CD-1 mice used in CH experiments.

DNA extraction: The QlAamp PowerFecal DNA Kit (Qiagen, Germantown, MD) was
used for isolation of DNA from fecal samples. Quantification of extracted DNA was
performed using Qubit® 2.0 Fluorometer and Qubit dsDNA BR assay (Invitrogen,
Waltham, MA) following the manufacturer's protocol.

16S rRNA gene library preparation and sequencing: The V4 region of the bacterial 16S
rRNA gene was amplified using the U515F/806R primers [208], to generate dual-indexed

amplicon libraries which were pooled for sequencing using the Illumina MiSeq instrument
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and V2 chemistry with 2 x 250 bp paired-end reads (coverage approaching 100,000 reads
per sample) at the University of Missouri DNA Core facility (Columbia, MO).

Statistical analysis: 16S rRNA gene sequence analytical processing such as trimming,
screening and aligning contiguous sequences were performed by the University of Missouri
Informatics Research Core Facility (Columbia, MO). The Beta-diversity obtained by
principal coordinate analysis (PCoA) using ¥4 root-transformed sequence data and alpha-
diversity indices were performed using Past 3.20 software [209] at the University of
Missouri Metagenomics Center (Columbia, MO). Permutational multivariate analysis of
variance (One-way PERMANOVA) based on both weighted (Bray-Curtis) and unweighted
(Jaccard) distances were used to compare the compositional differences between different
transfer groups. Analysis of DSS-induced weight loss was performed using three-factor
ANOVA followed by Holm-Sidak post-hoc testing when main effects were found (ET
substrain assessment) or two-factor ANOVA followed by Student-Newman-Keuls Method
(transfer method comparisons). Analysis of colon length was performed using one-way
ANOVA, with pairwise comparison based on the Student-Newman-Keuls method.
Significance was considered when p value is less than 0.05.

Histology examination: All slides of Gl tissues were trimmed, embedded, and sectioned
by the histology services of IDEXX BioAnalytics (Columbia, MO). Histopathological
examination was performed by two experienced pathologists in a blinded fashion to
confirm the development of chronic colitis after treatment. Review of sections confirmed

DSS colitis in all treated mice, but inconsistent sectioning precluded scoring of severity.
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3.4 Results

3.4.1 Substrain genetics influences the GM transfer efficiency following ET

In order to first assess the influence of substrain genetics on GM transfer efficiency, the
gold standard GM transfer method (ET) was used to generate four groups of recipient mice:
B6J(GM1ET), B6J(GM4ET), B6NHsd(GM1ET), and BENHsd(GM4ET).

Principal coordinate analysis (PCoA) of 16S rRNA data revealed that the donor GM was
the primary determinant of the offspring GM composition at 7 weeks, with substrains
receiving GM1 or GM4 from their birth dam separating along PCol (34.19% variation)
(Fig. 2A). However, PCoA also revealed significant substrain-dependent differences
captured by PCo2 (19.42% variation), which were confirmed using One-way
PERMANOVA (p = 0.0001; F =51.93, Bray-Curtis). This result indicated that the donor
(i.e., biological dam) GM is the primary source of variability affecting the transfer outcome,
but that differences in recipient genetics, even at the level of substrain, also affect the final
GM composition.

As expected, the Chao-1 richness index was significantly different between GM1 and GM4
(Fig. 2B). No difference was detected between different substrains that received GM4,
while there was a significant difference between substrains that received GM1 (p < 0.001).
In addition to the expected differences between GM1 and GM4, there were differences in
the patterns of relative abundance in a substrain-based manner regardless of the GM
received (Fig. 2C).

In conclusion, following ET transfer, the offspring GM is highly similar to the GM from
the surrogate (birth) dam in richness and composition, however the recipient genetics also

subtly influence the transferred GM composition.
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3.4.2 Mice generated using ET differ in susceptibility to DSS-induced colitis in GM-
and substrain-dependent manner

To assess the influence of different GMs and substrains on disease susceptibility, mice
were subjected to a commonly used regimen of cyclical DSS administration to induce
chronic, intermittent colitis. Comparison of DSS-associated effects on weight showed that
B6J(GMA4ET) mice experienced less weight loss post-treatment compared with other ET
groups (Fig. 3A). The B6NHsd (GM1ET) group experienced greater weight loss compared
with other ET groups. Three-way ANOVA with substrain, GM, and time as factors
revealed that substrain (B6J vs. B6NHsd: p < 0.001, F = 310.88), GM (GM1 vs. GM4: p <
0.001, F = 328.76) and time (p < 0.001, F = 88.52) affected weight loss with multiple
interactions.

Comparisons of DSS-associated colon length (Fig. 3B) showed a main effect of treatment
(p < 0.001, F = 612.72), confirming that DSS administration resulted in significant
shortening of the colon. Notably, while untreated B6NHsd mice had significantly greater
colon lengths compared to B6J mice (p = 0.018, t = 2.38), B6NHsd mice in DSS-treatment
groups, regardless of GM, showed significantly greater colon shortening than B6J mice (p
<0.001,t=5.032) validating the differences observed in weight loss, and suggesting that
the decrease in colon length is associated with differential susceptibility to DSS treatment
between substrains. Collectively, these results highlight the integrated influence of host

genetics and GM on susceptibility to DSS-induced weight change and colitis.
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3.4.3 Transfer methods (ET, CF, CH) differ in transfer efficiency when transferring
high richness GM4 to recipient B6J mice

Studies comparing different transfer methods were performed using CD-1 donor mice of
either high richness GM4 or low richness GM1 (derived from Envigo and Jackson,
respectively) and recipients from the reciprocal source.

Principal coordinate analysis of GM4 donors and B6J recipients from all three transfer
methods showed a clear separation of all three recipient groups (Fig. 4A), with differences
confirmed by One-way PERMANOVA (p = 0.0001; F = 25.57, Bray-Curtis). Samples
from mice in the ET and CF groups clustered closer to the donor samples than samples
from recipient mice generated using the CH method. As expected, marked separation of
the CH group from donor controls was also observed at 3-weeks of age (Fig. S1A). At 3-
weeks of age, the richness of B6J(GM4CF) and B6J(GM4CH) recipient mice was
significantly lower than the donor mice (Fig. 4B). By 7-weeks of age however, there was
no difference in richness between any of the recipient groups and the donor GM. LEfSe
analysis (Fig. 4C and Fig. 4D) detected a limited number of taxa preferentially enriched at
7 weeks in B6J mice receiving GM4 via CH, relative to ET and CF, all within the class
Clostridia and including an annotation likely representing segmented filamentous bacteria
(SFB). Thus, while all three methods resulted in some degree of GM transfer, the transfer
efficiency of high richness GM4 into B6J mice differed between methods in transfer

completeness, with ET and CF providing more complete transfer than CH.
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3.4.4 B6J(GM4) mice generated using different transfer methods display differential
susceptibility to DSS-induced colitis

Administration of DSS to B6J mice that received high richness GM4 via different transfer
methods resulted in significant differences in weight loss depending on the transfer method
(Fig. 5). Specifically, the DSS-induced weight loss in the CH group was significantly
greater than that in ET and CF groups. Comparison of colon lengths post-DSS treatment
among B6J recipient mice that received GM4 using different transfer methods showed no
significant difference between groups (data not shown). The differences in weight loss
suggest that GM4 was less protective against disease when incompletely transferred at a
later age via co-housing.

3.4.5 Transfer methods differ in transfer efficiency when transferring low richness
GML1 to recipient B6NHsd mice

To further assess the influence of transfer method and differences in richness between
donor and recipient on transfer efficiency, we transferred low richness GM1 into B6NHsd
mouse using all three methods. One-way PERMANOVA comparing donor and recipient
groups showed the significant differences between donor and recipients generated using
the different methods. Principal coordinate analysis of GM1 donors and B6NHsd recipients
generated using ET, CF and CH methods showed a clear separation of the CH group from
the ET and CF groups (Fig. 6A), with differences confirmed by One-way PERMANOVA
(p = 0.0001; F = 44.58, Bray-Curtis). Samples from mice generated using ET and CF
methods also clustered much closer to donor samples than samples from recipients
generated using CH. Similarly, notable separation of the CH group from donor control was

also observed at 3-weeks of age recipient mice (Fig. S1B). Comparisons of richness (Fig.
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6B) revealed that, at 3- and 7-weeks of age, the richness of samples from recipients
generated using ET showed no difference from the richness of donor samples. Samples
from recipients generated via CF were less rich than donor samples at 3-weeks of age and
remained low at 7-weeks of age. In contrast, CH recipients harbored a significantly greater
richness GM pre-transfer which remained significantly greater than that of donors
following CH. In contrast to the transfer of GM4 to B6J recipients, transfer of low richness
GM1 to B6NHsd mice was less effective, particularly in the CH group (the richness of
donor and recipient at 7-weeks of age: p < 0.0001). LEfSe analysis of recipients at 7 weeks
of age revealed significantly enriched taxa in mice generated using ET, CF, and CH
methods (Fig. 6C and Fig. 6D). In conclusion, for both transfer directions, our results
showed that the ET and CF methods resulted in greater transfer completeness and
efficiency compared with the CH method.

3.4.6 B6NHsd(GM1) mice generated using different transfer methods display
differential susceptibility to DSS-induced colitis

Comparison of DSS-induced weight loss between transfer groups paralleled that seen in
B6J(GM4) mice, as mice generated using ET had significantly less weight loss compared
to the CF and CH groups (Fig. 7A). Remarkably, mice generated using CH experienced
severe weight loss (i.e., more than 20%) beginning around day 10 post-DSS treatment and
were humanely euthanized according to our IACUC protocol. A survival curve was used
to show the rate of removal from study of BGNHsd mice generated using CH method (Fig.
7B).

Overall, the weight loss differed in the transfer groups generated using ET, CF, and CH

method. Mice in the ET group displayed significantly less weight loss compared to mice
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generated using CF and CH, regardless of transfer direction, while mice in the CH group
experienced more severe weight loss, especially when attempting to transfer low richness
GM1 to B6NHsd mice already colonized with a high richness GM.

3.5 Discussion

In recent years, modulation of the gut microbiome through GM transfer has become
increasingly popular in biomedical research, using multiple approaches [210-213]. The
transfer of disease phenotype via GM transfer is critical for demonstrating a causative
influence of the GM on a disease phenotype. Microbiome transfer is also used as a possible
therapeutic approach for certain diseases.

Thus, it is essential to have a better understanding of the microbiome transfer efficiency
using different transfer methods and scenarios, and a sense of whether and how the
different transfer methods may inherently affect the phenotype of disease models.
Additionally, optimized practices for GM transfer in the research community are necessary
from the perspective of reproducibility. For example, if models are found to lack
reproducibility between labs, the GM can be explored as a culprit first by characterization
of composition. Should differences in model phenotypes correlate with differences in GM,
transfer studies can be used to begin to establish cause and effect relationships between
GM and phenotype.

There are several approaches for GM transfer. ET is considered the gold standard since the
pups obtain their GM through natural means including exposure to vaginal microbiota
during delivery, and maternal fecal and environmental microbiota immediately after birth
and during nursing and maternal care. Cross fostering of pups onto GM donor mice within

the first 24 hours of life represents a cost-effective alternative to ET. Offspring GM is
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populated by the surrogate (donor) maternal fecal and environmental microbiota but is
exposed to the vaginal microbiota of the birth mother, rather than the surrogate dam [198].
Nursing and maternal care likely play a critical role in shaping the recipient microbiota in
both ET and CF-derived offspring [203] and the presence of littermates may help to
amplify colonization of offspring. Inclusion of pups naturally born to the surrogate dam
may also facilitate some sharing of maternal vaginal microbiota to their fostered littermates.
In contrast, co-housing of weanling recipient mice with donor mice occurs after
establishment of the offspring GM and ignores developmental influences of the transferred
GM on the recipient. Despite this shortcoming, co-housing is a commonly used method to
normalize the microbiome between mice due to its simplicity [203]. However, it does have
limitations, as demonstrated by the current study and other research teams [201, 203].
While embryo transfer results in a natural vertical GM transfer between dam and offspring,
this method is costly and requires substantial expertise and infrastructure, making it an
impractical method for most labs. Alternatively, the current study shows that cross-
fostering results in similar transfer efficiency when compared to ET. This method is
advantageous over ET because of ease of use and low cost [97, 107, 198, 199].
Co-housing as a transfer method produced mixed results. While CH resulted in less
complete transfer of the rich GM4 to recipient B6J mice when compared to ET or CF,
transfer was nonetheless partially effective whereas the CH-mediated transfer of the sparse
GM1 to B6NHSsd recipients resulted in a hybrid recipient profile that was actually more
dissimilar to donor mice than the pre-transfer profiles. These data are in agreement with

previous findings showing that the successful transfer of GM to antibiotic-treated mice via
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repeated intra-gastric gavage is dependent on the starting relative richness of donor and
recipient GMs [108].

Co-housing also resulted in exacerbation of DSS disease severity as evidenced by increased
weight loss in the B6J(GM4CH) group and marked weight loss leading to removal from
study in the B6NHsd(GM1CH) group. The reasons for this are unknown, but may be
related to compounding weaning stress with the stress of being placed in a new cage with
strange donor mice. This may result in sufficient stress to modulate the immune system
and exacerbate inflammation. However, this seems unlikely as DSS was not administered
until mice were seven weeks of age and had been with the donor mice for a full month.
The increased disease severity (as measured via weight loss) observed in B6J(GM4CH)
mice relative to B6J(GM4ET) and B6JGMACEF is intuitive in the context of decreased
efficiency of CH-mediated transfer of the rich GM4 shown to be protective in the fully
crossed ET studies. However, the reciprocal series of transfers yielded unexpected results
as the CH-mediated transfer of GM1 (shown to confer increased disease severity) to
B6NHSsd, resulted in extremely poor transfer efficiency by seven weeks of age, and yet
disease was severely exacerbated. We speculate that there may be differences between
B6J(GM4CH) and B6NHsd(GM1CH) mice in the antigen burden placed on the immune
system due to DSS administration. B6J mice housed with GM4 donors at weaning are
readily colonized with the donor GM due to the inherent difference in richness (donor >
recipient) and coprophagy, and development of tolerance to those bacteria over the
following four weeks may occur before administration of DSS. In contrast, B6NHsd
recipient mice may be, at least partially, resistant to colonization with the donor GM due

to the inverse relationship in richness (donor < recipient), despite coprophagy. Lacking full

61



tolerance to the GM, perhaps the immune system of B6NHsd(GM1CH) mice is exposed to
a greater number of previously unrecognized bacteria following DSS exposure and
ulceration of the mucosa. While additional experiments are needed to answer those
questions, the current findings provide compelling evidence that the method of transfer and
relationship between donor and recipient in starting GM richness can significantly
influence both transfer efficiency and model phenotypes.

These findings highlight the need for appropriate controls in studies wherein the GM is
experimentally transferred, particularly using CH. Such controls could include transfer of
irrelevant GM profiles not associated with phenotypic changes, transfer of the target GM
using multiple methods, or simply second-generation mice born to recipient mice. The
absence of such controls makes interpretation of experimental outcomes difficult.
Surprisingly, we were unable to identify any controlled studies wherein different transfer
methods were directly compared.

Lastly, our data demonstrate a significant effect of recipient genetics, even at the level of
substrain, on the final GM profile when the GM is transferred via ET. Org et al. previously
demonstrated host genetic control of the GM and identified loci associated with the relative
abundance of certain taxa [214]. Our data provide GM differing between substrains, such
as certain taxa are enriched in B6J recipients regardless of the GM compared with B6NHsd
substrain. These findings underscore the multi-layered influence of host genetics and GM
composition on model outcomes, and again emphasize the necessity of appropriate controls.
3.6 Conclusions

In conclusion, our results demonstrate that both the transfer method and transfer direction

influence experimental GM transfer efficiency. ET showed the highest transfer efficiency,
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while the CF method, with the advantage of lower cost and complexity compared to ET,
provided a possible viable alternative option for GM transfer studies where high efficiency
is desired. The CH method was particularly problematic when attempting to transfer a
relatively sparse GM to a recipient with a richer starting GM and collectively, our results
suggest that CH should be carefully considered when used as a GM transfer approach, and
only in conjunction with the appropriate controls.
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Figure 3-1. Experimental design of GM transfer studies and chronic DSS colitis.

(A) Substrain controlled transfer of GM1 and GM4. (B) Transfer of GM4 via cross fostering and co-housing

methods. (C) Transfer of GM1 using cross fostering and co-housing methods. (D) Timeline of DSS treatment

to induced chronic colitis.
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Figure 3-2. Donor GM (primary) and recipient genetics (secondary) sources of GM variability in
embryo transfer derived recipient mice.

(A) Principal Coordinate Analysis plot of samples from seven-week-old B6J and B6NHsd mice colonized
with GM1 or GM4. (p =0.0001; F = 51.93, Bray-Curtis.). (B) Chao-1 index the same mice. (B6J vs. BGNHsd:
p < 0.001; GM1 vs. GM4: p < 0.001; within B6NHsd, GM1 vs. GM4: p < 0.001; within GM1, B6J vs.
B6NHsd: p < 0.001; two-way ANOVA followed by student-Neman-Keuls method for pairwise multiple
comparison). (C) Bar chart showing differing reletive aboundance between substrain B6J and B6NHsd that

received GM4 and GM1 respectively.
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Figure 3-3. Both donor GM and recipient substrain influence susceptibility to DSS-induced colitis in
mice derived by embryo transfer.

(A) Comparison of DSS-induced weight change between substrains that received GM1 and GM4 via embryo
transfer. Three-way ANOVA of weight changes revealed main effects of substrain (p < 0.001, F = 310.88),
GM (p <0.001, F = 328.76) and time (p < 0.001, F = 88.52) with multiple interactions (substrain X GM, p <

0.001, F = 27.67; substrain X time, p < 0.001, F = 2.09; GM X time, p = 0.041, F = 1.51) complicating
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interpretation. The line graph shows significant differences between GM1 and GM4 within substrain (*) and
significant differences between B6J and B6NHsd within GM (f). (B) Comparison of colon lengths of
untreated and DSS-treated mice from both substrains on both GMs revealed a main effect of treatment (p <
0.001, F = 612.72). While no main effects of substrain and GM were seen, interpretation was complicated
by a treatment X substrain interaction (p < 0.001, F = 28.87) and visual inspection of the data showed that
untreated B6NHsd mice had longer colon lengths than untreated B6N mice but shorter colon lengths after
DSS treatment. Post-hoc analysis verified this observation with significant differences seen in substrain
within both the untreated (p = 0.018, t = 2.38) and treated (p < 0.001, t = 5.032) groups. Three-way ANOVA

followed by Holm-Sidak method for pairwise multiple comparison.
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Figure 3-4. Differing transfer efficiency among transfer methods when transferring high richness GM4
to B6J mice.

(A) Principal Coordinate Analysis plot of B6J mice receiving GM4 via embryo transfer (ET), cross fostering
(CF), and co-housing (CH) at 7-weeks of age compared to CD-1(GM4) donor. (p = 0.0001; F = 25.57, Bray-
Curtis). (B) Chao-1 index of the same B6J mice. Statistical analysis (One-way ANOVA) to compare the
recipient groups and the donor control group. (C and D) Linear discriminant analysis effect size (LEfSe)
analysis and Cladogram show compositional differences and taxa that were significantly overrepresented in
each group. Cladogram circles represent the different taxonomic levels from phylum (innermost circle) to
species (outermost circle). Annotation represents p_ phylum, ¢_ class, o_ order, f_ family, g_ genus, or s_

species from inside to outside.
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Figure 3-5. Recipients with the same B6 substrain genetics received the same GM4 through different

transfer methods that display different susceptibility to DSS-induced colitis.

Comparison of DSS-induced weight change between recipient B6J mice that transferred with GM4 through
different ET, CF, and CH transfer method. Two-way ANOVA (time and transfer method) revealed the
main effects of time (p < 0.001, F = 78.12) and transfer method (p < 0.001, F = 522.66) with interactions
(transfer method X time, p < 0.001, F =7.51). Student-Neman-Keuls method for pairwise multiple
comparison showed significant difference between methods (ET vs. CH: p <0.001; ET vs. CF: p < 0.001;

CF vs. CH: p <0.001).
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Figure 3-6. Different transfer method differs in GM transfer efficiency when transfer low richness
GM1 to B6NHsd mice through ET, CF, and CH methods.

(A) Principal Coordinate Analysis plot of B6NHsd recipient groups transferred with GM1 that was generated
using ET, CF, and CH methods at 7-weeks of age compared to CD-1(GM1) donor. (p = 0.0001; F = 44.58,
Bray-Curtis). (B) Chao-1 index of the B6NHsd recipient groups generated using different transfer methods
ET, CF, and CH. Statistical analysis (One-way ANOVA) to compare the recipient groups and donor control
group). (C and D) Linear discriminant analysis (LDA) effect size (LEfSe) analysis and Cladogram showed
compositional difference and taxa that were significantly overrepresented in each group when performing
the comparison between mice groups that generated using ET, CF and CH method, B6NHsd (GM1ET),
B6NHsd (GM1CF) and B6NHsd (GM1CH) at 7weeks of age. Cladogram annotation: p_ phylum, c¢_ class,
o_ order, f_family, g_ genus, or s_ species from inside to outside. Red, green and blue color-coded nodes

stand for the species that are overrepresented in each group).
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Figure 3-7. Recipient mice with the same B6NHsd genetics received the same GM1 through different
transfer methods that display different susceptibility to DSS-induced colitis.

(A) Comparison of DSS-induced weight change between recipient B6NHsd mice that transferred with GM1
through different ET, CF, and CH transfer method. Two-way ANOVA (time and transfer method)
comparison within 10 days revealed the main effects of time (p < 0.001, F = 194.87) and transfer method (p
< 0.001, F = 58.28) with interactions (transfer method X time, p < 0.001, F = 31.33). Student-Neman-Keuls
method for pairwise multiple comparison showed significant difference between methods (ET vs. CH: p <
0.001; CF vs. CH: p < 0.001) and no significant difference between ET vs. CF method within 10 days. Two-
way ANOVA (time and transfer method) comparison between ET and CF within 1-48 days revealed the main

effects of time (p < 0.001, F = 21.73) and transfer method (p < 0.001, F = 102.98) with interactions (transfer
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method X time, p < 0.001, F = 4.52). Student-Neman-Keuls method for pairwise multiple comparison
showed significant difference between methods (ET vs. CF: p < 0.001. (B) The survival curve showed the
survival proportions of all the B6J and B6NHsd mice groups generated using different transfer methods ET,
CF, and CH. (Kaplan Meier survival analysis in GraphPad Prism) From days 49-66, weights were

inadvertently not recorded for the B6NHsd (GM1CF) group.
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Figure 3-S1. Principal Analysis plot of recipients at three-week-old and CD-1 GM donor control.
Linear discriminant analysis (LDA) effect size (LEfSe) analysis and Cladogram.

(A) Recipient B6J mice that transferred with GM4 using ET, CF and CH methods (p = 0.0001; F = 38.51,
Bray-Curtis.) and (B) Recipient BENHsd mice that transferred with GM1 using ET, CF and CH methods (p

= 0.0001; F = 16.43, Bray-Curtis.).
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CHAPTER IV

Summary and future perspective
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4.1 Summary

Accumulating data showed the significant role of gut microbiome in a variety of disease.
Mouse model is most frequently and wildly used for studying variety of human disease.
However, there is urgent need to strengthen repeatability and improve the reproducibility
between studies performed in different institutions using the same mouse disease model.
there is also an urgent need to improve the informativeness of mouse models for human
disease and enhance the translatability of biomedical research to human diseases using
animal models. Our previous study and other studies revealed the variation of gut
microbiome between vendor, institutions, and many other factors including both husbandry
and environment factors such as diet, cage, bedding, can influence the gut microbiome.
The variation of gut microbiome between animal disease model may yield a discrepancy
in the research result which could cause poor reproducibility using animal disease models.
The gut microbiome between traditional lab mice differs from the wild or pet store mice
that experience much more antigen exposure compared to the lab mice. The gut
microbiome of lab mice raised under standard condition with less antigen experience
display less colonization resistance and less resilience to disease. Thus, the consideration
of the informativeness and the study translatability of using lab animal to study human
disease should be given.

In the first part of our study, we investigated the virome components of the lab mice and
pet store mice. By analyzing the virome difference between lab mice and pet store mice,
we found that the pet store mice harbor significant more virome components both in
richness and diversity compared to lab mice. This indicated that the pet store mice are more

antigen experienced than lab mice. The virome component is important regarding to
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translatability of using animal model to study human disease. Recent study showed
transferring the microbiome from wild mice to lab mice result in a higher similarity to adult
human immune response, in which case the study showed the lab mice originally showed
the immune system like human neonates. Transferring human microbiome to lab mice, in
terms of humanized mice is popular in recent days to mimic the human microbiome in
study. Although the characterization of virome component is needed to fully understand
the contribution of the microbiome on disease mechanism and to enhance the translatability
of using mouse model studying human disease.

At the same time, we also investigated the virome component between different vendors
of lab mice. Interestingly, we found that, even for the same lab mice, the virome component
differs between different vendors. This is consistence with our previous study that the gut
microbiome bacterial differs between the different vendors. This could be a potential cause
of the poor reproducibility of biomedical research study.

Gut microbiomes manipulation is an option to normalize the microbiome between and
minimize the variation between mice. What is more, by transferring the certain microbiome
to an interested genetic generated mouse model, researchers could have the opportunity to
investigate any disease in a well-controlled microbiome environment which is benefit for
identifying the contributing microbiome, explore the drug metabolism pathway and disease
mechanism pathway, as well as diagnostic and therapeutic development. By transferring
the gut microbiome from human to animal model, the researchers obtain the opportunity
to study certain disease under a microbiome environment that close to human, in which

way, enhance the informative or translatability of using animal model for human disease.
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In this current study, we also focused on filling the research gap of evaluating the transfer
efficiency using different transfer methods, and to provide a better tool for the biomedical
research community, we investigated the gold standard gut microbiome transfer method
ET, the commonly used co-house method and we also explore using cross foster as a
transfer strategy with significant higher transfer efficiency compared to co-house method.
Our result showed cross-foster can be used as optional method to transfer the GM with
higher transfer efficacy compared to CH method and CF showed the advantage of ease of
use and cost less compared to ET method.

We also assess the disease susceptibility of the mouse model that generated using different
transfer methods. Our result showed the mice generated using CH method display sever
susceptibility to DSS-induced colitis. The ET method display less susceptible to disease
phenotype.

We designed experiment to evaluate both the GM and recipient genetic influence on GM
transfer efficacy and the subsequent influence on disease susceptibility using DSS-induced
mouse model. We found that both the GM and genetic had influence on transfer efficacy
and have subsequent influence on disease phenotype. Thus, when consider using GM
transfer as a manner to modulate the microbiome between mice or create certain desired
microbiome environment, the study design needs to take both the recipient mouse genetic
background and the donor mice GM into consideration. We also noticed that, in the case
of transfer the GM between mice, it is more efficiency when transfer GM of a donor mice
that normally colonized with high richness GM into a recipient mouse that normally
colonized with low richness GM such as transfer GM4 into B6J mice that normally

colonized with low richness GM. On the other hand, if transfer the GM in the opposite
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direction, for example, transfer the GM from a donor that normally colonized low richness
GM into a recipient mouse that normally colonized with high richness GM is less efficacy
such as transfer GM1 into B6NHsd recipient that normally colonized with already higher
richness GM. This result is consistence with our previous discovery that transferring GM
using fecal microbiome transfer method, in which study the result also showed the transfer
efficiency depends on the GM richness of recipient and the donor. The disease
susceptibility of generated mice between different substrain showed both the received GM
and the recipient host genetic substrain contribut to disease susceptibility regarding to
weight loss and colon length.

Based on what we found from the substrain control experimental group that GM and
recipient genetic both had influence on GM transfer efficacy and the subsequent disease
susceptibility, then we transferred the same GM to the same genetic background mice using
different transfer methods to investigate the transfer methods influence on the transfer
efficacy and subsequent influence on disease phenotype.

We first transfer the low richness GM1 to the same genetic background B6NHsd mice that
normally harboring high richness GM using ET, CF, and CH method. We found that using
CF method result in a better transfer efficacy compared to CH method and the mice that
generated using CH method display significant weight loss compare with the mice
generated using ET and CF methods. The result indicated better transfer efficacy and less
disease susceptibility using CF method compared to commonly used CH method.

Then we also transfer the high richness GM4 into the same genetic background B6J mice
via different transfer method to evaluate the different transfer method influence on transfer

efficacy and disease susceptibility. This transfer direction is the opposite transfer direction
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regarding to the richness of donor and recipient. Surprisingly, we discovered that in this
transfer direction, the result showed significant poor transfer efficacy using CH method
compared to both CF and ET method. What is worse, the mice generated using CH method
display sever disease susceptibility due to the administration of DSS in drinking water.
Most of mice were humanly euthanized due to the severe weight loss that more than 20-
30% based on our protocol. This result further highlights the transfer method and transfer
direction influence on transfer efficacy and subsequent influence on disease severity of
animal disease model.

Collectively, the GM richness of donor and recipient should be considered when do the
GM transfer between mice. The same GM transfer to different recipient genetic
background could result in different GM profile and different disease susceptibility. The
transfer method has influence on transfer efficacy and have subsequent influence on the
disease severity of generated mice. Co-house method should be used with caution to avoid
potential problem especially for the study of disease that closely associated with the gut
microbiome. This current study provides a possible option to further explore the better way
to enhance the animal model reproducibility and translatability of using animal model for
human disease.

4.2 Future perspective

For future research directions that derived from this current study, based on the valuable
experimental-based data that provided, there are several investigation directions worthy for
further exploration. First, we noticed both the GM and genetics have influence on transfer
efficacy and have subsequent influence on disease phenotype. A well-designed study is

needed for further investigation of the integrated function of genetic and microbiome, such
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as the interlink/crosstalk between the transferable microbiome component and the genetic
factor. The above-mentioned exploration will shed light to the relative research toward to
the precision medicine by considering the microbiome and genetic background together.
Second, the study on metabolism and immune response is another exploration direction,
such as how the transferred GM have resulted in difference of metabolism and immune
response, what is the contributing microbiome and which part of the metabolism and
immune response were most influenced by transfer method. Although, this is challenging
to design the study because of the variation of immune response and different metabolism
based on different disease model. Third, the consideration of the potential influence of
using cohouse method to normalize the gut microbiome. Transfer the GM to certain model,
the best time point to expose the recipient to the foreign microbiome from donor is critical.
This also inspires us to think about the best intervention time point to use probiotic or other
gut microbiome modulation mediated treatment. Last but not the lease, the exploration of
certain benefit microbiome or the combination of beneficial microbiome group as
therapeutic stratify to create positive microbiome environment to enhance the drug
metabolism or reduce the susceptibility to certain infection or decrease the possibility to
get disease.

To fully understand and enhance the reproducibility and translatability, the characterization
of the virome component using different transfer method should be further investigated
and the potential influence of the immune system development in a long run also need to
be investigated. Furthermore, the exploration of the best way to improve or mimic the
antigen experience-like wild mice model or humanized mice disease model is valuable in

biomedical research.
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