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Abstract

Functional Characterization of the Epithelial Protein, PRAP1, and Generation of Human
Microbiota-Associated Mice to Model Bacterial VVaginosis
By Alexandra A. Wolfarth

The microbiota maintains critical interactions with the host at the mucosa of both the
gastrointestinal tract and the female reproductive tract. To understand the mechanisms by which
certain members of the microbiota promote intestinal and reproductive health, we developed two
independent projects. We first functionally characterize an under-studied protein, Proline-rich
acidic protein 1 (PRAP1), induced by Lactobacilli in the gut epithelium. We found PRAP1 is a
17 kDa intrinsically disordered protein that prolongs the survival of mice after total body
irradiation and prevents irradiation-induced apoptosis in the gut epithelium. We conclude that
PRAP1 is an intrinsically disordered protein highly expressed by the gastrointestinal epithelium
and functions at exposed surfaces to protect the barrier from oxidative insult. Second, to further
understand the mechanisms by which the vaginal microbiota promote female reproductive
health, we sought to improve current mouse models of the vaginal microbiota. We generated
human microbiota-associated (HMA) mice using vaginal swabs collected from pregnant women
with or without bacterial vaginosis (BV). Our goal was to generate mice that had a vaginal
microbiota and birth outcome comparable to their respective human donors. There was
considerable variability in the microbes that colonized each mouse, with no association to the
microbiota of the donor. Although human mothers with BV had more frequent adverse birth
outcomes, the vaginal microbiota was not predictive of adverse birth outcomes in mice.
Together, these projects further our understanding of the mechanisms by which the microbiota
promotes intestinal health and the potential uses and limitations of mouse models involving the
female reproductive tract.
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Chapter 1

The Small Intestinal Epithelium: A Dynamic Barrier Critical to Human Health

Introduction

The human gut harbors a substantial amount of bacteria, with initial colonizers
acquired at birth. While some bacterial species such as Clostridium difficile are pathogenic and
cause serious intestinal infections, the majority of bacteria found in the gut are commensal and
thrive in harmony with the host [1]. It has become increasingly appreciated that not only does
the colonization of beneficial bacteria prevent the ability of pathogenic bacteria to take hold
and cause infection, but some taxa are in constant contact with the host epithelium and elicit
beneficial host responses [2]. After sensing certain commensal bacteria, the intestinal
epithelium can respond by secreting mucins and antimicrobial proteins [3]. These secreted
factors are crucial in forming a selective barrier between the host epithelium and potential
pathogenic bacteria. Contact with commensal bacteria also initiates several homeostatic
processes such as proliferation, restitution and the expression of genes involved in protection
from potential injury [4]. Understanding the many interactions and processes that contribute to
a healthy gut epithelium has become increasingly important as the rates of inflammatory bowel
diseases increase [5]. This importance is also underscored by the fact that many of the current
treatments available for IBD are only successful for a fraction of IBD patients and an even
lower fraction experience complete remission [6, 7]. As we continue to unravel the complex
processes that promote a healthy gut barrier, the treatments for patients with chronic intestinal
inflammation will improve. Ultimately, these enhanced treatments have the potential to

improve the quality of life for over 1 million individuals [5].



Microbial Composition and Epithelial Cell Types of the Small Intestine

There are several physiological differences between the small intestine and colon which
correspond with distinct compositions of bacteria in these two regions. Because the small
intestine is located immediately after the stomach near the bile duct, the proximal small
intestine is much more acidic, with the pH increasing distally towards the colon [8]. The small
intestine also has a higher oxygen concentration compared to the colon [9]. In addition, Paneth
cells are located almost exclusively in the small intestine, secreting high amounts of
antimicrobial peptide into the mucus and luminal space. Lastly, the small intestine has a faster
transit time and harbors different potential nutrients than the colon. All of these characteristics
of the small intestine select for the survival of certain kinds of bacterial species. The most
common bacteria found in the small intestine are fast growing facultative anaerobes that
tolerate an acidic environment and are able to bind the mucus layer. Dominant bacterial
families in the small intestine include Lactobacillaceae and Enterobacteriacea [10, 11]. Crucial
to the colonization of these bacteria in the small intestine is their ability to bind mucins in the
mucus layer initially by lectins and other membrane proteins. In order to penetrate the mucus
and directly interact with the host epithelium, most commensal bacteria secrete mucinases and
proteases [12, 13]. These enzymes degrade the mucus and allow commensal bacteria to
penetrate the mucus layer and bind the host epithelium.

The small intestine is a unique organ of the body with a high amount of bacterial
contact. This bacterial interaction occurs because it serves as the main site of nutrient
absorption [14]. The potential for close contact with bacteria signifies the importance of
maintaining a healthy gut epithelium to prevent translocation of bacteria, damaging

inflammation and increased risk of IBD development. Because the main function of the small



intestine is to absorb nutrients exiting the stomach, it is important that the gut epithelium
maintain a relatively thin layer of mucus (unlike the colon) and an epithelial barrier that is
selectively permeable. In order to accomplish this, the host epithelium is comprised of a single
cell layer that forms villus structures protruding towards the inner lumen and crypts that
invaginate the mucosa and increase absorptive surface area. The cell type represented in 90-
95% of the crypt-villus axis is the absorptive epithelial cell [15]. In order to carry out the
important function of nutrient absorption, the absorptive epithelial cells express several types
of glucose and amino acid transporters. The expression of these transporters are critical for the
sensing and uptake of nutrients and their expression levels can change depending on the region
of the small intestine and cell position within the crypt-villus axis [15]. At the base of the
crypts are intestinal stem cells. These stem cells divide to replenish the constant turnover of
epithelium and are the source of not only the absorptive epithelial cells, but additional
epithelial cell types found within the epithelium: Paneth cells, goblet cells, enteroendocrine
cells and tuft cells [16]. Located next to the intestinal stem cells at the base of the crypts are
the Paneth cells. These cells function to secrete antimicrobial proteins and other survival
signals that are crucial for maintaining a stem cell permissive environment [17]. This region of
the crypt is referred to as the “crypt-stem cell niche” and is described in more detail later in
this chapter. Another important secretory cell located throughout the epithelium of the small
intestine and colon is the goblet cell. These cells secrete mucins to form the mucus layer, with
a much more substantial mucus layer produced in the colon compared to the small intestine
[18]. The importance of the mucus layer and details of its composition is provided in detail
later in this chapter. Also scattered throughout the epithelial layer are enteroendocrine cells.

These cells are capable of sensing nutrients and releasing hormones that have local and



systemic effects that are important for digestion and metabolism, including the control of gut
motility, insulin release and satiety [19]. Finally there are tuft cells, which only make up about
0.4-1% of the epithelial cell population [20]. Tufts cells are most well known for their unique
physical feature, displaying a prominent “tuft” of microvilli that extend into the gut lumen [21,
22]. There is a remarkable amount of heterogeneity found within the tuft cell population and
they have been found in many mucosal sites outside of the small intestine [16, 21]. While their
function seems to differ based on the tissue they are in, they are broadly defined as cells that
sense chemical signals and respond by releasing a variety of biological mediators. In the
intestine, tufts cells have been shown to express high levels of IL25, making them critical in
the response to pathogens requiring a type-2 immune response, although their function in the
gut certainly encompass much more than this [23, 24]. Despite their heterogeneity and
presence in distant organs such as the thymus, lineage tracing has confirmed that intestinal
tufts cells do indeed arise from Lgr5+ stem cells in the intestinal crypt [20]. In summary, the
specialized cells that make up the gut epithelium act in concert to achieve the difficult task of
nutrient sensing and absorption while maintaining physical separation between luminal
antigens and the underlying sub epithelial compartment.
Maintenance of the Epithelial Barrier

While a variety of epithelial cell types can be found throughout the small intestinal
epithelium, they all must act together to form a selectively permeable barrier capable of
absorbing required nutrients while preventing translocation of unwanted solutes and antigens.
To achieve this barrier, the plasma membrane of epithelial cells is impermeable to hydrophilic
material, only allowing uptake by specific transporters [25]. In addition to regulating direct

uptake by the epithelial cells, another critical and highly dynamic mechanism of barrier



maintenance is the presence of the apical junctional complex located in the paracellular space.
Within this complex are tight junctions, adhererns junctions and the desmosome [26].

Starting at the basolateral region of the junctional complex is the desomosome, made
of desmocollin, desmogelin and desmoplakin [27]. Above the desmosome are the adherens
junctions, which are comprised of transmembrane cadherins that attach to a-catenin, B-catenin
and actinomyosin filaments inside the cell [28]. Both desmosomes and the adherens junctions
provide necessary adhesive forces that maintain cell-to-cell contact. At the apical end of the
paracellular space are the tight junctions. These tight junctions are comprised of protein
complexes that form both “pore” and “leak” pathways, achieving both size-and charge-
selectivity [29]. The tight junctional claudins are responsible for forming pores while ZO-1,
occludin and myosin light chain kinase (MLCK) are involved in the leak pathway [27].
Claudins that make up the tight junctions are thought to be the most important when
determining the permeability of the barrier, as the modulation of claudin expression alone is
able to change transepithelial resistance [30]. The importance of regulating claudin expression
at the intestinal epithelium is underscored by the finding that mice lacking claudin 2 and 15
have improper luminal sodium levels and low nutrient absorption that ultimately leads to
premature death [31]. While some claudins form pores important for nutrient absorption and
ion flux, other claudins act to decrease permeability and create a tighter seal. The expression of
claudins not only varies along the crypt-villus axis, but can be modulated by kinase activity
and cytokine expression [27, 32]. Because the expression of claudins has such a direct effect
on intestinal permeability, their dysregulation is thought to be a critical risk factor for the

development of IBD in humans [25].



Another aspect of the intestinal epithelium that is critical to barrier maintenance but
less understood is the highly controlled shedding of epithelial cells as they reach the villus tip.
While epithelial cell shedding occurs at a rate of about 1 cell/minute, the barrier at the villus
tip remains uncompromised [33]. Several hypotheses have been proposed to explain how the
barrier is maintained during this process and may involve the cooperation of several
mechanisms. Contraction of actin filaments to seal gaps in the barrier have been observed in
vitro, tight junction formation under the extruding cell, contraction of subepithelial
myofibroblasts and lastly, the observation of an unknown substance that fills gaps in the
barrier that are devoid of cell cytoplasm and nuclei [34].

While formation of a highly selective epithelium is critical to forming an effective and
functional intestinal barrier, the mucosa is often the first line of defense against microbes and
potential pathogens. This requires additional specialized characteristics critical to the innate
immune response.

Innate Immunity at the Small Intestinal Epithelium

Mucus Layer

Throughout the gastrointestinal tract is a mucus layer that not only prevents self-
digestion but also serves as a significant physical barrier between luminal contents and the host
epithelium. The mucus layer is composed of about 50 proteins, with the major component
being the MUC2 mucin. MUC2 is composed of about 5,100 amino acids [35] and undergoes
extensive polymerization before being secreted by goblet cells. After secretion the mucin
expands immensely to form large nets [36]. In order for the mucin to unfold a high pH is
required [37]. To achieve a high pH, adjacent enterocytes have been found to secrete

bicarbonate [38]. Defects in mucin production are associated with spontaneous colitis [39] and



therefore play an important role in gut barrier function. While the mucus layer in the stomach
and colon is very thick and has a dense inner layer and loose outer layer, the small intestine has
only one layer of mucus on top of the glycocalix. The mucus layer in the small intestine has a
larger pore size that allows bacteria to penetrate and gain proximity to the host epithelium [18].
Although the small intestine has a larger pore size and only a single layer, there are several
factors which prevent most intestinal bacteria from reaching the host epithelium. As goblet
cells produce and secrete mucin, the older mucin is pushed towards the lumen, creating a flow
which makes it difficult for most bacteria to swim against [40]. Located at the base of the
crypts in the small intestine are Paneth cells which secrete antimicrobial proteins. As these
antimicrobials bind the mucins, their concentration is kept high near the host epithelium [41].
The intestinal mucus layer is important in barrier function because it physically separates
microbes from the host epithelium while also binding and concentrating antimicrobial proteins

released by the host, thereby controlling the microbiota composition.

Epithelial sensing of Microbes

Although a majority of bacteria in the gut is regulated and kept at bay, the gut
epithelium expresses several receptors responsible for the recognition of and response to
microbes in the case that microbes closely approach or breach the epithelium. It is extremely
important that intestinal epithelial cells have multiple avenues to sense bacteria. This ensures
that the host can regulate the bacteria present and quickly control any intestinal infection that
would otherwise grow uncontrolled and become life threatening.

Toll-like receptors (TLRs) are a type of pattern recognition receptor (PRR) important
for the sensing of bacterial macromolecules [42]. Ligand binding results in dimerization and

activation of the TLR. Subsequent downstream signaling results in the transcription of



cytokines, chemokines and antimicrobial proteins. TLRs are most commonly found on immune
cells but can also be expressed by the cells of the intestinal epithelium. Most notably, gut
enterocytes express both TLR4 and TLRS5 [43, 44], responsible for the recognition of LPS and
flagellin, respectively. The sensing of either of these common bacterial ligands alerts the gut
epithelium of a possible infection and the cell can then transcribe antimicrobial proteins and
cytokines to recruit the appropriate immune cells needed to control an intestinal infection [45-
48].

Although TLR activation is important in sensing and controlling an infection, it has
also been shown to have an important role in the regulation of homeostatic processes at
baseline. While most bacteria is kept some distance from the epithelium by mucus and
antimicrobial proteins, some commensal bacteria are able to reach the epithelium and activate
low levels of endogenous TLR4 signaling. This low level of commensal sensing has been
shown to increase mucosal protection from injury [49]. The expression of TLRs in epithelial
cells must be highly regulated to tolerate the abundance of potential TLR ligands present in
the gut lumen. If not, TLR dependent sensing of commensal bacteria would lead to a loss of
tolerance and damaging inflammation. To control TLR signaling in the gut, most TLR
expression is polarized and more likely to be expressed on the basolateral side of the
enterocyte [50]. Ligand binding from the basolateral side of the cell indicates that there has
been a breach in the epithelium and the correct inflammatory signals ensue to control the
infection [50].

NOD-Like Receptors (NLRs) are PRRs acting as intracellular sensors that are
expressed in virtually all cell types. They are responsible for sensing a variety of ligands

including microbial associated molecular patterns (MAMPS) and danger associated molecular



patterns (DAMPs). Upon ligand recognition, NLRs undergo a conformational change which
then allows them to interact with downstream signaling proteins. This signaling results in the
expression of inflammatory and antimicrobial genes [51-53]. In the intestine, NOD1 and
NOD2 are NLRs of particular importance. NOD1 senses D-glutamyl-meso-diaminopimelic
acid (DAP) found in gram-negative bacteria and some gram-positive bacteria. NOD2 senses
muramyl-dipeptide (MDP), a common bacterial protein [54-56]. While NOD1 expression is
found in a variety of cell types, NOD2 expression is limited to myeloid cells, lymphoid cells,
intestinal epithelial cells and Paneth cells [57, 58]. NOD2 expression in the intestine is
particularly important because the gene which encodes it was the first to be associated with
Crohn’s Disease susceptibility. Mutations in NOD2 remain the strongest risk factor for
developing Crohn’s Disease [59, 60]. Several studies in mice have supported the hypothesis
that NOD?2 sensing and subsequent responses are a critical regulator of gut homeostasis. For
example, when wildtype mice were administered NOD?2 ligands such as peptidoglycan or
MDP, they were protected from experimental colitis [61, 62]. In addition, not only do NOD2
deficient mice spontaneously develop colitis, but if they are cohoused with wildtype mice,
these wildtype mice also develop severe intestinal inflammation and barrier injury [63]. This
finding suggests that NOD2 not only senses bacteria but plays a major role in regulating the
composition of commensal bacteria, likely through the secretion of antimicrobial factors and
shaping the immune response in the intestine.

Formyl Peptide Receptors (FPRs) are a seven membrane pass G protein linked
surface receptor found on the cell membrane of a variety of cells, including phagocytes of the
immune system and intestinal epithelial cells [64]. These receptors are activated by the

binding of bacterial proteins containing an N-formyl group, such as the bacterial cell wall
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component N-formyl-methionyl- leucyl-phenylalanine (fMLF). The activation of these
receptors leads to downstream signaling that ultimately leads to the generation of reactive
oxygen species (ROS) by an NADPH oxidase enzyme (Nox). While FPRs function to
generate intracellular ROS, the consequence of this ROS generation is dependent on the cell
expressing the receptor. While FPR activation on a phagocyte leads to high levels of ROS
(respiratory burst) and subsequent killing of the engulfed bacteria [65, 66], FPR activation on
the intestinal epithelia results in low levels of endogenous ROS [67]. This difference is due to
the expression of different Nox enzymes within different cell types. While phagocytes
express high levels of Nox2, the intestinal epithelia express high levels of Nox1, resulting in
the generation of rapid, reversible physiological amounts of non-radical ROS [68].

This low level of FPR-dependent ROS generation in intestinal epithelial cells is thought
to be an evolutionarily conserved mechanism of sensing and responding to bacteria and their
products in the gut lumen, illustrated by the expression of a Nox ortholog in the Drosophila gut
[67, 69, 70]. Non-radical ROS serves as an important second messenger, acting on regulatory
enzymes containing oxidant-sensitive thiol groups. These sensory proteins can be involved in a
wide array of signaling pathways, such as those involving NF-kB, MAP kinase and focal
adhesion kinase [71-73]. The decreased enterocyte proliferation and restitution in germ-free
mice underscores the importance of commensal bacteria in the promotion of several important
host processes [74-76]. It has become increasingly appreciated that FPRs serve as a promising
avenue by which commensal bacteria and their products are sensed by the gut epithelia to
promote host processes critical in gut barrier maintenance.

Microfold cells (M cells) are a subset of intestinal cells which specialize in the

sampling of luminal antigens. These cells are located in the follicle- associated epithelium
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(FAE) of organized intestinal lymphoid tissue such as Peyers patches in the small intestine. M
cells arise from Lgr5+ stem cells within dome associated crypts and their differentiation is
dependent on the secretion of RANKL by stromal cells beneath the FAE [77]. Several
characteristics make M cells efficient at antigen sampling: They have reduced microvilli, a thin
glycocalyx layer, and express several receptors that mediate antigen uptake [78]. While the
reduced microvilli and mucus layer allow close proximity between M cells and luminal
contents, M cells also express several proteins that have been found to interact with potentially
pathogenic bacteria. For example, M cells express several receptors such as glycoprotein 2
(GP2) and cellular prion protein which bind to FimH and Hsp60, respectively [79-82]. The
expression of these receptors is important for efficient sampling of the gut microbiota.

In addition to the expression of receptors which detect a diverse range gut bacteria, M
cells are also located strategically next to immune cells within the Peyers patch. This
combination makes M cells critical in the early detection of pathogenic bacteria and subsequent
control by the mucosal immune system. Beneath the M cells are macrophages, dendritic cells,
B cells and T cells organized in a region known as the intraepithelial pocket [83, 84]. These
immune cells are attracted to the intraepithelial pocket by several chemokines such as CCL20,
CCLY9, and CXCL16 and their close proximity to M cells promotes the efficient transfer of
luminal antigens to mononuclear phagocytes (MNPs) [82, 85-87]. After uptake by MNPs, the
adaptive immune response is alerted of any potential infection and lymphocytes within the
mesenteric lymph nodes will home to the lamina propria to kill infected cells and produce
secretory IgA specific for the inciting bacteria [79, 88]. This specific and early detection of

potential pathogenic bacteria is made possible by the efficient sampling of luminal antigens by
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M cells. This is underscored by the increase in susceptibility to several intestinal pathogens

such as Salmonella enterica serovar Typhimurium when M cells are absent [88].

Antimicrobial proteins

A major component of intestinal innate immunity is the production and secretion of
antimicrobial proteins by the gut epithelium. Antimicrobial proteins are peptides that target and
kill bacteria, protozoa, viruses and fungi. Therefore, their secretion in the intestine plays a
major role in the regulation of gut microbiota and protection against pathogens [89].
Antimicrobial proteins that are secreted by the epithelium are trapped by the overlying mucus
layer, creating a gradient of antimicrobial concentration. It is has been shown that in the crypts
of the small intestine where antimicrobial concentration is at its highest, concentrations of
Paneth cell granule components can be over 1mM, in some cases exceeding the minimum
inhibitory concentration (MIC) by 1,1000 times [90]. Major antimicrobial proteins of the
human gut include lysozyme, Secretory phospholipase A2, defensins, Reg3a, galectins and
cathelicidin (Table 1) [91-94]. The antimicrobial peptides found in the human intestine are
small in size, with most less than 20kDa. Although these antimicrobials may bind and target
different microbes, their known mechanisms of action are very similar. Most antimicrobial
proteins are cationic and use electrostatic attraction to bind the negatively charged bacterial cell
wall components [95]. Once bound to the bacteria, they usually use one of two mechanisms to
disrupt the bacterial cell membrane. Antimicrobial proteins that have enzymatic activity such as
lysozyme and phospholipase A2, hydrolyze the phospholipids of the bacterial cell membrane to
disrupt the membrane and subsequently kill the bacteria [96, 97]. Other antimicrobial proteins
such as defensins and cathelicidin dimerize or oligomerize on the bacterium’s surface to form

transmembrane pores. These pores lead to the loss of critical metabolites, decrease membrane
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potential and ultimately lead the death of the cell [98]. In addition to direct bactericidal activity,
some antimicrobials also have indirect mechanisms of regulating gut microbes. For example,
HD-6 forms long oligomers that act as a net to entrap potential pathogenic bacteria in the
mucus layer and prevent their translocation across the epithelium [99]. Lysozyme, which
hydrolyzes components of the peptidoglycan layer, also has been shown to play a significant
role in the activation of downstream innate immunity responses, such as inflammasome
activation in response to Staphylococcus aureus [100].

Regulation of expression is unique among the different antimicrobials and factors such
as cell type, tissue, cytokines and bacterial strain have all been shown to play an important role
[101-105]. For example, human B defensins-1 (hBD1) is an antimicrobial expressed in several
tissues of the body and was hypothesized to have an important role in the defense against
pathogens. When the antimicrobial activity of hBD1 was initially tested, it had very low
antimicrobial activity against multiple bacterial strains. It was only when hBD1 was treated
with reducing agents that it began to show potent antimicrobial activity [106]. Reduction of the
disulfide bonds within hBD1 is critical for its activity and reducing environments (as is found
in the gut) regulate its activity.

Some antimicrobials are thought to be expressed constitutively by the gut epithelium to
some degree. There are two major ways in which antimicrobial expression can be enhanced in

the epithelium. The first way is through stimulation of epithelial cells with bacteria and/or their



Table 1. Major Antimicrobial Proteins Found in the Intestine
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products [108]. The second way is indirect and first involves the stimulation of immune cells by
bacteria. Immune cells such as macrophages then release cytokines such as IL-1, enhancing
expression of antimicrobials in epithelial cells [109, 110]. While most human data has involved
exposing human skin to different stimuli and measuring the subsequent change in antimicrobial
expression [111-113], some work has been done to investigate this regulation in the human
gastrointestinal tract. For example, when compared to uninfected healthy controls, the mucosa
of patients infected with H. pylori had a significant increase in expression of LL-37
(cathelicidin) [114].

To demonstrate whether an increase in antimicrobial expression contributes to
protection of an intestinal pathogen, knockout mice have been generated to lack either certain
antimicrobials or critical enzymes required for their processing. For example, a peroxisome
proliferator-activated receptor gamma (PPARg) deficient mouse lacks beta defensin 10. These
mice were more susceptible to several intestinal pathogens such as Candida albicans,
Bacteroides fragilis, Enterococcus faecalis and E. coli [115, 116].

While many antimicrobial proteins are expressed throughout the small and large
intestinal epithelial cells, some such as alpha defensins (HD-5 and HD-6) are exclusively stored
and released by Paneth cells. Paneth cells are specialized secretory cells found at the base of
crypts in the small intestine. The secretion of antimicrobial proteins by Paneth cells is critical
for regulating the microbes in this region. This regulation plays a major role in protecting
neighboring intestinal stem cells and maintaining a proper crypt-stem cell niche.

The Crypt-Stem Cell Niche
One of the many remarkable features of the gastrointestinal tract is its ability to

replenish the epithelium with new cells every 4-5 days. This constant shedding of cells from the
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top of the villi creates an enormous task for the intestinal stem cells which are responsible for
providing their replacements. Any dysregulation in their function could lead to a suboptimal
epithelial barrier and increases the risk of potential microbial antigens from breaching this
barrier and causing chronic inflammation and disease. To ensure intestinal stem cells function
properly, the region in which they reside has specialized cells that function to support and
protect them. Intestinal stem cells, Paneth cells and stromal cells all reside in and near crypts of
the small intestine, forming an extremely physiologically important region of the gut known as
the crypt-stem cell niche.

Intestinal Stem Cells (ISCs) represent a self-renewing multipotent population of cells
that reside in the crypts of the intestine [117, 118]. These ISCs proliferate in a Wnt-dependent
manner giving rise to the transit-amplifying (TA) daughter cells that rapidly divide
asymmetrically [119]. These TA cells migrate up the villus, differentiating into absorptive
enterocytes, goblet cells or enteroendocrine cells. After about 4-5 days, they reach the top of
the villi, undergo apoptosis (“anoikis”) and are shed into the lumen [120]. In addition to
migrating up the villi, some daughter cells will instead migrate down towards the base of the
crypt to become Paneth cells. These Paneth cells secrete antimicrobials and other essential
signals important for ISC protection and maintenance [121, 122].

While there is no question that ISCs represent the cells responsible for replenishing the
intestinal epithelium, identifying the correct markers for this cell population has a controversial
history. Through several lineage tracing techniques, it is becoming increasing appreciated that
there are two populations of ISCs. One population, termed crypt base columnar (CBC) stem
cells are located at the very base of the crypt among the Paneth cells. These CBC stem cells

represent a rapidly dividing population responsible for baseline regeneration of the intestinal
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epithelium [123]. The best known marker for these CBC stem cells is leucine-rich repeat
containing G-protein coupled receptor (Lgr5) [119]. Sato et al. demonstrated that Lgr5+ cells
are able to form self-renewing organoids in an ex vivo culture system while Lgr5+ low cells
were not able to do so [124]. The second population of ISCs are the quiescent stem cells located
at the +4 position from the base of the crypt termed label-retaining (LRC) stem cells. LRCs are
thought to serve as a reserve of stem cells that are responsible for the regeneration of the
intestinal epithelium after injury [125]. The best marker for LRCs is the Polycomb family
member Bmill [126]. Although these cells may have a role in baseline regeneration, they are
insensitive to Wnt signaling and are resistant to radiation injury [125]. The exact interplay
between the CBC and LRC stem cells and their definitive contribution to epithelium
regeneration is still not completely understood.

Among the ISCs are Paneth cells and stromal cells that are responsible for sensing and
responding to environmental changes. These cells regulate ISC regeneration by providing
several essential signals such as Wnt, Notch, bone morphogenetic proteins (BMPs) and
hedgehog [127, 128]. Several studies have demonstrated the importance of these signals. For
example, Wnt signaling promotes proliferation of ISCs and its signal is strongest near the base
of the crypt and weakens as the cells migrate up the villus towards the lumen [129, 130].
When Whnt signaling is lost in a mouse model, proliferation in the crypts ceases and the
epithelium is lost [131]. In addition, BMP signal decreases proliferation and its signal is
thought to regulate proliferation of ISCs in the crypt. When mice lack the receptor for BMP
(Bmprla), ISC proliferation goes uncontrolled resulting in hyperproliferation and crypt fission
[132]. The proper balance of signals that form this crypt-stem cell niche are extremely

important for ISC function and an optimal epithelial barrier.



Paneth Cells are specialized secretory cells located in the crypts of the small intestine.
While most cells of the gut epithelium have a 4-5 day turnover, Paneth cells exist for about 60
days before being replaced [133]. They originate from the CBC stem cells but instead of
migrating up the villi to differentiate into an absorptive enterocyte or goblet cell, they migrate
downward to join the CBC stem cells at the base of the crypt. Paneth cells are most well
known for being the main producers of antimicrobial peptides. These antimicrobials are stored
in granules that are then released either constitutively or enhanced upon the sensing of
microbial ligands [134, 135]. The most abundant antimicrobial secreted are the alpha
defensins [136]. Defensin concentrations in the crypt lumen have been measured anywhere
from 1-25 mg/mL [137]. Alpha defensins, lysozyme C, and SPLA4 are all secreted
constitutively while REG3a and ANG4 (in mice) can have enhanced expression when induced
by certain bacterial ligands [136]. The expression and secretion of these antimicrobials by
Paneth cells serves the host in three important ways: (1) Keeps the lumen closest to CBC stem
cells virtually free of microbes, (2) maintains a favorable microbial composition in the gut and

(3) provides direct defense against enteric pathogens (Figure 1).
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Because CBC stem cells are responsible for the maintenance of the epithelial gut barrier,

it is extremely important that these stem cells function properly and remain unharmed by any

potential pathogenic bacteria in the lumen. For this reason, Paneth cells secrete several

antimicrobials that become concentrated by the mucus layer. Although the concentration of

antimicrobials is high in the crypt, there has been evidence suggesting that these regions are not

completely sterile. Some commensal bacteria are able to penetrate the mucus layer and are

thought to resist attack from antimicrobials. These crypt associated bacteria were found to

belong to the Acinetobacter and proteobacteria phyla [138, 139]. It has been suggested that
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Figure 1. Paneth cell function is critical for gut homeostasis. Crypts in the small intestine contain crypt

base columnar (CBC) stem cells. CBC stem cells rapidly proliferate and replenish the gut epithelium as

intestinal enterocytes undergo rapid turnover. Located closely to the CBC stem cells are Paneth cells,

which (1) secrete antimicrobial peptides and (2) provide several essential signals important for

maintaining an optimal crypt stem cell niche. These signals (EGF, Wnt, and Notch ligand) promote CBC

stem cell function and the proper replenishing of the gut epithelium [124].
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crypt associated bacteria are responsible for reseeding the microbial community after various
insults [138]. Although it is clear antimicrobial secretion by Paneth cells function to protect
vulnerable cells such as intestinal stem cells, they are also capable of regulating which bacteria
reside in the crypt. This regulation of microbial composition extends outside of the crypt region,
having profound effects on the microbial population in the gut lumen and mucosa. In a mouse
model lacking MMP7, the enzyme required for alpha defensin processing, changes in the major
bacterial groups of the gut were observed. Compared to wildtype mice, the MMP7 deficient
mice had an increased abundance of Firmicutes and a decrease in Bacteroidetes [89]. The
opposite was true for transgenic mice expressing HD5. In addition, the total amount of bacteria
in the gut remained unchanged [89]. This implies that Paneth cell secretion of antimicrobials
function to regulate the dominant populations of bacteria in the gut. As alterations in microbial
composition and dysbiosis are associated with the development of IBD, this underscores the
importance of Paneth cells and their role in maintaining gut homeostasis. Lastly, antimicrobial
secretion by Paneth cells is important for the defense against enteric pathogens. Again using the
MMP7 deficient mice, the loss of alpha defensins rendered the mice more susceptible to
Salmonella Typhimurium infection while the HD5 transgenic mouse had increased protection
[116].

While antimicrobial secretion clearly plays a critical role in maintaining gut
homeostasis, there has been a recent increase in appreciation for the role of Paneth cells in CBC
stem cell function and numbers. Gene expression arrays confirm that Paneth cells produce large
amounts of EGF, Wnt3, and Notch ligand DII4 [17]. The importance of Paneth cell expression
of these proteins is demonstrated in a minigut culture system. When sorted Lgr5+ CBC stem

cells are grown ex vivo, they do not develop organoids. Organoids will only form if several
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essential signals are added to the media. Remarkably, stem cells will also form organoids if
they are co-cultured with Paneth cells [124]. This underlines the potential for Paneth cells to
provide several essential signals for proper CBC stem cell function and proliferation. This
relationship is further demonstrated by several in vivo models in which mice lacking Paneth
cells also lack Lgr5+ stem cells [17, 122, 140].

When mutations in NOD2 were discovered to have a high association with the
development of Crohn’s disease, much attention was placed on Paneth cells and their role in gut
homeostasis- and rightfully so. Evidence suggests not only do these cells secrete antimicrobials
that regulate the ever important gut microbiota, but they also provide essential help to the
rapidly dividing stem cells that form the single cell membrane that separates the outside world
from the rest of the human body (Figure 1).

Paneth cell secretion of antimicrobial proteins limits the amount of bacteria that survive
in the crypt space and dictate the dominant phyla found in the small intestine [89].
Subsequently, Paneth cells can indirectly influence the systemic immune response [89]. Taken
together, these contributions made by Paneth cells implicate their extreme importance in
promoting gut homeostasis and the prevention of 1BD.

Inflammatory Bowel Disease

Inflammatory Bowel Disease (IBD) is fundamentally characterized by inflammation of
the gastrointestinal tract, resulting in pain, vomiting, diarrhea and weight loss. IBD encompasses
two syndromes: Ulcerative colitis and Crohn’s disease. The difference between these two
syndromes relies mainly on the location and pattern of the inflammation. Ulcerative colitis
involves acute inflammation restricted to the colon while Crohn’s disease involves chronic, often

granulomatous inflammation anywhere along the gastrointestinal tract. IBD has long been
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associated with dysbiosis, or an unfavorable alteration in the microbial composition in the gut
[141]. Usually this is characterized by a decrease in the diversity of microbial populations as well
as the decrease in the amount of specific bacterial groups such as Clostridia [142-144].
Nonetheless, most bacteria implicated in the development of IBD have been species which are
usually more closely associated with the epithelium and coated with secretory IgA [145].
Furthering this point, human studies have revealed that patients with IBD have an increased
concentration of bacteria on the mucosal surface [146]. Although the unique bacterial
compositions associated with IBD are a promising first step for developing treatments for IBD, it
is still under question whether these differences initiate IBD pathogenesis or if they are a
consequence of the disease [147].

Although it is unclear whether dysbiosis is a cause of IBD or a consequence, it is
clear that Paneth cells play a major role in gut homeostasis and their dysfunction can lead to
disease. Paneth cell dysfunction has the ability to cause IBD and they need to be considered
when developing novel IBD therapies and preventatives. As discussed previously, mutations
in NOD2 are the strongest risk factor for the development of IBD [59, 60]. This bacterial
sensor is highly expressed by Paneth cells and functions to regulate antimicrobial secretion
and the expression of inflammatory cytokines. The importance of NOD2 in promoting gut
homeostasis is made very clear in mouse models that spontaneously develop colitis in its
absence. In addition to the link between NOD2 and development of disease, there is also
strong evidence that Paneth cells regulate the composition of the gut microbiota. While
transgenic HD5 mice display a significant shift in their dominant flora, they also lose SFB
colonization after several hemizygous murine breading pairs [148]. Additionally, other

models of Paneth cell dysfunction have increased levels of SFB colonization [148]. Taken
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together, this demonstrates the importance of Paneth cell function on the microbial
composition in the gut. Dysfunction in the sensing of microbes or secretion of
antimicrobials can lead to an alternation in the gut flora. These alterations could lead to
dysbiosis or the shift to pro-inflammatory bacteria such as SFB. As Paneth cells emerge as a
pivotal player in both the regulation of the gut microbiota and the maintenance of CBC stem
cells, their potential role in IBD pathogenesis is a topic of serious investigation.

The debilitating symptoms of IBD are the result of inappropriate immune responses to
the commensal microbiota and the loss of tolerance to commensals [149, 150]. How one
develops this loss of tolerance is under great debate and can clearly be different patient to
patient. Potential factors include but are not limited to: diet, genetic background, immune
system development following birth, and environmental insults [151]. While a majority of
barrier damage seen with IBD is caused by immune cell infiltration in the gut, suboptimal
epithelial barrier maintenance can also be a risk factor for developing the disease [152].
Increased paracellular permeability seen with the dysfunction in apical junctional complexes
leads to increased levels of immune activation in the gut. Indeed, relatives of patients with
Crohn’s disease are more likely to have increased barrier permeability, but ultimately do not
develop IBD [153]. It is proposed that barrier dysfunction is just one of the many risk factors
that contribute to the development of disease [25].

Although there are several anti-inflammatory drugs that target the adaptive immune
system, this sort of treatment is only sometimes successful for patients and only helps them
manage their symptoms [7]. Improving current treatments should involve repair of the intestinal
barrier and restoring proper function. To accomplish this, the field will need a much better

understanding of how the human gut maintains an optimal barrier during homeostasis and after
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injury. This chapter has introduced some of the most critical characteristics of the intestinal
barrier, although our understanding of this complex yet ever-important epithelial lining is far
from complete. Continuing to understand the complex mechanisms by which the gut barrier is
maintained is a critical step in developing life-changing therapeutics for the 1+ million people

living with I1BD.
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Abstract

Background & Aims: The intestinal epithelium must be resilient to physiochemical stress in
order to uphold the physiological barrier separating the systemic compartment from the
microbial and antigenic components of the gut lumen. Identifying proteins that mediate
protection and enhancing their expression is therefore a clear approach to promote intestinal
health. We previously reported that oral ingestion of the probiotic Lactobacillus rhamnosus GG
(LGG) not only induced the expression of several recognized cytoprotective factors in the
murine colon, but also many genes with no previously described function, including the gene
encoding proline-rich acidic protein 1 (PRAP1). PRAP1 is a protein highly expressed in the
epithelium of the gastrointestinal tract and we sought to define its function in this tissue.
Methods: Purified preparations of recombinant PRAP1 were analyzed biochemically and PRAP1
antisera were used to visualize localization in tissues. Prapl”™ mice were characterized at
baseline and challenged with total body irradiation and lastly, enteroids were generated to
recapitulate the irradiation challenge ex vivo.

Results: PRAP1 is a 17 kDa intrinsically disordered protein with no recognizable sequence
homology. PRAP1 expression levels were high in the epithelia of the small intestine. While
Prapl”™ mice presented only mild phenotypes at baseline, they were highly susceptible to
intestinal injury upon challenge. After irradiation the Prapl”™ mice exhibited dramatically higher
mortality rates with a significant increase in apoptosis and p21 expression in the small intestinal
epithelium.

Conclusions: PRAP1 is an intrinsically disordered protein highly expressed by the
gastrointestinal epithelium and functions at exposed surfaces to protect the barrier from oxidative

insult.
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Introduction

Induction of cellular protective pathways and the associated effector molecules is
particularly important in tissues that are frequently exposed to environmental xenobiotics and
oxidative stress, such as the gastrointestinal epithelium [4, 154, 155]. Such enterocytes are in
intimate contact with the microbiota and their products as well as digestive components and
ingested foodstuffs, requiring the epithelial cells perform their absorptive function while
tolerating and responding to these exogenous stressors. When cells encounter exogenous insult
that results in heightened oxidative stress and DNA damage, several pathways downstream of
p53 activation determine cell fate and whether the cells will repair the DNA damage and
continue in the cell cycle. In the case of overwhelming damage, they enact programmed cell
death to safely eliminate injured cells [156, 157]. Improper response to exogenous insult can lead
to compromised barrier integrity, allowing luminal components to traverse the epithelial layer to
sub-epithelial compartments where they induce heightened localized or systemic inflammation
that can result in a variety of pathological states [158-160]. Therefore, identifying proteins that
promote proper epithelial response to exogenous insult and enhancing their expression is a
subject of intense investigative focus.

It is increasingly appreciated that the normal resident gut microbiota plays a role in
eliciting cytoprotection [161]. Corroborating this notion are studies showing that the intestines of
germ-free mice that lack a microbiota are more susceptible to exogenous insult [4, 162].
Furthermore, ingestion of putatively beneficial bacteria, also known as ‘probiotics’, including
Lactobacillus rhamnosus GG (LGG) are known to elicit cytoprotection in the gut [163]. To
identify potential novel cytoprotective genes induced by LGG in the murine intestine,

transcriptomic analysis was performed on the colon four hours after oral gavage. Among the
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highest induced transcripts was a transcript coding for proline-rich acidic protein 1 (PRAP1) [4].
PRAPL is a 17 kDa secreted protein with no recognizable sequence homology [164]. While
Prapl was originally discovered to be highly expressed in the pregnant mouse uterus and later in
the murine small intestine [165, 166], its function in the host remains largely unexplored. Studies
using cultured transformed cell lines proposed that PRAP1 functions downstream of p53
signaling following DNA damage, with the disruption of PRAP1 function in this system
rendering neoplastic cells more susceptible to chemotherapeutic agents [167]. Other studies
described injection of pregnant mouse uteri with PRAP1 antisera and detected dysregulation in
the expression of multiple proteins involved in apoptosis and inflammation, ultimately affecting
embryo implantation [168]. While PRAP1 has been implicated in cell survival, apoptosis and
response to injury, existing studies have yet to demonstrate in vivo PRAP1 function in the
gastrointestinal tract.

We first aimed to characterize the structure and expression pattern of PRAP1 in vivo. We
generated PRAP1 recombinant protein and PRAP1 antisera and found that PRAP1 is an
intrinsically disordered protein highly expressed in the epithelia of the gastrointestinal tract in
both mice and humans. To determine the function of PRAP1 we challenged germ line Prapl”
mice with irradiation to show that PRAP1 protected the enterocytes from irradiation-induced
apoptosis and that PRAP1 expression prolonged the survival of the mice after irradiation. Lastly,
manipulation of PRAP1 expression in both enteroids and an epithelial cell line demonstrated
PRAP1 significantly decreased epithelial expression of p21 and improved cell viability after
irradiation. Together, these data show that PRAP1 functions in vivo to protect the gastrointestinal

epithelium from oxidative insult.
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Results

PRAP1 is an intrinsically disordered protein conserved in placental mammals

PRAPL1 is a 17 kDa secreted protein comprised of 149 amino acids. The first 20 amino acids on
the N terminus serve as a signal peptide while the remaining amino acids form the secreted
portion of the protein (Figure 1A). The amino acid sequence of the secreted protein does not
have any detectable sequence homology with other proteins using the NIH Basic Local
Alignment Search Tool (BLAST) analysis [164], and analysis of PRAP1 using PONDR-FIT
(Predictors of Natural Disordered Regions) [169] predicts that PRAP1 has a high disordered
score throughout the secreted portion of the protein and thus is predicted to be predominantly
disordered (Figure 1B). Analysis of recombinant PRAP1 on size exclusion chromatography
revealed PRAPL eluted at a considerably larger functional size than its predicted molecular
weight (16,570 Da) (Figure 1C). This suggests that PRAP1 is either multimeric or has an
extended conformation which is a fundamental characteristic of intrinsically disordered proteins.
We next used circular dichroism (CD) to identify secondary structures within PRAP1, which
revealed a strong negative band near 200 nm, yet no significant signals around 208, 215 or 222
nm, indicating the absence of alpha helix or beta sheet in its secondary structure (Figure 1D)
[170]. Together, these data show that PRAP1 is intrinsically disordered, lacking any defined
three-dimensional structure. To identify species that express PRAP1 orthologs, the human
PRAP1 amino acid sequence was queried in the Comparative Genomics feature of Ensembl
[171]. Of the 126 species considered, PRAP1 orthologs were present in 51 species, all of which
were placental mammals (Figure 1E). These data confirm that PRAPL is indeed an intrinsically
disordered protein, has no homology to other more functionally defined proteins and evolved

relatively late in evolution, at the emergence of placental mammals.
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Figure 1. PRAP1 is an intrinsically disordered protein conserved in placental mammals. (A) Amino
acid sequence of human PRAP1with signal peptide and secreted portion of the protein labeled. (B)
Analysis of the PRAP1 amino acid sequence using the Predictor of Natural Disordered Regions
(PONDR) software. The predicted ordered and disordered regions are plotted for each residue. (C) Size
exclusion chromatogram of purified recombinant PRAP1 protein compared with a molecular weight
standard: (a) Thyroglobulin (670,000 Da), (b) y-globulin (158,000 Da), (c) Ovalbumin (44,000 Da), (d)
Myoglobin (17,000 Da), and (e) Vitamin B12 (1,350 Da). (D) Circular dichroism spectra of recombinant
PRAPL. (E) Analysis of the human PRAP1 amino acid sequence using the comparative genomics feature

of Ensembl software. The number of PRAP1 orthologs identified in each taxonomic clade are indicated.
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PRAP1 is highly expressed in the epithelium of the gastrointestinal tract in mice and
humans

Before investigating the function of PRAP1, we first sought to define spatial and
temporal PRAP1 tissue expression. We produced recombinant PRAP1 and generated highly
specific PRAP1 antisera (Supplemental Figure 1). Immunoblot analysis and measurement of
transcript levels in the mouse revealed that Prapl is highly abundant in the small intestine, with
the relative abundance being 2-fold when compared to f-actin (Figure 2A and B). Prapl
expression was highest in the proximal small intestine with expression diminishing along the
caudal axis, becoming nearly undetectable in the distal large intestine. Using PRAP1 antisera, we
detected abundant PRAP1 protein expressed exclusively in the gut epithelium (Figure 2C), with
PRAP1 protein localization strongest in the perinuclear compartment of the cell (Figure 2D).
Tissue from Prapl whole-body knockout mice served as a negative control, confirming the
specificity of our PRAP1 antisera. To determine whether the PRAP1 expression pattern was
similar in both mice and humans, immunohistochemistry was performed on diagnostic biopsies
of human ileum (Figure 2E). Immunohistochemical (IHC) staining revealed high PRAP1
expression in the enterocytes of the human small intestine, consistent with the expression pattern
we detected in mice. A human colonic biopsy served as a negative control and showed
dramatically lower levels of PRAP1 staining in this tissue (Figure 2F). Together, these data
show that PRAPL is highly expressed in the epithelium of the small intestine in both mice and
humans.

In addition to high expression in the small intestine, gPCR analysis also detected highly

variable Prapl expression in the murine uterus (Figure 2A). To determine whether Prapl
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(Legend for figure on previous page)

Figure 2. PRAP1 is highly expressed by the epithelium of the gastrointestinal tract in mice and
humans. (A) Quantification of Prap1l transcript measured via qPCR in the indicated tissues from 8-week-
old wildtype C57BL/6 mice, n=3 mice. (B) Western blot analysis for the detection of PRAP1 protein
abundance in the indicated tissues dissected from 8-week-old wildtype C57BL/6 mice. GAPDH was used
as a loading control. Images are representative of three mice per tissue collected. (C)
Immunofluorescence for the detection of PRAP1 (green) in the duodenum of 8-week-old wildtype
C57BL/6 mice or Prapl” mice. Images are representative of the analysis of five mice per tissue collected.
(D) Immunofluorescence staining of PRAP1 (green) in the duodenum of 8-week-old wildtype mice at
60X magnification. (E and F) Immunohistochemistry staining for the detection of PRAP1 [172] in the

human ileum (E) and colon (F). Image representative of 3 subjects.
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expression changed during the hormonal cycle of the mouse, female wildtype mice were
collected during each of the 4 hormonal stages: Proestrus, estrus, metestrus and diestrus. Both
gPCR and western blot (Supplementary Figure 2A, 2B) show PRAP1 extremely abundant only
during the estrus stage of the cycle. This regulation of expression was also confirmed via
immunofluorescence of murine uterine tissue, revealing abundant PRAP1 staining only in the
estrus endometrium (Supplementary Figure 2C). Visualization at high magnification confirm
expression of PRAP1 in the endometrium of the uterus and abundant secretion into the luminal
space (Supplementary Figure 2D). We next sought to investigate this regulation in humans by
obtaining sections of human endometrium curettings and staining them for PRAPL.
Immunohistochemistry showed strong PRAP1 signal in the endometrium from women in the
proliferative stage of their cycle, while PRAP1 staining was weaker in women during the
secretory stage of their cycle (Supplementary Figure 2E). Comparison of PRAP1 signal
intensity during these two stages reveals a significantly higher PRAP1 signal during the
proliferative stage, when the uterus is preparing for ovulation (Supplementary Figure 2F). In
summary, these data reveal that PRAP1 expression in the endometrium is conserved among mice
and humans and is only expressed prior to ovulation.
Prap1” mice have an altered gut microbiota and elevated inflammation

Prapl germline null mice were maintained in a specific pathogen-free barrier vivarium
and monitored for any symptoms of spontaneous disease. Prapl” mice were successfully aged
to 20 weeks and no spontaneous disease was apparent. At 10 weeks of age, the Prapl” mice

displayed no difference in body weight, gut barrier architecture or in the expression levels of
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(Legend for figure on previous page)
Figure 3. Prapl”™ mice have an altered microbiota in the small intestine. (A) The body weight of
wildtype and Prapl™ littermates at 10 weeks old. (B) Hematoxylin and eosin staining of wildtype and
Prapl” small intestine. Images representative of 3 mice per group. (C) Quantification of villi and crypt
length in the small intestine of wildtype and Prap1™ mice. Significance determined using unpaired t test,
*=p<0.05. n= 3 mice. (D and E) gPCR analysis of Pcna (D) and Bax (E) expression in whole tissue from
the small intestine of wildtype and Prap1l™ mice. Expression levels are relative to Gapdh. Significance
determined using unpaired t test, *=p<0.05. n= 6 mice. (F) Pie chart comparison of the average
Bacteriodetes:Firmicutes phyla ratio in the small intestine of wildtype and Prapl™ littermates measured
via 16S rRNA sequencing, n >12 mice. (G) Relative abundance of Firmicutes and Bacteroidetes in the
small intestine of wildtype and Prapl™ littermates. Significance determined using unpaired t test,

*=p<0.05. n >12 mice. All data graphed as the mean £ SEM.
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proliferative or pro-apoptotic proteins in the small intestine (Figure 3A-E). To investigate
whether the Prap1” mice have an altered gut microbiota, we sequenced the 16S rRNA gene from
microbial DNA isolated from the small intestinal lumen of Prapl"' and wildtype littermate
controls. We detected a change in the ratio of Bacteriodetes:Firmicutes where wildtype mice had
an average ratio of 82:15 and Prapl™ mice had a statistically significant shift in this ratio, with
an average ratio of 66:29 (Figure 3F and 3G).

Because Prapl™ mice had a significant shift in the abundances of dominant bacterial
phyla, we next sought to determine whether the Prap1™ mice had any significant inflammatory
differences. To detect systemic inflammation at baseline, we measured the levels of pro-
inflammatory cytokines in the sera using a multiplex ELISA that simultaneously detects the level
of 10 proinflammatory cytokines. Sera collected from Prapl” mice had elevated levels of
proinflammatory cytokines (Figure 4A), with significantly higher IL-2, IL-4 and IL-12p70
(Figure 4B). Along with elevated systemic cytokines, the Prapl”™ mice also had increased IL-
12 transcript in colonic tissue (Figure 4C). To determine the extent of local inflammation in the
gut we measured the amount of secreted IgA and found there was no difference in the amount of
secreted fecal IgA between wildtype and Prapl™ littermates (Figure 4D). To determine whether
the altered microbiota and increased cytokine expression could be contributed to a defective gut
barrier, we orally gavaged adult wildtype and Prapl™ littermates with FITC dextran and
collected the sera 4 hours later. There was no difference in serum FITC dextran, indicating no
significant alteration in gut permeability (Figure 4E). In summary, these data show that while
Prapl” mice have an altered microbiota and elevated cytokine expression, they do not display

any serious mucosal defects when unchallenged.
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Figure 4. Prap1™” mice have elevated inflammation but no significant intestinal barrier defect. (A) A
multiplex ELISA was used for the detection 10 pro-inflammatory cytokines in sera of 10-week-old
wildtype and Prapl™ littermates. Data is displayed as a heat map, with red color indicating a higher than
average concentration. Each column represents one mouse. (B) Graphical representation of significantly
different cytokine levels shown in (A), including IL-2 (i), IL-4 (ii) and IL-12p70 (ii). Statistical
significance determined using unpaired t test. *=p<0.05. n=5 mice. (C) Quantification of IL-12
transcript levels measured via qPCR in the colon of 10-week-old wildtype and Prapl” mice relative to
the abundance of B-actin. Statistical significance determined using unpaired t test. *=p<0.05. n=5 mice.
(D) Quantification of 1gA levels in fecal pellets collected from 10-week-old wildtype and Prapl” mice,
measured via ELISA. Statistical significance determined using unpaired t test. *=p<0.05. n=5 mice. (E)
Quantification of FITC dextran in the sera of unchallenged 10-week-old wildtype and Prapl”mice 4

hours after oral gavage with 4 kDa FITC dextran. Statistical significance determined using unpaired t test.

*=p<0.05. n=5 mice.
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Prapl” mice are more susceptible to radiological challenge

Total body irradiation (TBI) introduces a significant amount of cellular oxidative stress
that results in DNA damage and rapid apoptosis of dividing stem cells in the gastrointestinal
epithelium. To investigate whether Prap1” mice were more susceptible to this exogenous insult,
we challenged mice with a lethal dose of TBI. Prapl™ females and males lost significantly more
body weight when compared to wildtype littermate controls starting at 3 days after irradiation
(Figure 5A). Furthermore, Prapl"' mice had significantly reduced viability after irradiation, with
a median survival of 5 days while the wildtype controls had a median survival of 8 days (Figure
5B). To compare early cellular injury in the small intestine of wildtype and Prapl"' mice,
apoptotic cells were labeled with TUNEL staining 6 hours after irradiation (Figure 5C). At the
tissue level, Prapl” mice had significantly more apoptotic cells per crypt compared to wildtype
mice (Figure 5E). To compare injury at a later time point, wildtype and Prapl”™ mice were
sacrificed 72 hours after irradiation and the amount of apoptosis in the small intestine was
measured via cleaved caspase-3 immunofluorescence. Again, the Prapl™ mice had significantly
higher levels of apoptosis in the epithelium of the small intestine compared to wildtype controls
(Figure 5D and F). By 96 hours after irradiation when Prapl” mice were approaching 75%
initial body weight, their small intestine had a significantly higher amount of Bax expression,
indicating a significant increase in apoptosis compared to wildtype controls (Figure 5G). While
the Prapl” mice had elevated apoptosis, they did not have any significant changes in Pcna
expression, indicating no significant change in proliferation compared to wildtype controls
(Figure 5H). To determine whether the increased apoptosis in the Prapl” mice coincided with
an increase in gut barrier permeability, we orally gavaged wildtype and Prapl” mice with FITC

dextran 72 hours after TBI. Quantification of serum FITC dextran levels showed no difference
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(legend for figure on previous page)
Figure 5. Prapl” mice are more susceptible to radiological challenge and have increased apoptosis
in the intestinal epithelium. (A) Percent body weight loss of wildtype C57BL/6 and littermate Prapl”
mice following 10 Gy total body irradiation (TBI). Statistical analysis represents comparison of wildtype
vs. Prapl™ on each respective day using Two-way ANOVA, Bonferroni’s multiple comparisons test.
*=p<0.05, **=P<0.01, n=4 mice. (B) Survival of wildtype, Prap1* or Prap1” mice following 10 Gy TBI.
Statistical significance determined using the Log-Rank test, p=0.0045, n >11 mice. (C) Representative
images of TUNEL-positive cells (green) within the small intestine of 8-week-old wildtype and Prapl™
littermates 6 hours after receiving 10 Gy TBI. (D) Representative images of cleaved caspase-3 positive
cells (green) within the small intestine of 8-week-old wildtype and Prapl™ littermates 72 hours after
receiving 10 Gy TBI. (E) Quantification of TUNEL-positive cells in (C). Significance determined using
unpaired t test **=p < 0.005, n>11 mice. (F) Quantification of cleaved caspase-3 positive cells in (F).
Significance determined using unpaired t test **=p < 0.005, n>6 mice. (G) Quantification of Bax
transcript via qPCR on whole tissue from the small intestine of wildtype and Prap1” littermates 96 hours
after 10 Gy TBI. Significance determined using unpaired t test *=p < 0.05, n=6 mice. (H) Quantification
of Pcna transcript via gPCR on whole tissue from the small intestine of wildtype and Prap1” littermates
96 hours after 10 Gy TBI. Significance determined using unpaired t test, n=6 mice. (1) Quantification of
serum FITC dextran in wildtype and Prapl™ littermates after oral gavage with 4 kDa FITC dextran 72
hours after 10 Gy TBI. Significance determined using unpaired t test, n>3 mice. All data graphed as the
mean + SEM. (J) Quantification of Prapl transcript via gPCR on whole tissue from the small intestine of
wildtype mice at different time points following 10 Gy TBI. Significance determined using one-way

ANOVA, Turkey’s multiple comparisons test. **=p < 0.005, n=6 mice.
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between wildtype and Prapl"' mice, suggesting no significant change in gut barrier permeability
at this particular time point (Figure 5I). Lastly, wildtype mice significantly increased Prapl
expression in the small intestine 96 hours after irradiation compared to unchallenged wildtype
mice or mice 6 hours after irradiation (Figure 5J). Taken together, these data show that PRAP1
expression protects the epithelium from irradiation-induced apoptosis 6 hours after challenge and
this protection persists for days later, coinciding with increased expression of PRAP1 by the gut
epithelium.
PRAP1 protects enteroids from irradiation-induced apoptosis by limiting p21 expression
To determine whether PRAP1 protection from irradiation could be observed in an
isolated epithelial model, we harvested crypts from the small intestine of wildtype and Prapl”
mice to culture enteroids ex vivo. On day 5 of culture, the enteroids were irradiated with 2 Gy
and viability of the enterocytes was measured via the metabolic reduction of MTT to formazan.
At 48 hours post-irradiation, the Prapl™ enteroids had a significant decrease in the percent
viability compared to wildtype controls (Figure 6A). To determine whether this decrease in
viability could be attributed to an increase in apoptosis, we stained the enteroids for cleaved
caspase-3, 24 hours after irradiation (Figure 6B). Enumeration of cleaved caspase-3 positive
enteroids revealed Prapl” enteroids had a significantly higher percent undergoing apoptosis
after irradiation (Figure 6C). In summary, this data demonstrates that PRAP1 is capable of
protecting the epithelium from irradiation-induced apoptosis in an isolated epithelial system.
Previous literature reports PRAP1 acts downstream of p53, protects neoplastic cells from
chemotherapeutic agents and induces cell cycle arrest [167]. To further identify the mechanism
by which PRAPL1 protects cells from DNA damaging agents, we collected RNA from wildtype

and Prap1™ enteroids 24 hours after irradiation and compared expression of PRAP1 and multiple
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(legend for figure on previous page)
Figure 6. PRAP1 protects enteroids from irradiation-induced apoptosis by limiting p21 expression.
(A) The percent viability of wildtype or Prapl” enteroids 48 hours after 2 Gy. Cell viability was
measured using the addition of MTT and percent viability was calculated using the cell viability measured
pre-irradiation. Significance determined using unpaired t test, *=p < 0.05, n>7 wells. (B) Representative
immunofluorescence images for the detection of cleaved caspase-3 in wildtype and Prapl™ enteroids 24
hours after 2 Gy. Examples of cleaved caspase-3 positive enteroids are denoted with a white arrowhead.
Scale bar = 1000 um. (C) Quantification of cleaved caspase-3 positive enteroids in (B). Each data point
represents the percent cleaved caspase-3 positive enteroids in a well. Data pooled from 4 independent
experiments. Significance determined via unpaired t test, *=p < 0.05, n=4 mice per group. (D-F)
Quantification of Prapl (D), p21 (E) and p18 (F) transcript via gPCR in wildtype and Prap1” enteroids
24 hours after 0 Gy andl Gy. Significance determined via unpaired t test, *=p < 0.05, each data point
represents enteroids harvested from a unique mouse, n=3 mice per group. (G) Protein levels determined
via western blot from epithelial cells transfected with pCMV (empty vector) or pPCMV-PRAP1 48 hours
after 8 Gy. (H-1) Quantification of p21(H) and p18 (I) protein levels in (G) determined via signal
intensity relative to GAPDH. Significance determined using unpaired t test, *=p >0.05, n=4. All data

graphed as mean = SEM.
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other proteins known to be important for cell cycle arrest. As expected, the wildtype enteroids
had strong PRAP1 expression both before and after irradiation (Figure 6D). Interestingly, while
both wildtype and Prapl” enteroids displayed an increase in p21WAF/CP! expression after
irradiation, the Prapl"' enteroids had significantly higher p21 expression compared to wildtype
controls (Figure 6E). Expression of other proteins important for cell cycle arrest such as p18'™“
was not different between wildtype and Prapl"' enteroids (Figure 6F). To determine whether
this difference in p21 expression could be observed in a different epithelial model that was more
conducive to the measurement of protein expression by western blot, we transiently
overexpressed human PRAP1 in a human epithelial cell line. After 24 hours of PRAP1
overexpression, the cells were irradiated with 8 Gy and cell lysate was collected 48 hours later
(Figure 6G). Consistent with our findings in the enteroids, western blot analysis revealed the
cells overexpressing PRAP1 had significantly less p21 protein after irradiation (Figure 6H) and
no difference in pl18 (Figure 61). Taken together, these data show that PRAPL protects the
epithelium from irradiation-induced apoptosis by limiting the amount of p21 expression after

challenge.

Discussion

We report for the first time that PRAP1 is an intrinsically disordered protein that is highly
expressed in the small intestine of mice and humans. At homoeostasis, Prapl null mice exhibit
mild physiological differences, with elevated cytokine levels and an altered gut microbiota.
However, Prapl null mice are significantly more susceptible to oxidative insult by ionizing
radiation, exhibiting increased mortality and enterocyte apoptosis. Additionally, Prapl”

enteroids are more susceptible to irradiation-induced apoptosis and have elevated p21



46

expression. These data show that PRAP1 functions as an important component of the epithelial
response to oxidative insult.

The study of intrinsically disordered protein (IDP) structure and function is inherently
complex because the extended structure of IDPs is flexible and dependent on their environment
and subcellular location [173]. Several IDPs have been shown to regulate cell signaling
pathways, as their flexible conformation allows them to bind regulatory proteins with disparate
functions. The ability of IDPs to weakly bind multiple proteins allows them to facilitate the
assembly of cellular signaling complexes that control pathway signaling [173]. For example, p21
is a 21 kDa intrinsically disordered protein that has the ability to bind and regulate several Cdk-
cyclin complexes and ultimately regulates cell cycle progression [174]. The ability to bind
several proteins affords multiple functions and the regulation of a variety of complexes.
Additionally, IDPs have also been implicated in the formation of hydrogels by regulating liquid
phase transitions, as well as the formation of nonmembrane-bound intracellular granules [175].
Given the intracellular peri-nuclear localization of PRAP1 in the intestinal epithelial cells, it is
possible that PRAP1 functions intracellularly to assemble proteins that function in cell signaling,
ultimately regulating the cellular response to oxidative stress and cell cycle progression. In
addition, there is a signal peptide on the N terminus of PRAP1, and our laboratory and others
have found that PRAPL1 is secreted at relatively high levels into the supernatant of cultured cells
[176]. It may be possible that like many other IDPs, PRAP1 has multiple functions that are
dictated by cellular location and the presence of interacting proteins.

The discovery of novel effector proteins that protect from exogenous insults is a
challenging endeavor because the function of these proteins is not apparent in vivo at

homeostatic conditions. For example, experimental rodents are generally maintained in
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conditions that minimize exposure to xenobiotic agents or pathogenic microbes [177]. As a
result, mice that are null for proteins that confer protection often do not exhibit any spontaneous
phenotypes. Rather, it is only in response to exogenous insults that these null mice reveal
phenotypes, typically manifested as increased susceptibility, or failure to recover following insult
[178, 179]. Although Prapl™ mice exhibited normal epithelial proliferation, apoptosis and gut
permeability at baseline, there were signs of suboptimal intestinal function, as inflammatory
markers were elevated and the upper GI microbiota was altered. After challenge with irradiation,
underlying suboptimal intestinal functions were exaggerated with a significant increase in
epithelial apoptosis, without corresponding increase in proliferation. While irradiation is not a
naturally occurring challenge for the intestinal epithelium, the mucosa commonly encounters
exogenous stressors that increase oxidative stress and this is especially true for the small
intestinal epithelium where PRAP1 expression is highest. The small intestine must tolerate a
myriad of stressors that are introduced by digestive processes, nutrient absorption and microbial
contact [180]. Importantly, these stressors have the potential to significantly increase with a
change in diet or gastrointestinal infection [181-183]. Discovering proteins critical to the
epithelial response to oxidative insult has the potential to identify therapeutic targets to prevent
tissue damage that ultimately results in a leaky gut phenotype. This occurs following the
breakdown of the epithelial barrier of the gastrointestinal tract, increasing translocation of
luminal antigens, microbes and their products which leads to increased local and systemic
inflammation[184]. In this study, identifying a protective function for PRAP1 in the gut may
allow for the development of effective therapeutics that augment the function of PRAP1, and

thereby enhance protection against exogenous stressors.
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Although this study focuses on PRAP1 function in the intestine, its function in the uterus
remains to be described. PRAP1 is only found in placental mammals suggesting its function in
the uterus is involved in a process specific to uterine implantation. Interestingly, PRAP1 was
highly expressed in the uterus during estrus, when the female is ovulating and most receptive to
mating. Estrus is a stage in the hormonal cycle when the epithelial lining of the uterus has just
finished undergoing proliferation (proestrus) and starts to undergo apoptosis [185, 186]. Because
PRAP1 expression in the uterine epithelium is so strongly correlated with dramatic changes in
apoptosis and proliferation, it is plausible that PRAP1 has a role in protecting the uterine
epithelial barrier during these processes. Further studies measuring apoptosis in the Prapl”
uterus during the different cycle stages and after challenge will be extremely valuable in
understanding PRAP1 function in the endometrium.

To elucidate the protective role of PRAP1 in the intestine, we used total body irradiation
(TBI) as a model of exogenous challenge to the intestinal epithelium. TBI generates a large
amount of oxidative stress, inducing rapid apoptosis of vulnerable proliferating cells in the bone
marrow and intestinal crypts [172]. Loss of the cellular immune system and a compromised
intestinal barrier is a combination that leads to rapid weight loss, lack of fluid retention and
increases the risk of developing systemic bacterial infection [172, 187]. While we did not detect
an increase in gut permeability 72 hours after irradiation via FITC dextran in the Prapl” mice,
we did observe a significant increase in survival in the wildtype mice after a lethal dose of
irradiation compared to the Prapl™ littermates. It is probable that a significant defect in gut
barrier due to excessive apoptosis immediately precedes necessary endpoints for humane
euthanasia of the mouse, therefore making differences in gut permeability difficult to accurately

measure. Although apoptotic cells in the epithelium can be quickly replaced by neighboring
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epithelial cells [157], we did not see a corresponding increase in Pcna expression in the Prapl™
tissue. Additionally, we found a significant increase in the expression of p21, a protein critical to
regulating cell cycle regulation. In summary, the Prapl™ epithelium exhibits increased apoptosis
for days after irradiation in combination with dysregulation of a critical cell cycle regulating
protein, ultimately affecting survival of the Prap1™ mice.

The limitations of the current study are that the complete molecular mechanism whereby
PRAP1 confers protection from irradiation remains enigmatic. Because PRAP1 is an IDP, it is
likely that PRAP1 has multiple functions and has many interacting proteins based on the
localization and disease context. In an in vitro model, others have shown PRAP1 to be
downstream of p53 activation and that PRAP1 was required to arrest cells in the cell cycle
following treatment with fluorouracil, ultimately resulting in less DNA damage and less caspase-
dependent apoptosis [167]. Consistently, we observed decreased viability and increased
apoptosis in the Prapl™ enteroids following irradiation. Recapitulating the in vivo phenotype
with ex vivo Prapl™ enteroids reveals that the mechanism of PRAP1 protection is intrinsic to the
epithelium and does not require other systemic host processes to function. Interestingly, both the
enteroids and an epithelial cell line had decreased p21 expression in the presence of PRAP1 after
irradiation. Although p21 has been shown to bind and affect several different signaling
complexes and pathways (attributed to the fact that p21 is also an IDP [188]), existing literature
consistently shows that p21 can have dual effects regarding the induction of apoptosis. In the
context of UVB irradiation, overexpression of p21 led to increased apoptosis in keratinocytes
[189]. Additionally, others have shown that p21 overexpression increased apoptosis of cancer
cells and rendered them more susceptible to chemotherapeutic drugs [190, 191]. Here, our data

shows that PRAPL significantly limits p21 expression, thereby preventing irradiation-induced
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apoptosis. Future studies involving the identification of PRAP1 interacting proteins in intestinal
epithelial cells will be extremely valuable in defining the mechanism by which PRAP1 limits
p21 expression and protects from oxidative insult.

Methods

Production of Recombinant PRAP1

The coding sequence for the secreted form of mouse PRAP1 protein (AA 21-149) was cloned
into a pET28a vector with a 6xHis tag on the N terminus of the protein generating pET28a-
6xHis-PRAPL. This plasmid was transformed into E. coli and expression of PRAP1 was induced
using 1M Isopropyl B- d-1-thiogalactopyranoside (IPTG) at 30 °C for 4 hours. E. coli was lysed
using 6M guanidine and solubilized with 10M urea. His6x-PRAP1 protein was purified using Ni-
NTA agarose and buffered exchanged into PBS. For further purification and analysis, PRAP1
protein was loaded onto a size-exclusion chromatography column S200 10/300 at 0.5 ml/min and
equilibrated in PBS. The S200 10/300 column was calibrated with a molecular weight standard
containing Thyroglobulin (670,000 Da), y-globulin (158,000 Da), Ovalbumin (44,000 Da),
Myoglobin (17,000 Da), and Vitamin B12 (1,350 Da) (Biorad, Hercules, CA) (Figure 1C).
Circular Dichroism

Circular dichroism (CD) spectroscopy was monitored by a J-810 CD spectropolarimeter (Jasco,
Easton, MD) to examine PRAP1 secondary structure. PRAP1 protein was dialyzed overnight in
phosphate buffer (50 mM NaPO4, 15 mM NaCl, pH 6.8) at a concentration of 0.44 mg/ml for all
measurements. The CD signal and molar ellipticity was measured from 190 to 260 nm with a 1
mm quartz cuvette at 25 °C. Data shown is the average of three spectral scans and after buffer

subtraction.
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Quantitative RT-PCR Analysis
Murine tissue was homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA) and RNA was
isolated using the phenol-chloroform extraction method. cDNA was made using the iScript
Reverse Transcription Supermix (Biorad, Hercules, CA). Real-time PCR analysis was then
performed using the iQ SYBR Green Supermix on a MyiQ™ Real time PCR system (Biorad,
Hercules CA). p-Actin and Gapdh were used as housekeeping genes where indicated and all
quantification is displayed as relative abundance to p-Actin or Gapdh using the delta-delta Ct
analysis (AACT) method. The primer sequences used are below:

Prapl 5>-ATCTACAGCTTCGCCATTCG-3°, 5’-GTTTGCCTTTGGTCTTGACAG-3".

Gapdh 5’>-TCTCCCTCACAATTTCCATCC-3’, 5’>-GGGTGCAGCGAACTTTATTG-3’

Actin 5>-ACCTTCTACAATGAGCTGCG-3’, 5’-CTGGATGGCTACGTACATGG-3’

Pcna 5’-GGCTCTCAAAGACCTCATCAA-3’, 5>-GAGTAAGCTGTACCAAGGAGAC-3’

Bax 5’-CAAGAAGCTGAGCGAGTGTC-3’, 5>-GTCCACGTCAGCAATCATCC-3’

IL-12 5°-GATGTGTCCTCAGAAGCTAACC-3’,5’-CCAGTCCACCTCTACAACATAAA-3’

p21 5’>-GTTCCTTGCCACTTCTTACCT-3’, 5>-TCATCCTAGCTGGCCTTAGA-3’

pl8 5°-TAGCCTGATGGAGGCAAATG-3’, 5’-CGGACAGCCAACCAACTAA-3’
Production of PRAP1 Antisera
Full-length mouse PRAP1 recombinant protein was injected into rabbits for 70 days, whereupon
antibodies were generated and serum was collected following the standard polyclonal package
protocol undertaken by Pocono Rabbit Farms (Canadensis, PA). Rabbit PRAP1 antisera was
aliquoted and stored at -80 °C. PRAP1 specificity was confirmed via immunofluorescence and

immunoblot analysis of tissue samples from wildtype and Prapl”™ mice.
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Prapl Whole Body Knockout Mice

Prapl whole body knockout mice (Strain: B6;129S5-Prapl™"*/Mmucd, 032532-UCD),
originally generated by Genentech, have all 5 exons of the Prapl gene targeted by homologous
recombination. The mice were resuscitated by MMRRC-UC Davis (Davis, CA). Prapl
heterozygous mice were then shipped from MMRRC-UC Davis and housed within a specific
pathogen free facility at Emory University (Atlanta, GA). Prapl heterozygous mice were then
backcrossed with wildtype C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) until the mice
were determined to be fully congenic using the Speed Congenics 128 SNP Panel (Charles River,
Wilmington MA). The Prapl™ mouse colony was maintained with heterozygous breeding pairs
to provide wildtype littermate controls for all experiments. All animal procedures were approved
by the Institutional Animal Care and Use Committee of Emory University.

Immunoblot Analysis

Immunoblot analysis using the PRAP1 antisera was performed on harvested murine tissues as
previously described [192]. PRAP1 protein was detected using a 1:1000 dilution of PRAP1
antisera generated by the lab (see above) in 5% milk made in TBST.

Immunofluorescence

Murine tissues were harvested and immediately fixed in methacarn solution to preserve any
luminal material. Tissues were embedded in paraffin and sectioned at 5 microns. Sections were
rehydrated in xylene and ethanol baths before undergoing a blocking step with 5% bovine serum
albumin (BSA) in PBS. The primary antibody was diluted in 5% BSA and added to the section
overnight at 4 °C. The secondary antibody conjugated to an Alexa Fluor was diluted 1:1000 in

5% BSA and added to the sections for 1 hour at room temperature. DAPI diluted 1:1000 in 5%
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BSA was added as a counterstain for 5 minutes before the sections were mounted with Prolong
Antifade Mountant (Invitrogen, Carlsbad, CA) and stored long term at -80°C. Slides were
washed three times in PBS after each staining step. Images were captured on an FV1000
confocal microscope (Olympus, Tokyo, Japan).

Hormonal Staging of Female Mice

Wildtype C57/BL6 female mice at 8 weeks old were subjected to male bedding and monitored
for hormonal cycling. The hormonal stage was determined by visual examination of the vaginal
opening[193]. Upon sacrifice at each of the hormonal stages, the uterus and vagina were
prepared for histology and the hormonal stage of each mouse was confirmed by hematoxylin and
eosin staining.

Immunohistochemistry Staining on Human Sections

Diagnostic curettings of de-identified human tissue were obtained in collaboration with Dr.
Krisztina Hanley and Dr. Brian Robinson (Emory University, Atlanta, GA).
Immunohistochemistry was performed by the Cancer Tissue and Pathology Core at Emory
University (Atlanta, GA). Human PRAP1 was visualized using a commercially available
polyclonal antibody (Proteintech, Rosemont, IL) diluted 1:400. Quantification of PRAP1 signal
in the endometrium was performed by measuring the average pixel intensity within the
epithelium using ImageJ (National Institutes of Health, Bethesda, MD).

Histological Assessment of Intestinal Architecture

Murine proximal small intestine was fixed with formalin and embedded in paraffin before
sectioning and staining with hematoxylin and eosin. Approximately 20 independent villi and
crypt lengths were obtained from bright-field microscope images using ImageJ (National

Institutes of Health, Bethesda, MD).
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Microbiota analysis

Luminal content from the distal ileum of mice was collected and microbial DNA was isolated
using the QIAmp Stool DNA mini kit (Qiagen, Hilden, Germany). Preparation of 16S samples
was performed as reported previously[194]. PCR amplification of the 16S rRNA V4 region was
performed wusing the 515F/806R primer pair (GTGCCAGCMGCCGCGGTAA and
GGACTACHVGGGTWTCTAAT) with a unique 12-base Golay barcode on each reverse
primer. DNA concentration was measured using a Qubit fluorometer (Thermofisher, Waltham,
MA) and ran on a bioanalyzer to confirm a single 16S band. The DNA was pooled at equimolar
ratios and then sequenced using an Illumina Miseq sequencer at the Emory Integrated Genomics
Core (Emory University, Atlanta, GA). Read counts for each sample were generated by
uploading the raw sequence files to Illumina’s 16S Metagenomics Application on the BaseSpace
Sequence Hub platform (San Diego, CA).

Measurement of Cytokines and Fecal IgA

Cytokine levels in whole serum from 10-week-old mice were measured using the V-PLEX
Proinflammatory Panel 1 Mouse Kit (Meso Scale Discovery, Rockville, Maryland) following
manufacturer’s protocol with the help of the Emory Multiplexed Immunoassay Core (Emory
University, Atlanta, GA). For Fecal IgA, fecal pellets were collected from adult mice and
vortexed in PBS with 5mM EDTA to a final concentration of 0.1 mg feces/mL. The samples
were then centrifuged at 6,000 g for 10 minutes and the supernatant was removed. An IgA
ELISA kit (Invitrogen, Carlsbad, CA) was used to quantify the amount of mouse IgA present in

the supernatant following manufacturers protocol.
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Measurement of Intestinal Permeability

Adult mice (8 weeks old) were fasted for 12 hours and orally gavaged with 10 mg fluorescein
isothiocyanate conjugated dextran (FITC-dextran, 4 KDa) dissolved in PBS. After 4 hours the
mice were sacrificed and serum was diluted 1:4 with PBS. Quantity of FITC-dextran was
determined by using a spectrophotometer capable of 485 nm excitation and 528 nm emission.
Final concentration was calculated by comparing to a FITC-dextran standard curve. For
irradiation experiments, mice were fasted for 4 hours on day 3 before oral gavage with FITC-
dextran.

Total Body Irradiation Challenge

Prap1™ and wildtype littermate controls at 8 weeks of age received 10 Gray of radiation (225 kV
and 17.7mA) using a RS2000 X-ray irradiator (Rad Source Technologies, Buford, GA). Weight
loss was monitored daily and the mice were sacrificed once they reached 75% of their initial
body weight. Apoptotic cells were visualized in tissues sections collected 6 hours after radiation
challenge using the In Situ Cell Death detection kit (Roche, Basel, Switzerland) and quantified
by counting the number of positive cells per crypt in 10 random fields of view per mouse (n > 9
mice) at 400X total magnification on an F\VV1000 confocal fluorescence microscope (Olympus,
Tokyo, Japan). Cleaved caspase-3 positive cells were visualized 72 hours after radiation
challenge using the polyclonal cleaved caspase-3 antibody from Cell Signaling (Danvers, MA).
Using a total magnification of 200X, the number of positive cells in 120 random villi was
enumerated for each mouse (n>6 mice) and assuming an average of 86 enterocytes per villi, the

proportion of positive cells was calculated.
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Generation of Enteroids

Enteroids from wildtype and Prapl'/' littermates were generated using the IntestiCult™
Organoid Growth Medium (Mouse) from StemCell Technologies (Vancouver, Canada)
following manufacturer’s provided protocol. Briefly, the entire length of the small intestine was
dissected, washed and digested for the collection of small intestinal crypts. The crypts were
enumerated and combined with a 1:1 ratio of Intesticult Organoid Growth Medium and Matrigel
(Corning, Tewksbury, MA). Media was refreshed every 2 days and enteroids were passaged
every 7 days. For irradiation experiments, enteroids were irradiated on day 4-5 of culture.
Assessment of Enteroid Viability

Enteroid viability was assessed by quantification of 3-(4,5-dimethylthiazol-2-yl)-
diphenyltetrazolium bromide (MTT) reduction to formazan following the protocol described by
Grabinger et al. [195]. Briefly, after treatment with either irradiation or a staurosporine positive
control, sterile MTT was added at a final concentration of 500 ug/mL for 1 hour at 37 °C. Cell
media was then replaced with 2% SDS to digest the matrigel and then DMSO was added to
solubilize the formazan. Each well was then read at 563 nm using a spectrophotometer and the
positive control OD was subtracted from each reading. The percent viability was calculated by
dividing the OD of the treatment wells by the OD of untreated wells, multiplied by 100.

Whole Mount Immunofluorescence Staining of Enteroids

The immunofluorescence staining protocol was adapted from O’Rourke et al[196] and modified
for staining and imaging in a 96 well plate. Enteroids were grown and treated in 96 well plates
and on the day of staining, media was replaced with 80 puL 4% paraformaldehyde and fixed for

20 minutes at room temperature. Enteroids were then washed with IF buffer and permeabilized
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for 20 minutes at room temperature with 80 pL 0.5% Triton X-100 in PBS. By this point, the
matrigel is dissolved and the enteroids remain attached to the bottom of the well. After washing
with IF buffer, the enteroids were blocked for 30 minutes at room temperature with 5% BSA in
PBS. Primary antibody specific for cleaved caspase-3 (Cell Signaling, Danvers, MA) was diluted
1:100 in blocking solution and incubated overnight at 4 °C. After washing with IF buffer,
secondary antibody specific for rabbit 1gG was diluted 1:1000 in blocking buffer for 1 hour at
room temperature protected from light. Secondary antibody was removed and DAPI diluted
1:1000 in PBS was added for 10 minutes protected from light. The enteroids were then washed
with IF buffer and then with PBS. PBS was left in the well during imaging on a Lionheart FX
Auotmated Microscope (BioTek, Winooski, VT).

Preparation of Enteroids for RNA Isolation

Enteroids were grown in 24 well plates and collected using 1 mL ice-cold PBS. Enteroids from
at least 4 wells were pooled into a 15 mL conical tube and spun at 500 g for 5 minutes, 4 °C. The
supernatant was carefully collected while also collecting as much matrigel as possible above the
enteroid pellet. 1 mL of fresh, cold PBS was slowly added to the tube to lift any remaining
matrigel off the enteroid pellet. All remaining PBS/matrigel was carefully collected, leaving the
enteroid pellet undisturbed. The enteroid pellet was collected with 300 pL Trizol and transferred
to a 1.7 mL Eppendorf tube. The enteroids were sonicated twice for 5 seconds, resting on ice in
between. The RNA was isolated and qPCR was carried out as described above.

Overexpression of Human PRAP1

A human colonic epithelial cell line (SK-CO15) was grown to confluence in a 24 well plate
before the addition of 2 pL Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with 1 pg plasmid

DNA. Cells were transfected with either an empty vector control (pCMV-myc), pPCMV-PRAP1-
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myc to transiently overexpress human PRAP1, or pCMV-GFP to monitor the success of the
transfection. After an overnight transfection, media was refreshed and 6 hours later subjected to
8 Gray [197] of radiation (225 kV and 17.7mA) using a RS2000 X-ray irradiator (Rad Source
Technologies, Buford, GA). After 48 hours the cells were washed with cold PBS and collected
with RIPA buffer (Thermo Fisher Scientific, Waltham, MA) and western blot was performed as
previously described [192]. PRAP1 was detected by immunoblot with the commercially
available anti-PRAP1 antibody (Proteintech, Rosemont, IL) diluted 1:1000 in 5% milk and
TBST. GAPDH was detected using a rabbit monoclonal antibody (Cell Signaling, Danvers, MA)
diluted 1:5000 in 5% milk and TBST while all other proteins were detected using the Cell Cycle
Regulation Antibody Sampler Kit from Cell Signaling (Danvers, MA) following manufacturer’s
protocol. Quantification of bands was performed by measuring signal intensity using ImageJ
(National Institutes of Health, Bethesda, MD) and calculated as signal intensity relative to
GAPDH.

Statistical Analysis

Cumulative data was graphed as mean + SEM, with significance determined via Student’s
unpaired t test or ANOVA if comparing more than two groups. Multiple comparisons used either
Turkey’s multiple comparisons test or Dunnett’s multiple comparisons test when appropriate.
Survival curves were compared using the Log-rank (Mantel-Cox) test. All statistical tests were
performed using GraphPad Prism 8.0.1 (San Diego, CA). A p value of < 0.05 was considered

significant.
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Supplemetal Figures
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Supplemental Figure 1. Generation and validation of PRAP1 recombinant protein, PRAP1 antisera
and Prapl-/- mice. (A) SDS-PAGE with Coomassie staining of recombinant 6xHis-PRAP1 expressed in
E. coli and purified by Ni-NTA affinity chromatography column followed by a size exclusion column.
(B) A human colonic epithelial cell line (SK-CO15) was transfected to overexpress human (H) and mouse
(M) PRAPL1. Cell lysates were blotted with a commercially available antibody specific for human PRAP1
(Proteintech, first blot) or with PRAP1 rabbit antisera generated using 6xHis-PRAP1 (second blot). (C)
Western blot of small intestine and uterine whole tissue from wildtype and Prapl” mice, blotted with
PRAP1 antisera introduced in (B). (D) Immunofluorescence staining of wildtype and Prapl” duodenum
using PRAP1 antisera. Whole body knockout mice were procured from MMRRC-UC Davis and

backcrossed to obtain a fully congenic C57BL/6 background.
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(legend for figure on previous page)
Supplementary Figure 2. PRAPL is highly expressed in the murine and human endometrium. (A)
Quantitative RT-PCR analysis detecting the relative abundance of Prapl transcript in whole uterine tissue
harvested from 8-week-old wildtype C57BL/6 mice at proestrus and estrus. Statistical significance
determined using unpaired t test, *=p<0.05, n=5. Data graphed as the mean + SEM. (B) Western blot
analysis for the detection of PRAP1 protein abundance in whole uterine tissue harvested from 8-week-old
C57BL/6 female females during the indicated stages of the hormonal cycle. Images are representative of
the analysis of five mice per tissue collected. (C) Immunofluorescence staining to detect PRAP1 (green)
in the uterine horns of 8-week-old wildtype C57BL/6 female mice collected at proestrus and estrus.
Images are representative of the analysis of five mice per hormonal cycle stage. (D) Immunofluorescence
staining showing PRAP1 (green) of the wildtype murine endometrium during estrus at 100X
magnification. (E) Immunohistochemistry for the detection of PRAP1 in human endometrium tissue
during the proliferative and secretory stages of the hormonal cycle. Images are representative of the
analysis of 3 subjects per hormonal cycle stage. (F) Quantitative measurement of the intensity of PRAP1
signal in the endometrium of women during the proliferative and secretory stages of the hormonal cycle
presented in (E). Statistical significance determined by student’s t test (alpha = 0.05), n > 3. Data graphed

as the mean = SEM.
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Abstract

Disease states are often linked to large scale changes in microbial community structure
that obscure the contributions of individual microbes to disease. Establishing a mechanistic
understanding of how microbial community structure contribute to certain diseases, however,
remains elusive thereby Ilimiting our ability to develop successful microbiome-based
therapeutics. Human microbiota-associated (HMA) mice have emerged as a powerful approach
for directly testing the influence of microbial communities on host health and disease, with the
transfer of disease phenotypes from humans to germ-free recipient mice widely reported. We
developed a HMA mouse model of the human vaginal microbiota to interrogate the effects of
Bacterial VVaginosis (BV) on pregnancy outcomes. We collected vaginal swabs from 19 pregnant
women with and without BV (diagnosed per Nugent score) to colonize female germ-free mice
and measure its impact on birth outcomes. There was considerable variability in the microbes
that colonized each mouse, with no association to the BV status of the microbiota donor.
Although human mothers with BV had more frequent adverse birth outcomes, the vaginal
microbiota was not predictive of adverse birth outcomes in mice. However, elevated levels of
pro-inflammatory cytokines in the uterus of HMA mice were detected during pregnancy.
Together, these data outline the potential uses and limitations of HMA mice to elucidate the

influence of the vaginal microbiota on health and disease.
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Introduction

The vagina houses a numerically immense and functionally consequential microbiota
[198, 199]. Distinct anatomic regions within the female reproductive tract house a dynamically
changing microbial community of vastly different numbers and taxonomic composition. For
example, it is well known that the vagina maintains a numerically vast microbiota while the
uterus (pregnant and non-pregnant) is normally colonized with very limited microbiota [200,
201]. Lactobacilli are the dominant taxa of the human vaginal microbiota and are the one of the
first bacteria to which neonates are exposed. The origin and consequences of the unique
lactobacilli-dominant community structure remains enigmatic, though it is generally accepted
that lactate produced by these bacteria results in the characteristic acidic pH of the healthy
vagina. This is a result of direct or syntrophic fermentation of the abundant glycogen found in
apical squamous epithelia of the vagina [202, 203]. This low pH is generally assumed to have
intrinsic bacteriostatic effects and is a prime example of the innate defenses of the female
reproductive tract. Thus, the female reproductive tract has a highly adapted microbiota with
known beneficial effects including colonization resistance against pathogens [204].

In support of this notion, a study that characterized the diversity of bacterial taxa within
the vaginal microbiome of nearly 400 multi-ethnic reproductive age women discovered that the
vaginal microbiota clustered into community state types (CSTs) [205, 206]. Indeed, about 25%
of the women sampled clustered into a group (designated CST IV) where lactobacilli was not the
dominant taxon. This group was associated with a less acidic pH and higher indices associated
with bacterial vaginosis (BV). Intriguingly, African American and Hispanic women were
overrepresented among CST IV. Additionally, African Americans are also at a higher risk for

adverse pregnancy outcomes, including preterm birth [207]. Considering the association between
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BV and preterm birth [208, 209], investigating the microbiota of the reproductive tract in this
context may offer a path toward refined associations and molecular mechanisms underlying the
development of adverse pregnancy outcomes in this population of women.

BV is a common clinical syndrome seen in gynecological practice. African American
women are more commonly affected by BV, with prevalence estimates of 51.4% for African
American women compared to 23.2% for US white women of reproductive age [210]. This
condition is best conceptualized as an ecological disorder characterized by the displacement of a
lactobacillus-dominant microbiota (and loss of acidic pH) by a variable mix of facultative
organisms often including Gardnerella vaginalis [211]. Interestingly, BV can result in the
formation of endometrial biofilms with G. vaginalis, observed in 50% of patients with BV,
including both pregnant and non-pregnant patients [212], indicating abnormal microbial
community structure can result in ascending infection. Furthermore, a consequence of reduced
lactobacilli abundance in the vaginal canal is associated with reduced implantation efficiency in
humans [213]. These observations suggest that specific commensal taxa such as lactobacilli
within the female reproductive tract mediate colonization resistance against pathogens and
positively influence pregnancy outcomes.

Despite the known complications in patients with BV, animal models for human BV
remain underdeveloped. To address this void, we aimed to develop a human microbiota-
associated (HMA) mouse model of BV using germ-free mice. While the natural microbiota of
mice differs greatly to that of humans [214], HMA mice allows microbial colonization of germ-
free mice with the relevant human microbiota and later studied. Colonizing germ-free mice with
bacteria from human donors aims to maintain a microbiota diversity and profile similar to the

human donor and thus may be a faithful model to examine the role of the human vaginal
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microbiota in diseases of the reproductive tract and adverse pregnancy outcomes [215].
Furthermore, housing of HMA mice in a hermetically sealed bio-exclusion cage system means
that no further bacteria from the environment will enter and alter the diversity of the humanized
mouse [216].

Herein, we describe the generation of HMA mice harboring the microbiota collected
from the vaginal tract of pregnant women and describe the extent to which the human vaginal
microbiota can colonize the vaginal tract of germ-free mice. We show that pregnant women with
BV harbor a distinct microbiota and carry elevated risk for adverse pregnancy outcomes. Further,
we observed substantial variation in pregnancy outcomes and pro-inflammatory cytokine
production among HMA mice, despite donor microbiota being a poor predictor of these
properties. Together, these data outline the potential use and limitations of using HMA mice
harboring the microbiota collected from the human vaginal tract to elucidate the impact of the

vaginal microbiota on pregnancy outcomes.
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Results
Pregnant women with BV harbor a distinct microbiota community structure.

To employ a rigorous experimental approach to generate HMA mice, it is essential to
establish a well-characterized cohort of patients with well-characterized disease states as donors
of human microbiota. To this end, 19 pregnant African American women were recruited and
information pertaining to Nugent score of vaginal swab were collected at the same time as the
microbiota sample (for gold standard diagnosis of BV), while patient demographics, health
status, pregnancy complications and birth outcomes were recorded as well (Table 1).
Specifically, seven women presented with a normal Nugent score between 0 and 3, four women
presented with an intermediate Nugent score between 4 and 6, and eight women presented with a
Nugent score of 7 or higher indicative of BV (Table 1). The vaginal and rectal microbiota
community structures were characterized for each of the nineteen patients. Healthy patients with
a low Nugent score harbored a microbiota diversity typical of that previously detected in heathy
women[217] where the microbial community is dominated by lactobacilli (Figure 1A).
However, patients with an intermediate or high Nugent score harbored a dysbiotic vaginal
microbiota community structure, typified by the diminishment in the relative abundance of
lactobacilli and an expansion in the relative abundance of bacteria of genera Prevotella,
Gardernella and Shuttleworthia (Figure 1A). Furthermore, beta diversity analysis of the vaginal
microbiota revealed distinct separation of patients with respect to their Nugent scores (Figure
1C). By contrast, characterization of the fecal microbiota diversity of these patients did not
reveal any salient differences in either relative bacterial abundances (Figure 1B), nor in beta
diversity, with no detectable separation of patients clustering with respect to their Nugent score

(Figure 1C). The Shannon diversity index of the vaginal microbiota of each patient was also



Table 1. The clinical parameters of the 19 pregnant women used for HMA mouse
generation.

Characteristics Subjects (n=19)
Age, years (meanzsd) 25.1+5.06,
Race/Ethnicity

African American 19 (100%),
Educational level

Less than high school 6 (31.6%)

High school or GED 6 (31.6%)

Some college 6 (31.6%)

College graduate 1 (5.3%)
Prenatal Insurance, n (%)

Medicaid 17 (89.5%)

Private 2 (10.5%)
Nugent Score, n (%)

Normal (0-3) 7 (36.8%)

Intermediate (4-6) 4 (21.1%)

BV (7+) 8 (42.1%)
Gestational Hypertension 1(5.3%)
Gestational Diabetes 1(5.3%)
Obstetrical history, n (%)

Prior term birth 11 (57.9%)
Prior preterm birth 3 (15.8%)
Birth Outcome*, n (%)

Full term 10 (52.6%)

Early term 6 (31.6%)

Preterm 1(5.3%)

Spontaneous abortion 1(5.3%)

Exposure to antibiotics in the month prior to microbiota sampling, n (%)
Yes 7 (36.8%)
No 12 (63.2%)

* Full term (39 weeks>), Early term (39 weeks<x<36 weeks), Preterm (36 weeks<)
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(legend for figure on previous page)
Figure 1. Pregnant women with bacterial vaginosis harbor a distinct microbiota community
structure. (A-B) Relative abundance of bacterial genera within the vaginal tract (A) and rectum (B) of
pregnant women assigned as Normal, Intermediate or BV by Nugent score described in Table 1. Data
represents the top 10 most abundant bacterial genera detected. Each column represents one patient. (C)
Principal Component Analysis (PCA) plot depicting the beta-diversity of the microbiota community
structure within the vaginal tract and the rectum of pregnant patients described in Table 1. (D) Shannon
diversity index of patient vaginal microbiota determined via 16S rRNA gene sequencing according to
patient Nugent score. Data graphed as mean + SEM. (E) Gestational age of delivery for pregnant patients
described in Table 1 with either a normal, intermediate or BV Nugent score. Data graphed as mean +
SEM. (F) Birth weight of infant delivered by patients described in Table 1 with a normal, intermediate or
BV Nugent score. Data graphed as mean + SEM. Statistical significance determined via One-way
ANOVA, Turkey’s multiple comparison test (D, F) or Kruskal-Wallis test, Dunn’s multiple comparisons

test (E). *=p<0.05. n=19 patients.
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plotted with respect to the grouped Nugent score, and revealed that patients with a normal
Nugent score between 0 and 3 had significantly lower microbiota diversity (Shannon diversity
index) compared to patients with an intermediate Nugent score between 4 and 6, or compared to
patients with a Nugent score of 7 or higher (Figure 1D). The gestational age and birthweight of
each infant was also collected and revealed that patients with an intermediate or high Nugent
score in this cohort trended towards a pre-term-birth and a lower birthweight (Figure 1E and
1F). Together, these data establish a cohort of normal and disease patients with defined and
quantifiable disease activity for use in the generation of HMA mice.
Generation of human microbiota-associated (HMA) mice harboring the microbiota
collected from the vaginal tract of pregnant women with bacterial vaginosis

The patients’ vaginal microbiota was swabbed at the hospital and the swabs were
transported immediately to the Emory Gnotobiotic Animal Core (EGAC). The vaginal tract of
female germ-free C57BL/6 mice was inoculated by physically wiping the vaginal swab on the
mouse, concentrating the swab to the vaginal opening. This process was typically completed
within 2 hours of collecting the vaginal swab from the patient. Mice were then housed within
bioexclusion husbandry cages for the vaginal microbiota to establish and colonize. After 2
weeks, a male germ-free mouse was introduced into the bioexclusion cages of each HMA female
mouse, and conception date recorded by the appearance of a viscous copulatory plug. At 18.5
days post-coitum (18.5 dpc) and before delivery of litters, mice were sacrificed and the uterus,
vagina, and fecal pellet collected under sterile conditions (Figure 2A). Characterization of the
vaginal microbiota in HMA mice using 16S rDNA amplicon sequencing revealed that although
each HMA mouse became colonized by microbes from the donor sample, the proportional

abundance of those taxa in the HMA mice was very different from the donor sample (Figures
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(legend for figure on previous page)
Figure 2. Generation of human microbiota-associated (HMA) mice harboring the microbiota
collected from the vaginal tract of pregnant women with bacterial vaginosis. (A) Graphical depiction
of experimental approach to generate human microbiota-associated (HMA) mice harboring the microbiota
collected from the vaginal tract of pregnant patients described in Table 1. Swabs were collected from the
vaginal tract and immediately transported to the Emory Gnotobiotic Animal Core (EGAC). The vaginal
tract of female germ-free C57BL/6 were inoculated by physically wiping the swab on the vaginal opening
of the mouse. Mice were then housed in Tecniplast 1ISOcageP Bioexclusion cages for the microbiota to
colonize. After 2 weeks, a male germ-free mouse was introduced to the HMA female mouse and
conception monitored. On 18.5 dpc (days post-coitum), pregnant female mice were sacrificed under
sterile conditions for sample collection and analysis.(B) Relative abundance of the bacterial genera
detected via 16S analysis in the vaginal tract of HMA mice on 18.5 dpc. Data represents the top 10
bacterial genera detected and each stacked column represents one mouse. Data is separated by BV status
of the corresponding human donor. (C) Principal Component Analysis (PCA) plot depicting the beta-
diversity of the microbiota community structure within the vaginal tract and gastrointestinal tract of HMA

mice on 18.5 dpc. Symbols are colored by the Nugent score of the corresponding human donor.
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1A and 2B). Importantly, the lactobacilli from the normal Nugent score patients did not
efficiently colonize the mouse vaginal tract (Figure 2B). Furthermore, there was high variability
in the colonizing microbiota of each HMA mouse, and similarity between the microbiota of
HMA mice was not driven by the BV status of the donor sample (Figure 2C). We also detected
no significant differences in the fecal microbiota of the HMA mice and no separation based on
patient Nugent score (Figure 2C). These results suggest that while the vaginal canal of germ-
free mice provides a competition-free niche for bacteria in a donor sample, the vaginal
microbiota of HMA mice generated using this approach does not closely resemble the
community present in donor samples.
Pregnancy outcomes in human microbiota-associated (HMA) mice harboring the
microbiota collected from the vaginal tract of pregnant women with bacterial vaginosis
Despite limited similarity between donor and HMA mouse vaginal microbiota, we
recorded considerable differences in pregnancy outcomes among the HMA mice and sought to
determine whether the microbiota harbored in the vaginal canal correlated with any adverse
outcomes. We correlated pregnancy outcome in HMA mice by recording the number of pups
within the uterine horns at 18.5 dpc. This was done before birth in order to obtain a faithful count
of viable pups and to mitigate the prospect that the new moms’ cannibalize their newborn
offspring, which often occurs postpartum in C57BL/6 mice and could affect our data. We
compared the litter size at 18.5 dpc with the Nugent score of the corresponding patient described
in table 1 used for inoculation and detected a considerable amount of variation in litter size, with
a trend towards smaller litter sizes in the BV inoculated group (Figure 3A). We also compared
the litter size of HMA mice with the Shannon diversity index of their vaginal microbiota and

found that mice with smaller litter sizes did not have a significant difference in vaginal
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Figure 3. Pregnancy outcomes in human microbiota-associated (HMA) mice harboring the
microbiota collected from the vaginal tract of pregnant women with bacterial vaginosis.

(A) The number of pups detected in the uterine horns of HMA mice on 18.5 dpc separated by the Nugent
score of the corresponding donor. Data graphed as mean + SEM. (B) Shannon diversity index of the
mouse vaginal microbiota determined via 16S analysis on 18.5 dpc separated by litter size of the pregnant
HMA mouse. Less than 7 pups on 18.5 dpc is considered a small litter, while 7 or more pups is
considered a normal litter. Data graphed as mean £ SEM. (C) Principal Component Analysis (PCA) plot
depicting the beta-diversity of the microbiota community structure within the vaginal tract of HMA mice

on 18.5 dpc. Symbols are colored by the litter size on 18.5 dpc.
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diversity (Figure 3B). Lastly, a PCA plot comparing the beta diversity of the mouse vaginal
microbiota and the corresponding litter size (Figure 3C) shows that the vagina microbiota of the
HMA mice did not have a significant influence on litter size.
Altered pregnancy outcomes in human microbiota-associated (HMA) mice is associated
with elevated levels of pro-inflammatory cytokines in the uterus of mice during pregnancy.
Inflammation in the uterus, or endometritis is commonly associated with pregnancy
complications. We examined the extent to which the colonizing microbes influenced levels of
inflammation in the uterus of HMA mice. Although the uterus has considerably lower levels of
bacteria compared to the vaginal tract, it may be possible that certain bacterial species in the
vaginal tract have negative impacts on the physiology of the entire reproductive system. A
comprehensive analysis of cytokine concentrations in the uterus of HMA mice described in
figure 2 revealed significantly higher levels of IL-12 and IL-4, and trending higher levels of
IFNy in the uteri of mice with smaller litter sizes, whereas a significantly higher level of TNFa in
the uterus was associated with a larger litter size (Figure 4A). To determine the extent to which
certain murine vaginal microbial communities were associated with altered uterine cytokine
levels during pregnancy, we conducted PCA analysis comparing cytokine levels and the vaginal
microbiota community. However, our analysis revealed that the HMA mouse vaginal microbiota
did not group with any alterations in uterine cytokine levels and had no correlation with BV

status of the patient (Figure 4B).
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(legend for figure on previous page)
Figure 4. Pregnancy outcome in human microbiota-associated (HMA) mice is associated with
altered uterine cytokine levels during pregnancy. (A) Cytokine concentrations in the uterus of HMA
mice on 18.5 dpc. Cytokine levels are plotted with respect to the litter size. Less than 7 pups on 18.5 dpc
is considered a small litter, while 7 or more pups is considered a normal litter. Statistical significance
determined using unpaired t test. *=p<0.05. n>8. Data graphed as mean + SEM. (B) Principal Component
Analysis (PCA) analysis depicting the correlation between cytokines concentrations in the uterus that
were significantly altered or trending towards significance in (A), the HMA mouse vaginal microbiota

community, and the Nugent score of the corresponding donor patient.
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Discussion

In order to better understand the effect of the vaginal microbiota on health, we assessed
the utility of the HMA mouse approach, which has been widely employed in the study of host
cell and intestinal microbe interactions [218, 219]. Studies using HMA mice have not only
attributed causality of specific microbial community structures in the development of many
chronic diseases such as metabolic syndrome, but have also helped to unravel the mechanisms
behind these associations- an approach that is unfeasible in human subjects [220]. While mice
with a humanized microbiota have offered an invaluable model for the study of the
gastrointestinal microbiota and its role in human health, the same mouse model for the human
vaginal microbiota has not been fully established [221]. We first collected patient data on a
cohort of pregnant women, including Nugent scores for the assessment of BV in patient. Using
vaginal swabs from these patients, we generated HMA mice harboring the microbiota collected
from the vaginal tract of pregnant women with BV. Comparison of the vaginal microbiota of BV
patients and HMA mice revealed only modest similarity. In addition, there was no correlation
detected between the number of pups within pregnant HMA mice and Nugent scores from BV
patients. Significantly elevated levels of pro-inflammatory cytokines in the uterus of mice were
detected during pregnancy, although there was no clear correlation between the murine vaginal
microbiota, Nugent scores from BV patients and pro-inflammatory cytokine levels.

In both mice and humans, the uterus functions to nurture a fertilized egg until the fetus, or
offspring, is ready to be delivered. However, the anatomy of the mouse female reproductive tract
has clear differences compared to humans. The murine uterus is bicornuate, forming two uterine
horns that help accommodate large litter sizes, with an average of 8.5 newborns per litter [222].

By comparison the human uterus is simplex, an inverted pear-shaped muscular organ, located
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between the bladder and the rectum, and typically harbors only one infant. Importantly, both
humans and mice have a cervix which forms a tight physical barrier between the vagina and
uterine cavity. The cervix plays a critical role in preventing vaginal bacteria from ascending into
the uterus [223, 224]. As in humans, mice have a resident commensal vaginal microbiota and
virtually undetectable numbers of microbes in the uterus [225, 226]. As in humans, mice also
undergo a hormonal cycle regulated by steroid hormones, with their cycle being much shorter,
about 4 days in total, compared to a human’s 28 day cycle [227]. Interestingly, mice also do not
undergo menstruation and instead only decidualize if fertilization occurs [228]. The lack of
menstruation may be a governing determinant in the establishment of the microbiota community
structure within the mouse reproductive tract. Indeed, the composition of the vaginal microbiota
differs greatly between mice and humans. In fact, humans have a distinct vaginal microbiota
compared to most other mammalian species sampled including even non-human primates [229].
Humans are the only species to have a vaginal microbiota dominated by lactobacilli, while all
other mammals have a considerably more diverse vaginal microbe community structure [230,
231]. The teleological explanation for the specific nature of the human vaginal microbiota
diversity in terms of the purpose it serves remains enigmatic, with progress in our understanding
perhaps hindered by the very fact that there is no suitable animal to model the human vaginal
microbiota [232]. Establishing an HMA animal model would greatly enhance our understanding
of how the vaginal microbiota affects the development of several human reproductive diseases,
many of which cause pre-term births, and may facilitate the development of novel therapies that
are desperately needed for millions of women.

Preterm labor is defined as labor that begins prior to the 37" week of pregnancy, and is

associated with nearly 12% of infants born in the US, and >15% of those born in the developed
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world [233-235]. Importantly, however, according to the National Center for Health Statistics
recent natality data (Retrieved June 03, 2020), when broken down by race, the average preterm
birth rate among African American women during the years 2016-2018 was 13.8%, or 50%
higher than the 9.1% average among white women during the same time period. The sequelae of
preterm birth accounts for a burden of up to 70% of all perinatal morbidity and mortality,
specifically intracranial hemorrhage and periventricular leukomalacia, bronchopulmonary
dysplasia, cerebral palsy, and retinopathy of prematurity, consequences which overall are more
common among African American infants and which may be lifelong. The incidence and
severity of these complications are inversely associated with gestational age, with the most
deleterious outcomes occurring in infants delivered close to the 24-week limit of viability.
Despite this medical, social and economic toll, there remains a major gap in understanding the
biological mechanisms that lead to preterm birth, as well as the health disparity experienced by
African American families.

While there are multiple risk factors for preterm birth, including premature rupture of
membranes, placental abruption, multiple gestation, smoking and hypertensive disorders of
pregnancy, the major cause is chorioamnionitis/uterine inflammation [233, 234, 236, 237].
Chorioamnionitis, also known as intra-amniotic infection (IAl) is an inflammation of the fetal
membranes (amnion and chorion) due to a bacterial infection [238]. Up to 40% of preterm births
are clinically associated with intrauterine infections [239]. An objective histopathological
analysis of a large cohort (3928 patients) of preterm (20-34 weeks) placentas detected active
chorioamnionitis in 66% of cases at 20-24 weeks and 16% at 34 weeks [240]. Thus, preterm
labor and delivery is a common and important complication of otherwise normal pregnancy, and

is most often caused by infection of the uterus.
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The biological mechanisms by which the normal gravid uterus protects itself from
ascending infection are not fully known. Recently, it has been established that the indigenous
microbiota residing on host mucosal surfaces act in concert with the host to prevent pathogenic
microbial colonization in a process called colonization resistance. The colonization resistance
offered by the lactobacilli rich microbiota combined with the physical barrier of the cervix is
considered to be a major defense against ascending uterine infections. Furthermore, there is
increasing literature describing the influence of microbial diversity within the female
reproductive tract on uterine health and disease. Indeed, our approach did discover significant
variation in uterine cytokine levels of HMA mice and large range of litter sizes, despite the
colonizing communities bearing limited similarity to their donor sample. In that way, the
approach we describe in this study could still be a valuable method for interrogating the
mechanistic details through which microbes and microbial consortia influence reproductive
health. Further, although we report limited similarity based on 16S rDNA amplicon sequencing,
assessing microbial community composition using metagenomics and metatranscriptomics could
reveal more meaningful similarities among the colonizing microbes in HMA mice. That is, it is
possible that the HMA mice with more similar litter sizes and levels of inflammatory cytokines
were disproportionately colonized by microbes enriched with similar metabolic capabilities.
Ultimately, the HMA mouse model we describe here is a valuable step towards developing new
methods that can provide mechanistic insight into how microbe-host interactions affect

reproductive health.
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Methods

Patient recruitment and swab collection

Women who participated in this study were part of the Emory University African American
Vaginal, Oral, and Gut Microbiome in Pregnancy Cohort Study [241]. During the recruiting
period for this study (7/31/2018 through 11/15/2018), women who were recruited for the parent
study were offered the option of collecting an additional vaginal and rectal swab for participation
in the present study. The study protocol was carried out in accordance with the review and
approval of the Emory University Institutional Review Board and the Grady Research Oversight
Committee. All women participating in this study provided written informed consent in
accordance with the Declaration of Helsinki.

Pregnant women were recruited to participate in this study from the prenatal care clinics
of two metropolitan hospitals in Atlanta, GA, affiliated with Emory University Woodruff Health
Sciences Center: Grady Memorial Hospital, a county-supported hospital that serves as a safety
net for low-income patients; and Emory University Hospital Midtown, a private hospital that
serves patients from a wide economic range. Inclusion criteria were that each participant is: 1)
African American by self-report; 2) Between 8 and 14 weeks’ gestation (verified by clinical
record) and expecting a singleton pregnancy; 3) Able to comprehend written and spoken English;
4) Between 18 and 40 years of age; 5) Experiencing no chronic medical condition or taking
prescribed chronic medications (verified by prenatal record). For enrolled women, data
collection consisted of completing a sociodemographic questionnaire as well as self-collecting
vaginal and rectal swabs during the study visit and giving permission to complete a medical

record abstraction at the end of the pregnancy.
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For the swab collection, participants were provided verbal and pictorial instructions
directing them to obtain (in a private exam room) self-collected vaginal swabs (one for Gram
staining according to Nugent’s score, one for DNA extraction and 16S rRNA gene sequencing,
and one for inoculation of the mouse model) and rectal swabs (one for DNA extraction and 16S
rRNA gene sequencing, and one for inoculation of the mouse model). The swabs for microbiota
sequencing were Sterile Catch-All™ Sample Collection Swabs (Epicentre Biotechnologies,
Madison WI) which were immediately plunged into MoBio bead tubes (MoBio Laboratories,
Inc., Carlsbad, CA) and frozen upright on dry ice until transported to the lab, to be stored at —80
°C until DNA extraction and preparation for vaginal microbiota measurement occurs. The swabs
for vaginal Gram staining were dacron swabs that were stored in a sterile tube until transport to
the Emory Clinical Microbiology Laboratory for Gram staining for Nugent criteria scoring for
evaluation of BV [242]. Well-designed studies support that vaginal self-collection swabs sample
the same microbial diversity as physician-collected swabs of the mid-vagina and have high
overall morphotype-specific validity compared with provider-collected swabs based on
microbiome analysis [243].

Maternal Medical Chart Abstraction was completed by the research team using a
standardized chart abstraction tool to ascertain for the following: Gestational age at birth. All
participants receive early pregnancy dating by last menstrual period (LMP) and/or early
ultrasound, given enrollment criteria. Gestational age at birth is determined from the delivery
record, based upon the date of delivery in relation to the estimated date of confinement
established during the 8-14 week prenatal visit. Gestational diabetes, preeclampsia/eclampsia,
etc., type and mode of delivery are ascertained from record review after delivery and defined

according to standard clinical definitions of the American College of Obstetricians and
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Gynecologists. Medication use, including any antibiotic use, in the month prior to sampling was
also ascertained.

Generation of human microbiota-associated mice

After collection of the human vaginal swabs by hospital staff the swabs were immediately
transferred to research staff who inoculated a germ-free female single-housed in a bioexclusion
microisolator cage at the Emory Gnotobiotic Animal Core (EGAC). Inoculation was achieved by
physical wiping of the vaginal swab at the vaginal opening of the mouse for several seconds,
ensuring adequate transfer of microbes from the swab onto the vaginal opening of the mouse.
Inoculated females were housed for 2 weeks before introduction of a germ-free male. Evidence
of copulation was monitored by inspection for a vaginal copulatory plug every morning after
inoculation. Observance of a vaginal plug was designated as 0.5 days post-coitum (dpc). After
identification of a vaginal plug the male mouse was removed to prevent the possibility of
multiple copulations. The day before expected delivery (18.5 dpc) the female mouse was
sacrificed and the uterine horns, vagina and fecal pellet were collected under strict sterile
conditions. The number of developing pups in the uterus were enumerated and removed. The
vaginal canal was immediately processed for microbial DNA isolation and the uterine horn was
flash frozen for future cytokine analysis.

Microbial DNA isolation and 16S Analysis

After sterile collection the vaginal canal from the HMA mouse was placed in a MagnaLyser tube
[190] with 1mL sterile PBS. The tube was vigorously vortexed three times for 10 seconds each
to remove the mucosa and bacteria from the vaginal tissue. The 1mL of PBS containing the
vaginal mucosa and bacteria was collected and the microbial DNA was isolated using the

QlAamp DNA microbiome kit (Qiagen, Hilden, Germany). Adequate and faithful amplification
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of the 16S rRNA V4 region required an initial PCR amplification of the near full length 16S
rRNA genes using the 27F (5’- AGAGTTTGATCMTGGCTCAG -3’) and 1492R (5°’-
TACGGYTACCTTGTTACGACTT-3") primer pair for 25 cycles. The resulting amplicon was
then used as template for amplification of the V4 region using the 515F/806R primer pair
(GTGCCAGCMGCCGCGGTAA and GGACTACHVGGGTWTCTAAT) for 30 cycles in
triplicate. Each 806R primer had a unique 12 base golay barcode. The PCR products were
quantified using a Qubit fluorimeter (Invitrogen, Carlsbad, CA) and ran on a bioanalyzer to
confirm the presence of a single band at 350bp and no band for the “kit-ome” control. DNA
samples were pooled and sequenced using the Illumina MiSeq at the Emory Integrated Genomics
Core. Sequencing data was processed using the analysis pipeline developed by Vaninsberghe et
al [244]. Briefly, primers were trimmed, allowing up to one mismatch and discarding all
sequences without primers, and Dada2 was used to infer the Amplicon Sequence Variants
(ASVs) [245].

Measurement of uterine cytokine levels

The uterus from HMA mice at 18.5 dpc was collected and the pups were carefully removed. The
uterine wall was flash frozen with liquid nitrogen. To ensure adequate representation of the
uterine tissue in subsequent cytokine analysis, the uterine tissue was ground while frozen with
mortar and pestle. 50 mg of tissue was then added to homogenization buffer in a Magnalyser
tube and homogenized twice for 30 seconds at 6,500 rpm using a Magnalyser (Roche, Basel,
Switzerland). Protein concentrations were quantified using the Pierce BCA assay kit and the
protein concentrations were diluted and normalized for cytokine quantification using the V-

PLEX Proinflammatory Panel 1 Mouse Kit (Meso Scale Discovery, Rockville, Maryland)
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following manufacturer’s protocol with the help of the Emory Multiplexed Immunoassay Core

(Emory University, Atlanta, GA).
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Chapter 4

Discussion

The Role of PRAPL1 in the Epithelial Response to Irradiation

Exposure to irradiation injures cells by inducing high amounts of reactive oxygen species
resulting in oxidative DNA damage [246]. The stem cells in the gastrointestinal epithelium,
along with hematopoietic cells in the bone marrow, are highly sensitive to DNA damage because
of their high proliferative capacity and therefore are the first cells that undergo apoptosis
following irradiation. Irradiation-induced apoptosis is dose dependent, with apoptosis observed
in levels as low as 0.02 Gy and increases with higher doses [247]. When a mouse is exposed to a
high irradiation dose around 10-12 Gy, there is maximum apoptosis that occurs in the crypts of
the small intestine and there is failure of recovery of the gastrointestinal epithelium [248]. While
many stem cells in the crypt are lost to apoptosis following irradiation, the remaining epithelial
cells continue to mature and migrate, eventually shedding from the villus tip. Because high doses
of irradiation significantly hinder the proliferative capacity of the small intestinal epithelium,
severe villus blunting and atrophy is observed days after the initial injury [248, 249]. This occurs
because the epithelium has lost its ability to replenish the high turnover of enterocytes. The loss
of viable crypts and shortening of the villi structures leads to decreased absorption of critical
nutrients and failure of the epithelial barrier. This acute injury in the gut after high doses of
whole body irradiation is referred to as acute radiation enteritis and can lead to death of the
animal within 10 days [250, 251].

After enduring DNA damage following irradiation, the fate of the cell is largely
dependent on the expression and downstream signaling initiated by the tumor suppressor gene,

p53 [252]. This “guardian of the genome” is thought to be critical to a cell’s response to DNA
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damage and can induce apoptosis of a cell that has undergone extensive DNA damage, therefore
preventing survival of cells with dangerous oncogenic mutations [247]. The importance of p53 is
underscored by studies that show p53 expression is increased in cells after exposure to irradiation
and p53 null mice lack the expected apoptosis in the small intestine following irradiation [253].
While the expression of p53 coincides with increased apoptosis after injury, it is also capable of
promoting survival by inducing the expression of proteins such as p21, which induce cell cycle
arrest and allow the cell to undergo DNA damage repair before resuming mitosis [254]. The
induction of cell cycle arrest and/or apoptosis is largely dependent on the amount of initial injury
and the expression levels of other proteins important for determining cell fate [255]. Expression
levels of oncogenes and pro-apoptotic proteins within a cell will determine whether a cell
survives injury, with many of these proteins downstream of p53 activity.

In Chapter 2, we introduce an understudied protein, PRAP1, highly expressed by the
epithelium of the small intestine and investigate its role in the response to irradiation injury.
Previous studies on PRAP1 expression in vitro demonstrate that PRAP1 expression is induced
after exposure to gamma-irradiation and chemotherapeutic agents [167]. This increased PRAP1
expression helped promote survival of cells following DNA damage by inducing cell cycle
arrest. It was also confirmed that the promotor of PRAP1 contains a p53-response elements and
that PRAP1 expression was downstream of p53 activity [167]. While this provides strong
evidence that PRAP1 functions in response to DNA damage, the function of PRAP1 expression
in the gastrointestinal epithelium remained unexplored.

Although PRAP1 expression is always impressively high in the small intestine, the
Prapl”™ mice displayed no spontaneous disease and histological analysis of the intestinal

epithelium appeared normal. It was only after 10 Gy TBI that the Prapl” mice displayed an
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obvious phenotype with accelerated death and increased apoptosis of the epithelial cells. While
apoptosis of epithelial cells after irradiation is an important mechanism for the elimination of
damaged cells, increased apoptosis in the crypts can have lasting effects on the ability of the
epithelium to restore normal function, leading to acute radiation enteritis and death [248].
Indeed, Prapl” mice had increased apoptosis in the crypts of the small intestine, making them
more susceptible to acute radiation enteritis. In addition to increased apoptosis in the crypts 6
hours post-irradiation, the Prap1” mice displayed increased apoptosis 3-4 days after irradiation.
This increased level of late apoptosis coincided with increased expression levels of the pro-
apoptotic gene, Bax. The cells undergoing apoptosis days after irradiation were located outside
the crypt and were likely much lower and perhaps inside the crypt when irradiation took place.
Apoptotic cells found days after irradiation in the intestinal epithelium are less understood with
few studies describing their presence. One study did observe additional apoptosis 24 hours and
40 hours after irradiation and this apoptosis was concluded to be independent of p53 expression
[256]. The p53 null mice displayed very little early apoptosis shortly after irradiation but had
comparable apoptosis at these later time points compared to wildtype mice. The apoptosis
observed at later time points was only observed in mice that received high amounts of DNA
damage and are presumed to be cells that escaped DNA damage repair and experience mitotic
catastrophe, undergoing apoptosis induced by an unknown p53-independent mechanism. The
increased apoptosis and accelerated death of Prapl” mice after irradiation implicates PRAP1 as
an important mediator in determining cell fate after irradiation and it is likely that PRAP1
activity is involved in the downstream activity of p53 at early time points after irradiation.

To investigate the mechanism by which PRAP1 could influence cell fate after irradiation

we measured the expression of cell cycle arrest proteins in an isolated ex vivo epithelial model
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before and after irradiation. These isolated primary epithelial cells were derived from a harvest
of intestinal crypts from wildtype and Prapl"' mice, forming enteroids with or without PRAP1
expression. The enteroids were extremely sensitive to irradiation, displaying considerable
amounts of apoptosis after a 2 Gy dose of irradiation. Following irradiation, all enteroids had
increased expression of p21, as expected. This increase in p21 expression is important for the
inhibition of cyclin-CDK activity, promoting cell cycle arrest and allowing for important DNA
damage repair and cell survival [257]. Interestingly, the Prapl"' enteroids had a significantly
higher expression of p21, coinciding with increased rates of apoptosis. This increased p21
expression in the Prapl” mice was further validated with a decrease in p21 protein after PRAP1
overexpression in an epithelial cell line. While p21 activity has been shown to increase survival
after irradiation due to cell cycle arrest [258], multiple studies have shown that p21 can have
dual function regarding cell fate after irradiation [259, 260]. Studies overexpressing p21 after
irradiation have coincided with increased apoptosis; implying p21 activity expands beyond CDK
inhibition [189-191]. It is possible that dysregulation of p21 expression influences the cell to
undergo apoptosis instead of cell cycle arrest. In summary, the absence of PRAP1 increases the
expression level of p21 in the epithelium, coinciding with increased apoptosis.

While our experiments show a negative correlation between PRAP1 and p21 expression
after irradiation, the mechanism by which PRAP1 influences p21 expression remains unknown.
Many plausible possibilities exist, including direct or indirect regulation of p21 transcription.
Because PRAPL1 is an intrinsically disordered protein, it is likely that PRAP1 can weakly bind a
variety of proteins. Interestingly, p21 is also an intrinsically disordered protein and it is this
attribute that allows p21 to weakly bind of variety of proteins, promoting the formation of

protein complexes and therefore influencing a variety of cellular responses [174]. If PRAP1 is
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also important for the formation of different protein complexes, it is possible that in the absence
of PRAP1, proper cellular response to irradiation is less efficient. This could either directly affect
the induction of p21 expression or cause suboptimal function of critical signaling proteins,
including p21 itself. To further understand the relationship between PRAP1, p21 and apoptosis it
will be critical to identify the proteins bound to PRAPL after irradiation. Because PRAPL is a
naturally abundant protein, co-immunoprecipitations on cell lysate from irradiated mouse
intestinal tissue seems technically plausible. After isolating PRAP1, mass spectrometry could be
used to identify the proteins bound to PRAPL. Because PRAPL is intrinsically disordered and
therefore “sticky”, it is likely the mass spectrometry will reveal a long list of possible interacting
proteins. It will also be useful to perform an additional co-immunoprecipitation on cell lysate
from un-irradiated intestinal tissue. This will allow comparison of proteins bound to PRAP1
before and after irradiation, allowing a more reliable way of identifying proteins relevant to
PRAP1 function after irradiation. Identifying proteins bound to PRAP1 before and after
irradiation will be a critical next step to understanding the mechanism behind PRAP1’s ability to
prevent irradiation-induced apoptosis.

Lastly, because we show that PRAP1 is important for cellular survival following
irradiation, future studies should involve the investigation of PRAP1 expression altering the
ability of cancer cells to resist chemotherapeutic treatments. Cell fate after DNA damage is
largely determined by the transcriptional activity of p53 [253]. Depending on the dose and
timing of the damage, p53 activation can lead to the expression of cell cycle arrest proteins
and/or pro-apoptotic proteins [254]. Both outcomes are largely dependent on p53 activation and
are important for preventing tumor formation and progression. Indeed, mutations in p53 are

found in approximately 50% of invasive tumors [261]. These mutations usually inhibit the ability
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of p53 to induce transcription of cell cycle regulators and pro-apoptotic proteins [262]. The
inability of the cell to undergo cell cycle arrest or apoptosis following DNA damage promotes
tumor survival [263]. Because PRAP1 has been found to prevent apoptosis in non-malignant
cells following irradiation, it is important to determine the expression level of PRAP1 in tumor
cells. Perhaps PRAP1 expression is increased during tumorigenesis and this increased PRAP1
expression could make cancer cells more resistant to chemotherapeutic treatments or irradiation
by preventing apoptosis. Whether or not PRAP1 expression is altered in cancer cells, silencing
PRAP1 expression or inhibiting PRAP1 activity specifically in cancer cells could pose as a
possible avenue to increase the effectiveness of current chemotherapeutic strategies.
PRAP1 Function in the Uterus

While Chapter 2 focuses on PRAP1 function in the small intestinal epithelium,
supplemental data shows that PRAP1 is also highly expressed in the endometrium, or uterine
epithelium. While PRAP1 is always highly expressed in the small intestine, it is only detected in
the endometrium during a stage of the hormonal cycle called estrus. Another interesting
difference between the small intestine and uterus concerning PRAPL1 is the cellular localization.
In the small intestine, PRAP1 was only observed intracellularly, despite using fixations that
would preserve any kind of luminal secretion. In contrast, during estrus, PRAP1 was clearly
secreted into the lumen of the uterus. Indeed, PRAP1 has a signal peptide at the N terminus, a
classic characteristic of secreted proteins. Because we did not observe convincing PRAP1
secretion in the small intestine before or after irradiation and because of its role in the cellular
response to irradiation, we believe PRAPL1 is functioning intracellularly in the intestinal
epithelium. It is possible that PRAP1 has an additional function in the lumen of the uterus that

remains to be understood. Despite its secretion in the uterus, we cannot ignore the interesting
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connection between our findings in the gut and the events that take place in the uterus during
estrus. Throughout the hormonal cycle, the endometrium undergoes dramatic changes that
coincide with the initiation of high amounts of proliferation and apoptosis. Interestingly, estrus is
the stage in the hormonal cycle where the luminal epithelium experiences the least amount of
apoptosis, followed by metestrus, when the luminal epithelium then has a dramatic increase in
apoptosis [264]. It is possible that the abundant expression of PRAP1 in the endometrium during
estrus is important for the low levels of apoptosis observed. To investigate this possibility
further, it will be helpful to measure the amounts of apoptosis in the uterine luminal epithelium
in carefully staged wildtype and Prapl” cycling female mice. If PRAP1 is important for the
prevention of apoptosis in the uterus, we hypothesize that the Prapl™ females will display
increased amounts of apoptosis during estrus. Understanding the function of PRAPL in the uterus
will not only improve our understanding of PRAP1 but could reveal additional functions specific
to this tissue.
Lactobacilli are Beneficial in both the Gut and Reproductive Tract

It has become increasingly appreciated that the microbiota plays a significant role in host
health in multiple mucosal tissues. Although effects of the microbiota are now being identified
well beyond their local mucosa, research investigating the relationship between the microbiota
and human health started in the gastrointestinal tract. Here, many have shown using mouse
models that the presence of the microbiota can influence intestinal epithelial barrier repair,
inflammatory status and breakdown of dietary components for enhanced nutrient absorption [74,
161, 162]. While the increased susceptibility of germ-free mice to GI challenge underscores the
importance of the gut microbiota, there are certain bacterial species that have been attributed to

specific benefits. These bacteria have been termed “probiotics” and one example of a well-
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studied probiotic is Lactobacillus rhamnosus GG (LGG) [265]. Our lab has shown that oral
ingestion of LGG prior to Gl challenge such as DSS colitis or irradiation significantly improves
outcomes, with increased epithelial repair and barrier restoration [4, 266]. While the
identification of probiotics and their benefits on host health are intriguing, much more focus has
now been placed on the mechanism by which certain probiotics elicit their beneficial effects. To
determine the ways in which oral ingestion of LGG led to protection from Gl injury, Jones et al.
[4] fed germ-free mice PBS, LGG or a commensal E. coli as a bacterial control. Colonic tissue
was harvested from these mice 4 hours later and RNA sequencing was performed.
Transcriptomic analysis revealed several genes specifically induced in the colon by LGG and not
the E. coli control. Many of the genes induced were dependent on Nrf2 activation, eliciting
increased cytoprotection and providing a solid explanation for the mechanism by which LGG
elicits beneficial effects in the gastrointestinal tract. In addition to the known cytoprotective
genes induced were others with less known function, such as PRAP1. In Chapter 2 we
functionally characterize PRAP1 and show that PRAP1 expression protects the gastrointestinal
epithelium from irradiation-induced apoptosis. Although induced by LGG in colon, PRAP1 does
not have an antioxidant response element (ARE) within its promotor and therefore it is unlikely
that PRAPL is an additional gene transcribed downstream of LGG induced-Nrf2 activation.
Instead, others have shown that PRAP1 contains a binding site for p53, indicating that PRAP1
induction could be downstream of p53 activation in the colon [167]. Indeed, LGG has been
shown to induce other genes downstream of p53 activation [267, 268]. It is possible that the
induction of PRAP1 expression via p53 activation is just one of many ways in which LGG oral

gavage protects the intestinal epithelium from irradiation injury.
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While significant strides have been made regarding the role of the gut microbiota on
human health, characterizing the role of the vaginal microbiota in human health and pregnancy
has been more difficult. While it is well accepted that a healthy human vaginal microbiota is
dominated by Lactobacillus species, it is unclear why this dominance occurs and the
requirements for its maintenance [221, 232]. While Lactobacillus species are generally thought
to be beneficial in both the gut and the vagina, the bacterial community structure between these
two tissues is significantly different. It is currently understood that a highly diverse gut
microbiota is considered healthy while the opposite is considered for the vagina. High diversity
of the vaginal microbiota with loss of Lactobacillus dominance is a major component of bacterial
vaginosis, a common condition among women that causes uncomfortable symptoms and
increases the risk of pregnancy complications [211]. While the vaginal microbiota has endless
potential roles in reproductive health, our understanding of its maintenance and interaction with
the host remains poorly understood, with a main limitation being the lack of a reliable animal
model.

Limitations of using Animal Models to Study the Human Vaginal Microbiota

Sampling and sequencing the bacteria found in the human vagina has given a clear
picture of bacteria that are present in both healthy and disease states. The most common
microbial syndrome seen in women of child-bearing age is bacterial vaginosis (BV), affecting
approximately 1/3 of women in the United States [269, 270]. While only 15.7% of women report
having vaginal symptoms, BV predisposes women to STD infections, pelvic inflammatory
disease and pre-term birth during pregnancy [210, 269]. 16S sequencing has revealed five
different community state types (CST) among reproductive-age women and one of these CSTs

(CST 1V) lack Lactobacillus dominance and instead have increased diversity and increased
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abundance of Gardnerella and Prevotella bacteria [206]. While we have a clear understanding of
the bacterial communities seen in healthy and BV conditions, we do not understand why some
women have persistent recurrence of BV and the mechanism by which BV increases pregnancy
complications [221]. To investigate the mechanisms by which certain bacterial communities
affect reproductive health, utilization of an animal model would eliminate significant
complications and limitations present in human studies. Unfortunately, development of a reliable
animal model to study the human vaginal microbiota has been extremely difficult. The main
reason for this difficulty is that when considering all placental mammals investigated, humans
have a unique vaginal microbiota [230, 231]. We are the only species having a vaginal
microbiota dominated by Lactobacillus. Even the vaginal microbiota found in baboons is
significantly more diverse [229]. The unique natural bacterial community structure found in
humans makes development of an animal model challenging. The natural vaginal microbiota
structure of animal models differs significantly from the human vaginal microbiota and therefore
experiments in animal models involving the microbiota and reproductive function are not highly
translational.

Mice are a common animal model with the possibility of genetic modification and can be
maintained in a gnotobiotic setting, allowing more control of their microbiota. While there has
not been much research on the natural vaginal microbiota of mice housed in a research facility,
one study by Vrbanac et al. [271] showed that the murine vaginal microbiota of C57/BL6 mice
from Jackson separated into five community state types (mCSTSs), with the most common being
dominated by Staphylococcus. While about 50% of the samples belonged to mCST | (dominated
by Staphylococcus), the other 50% of samples belonged to the other four mCSTs that were

dominated by either Enterococcus, Staphylococcus and Enterococcus, Lactobacillus, or no
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particular bacterial genus. While there was a community state type dominated by Lactobacillus,
this community state type and others seemed unstable, with individual mice displaying multiple
CSTs throughout the sampling period. This shift in the vaginal microbiota did not correlate with
different stages of the hormonal cycle [271]. This high amount of variability in the murine
vaginal microbiota poses considerable challenges when attempting to model the human vaginal
microbiota. In order to improve the mouse model, others have isolated bacterial strains from
women, expanded this bacteria in culture and then mono-colonized germ-free mice. They found
that they were able to successfully colonize the murine vaginal tract with Gardnerella vaginalis
and this colonization was decreased when they first inoculated the mice with Lactobacillus
johnsonii [272]. While this approach successfully introduced relevant bacteria into the vaginal
tract of the mouse, it was only one bacterial species and does not accurately recapitulate the
human vaginal microbiota.

In Chapter 3 we aimed to further improve this model using germ-free mice housed in
micro-isolator cages to generate human microbiota-associated (HMA) mice. Unlike traditional
germ-free housing that keeps several cages of germ free mice in a single isolator, the micro-
isolator cage allows housing of a single mouse in an isolator [216]. This permits colonization of
several mice with unique bacterial samples or in this case, vaginal swabs from patients. Utilizing
HMA mice, our goal was to generate mice that had a vaginal microbiota similar to their
respective donor and therefore serve as a model to study the human vaginal microbiota in
pregnancy outcomes. If successful, this would improve the current models that rely on mono-
colonization. After swabbing the germ-free females, we waited two weeks to allow bacterial
colonization before setting up a timed pregnancy. Pregnant females were sacrificed the day

before delivery and the vaginal tissue was harvested for 16S analysis. Microbiota analysis of
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both the patient swab and the murine vagina revealed inadequate colonization of bacteria in the
mouse that was representative of the human vaginal microbiota. While patients with a healthy
vaginal microbiota were dominated with Lactobacillus, their respective mice did not have
Lactobacillus dominance. Likewise, BV patients had Gardnerella and Prevotella species present
in their swab but those species were not found at similar abundance in the respective murine
vaginal microbiota. We conclude that this particular protocol for HMA mouse generation was
not successful in producing an adequate model for the study of the human vaginal microbiota.
Future endeavors in generating a similar mouse model should consider several technical
limitations that arose.

When generating the HMA mice using human vaginal swabs, several technical
limitations existed. The most obvious concern early in the protocol was the handling of the
patient swab before inoculating the germ-free mouse. The vaginal swab was self-collected by the
patient and stored in a sterile tube and immediately transferred to the research lab at Emory. We
would then transfer it into the BSL2 mouse facility housing the germ-free females in micro-
isolator cages. Although we inoculated the mice as quickly as possible, at least an hour would
transpire between patient collection and mouse inoculation. It is unclear how many bacteria were
viable by the time the mice were swabbed, since 16S analysis of the swab includes non-viable
bacteria. To improve this aspect in the future, patient swabs could be kept on ice and/or the swab
could be placed in a cold buffer such as PBS to preserve the bacteria. If maintaining viability of
the bacteria on the swab is still an issue, another approach to sample collection and inoculation
should be considered. Because we are fairly familiar with the community state types that exist in
the human vaginal microbiota, it could be possible to isolate the major bacterial species that

make up each community state type to generate a kind of standardized cocktail that could then be
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introduced to the mouse. Isolation of several relevant bacterial species and culturing them in the
lab would increase the number of CFU introduced to the mouse and it would be easier to ensure
their viability. A similar approach has been successfully implemented concerning the generation
of mice with a specific gut microbiota. The altered Schaedler flora (ASF) is a standardized
cocktail of eight bacterial species that is commonly employed to study gut-microbe interactions
in mice [273, 274]. A similar approach could be used to study the vaginal microbiota, with the
use of the standardized cocktail of bacteria that represent a healthy human vaginal microbiota.
This approach has its own set of limitations as well, such as the ability to easily culture the
relevant bacteria in the lab and the likelihood that less abundant but functionally important
bacterial species would likely not be included in the cocktail.

Additionally, the hormonal stage of the germ-free female on the day of inoculation could
affect the success of the colonization. Our lab and others have shown that bacterial abundance in
the vaginal tract tends to be higher during the hormonal stage of estrus and lower in non-cycling
females (diestrus) [271]. If the germ-free females are not cycling when inoculated, this could
hinder the ability of the bacteria to successfully colonize the vaginal tract. To improve this
protocol, the germ-free females could be introduced to male bedding from germ free cages or
they could receive an injection of estrogen to induce cycling. Ensuring cycling of the females
before inoculation would be much more feasible if the mice were being inoculated with a
standardized cocktail of bacteria instead of a patient swab. Patient swabs arrive unexpectedly,
and it would be difficult to ensure estrus in the females before inoculation.

One technical issue that was not expected was the success of the 16S sequencing on the
murine vaginal tissue the day before delivery. While the vagina of a conventional mouse may

have orders of magnitude less bacteria in the vagina than in the GI tract, it is still fairly possible
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to isolate enough microbial DNA from the tissue to produce a reliable 16S band after PCR
amplification. During pilot studies in which we colonized mice with patient swabs and waited
two weeks, we were able to collect enough microbial DNA to successfully amplify the 16S gene
via PCR. But when we repeated this protocol on vaginal tissue from pregnant mice the day
before delivery, it was significantly harder to amplify the 16S gene by PCR due to low microbial
DNA vyield. To determine whether this was an issue specific to the HMA mice and possibly
indicative of inadequate colonization, we collected a conventional female the day before delivery
and again had similar issues. We concluded that at this stage of pregnancy in the mice, there is a
very low abundance of bacteria in the vagina. Although we were still able to amplify the 16S
gene using two successive rounds of PCR, this was not ideal. To improve this protocol,
additional research needs to be conducted to determine the bacterial load in the murine vagina
and how this changes during different stages of pregnancy. Choosing to sacrifice the mouse
during a different stage of pregnancy may yield more microbial DNA that would ultimately be
more informative concerning the successful modeling of the human vaginal microbiota. It is also
possible that pregnancy itself decreases the bacterial load in the murine vagina and modeling the
human vaginal microbiota in mice would be more successful in non-pregnant mice.

In conclusion, our work in Chapter 3 has underscored the need to better understand the
murine vaginal microbiota and the ways in which we can manipulate it to accurately model the
human vaginal microbiota. Mice have certainly served as useful models for the human gut
microbiota. Further investigation concerning the reproductive tract of mice housed in research
facilities will better position future endeavors to generate a useful mouse model of the human

vaginal microbiota.
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