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ABSTRACT

Commensal microbiota regulate human health and homeostasis through a variety of
mechanisms. Modern lifestyle factors deplete populations of beneficial microbes, and this
dysbiosis has been correlated with the rising incidence of numerous noncommunicable
chronic diseases. Re-introduction of rationally selected, protective bacteria (or their
products) will likely be an effective strategy to prevent or treat these diseases by targeting
the underlying cause of immune dysregulation. Our group has previously characterized
the bacterial communities in the feces of food allergic patient cohorts and demonstrated
a marked lack of Clostridial taxa compared to healthy counterparts. Commensal Clostridia
regulate host immunity through many mechanisms, one of which is the production of
butyrate. Further work from our laboratory demonstrated that healthy infant microbiotas,
a single Clostridial species (Anaerostipes caccae), or butyrate can protect against the
allergic response to food in murine models. We now seek to expand on this knowledge
by optimizing delivery of A. caccae as a biotherapeutic to mice with dysbiotic microbiota.
We outline the isolation of a novel strain, A. caccae LAHUC, from the feces of a healthy
infant and the characterization of this strain in vitro. We then discuss various mechanisms
by which commensal microbiota or their products (e.g., butyrate) can modulate the host,
focusing on intestinal barrier integrity. Finally, we establish that a synbiotic composed of
A. caccae LAHUC and lactulose increases luminal butyrate in mice with a dysbiotic
microbiota (gnotobiotic mice colonized with feces derived from an allergic infant or
antibiotic treated mice). This synbiotic formulation both prevents and treats allergic
responses to food in various models and microbial contexts, and we demonstrate innate
and adaptive immune mechanisms for this effect. Together this thesis describes the
pathway towards development of an A. caccae synbiotic, a novel therapeutic strategy for

food allergy.

xviii



CHAPTER 1
INTRODUCTION

1.1 The commensal microbiome in health and disease

1.1.1 Symbiosis between host and commensal bacteria

The human body, and that of all multicellular organisms, exists in constant mutualism
with a wide diversity of microorganisms. All external and mucosal surfaces of the body
including the skin, respiratory tract, gastrointestinal (Gl) tract, and reproductive tract are
exposed to trillions of bacterial, viral, fungal, and other microorganisms. These collections
of microorganisms which inhabit a shared ecosystem are referred to as microbiomes. The
term microbiome includes microorganisms, their genes and gene products, and in some
cases, the environment which they inhabit (in this report, the human body) (1). Humans
have closely evolved with our microbiomes over thousands of years, such that our
physiology and homeostasis rely on bacteria and other organisms, just as those
organisms rely on the host (2, 3). Some have suggested that this interdependence could
in some ways be considered a ‘chimera’, a cooperative system comprising all commensal
microorganisms and the host organs with the common goal of growth, nourishment, and
elimination of pathogens (4). The rise of genetic sequencing and improved bacterial
culture methods have begun to illuminate just how vast and unique human microbiomes
can be (5-7). In fact, it is suggested that the number of bacterial cells that colonize the
human body slightly outnumbers human cells (8). Beyond this, the number of unique
genes produced by these bacteria is more than one hundred times greater than the human
genome, demonstrating the vast diversity of bacteria and their capabilities (8).

The Gl tract is one of the body sites with the most diverse and abundant bacterial
microbiomes, due to a constant influx of nutrients from the host diet and vast surface area

for colonization along the intestinal epithelium. The composition of the fecal microbiota
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changes drastically over the lifetime and is also affected by diet, lifestyle, disease, and
many other factors. As much of the intestinal tract is devoid of oxygen, many of the
common fecal or intestinal microbes are facultative or strict anaerobes. Bacteria in the
class Firmicutes are particularly dominant, and specifically those within the
Lachnospiraceae family are characterized to be highly abundant, diverse, and play many
functional roles to impact host health (9).

However, this tightly controlled balance between host and microbiota can be easily
perturbed. Alterations in the steady state, ‘healthy’ microbiota are collectively termed
dysbiosis, although this is still ill-defined. Dysbiosis may refer to a lack of specific bacterial
taxa or functions that have specific roles in maintaining host health, increased abundance
of opportunistic pathogens, and may cause (or be caused by) immune or inflammatory
reactions (10). The correlations between microbiota composition and health are well
documented, however determining causal relationships has been more difficult (11). New
advances in culturing systems, computational models, and work with gnotobiotic animals
have begun to address this gap (11, 12). This progress is pivotal in moving our
understanding of commensal microbiota towards the effective production of microbial

therapeutics.

1.1.2 Links between dysbiosis, lifestyle factors, and noncommunicable
disease outcomes

While dysbiosis itself is difficult to define, many dysbiotic microbial populations have
been characterized in various cohorts, along with links to specific lifestyle factors (Fig.
1.1). Because it is thought that humans have co-evolved with colonizing microbiota over
long timescales, some researchers have turned to traditional farming and hunter/gatherer
populations to understand what healthy microbiomes may have looked like historically
(13, 14). Traditional farming and hunter/gatherer populations live in non-industrialized

communities, consume diets containing high fiber and low processed foods, and live in
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close proximity with animals (13). The fecal microbiota of these cohorts is often strikingly
different than that of modern, Westernized populations, exhibiting higher diversity and
abundance of many bacterial taxa (13, 14). The Sonnenburg group has defined particular
bacterial taxa that are vulnerable to industrial life which they have termed VANISH (volatile

and/or associated negatively with industrialized societies of humans) taxa (15).

Chronic
disease

Antibiotic Western n
overuse diet

- < /B
ST

Prebiotics Probiotics Postbiotics

Bacterially-
derived
metabolites

Synbiotics

Decreased oo Increased
bacterial ) ﬁﬁﬁ bacterial
diversity L2 diversity

*
Loss of function Presence of
(e.g. fiber "protective”
degradation) species

Figure 1.1: Modern lifestyle factors induce bacterial dysbiosis and correlate to
noncommunicable disease outcomes | Historically, humans have existed in a state of
symbiosis with commensal microbiota, which conferred a state of health. Modern lifestyle
factors have negatively impacted the commensal microbiota, including decreasing
bacterial diversity and depleting taxa with necessary functional roles. This depletion is
correlated to the rise in noncommunicable chronic diseases. Microbial therapeutics aim
to re-introduce these missing bacterial taxa or functions to return to a state of health and
homeostasis.

These VANISH taxa are consistently present across many traditional populations, but
strikingly absent in industrialized cohorts. The loss of beneficial microbes can occur
rapidly, within a single individual's lifetime. Vangay et al. reported that cohorts of
individuals emigrating from Southeast Asia to the United States suffered a loss of bacterial
diversity and taxa abundance within months of this transition (16). These changes

became even more pronounced in second-generation immigrants and correlated with
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increased body mass index (16). There are likely many lifestyle factors at play in this
difference between modern and traditional communities, and much study has been done
to define impacts of specific practices. However, it should be noted that these studies
predominantly examine correlative links between lifestyle and the microbiota, and
additional work understanding causal relationships is required.

One of the most obvious lifestyle factors to impact the gut microbiota is diet. Unlike
historical and traditional communities, the modern Western diet is commonly devoid of
bacterial-accessible nutrients like complex fibers and fermented foods. Dietary fiber is not
directly broken down by host digestive enzymes; only commensal bacteria are able to
perform initial stages of fiber digestion, releasing smaller carbohydrates which are
available to the host and microbiota for consumption. Low-fiber diets predictably reduce
the abundance of fiber-consuming bacteria in humans and mouse models (17). This
reduction in fiber-consuming bacteria compounds over generations, such that re-
introduction of dietary fiber to offspring is not sufficient to expand these populations (17).
The Western diet is also characterized by high dietary fat, and high-fat diets deplete
bacterial diversity, reduce populations of ‘beneficial’ taxa, and increase abundance of
‘non-protective’ species reproducibly in mice and humans (18).

Beyond diet, other lifestyle factors, particularly early in life, can negatively affect the
commensal microbiota. Modernized populations rely heavily on antibiotic use, and while
these therapies are extremely effective and, in many cases, necessary, their overuse
depletes nonpathogenic resident microbiota (19). Antibiotic exposure even in short term
can induce bacterial dysbiosis, and repeated dosing can permanently deplete some taxa
and prevent complete recovery of the steady-state microbiota (20).

In the late 1980s, an idea called the ‘hygiene hypothesis’, gained much recognition.
This hypothesis stemmed from the observation that the incidence of hay fever was
negatively correlated with family size (21). At the time, this hypothesis had little or nothing

to do with the microbiome (22), although it has frequently been misused in this context
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and its definition has been modified many times (23). However, this initial observation led
to further study of other early-life ’infectious stressors’, and over the past three decades a
large body of work has shown that various modern lifestyle factors which reduce the
diversity of the commensal microbiota are strongly correlated with a rising incidence of
allergy and other diseases (24). All of these lifestyle factors are particularly detrimental in
early life, a critical developmental window for both the microbiota and the immune system
(25).
1.1.3 Early life microbiome and immune regulation

Birth mode (vaginal or Cesarean), formula feeding, and neonatal antibiotic exposure
substantially impact the microbiota in early life (26, 27). Some groups have posited that
there is a placental microbiome which influences host physiology in utero (28). However,
these studies are limited by low bacterial biomass and potential for contaminating DNA in
sample preparation being over-represented (29). It is currently more widely accepted that
initial bacterial colonization occurs at birth, and first exposure originates from either the
bacteria lining the vaginal tract or from skin microbiota in the case of Cesarean birth (30—
32). These distinct birth modes substantially impact the microbiota in early life, and
Cesarean birth has been correlated with increased susceptibility to infection and allergy
(33, 34).

Infant microbiomes at birth are relatively homogenous across body sites, but specialize
and mature into distinct, functional populations within six weeks (35, 36). Maternally-
derived microbiota can originate from the vaginal tract, breast milk, skin, feces, or other
body sites (36). These microbiomes continue to undergo major shifts over time and are
particularly affected by factors such as the cessation of breastfeeding and introduction of
solid foods, adopting a generally “adult-like” composition and stability by two years of age
(27, 37). Itis during this critical window that factors which impact the microbiota can also
have out-sized effects on long-term health.

At weaning, the relative and absolute abundance of Clostridia greatly increases, while
5



‘milk-consuming’ species including Lactobacillus and Bifidobacterium wane (38). Mice
undergo a specific immune reaction at weaning (39). This ‘weaning reaction’ is dependent
on microbiota, occurs during the transition to solid food, and is required to prevent multiple
pathologies in adulthood including colitis, colon carcinoma, and allergy (39). During the
first 4 weeks of life in mice, and the first 6 months in humans, the mucosal immune system
undergoes rapid maturation (40). Immunoglobulin A (IgA) from maternal breastmilk
constitutes much of the neonatal adaptive immune response pre-weaning, and only after
weaning do IgA-producing plasma cells (PCs), as well as peripheral regulatory T cells
(Tregs) mature. During this window the murine intestinal epithelium also rapidly matures,
beginning to develop specialized cell types, while the human epithelium is fully developed
at birth (40). Microbiota/immune interactions in early life must be carefully controlled, and
any disruptions during this phase can have lasting impacts on health in mice and humans
(41, 42). However, this also reveals a ‘window of opportunity’ for intervention (40), and
bacterial therapeutics may be particularly efficacious when introduced within the first few
years of life to prevent long-term negative health outcomes.

Early-life antibiotic use and other measures of bacterial dysbiosis have been correlated
with various disease outcomes in children, including atopic diseases of dermatitis, food
allergy, and asthma (43-45). Additional factors including formula feeding, maternal diet,
and early introduction of dietary antigens may impact both microbial and immune system
developmentin infancy (27, 46, 47). Of the many microbiome-correlated health outcomes,
atopic dermatitis and food allergy are of particular interest, because these two diseases
typically present early in life and comprise the initial steps of the ‘atopic march’ (48).
Children who develop atopic dermatitis or eczema in infancy are at higher risk for
developing food allergy in early childhood, followed by similarly increased risks for asthma
and allergic rhinitis. All of these atopic diseases follow similar etiology, and they may result
from the same underlying microbiological dysregulation early in life (48, 49). In the

following sections we will discuss known mechanisms of bacteria/immune interactions in



the gut, the complex series of interactions which occur at the initiation of allergic disease,
and potential strategies to prevent or treat food allergy with microbiota-focused

intervention.

1.2 Immune regulation by commensal Clostridia

1.2.1 Immune regulation by bacterial consortia and defined isolates

As discussed above, beginning at weaning and into adulthood the gut microbiota is
dominated by Gram positive, strictly anaerobic bacteria in the Clostridia class (9, 50).
While it is likely that the pre-weaning community dominated by Bifidobacterium and
Lactobacillus species also modulate host immunity, we will focus on known interactions
of Clostridia and their products.

Some of the first evidence that specific bacterial taxa can regulate host immunity came
from monocolonizing mice with segmented filamentous bacteria (SFB), a host-associated
organism that strongly induces type 17 CD4 helper T cells (Th17) (51). At the time of this
publication, SFB had not yet been isolated or cultured; monocolonized mice were
produced by repeat exposure to antibiotics over several generations to completely deplete
all other resident microbes. Since this initial discovery, much work has been done to
further characterize the roles of SFB as well as other Clostridial isolates which induce a
Treg rather than Th17 phenotype (52).

Many groups, including our own, initially studied interactions of Clostridia by isolating
fecal bacteria via antibiotic depletion or spores by chloroform extraction (53-56). Atarshi
et al. were some of the first to isolate fractions of chloroform-resistant, spore-forming
fractions and demonstrate that that colonization of germ free (GF) mice with these spores
increased Treg populations in the colonic lamina propria (LP) (54). They further narrowed
this fraction down to 17 Clostridial strains by in vitro culture and demonstrated that
colonization with this strain mixture increased Tregs in the colon LP in vivo and prevented

7



ovalbumin (OVA)-induced diarrhea in a murine model of food allergy (54). Further
exploration of the metabolic capabilities of these strains demonstrated that the mix
contained some strains which produce butyrate, degrade mucins, and convert dietary
tryptophan to indole metabolites (55).

Others have explored the role of commensal bacteria, particularly Clostridia, in
prevention of colitis. It has been shown that Clostridia and bacteria in the Lachnospiraceae
family, specifically, are associated with less severe colitis in murine models (56).
Repetitive culturing of human feces with antibiotics increased the relative abundance of
Lachnospiraceae, and treating mice with this Lachnospiraceae-enriched consortium, or a
single isolate Clostridium immunis, improved survival in a model of intestinal injury
mediated by dextran sodium sulfate (DSS) (56).

Antibiotic depletion of fecal communities has also been used to identify bacteria which
can confer protection against vancomycin-resistant Enterococcus faecium (VRE), a
common source of nosocomial infections. Members of the Pamer group isolated
ampicillin-resistant microbiota (predominantly Blautia, Bacteroides, and Oscillospiraceae)
and demonstrated that transfer of these microbes to mice prevented initial colonization of
VRE and cleared established VRE infection (57). They further narrowed this ampicillin-
resistant microbiota down to a four-member consortium consisting of 2 bacteria within
Clostridium Cluster XIVa and 2 Bacteroidetes and demonstrated that this smaller
consortium prevents VRE colonization via secretion of a lantibiotic (57, 58).

Our group demonstrated that spore-forming Clostridia from murine feces induced IL-
22 production in colonized mice and protected against sensitization to peanut (53). Our
consortium is predominantly contains Lachnospiraceae strains (53). While colonization
with our Clostridia consortium also induced Treg populations in the colonic LP, we
additionally demonstrated that colonization increased fecal IgA and regulated the
epithelial barrier via IL-22 production and expression of down-stream antimicrobial

peptides (AMPs) Reg3 and Reg3y in the ileal epithelial cell (IEC) compartment.

8



Conversely, some consortia can also have immune-activating roles, expanding Thl
cells and activating cytotoxic CD8 T cells (59). Various combinations of 4 to 20 strains of
bacteria from a healthy human differentially induced expression of IFNy- producing CD8
T cells in the colon of gnotobiotic mice. Mice colonized with a particular mix of strains
demonstrated increased IFNy* CD8 T cell populations, effectively cleared pathogenic
Listeria monocytogenes, and exhibited anti-tumor immunity which was amplified by
treatment with checkpoint immunotherapy (59). The role of commensal microbiota in the
pathogenesis and treatment of colorectal cancer has been well studied, and the direct
cellular interactions between microbes and cytolytic T cells will contribute to further
advancement in this field (52, 60).

These studies of bacterial consortia have been critical in moving from correlation to
causation in understanding bacterial regulation of immunity. However, complex consortia
do not allow for direct understanding of the role(s) of specific taxa or functions in
modulating host immunity. Advances in gnotobiotic colonization with carefully defined
communities and administration of individual bacterial metabolites have begun to

illuminate the potential mechanisms of Clostridia/immune interactions.

1.2.2 ldentification of individual taxa or metabolites that impact host

physiology
Defined communities and combinatorial analyses in gnotobiotic models have been
highly beneficial in determining the roles of specific bacterial taxa in mediating host
phenotype. Colonizing mice with a complex microbiota, identifying a particular phenotype,
then selectively depleting individual organisms to observe presence/absence of that
phenotype is a work-intensive, but effective method to define these relationships (61).
Computer models can perform similar manipulations at a much faster timescale, in many

cases effectively predicting inter-species interactions or metabolic outputs (62, 63).



Together, these methods, along with metagenomic sequencing and in vitro bacterial
characterization have allowed for greater understanding of the specific mechanisms by
which commensal bacteria interact with the host.

Many of the known immuno-reactive bacterial metabolites are products from the
digestion of compounds found in the human diet. Many dietary compounds including fiber,
tryptophan, and vitamin A, as well as host-derived metabolites like primary bile acids are
consumed and converted by commensal bacteria into secondary metabolites (Fig. 1.2)
(64). Additionally, bacterial cell wall compounds (such as peptidoglycans or
lipopolysaccharides (LPS)), nucleic acids, or proteins (e.g., flagellins) are recognized by
host pattern recognition receptors and can have strong adjuvant activity. We are
beginning to understand, however, that bacterial components from disparate taxa are not
equal — the structures of LPS and flagellins differ between some commensal and
pathogenic strains, and these structural alterations greatly impact their recognition by the
host (65, 66).

Dietary tryptophan is broken down by commensal microbiota into small indole-
containing metabolites, which signal through the arylhydrocarbon receptor (Ahr)
expressed highly on type 3 innate lymphoid cells (ILC3) and other immune cells in the
intestinal LP. We, and others, have shown that various Clostridia produce indole
metabolites, and signaling of indoles through the Ahr induces IL-22 production and
epithelial homeostasis (53, 67, 68). Other work from our lab showed that a cell-specific
knockout of the Ahr in Roryt* cells (hamely ILC3s) reduced baseline production of IL-22 in
the LP, and these mice (Roryt®® Ahr"M) developed stronger allergic responses to food than
their Ahr-sufficient littermates (69). The digestion of tryptophan results in production of
many indole-containing compounds which may impact host physiology (70), but indole
metabolites are not all produced to similar levels in the gut and have different signaling
capacity through the Ahr. More studies are necessary to determine the pathways of

production and immune effects of individual metabolites. Indole signaling through the Ahr
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also synergizes with retinoic acid (RA) signaling to induce IL-22 from ILC3s, tolerize local
antigen presenting cells (APCs), and induce TGFg production in the intestinal LP (67, 70).
Colonizing GF mice with a spore-forming Clostridial fraction (predominantly
Ruminococcaceae) regulated expression of RA-conversion genes in the intestinal
epithelium and increased local concentrations of retinol and retinyl ester (71). Additionally,
oral administration of RA increased IL-22 production and reduced pathogen colonization
in mice deficient in a RA-conversion enzyme , effectively attributing the effect of a bacterial

consortium to a single metabolite.
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Figure 1.2: Dietary compounds are converted by commensal Clostridia into
bioactive metabolites | Various dietary factors are consumed or converted by
commensal Clostridia into downstream products which mediate host immunity. These
pathways include breakdown of tryptophan into indoles which stimulate the aryl
hydrocarbon receptor, digestion of dietary fiber into short chain fatty acids (SCFAs), and
conversion of liver-derived bile acids into secondary bile acids. Additionally, dietary
vitamin A is converted by host cells into retinoic acid, and this conversion is dependent
on commensal microbes.
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Other members of our group have characterized the metabolic and cellular
characteristics of members of the IL-22-inducing, allergy protective Clostridia consortium
previously described (53, 69). Metagenomic sequencing and in vitro culture tests revealed
that various members of the consortium produce butyrate, indoles, and flagella. Cellular
lysates from the consortium or isolated Clostridial flagella induced IL-22 production from
intestinal explants. Additionally, Clostridial flagella, but not isolated flagellin from
pathogenic Salmonella typhimurium, reduced epithelial barrier permeability to FITC-
dextran administered via intragastric (i.g.) gavage. This finding was supported by other
recent work which showed that flagellins from some commensal Lachnospiraceae only
weakly signal through TLR5, a potential mechanism of how flagellated commensals avoid
immune activation and targeted clearance (66). One- or two-member strain isolates from
our consortium have been isolated and examined for their production of each of these
three immune-regulating components, and further work will determine how these
individual strains (and strain products) may mediate host physiology (69).

Primary bile acids are produced by the liver in response to fat consumption. While
most bile acids are rapidly reabsorbed into circulation in the upper small intestine, about
10% progress down through the Gl tract, where they can be converted into bioactive
secondary bile acids by commensal bacteria. The metabolic and immune-regulating
properties of secondary bile acids are diverse; secondary bile acids regulate intestinal
Foxp3*Roryt* Treg populations and decrease Thl7 differentiation (72—74). Conversely,
other secondary bile acids may in fact potentiate allergic sensitization by increasing
activation of mucosal dendritic cells (DCs) by binding the retinoic acid receptor alpha
(RARa) (75). Further study into the roles of individual secondary bile acids, and the
bacteria that produce them, will contribute to our understanding of these pathways.

The degradation of dietary fiber by commensal bacteria into short chain fatty acids
(SCFAs) is by far the most well studied pathway of host-microbe interaction in the gut. We
will focus on butyrate in the next section, but other SCFAs including acetate, propionate,

and lactate also have established roles in maintaining gut homeostasis. Acetate and
12



lactate can not only act as carbon sources for other bacteria, but additionally signal
through G-protein coupled receptors (GPCRs) expressed on IECs to modulate epithelial
function and adaptive immune functions such as IgA production (76, 77). Acetate is the
most abundant SCFA in the colon, and lower colonic pH (mostly mediated by acetate) is
generally associated with health and reduced risk for colitis or carcinoma (78). Propionate
signals through several GPCRs and regulates host immunity through a variety of

mechanisms (79).

1.2.3 Butyrate is a critical metabolite for mucosal homeostasis

Low concentrations of SCFAs in the gut luminal contents have been correlated with
many disease outcomes, although it is still not entirely clear the exact combination or
concentrations of each required to maintain homeostasis (79, 80). The production,
signaling capabilities, and effects of SCFAS on epithelial barrier function, antimicrobial
activities, anti-inflammatory and anti-tumorigenic properties, and metabolic functions have
been extensively characterized elsewhere (78, 79). Here we will focus on specific
mechanisms of butyrate in the lower gut that may be critical to the prevention of food

allergy pathology.

Butyrate is predominantly produced in the colon, where it is rapidly consumed by
colonocytes which utilize butyrate as one of their main carbon sources (81). Consumption
of butyrate induces colonocytes to undergo aerobic glycolysis, consuming local oxygen
and producing hypoxia-inducible factor (HIF). Thus, butyrate consumption creates an
oxygen-depleted local niche for anaerobes to thrive, simultaneously preventing expansion
of aerobic pathogens (82, 83). Colonic and ileal IECs also produce GPR41 and 43, which
bind butyrate as well as other SCFAs to mediate epithelial homeostasis, produce AMPs,

and regulate inflammation (84, 85).
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Beyond the epithelium, butyrate also influences various cell populations in the
intestinal LP and at distant sites. It is well known that butyrate induces colonic Treg
populations, either directly through inhibition of histone deacetylation (HDAC) on T cells
to increase expression of Foxp3 or indirectly via binding GPR109a (84, 86—89). GPR109a
is predominantly expressed on APCs including macrophages and DCs. Butyrate can
reduce APC activation in vitro and in vivo, and these APCs will then provide less activating
co-stimulation to T cells, resulting in greater inhibitory co-stimulation and further Treg
induction (90-92). Butyrate binding GPR43 (also known as FFAR2) on colonic ILC3s
induces IL-22 production and downstream protection from intestinal injury by DSS (93).
Butyrate can additionally elicit IL-22 production by CD4 T cells through similar
mechanisms (94).

Interestingly, butyrate promotes expression of the Ahr on T cells, ILCs, and B cells,
potentially allowing opportunity for synergistic signaling between SCFAs and Ahr ligands
(94, 95). Butyrate induced populations of IL-10-producing B cells in vitro (96), and
increased populations of these regulatory B cells in vivo, reducing severity of arthritis (95).
This high-dose oral administration of sodium butyrate also altered the availability of Ahr
ligands via modulation of the resident microbiota (95). Additionally, feeding butyrylated
starches induced populations of T follicular regulatory cells (Tfr) in a model of rheumatoid
arthritis (97). While it was once considered that Tfr cells were only thymically derived,
peripheral Tfr's induced by butyrate may be critical regulators of B cell tolerance. The
regulation of B/T cell dynamics, both locally and in the periphery, may have key roles in
preventing allergy as well.

Fiber-derived butyrate also regulates food allergies in mice (98). Much of this prior
work utilized high fiber diets, sodium butyrate, or butyrylated starch, and showed that
butyrate specifically could reduce anaphylaxis to peanut via induction of CD103* DC
populations and vitamin A metabolism, which was dependent on GPR43 or GPR109a

signaling (98). This led the group to conclude that butyrate is likely a key regulator of
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allergic responses, but further work was required to elucidate the role(s) of butyrate in the
mucosal environment, specifically.

More recently, we have shown that targeted delivery of butyrate to the distal gut via
polymer micelles (ButM) effectively treats murine models of food allergy and colitis (92).
Previous studies have relied upon administration of sodium butyrate in water or
butyrylated starches, which require continuous, ad libitum exposure at high doses
(typically 150-300mM sodium butyrate in drinking water) (87, 97, 98). A single gavage of
our micelles (at 60mM butyrate) released butyrate in the ileum and cecum, increasing the
local concentration by approximately 3-fold over the duration of several hours. This
controlled, slow release of butyrate to the lower Gl tract greatly increased its therapeutic
potential, and we show that ButM, but not sodium butyrate, prevented anaphylactic
responses to peanut in previously sensitized mice (92). Treatment with these micelles
decreased APC activation, improved epithelial barrier integrity, and reduced serum
concentrations of peanut-specific IgE and IgG1. In this model of peanut allergy, mice were
treated with vancomycin neonatally and throughout the sensitization window to induce
dysbiosis. After cessation of vancomycin, treatment with ButM increased the relative
abundance of bacteria in Clostridium Cluster XIVa, a group which contained many
butyrate-producing species (9), and this expansion of butyrate-producing species may
elicit more long-term effects (92).

Butyrate has also been shown to directly decrease activation of mast cells in vitro and
reduce their expression of FceR1 (99). Antigen cross-linking of surface-bound IgE on mast
cells and downstream degranulation is the immediate mediator of an anaphylactic
response; reducing FceR1 expression on mast cells may be the most direct mechanism
by which butyrate can exert an allergy-protective effect. However, further work is required
to determine if butyrate or other microbial metabolites can affect the activation or

accumulation of intestinal mast cells in vivo.
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There is evidence that a reduced ability of the fecal microbiota to produce butyrate
may be a biomarker of allergic disease risk. In infant cohorts, reduced abundance of some
butyrate-producing and carbohydrate-active enzyme (CAZyme)-producing species
correlates with the development of atopy in early childhood (45, 49, 100). Additionally,
formula-fed infants have lower concentrations of fecal butyrate and lactate compared to
breastfed infants, and these changes in fecal SCFA concentrations correlate to increased
rates of eczema later in infancy (101). In food-allergic children whose allergies resolve
naturally, representation of Firmicutes and Clostridia is increased compared to children
whose allergies persist (102). Cow’s milk allergic infants have distinct fecal microbiota
from healthy infants, and the allergic infants have decreased abundance of several
Clostridial taxa (103, 104). Another large prospective cohort study demonstrated reduced
concentrations of butyrate in feces of children with food allergy and/or respiratory allergy
compared to healthy controls (105). This lack of butyrate, and butyrate producing species,
demonstrates the potential of butyrate therapeutics for food allergy. Utilizing butyrate, an
abundant metabolite in the healthy gut with many well described immuno-regulatory
properties, has the potential to be safe and prevent/treat a wide variety of indications in

the clinic, particularly those with demonstrated links to bacterial dysbiosis.

1.3 Current understanding of food allergy pathology

1.3.1 Food allergy epidemiology

Food allergy is a rapidly growing problem across the United States and globally (106,
107). This rising incidence is particularly evident in children, such that now approximately
1in every 13 children in the US has been diagnosed with food allergy (108). Food allergies
typically present in early childhood; cow’s milk allergy presents at the earliest age,
commonly in infancy (109). Food allergies may resolve without any intervention or may

be sustained throughout the lifetime (110). The precise factors involved in the initial
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sensitization to food allergen(s), and the development of natural tolerance versus
sustained responsiveness are not yet known. Many have correlated this rise in food
allergy incidence with dysbiosis of the bacterial microbiota (24). Several groups have
characterized striking differences in the fecal microbiota of healthy and food allergic
cohorts of infants and children (103, 104, 111) and adults (112). In this section we will
discuss current understanding of the biological basis of food sensitization and allergic

responses, as well as potential mechanisms of regulation by the commensal microbiota.

1.3.2 Innate immunity in regulation and pathogenesis of food allergy

Food allergies are mediated by type 2 immune responses, governed by highly
specialized lymphocytes. Upstream of this specialized, adaptive response, type 2
immunity is initiated by stress signals, typically alarmins produced by epithelial cells (24).
These alarmins, including TSLP, IL-25, and IL-33, can be produced in the intestinal
epithelium in response to chemical stress or physical damage and signal to ILC2s to
produce type 2 cytokines including IL-4, IL-13, and IL-5, which initiate the adaptive
response (113). Alarmins can also be produced at distal sites, namely the skin epithelium,
and travel systemically to the gut to initiate an allergic response to food antigens (114).
Skin barrier regulation of allergy has been demonstrated in both mouse models and
human cohorts, and it is now suggested that initial exposure to a food antigen via a
disrupted skin barrier may be a major instigator of food allergies (115). However, methods
of clinical treatment or prevention of epicutaneous sensitization are not yet clear.
Treatment with a neutralizing antibody against IL-33 increased the likelihood of passing
an oral food challenge and significantly decreased various immune markers of allergy in
a short-term phase 2 clinical trial (116). This demonstrates that targeting upstream
alarmins, which circulate in high concentrations in allergic individuals may be a potential

avenue to reduce immediate allergic responses to food.
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Our group has demonstrated the necessity for a bacteria-induced, barrier-protective
program in the intestinal epithelium to prevent allergic responses to food in murine models
(53, 117). The healthy epithelium maintains its barrier function via mucus production by
goblet cells (GCs), production of AMPs by specialized cells such as Paneth cells,
expression of tight junction proteins which form intercellular bonds, and carefully
controlled, constant epithelial cell turnover (117, 118). This barrier function is broadly
mediated by ILC3-derived IL-22 but can also be controlled by other signals such as GC-
derived mucus (53, 118). Disruption of any of these pathways can allow translocation of
food and microbial antigens from the gut lumen into the underlying LP, where they could

directly stimulate local immune cell populations (53).

1.3.3 Cellular and humoral immune components of food allergy

Antigens are sampled in the intestinal LP by local APCs including DCs and CX3CR1*
macrophages, which may reach across the epithelium to sample luminal antigens (119).
These APCs then migrate to the draining lymph node and present antigen to naive T cells
expressing the cognate antigen receptor (109). These antigen-experienced T cells then
multiply and adopt a specific phenotype in the presence of specific cytokines (in the case
of allergy, T cells become Th2 in the presence of IL-4 and IL-13) (109). Mature Th2 cells
then migrate back to the tissue to exert their effect via production of type 2 cytokines (109).
These type 2 cytokines induce nearby B cells to undergo class-switch recombination
(CSR), reconfiguring their B cell receptor (BCR) into IgG1 or IgE immunoglobulins (120).

CSR occurs within specialized in specialized compartments of lymphoid organs called
germinal centers (GC). In the GC, B cells undergo CSR and somatic hypermutation, a
series of rapid mutations which result in production of some high-affinity BCRs. Somatic
hypermutation and rapid proliferation of B cell clones within a GC causes them to compete

for antigen presented by follicular DCs and help from CD4* follicular helper T cells (Tfh),
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eventually leading to the maturation of only B cell clones with the highest affinity BCR,
which then leave the GC and further differentiate into memory B cells or antibody-
secreting PCs.

Food allergy is canonically mediated by IgE antibodies, although IgG1 antibodies may
play some role (121, 122). Food antigen-specific IgE antibodies bind FceR1 on mast cells,
basophils, and eosinophils (123); IgG1 binds various Fcy receptors on these same cells
(124). Upon antigen re-exposure, receptor-bound antibodies are cross-linked by binding
the allergen, causing rapid downstream intracellular signaling, degranulation, and release
of anaphylactic mediators including histamine, eicosanoids, and others (123).

Recent studies have elucidated the dynamics specifically eliciting IgE responses in
mice. Zhang et al. demonstrated that a specific population of IL13-producing Tfh cells
(Tfh-13) are required for the production of high-affinity food-specific IgE and IgG1 (125).
However, the role of Tfh-13 interactions directly with IgE* B cells is unclear, as it is
generally understood that IgE* B cells do not persistin GCs (126, 127). In order to produce
high affinity IgE, it is thought that cells must undergo an ’alternative affinity maturation
pathway’ in which they enter a GC and undergo SHM with an IgG1l BCR, then later
perform CSR to produce IgE outside of the GC (128). However, a recent study
demonstrates that preventing IgG1* B cells from persisting in the GC (i.e., preventing the
alternative pathway) does not substantially reduce the affinity of food-specific IgE or
severity of allergic responses in mice (129). This seemingly contradictory evidence
contributes to the many unanswered questions surrounding the origins of high affinity IgE.

Unlike IgE and IgG1, food-specific IgA does not depend on the presence of Tfh cells
(125). Small intestinal Peyer’'s patches are inductive sites for IgA, and the development
of Peyer's patches in early life depends on the presence of food antigens. This is
supported by work which showed that GF mice fed antigen-free diets had smaller Peyer's
patches, less total IgA, and fewer Tfh and IgA-producing cells in the small intestine than

mice fed a standard diet (130). The dynamics of production and biological role of food-
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specific IgA is not yet clear; these antibodies may have allergy-protective or allergy-
potentiating functions (125, 131, 132).

Peyer’'s patches are unique in that their GCs are continuously present, unlike other
immune organs (e.g., spleen and lymph nodes) where GCs form in response to
immunization or infection (133). This is thought to be due to the constant availability of
microbial (and food) antigens present in the intestine (133). There is some evidence to
suggest that in the absence of a homeostatic IgA response (e.g., in GF mice), CSR to IgE
can occur within Peyer’s patches and mesenteric lymph nodes (mLN) (134). Most IgE-
secreting PCs reside in lymphoid tissues or the bone marrow, and some may circulate in
the blood (135, 136). However, populations of peanut-specific IgE* B cells have also been
characterized in duodenal biopsies of patients with food allergies (137). BCRs from
duodenal and stomach biopsies had more clonal similarity to each other than to those
from the blood, suggesting a role for local clonal divergence in the intestinal tract of food
allergic humans (137, 138).

Finally, the mechanisms of life-long allergy and immunological memory to food
antigens is not entirely clear, as it is generally considered that IgE* B cells cannot become
memory B cells (127, 139). Instead, it is thought that ‘IgE memory’ is instead sustained
through IgG1l-expressing memory B cells, which can then later class switch to IgE and
become PCs upon subsequent activation (139, 140). Understanding the conditions which
stimulate IgE production, where this occurs, and how these responses are maintained

long term will be critical to developing better therapeutic strategies for food allergy.

1.3.4  Oral tolerance and the role(s) of regulatory T cells in

mucosal immunity

As discussed above, the onset of food allergy results from a break in tolerance to a

food antigen, initiated by epithelial barrier dysfunction (either in the gut or skin), then
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amplified by a type 2 antigen-specific response mediated by T and B cells. However, the
gut is constantly exposed to food antigens, and overall sensitization to these antigens is
quite rare. The gut associated-lymphoid tissue (GALT) is, under normal circumstances,
poised to be generally tolerogenic. This concept of ‘oral tolerance’, while still somewhat
undefined, refers to the broad immune nonresponsiveness to orally ingested antigens,
mediated by Treg populations in the GALT (141).

Oral antigens can be sampled by various APC populations in the GALT and intestinal
LP. These antigens can reach these cells via GC associated passages (GAPSs), can be
translocated across the epithelium by M cells, or sampled by CXC3R1*" macrophages (24).
In the presence of RA and TGF-B, CD103* DCs in the LP migrate to the mLN and present
antigen to naive T cells in a context which primes them to become peripherally-derived
Tregs (pTregs). Antigen presentation by both CX3CR1* macrophages and CD103*
migratory DCs has been shown to be critical for pTreg-mediated oral tolerance (142-144).

While the collective mLN were once considered to be phenotypically similar, more
recent work has demonstrated LNs draining from each distinct gut segment (duodenal,
jejunal, ileal, and cecal-colonic) house distinct APC and T cell phenotypes with differing
potential to mount tolerogenic or inflammatory responses (145). More proximal mLNs are
responsible for greater nutrient uptake, RA dehydrogenase activity, and tolerogenic DC
phenotypes, resulting in larger populations of ‘classical’ Foxp3*Roryt Tregs. Conversely,
there is greater inflammatory potential in the cecal-colonic LN, characterized by Th17
induction and a unique population of Foxp3*Roryt* co-expressing Tregs (145).

This population of Foxp3*Roryt* Tregs is induced by commensal microbiota, is most
prevalent in the colon LP, and was first described by Eberl and colleagues to specifically
prevent type 2 responses to helminths in the gut (146). It was later shown that specific
bacteria or metabolites such as SCFAs or bile acids could induce these cells (73, 111,
147). Further, blocking MyD88 signaling in Foxp3* cells (Foxp3¢Myd88"") reduced the
proportion of Roryt expressing cells within the Foxp3* Treg population and exacerbated
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allergic responses to food (111). Recent work from 3 independent groups suggested that
Foxp3*Roryt" Tregs may not be dependent on antigen presentation by classical DC
populations, and instead that ILC3s and ILC3-like cells which express Roryt and MHCII in
the mLNs are necessary for induction of these Tregs (148-150).

Some intestinal Tregs also express Gata3, the canonical transcription factor for Th2
cells. Foxp3* Gata3* Tregs exist at higher proportions in the intestinal LP than in the LNs
or spleen (151). However, the role(s) of Foxp3* Gata3* Tregs are not entirely clear, as
some groups show that these cells are more Th2-like than Treg-like, producing IL-4 but
little IL-10 (146). Others suggest that there are two differing functions of Foxp3* pTregs in
the gut: Roryt* Tregs mediate tolerance to dietary antigens and commensal microbiota,
while Gata3* Tregs mediate tissue repair and response to injury (152). Overall, whether
Foxp3*Gata3* Tregs play a role in allergy is not yet clear.

The fates of food-antigen specific T cells classically falls within one of these tolerogenic
states: functionally inactivated or anergic T cells, IL-10* or TGF-B producing Tregs, or
generalized Foxp3* Treg cells (141). However, many of the studies that determined these
cell fates utilized T cell receptor (TCR) transgenic mice, which are useful for the study of
antigen-specific T cell responses but are known to respond abnormally to inflammatory
stimuli compared to animals with a normal T cell repertoire. This has led to a transition
towards characterizing populations of resident, food antigen-specific populations in
conventional mice. Hong et al. recently demonstrated that SPF C57BL/6 mice harbor CD4
T cells with gliadin-specific TCRs in the GALT (153). Gliadin is the major protein
component of dietary gluten, and mice fed a gliadin-free diet expressed less than 10% as
many gliadin-specific CD4 T cells as gliadin-fed mice. The group went on to show that
many of the gliadin-specific T cells in fed mice lacked canonical Treg or Th17 markers,
and instead characterized them as ‘Th-lineage-negative cells’ which expressed markers

of anergy including FR4 and CD73 (153). This suggests that oral tolerance may depend
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on both Tregs and anergic ‘Th-lineage-negative’ cells, but further characterization of these

cells and their functional capacity in the context of allergic inflammation is necessary.

1.3.5 Food allergy and the gut microbiome

Members of the Nagler laboratory were the first to demonstrate bacterial regulation of
allergic responses to food by showing that neonatal administration of antibiotics increased
antigen specific IgE in mice that received five weekly sensitizations to peanut (PN),
starting at weaning (154). Additionally, higher concentrations of PN-specific IgE were
detected in the serum of TLR4 deficient mice compared to TLR4 sufficient controls (154).
Depletion of commensal bacteria in early life via antibiotics is detrimental to the
development of nonresponsiveness to food antigens. We later demonstrated that the
reduction in intestinal bacterial diversity induced by neonatal antibiotic treatment impaired
epithelial barrier function, resulting in enhanced access of food allergens to the systemic
circulation (53). Colonization of GF mice with a consortium of Clostridia elicited a barrier
protective response and prevented against an allergic sensitization to PN (53).

Additional support for the role of the microbiome in regulating allergic responses to
food came from the observation that GF mice produced high concentrations of IgE, large
populations of type 2-skewed Tfh cells, and had more circulating basophils than standard
SPF mice in the absence of sensitization (134, 155). This aberrant IgE response in GF
mice was mounted in response to food antigens; feeding mice antigen free diets reduced
circulating IgE and type 2-skewed Tfh responses (155). Microbial colonization was also
sufficient to reduce this elevated IgE, but only when introduced in a specific time window
around weaning (134). Other groups have used defined bacterial communities to
determine which microbial components or taxa were necessary to reduce this
spontaneous IgE response in GF mice. Wyss et al. used several defined communities and

demonstrated that more complex microbiotas reduced circulating IgE more efficiently than
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one- or two-member consortia, but none of the tested groups fully reduced the IgE levels
to that of SPF mice (156).

There is also some evidence to suggest that type 2 immune signaling may negatively
affect bacterial composition in the gut, creating a feed-forward loop of microbial/immune
dysregulation. It is well known that intestinal IgA regulates the composition and function
of the gut microbiota (131), but the same is not clear for other immune pathways. Mice
with canonically active IL4 receptor signaling due to a gain-of-function mutation in the IL4
receptor (IL4RaF7%%) have distinct microbiota from WT mice, and these differences are
exacerbated with allergic sensitization (157). However, the conclusions from this study
were limited due to a lack of littermate controls. Overall, the bi-directional nature of
interactions between the intestinal epithelium (and underlying immune compartment) with
the microbiota are complex, and teasing apart cause and effect is complicated by
continual networks of signaling (158).

More recently, translational work from our group characterized the fecal microbiota of
a cohort of healthy and cow’s milk allergic (CMA) infants and described how these
communities impacted the development of allergic responses to milk in gnotobiotic mice
(104). This study utilized fecal samples from 4 healthy and 4 CMA demographically
matched infants from Naples, Italy. Fecal samples from these infant donors were
introduced into GF mice to analyze their effect on the host phenotype. 16S rRNA
sequencing revealed many differentially abundant bacterial taxa between the two cohorts,
and these differences were strikingly similar between both the infant donor feces and the
feces of colonized mice (104). RNA sequencing of the ileal IEC compartment of colonized
mice revealed that the different microbial populations elicited unique transcriptional
programs, with many differentially regulated genes. These two datasets were then
bioinformatically overlayed to correlate the relative abundance of bacterial taxa with

changes in epithelial gene expression. This matrix identified a single species,
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Anaerostipes caccae, which was more abundant in healthy infants and strongly
associated with changes in epithelial gene expression (104).

Beyond the changes in gene expression induced simply by colonization with these
infant-derived feces, the gnotobiotic mice mirrored the allergic phenotype of their infant
donors when sensitized with the cow’s milk allergen B-lactoglobulin (BLG). Mice colonized
with the CMA microbiotas exhibited strong allergic responses to BLG following
sensitization and intragastric challenge, while those colonized with the healthy infant
microbiotas were protected (104). This led to the hypothesis that certain bacterial taxa, or
bacterial products, may be present in the healthy microbiota but lacking in the CMA
microbiota such that a homeostatic, allergy-protective response was not initiated.
Strikingly, mice monocolonized with A. caccae were also protected, demonstrating that
this single species could mimic the effect of the replete healthy microbiota (104). Others
have replicated this finding, showing that the fecal bacteria of healthy and allergic infants
are distinct and do not equally protect against allergen sensitization in gnotobiotic mice
(111). Additionally, a consortium of Clostridiales, but not Proteobacteria, protected GF
IL4Ra""% mice from developing allergic responses to ovalbumin, which was attributed to
increased populations of Foxp3*Roryt* Tregs and decreased mast cell accumulation in
the intestinal LP. Interestingly, both the Clostridiales and Proteobacteria consortia induced
Foxp3* Tregs, but only the Clostridiales consortium increased the Foxp3*Roryt Treg
population (111).

Further study of our healthy and CMA infant communities focused on the fecal
microbiota of a single CMA infant (donor 5) who displayed severe allergic symptoms and
whose microbiota elicited a unique transcriptional profile in colonized mice (159). This
transcriptional program was dominated by Thl7-like genes, specifically very high
expression of serum amyloid A-1 (SAA-1). SAA-1 is an inflammatory molecule produced
by IECs in response to the microbiota and is associated with the initiation of pathogenic

Th17 responses (160, 161). This increased expression of SAA-1 in CMA5-colonized mice
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was ablated when TLR4 (which binds LPS) was knocked out globally or in CD11c" cells.
The CMA microbiotas, particularly that of donor 5, have higher abundance of Bacteroides
and Proteobacteria than the healthy infant microbiotas. The CMA5 microbiome has
increased prevalence of LPS genes, suggesting that there may be a relationship between
LPS sensing, type-17 responses to bacteria, and heightened susceptibility to food allergy
(159).

The overall associations between the microbiome and allergy in both animal models
and human cohorts have been extensively reviewed (24, 162). Gnotobiotic models which
utilize human-derived microbiota are driving the field towards understanding causal
host/microbe interactions in the context of food allergy, and these studies are likely to be
more translationally relevant than those in mice with standard laboratory microbiota.
Identifying specific bacteria in the human microbiota which demonstrably impact health

and homeostasis is the first step in developing microbiome-modulating therapeutics.

1.4  Strategies for microbiome therapeutics

1.4.1 Bacterial therapeutics: from historical tactics to recent advances

Over the last few decades, there has been great effort in harnessing new
understanding of host/microbe interactions and translating this into microbial therapeutics.
While humans have been consuming microbiota-accessible foods (e.g., fiber-rich
carbohydrates), microbiota-containing foods (e.g., yogurt), and fermented foods (e.g.,
kimchi, sauerkraut) for centuries, the development of novel therapeutic strategies is
complex and has been relatively slow so far. These well-known microbiome-associated
foods and treatments have been plentifully studied but have little evidence of therapeutic
efficacy overall (163). However, metagenomic and metabolomic analyses of fecal
samples now provide the opportunity to uncover specific diet related changes in the
microbiome or metabolome that may have previously gone unnoticed (164, 165).
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As explained in the previous section, advances in preclinical research have identified
many bacteria which play causal roles in regulating human health. This has opened the
door for more intentional design of microbiome therapeutics, but there are many hurdles
yet to overcome (166—-168). The next generation of bacterial therapeutics will have to
overcome the same limitations of current options, which largely stem from the fact that
these therapeutics must associate with and attempt to modulate a complex bacterial
ecosystem. Engraftment of therapeutically delivered bacteria is likely key to their efficacy
but is difficult to achieve. The production of new bacterial therapeutics is additionally
complicated by the fact that most strains of interest are strict anaerobes; maintaining high
cell yield during production and administration of these products may be difficult (169,
170). Further, questions of dose, administration regimen, and disease indications remain
largely unanswered to date. Even with all of these hurdles, many new therapeutics are
currently in the clinical pipeline, ranging from prebiotic diets to engineered bacteria, and
it is likely that many bacterial candidates could potentially reach patients within the next

10 years.

1.4.2 Understanding pre-, pro-, syn- and post-biotics

Microbiome-modulating therapeutics fall within several broad categories. These
strategies can target to deliver products upstream of bacterial utilization (prebiotics),
deliver bacteria themselves (probiotics / live biotherapeutic products), or downstream

bacterial products (postbiotics) (171).

Prebiotics, also termed microbiota-accessible carbohydrates (172), typically refer to
food products which are not readily digested by host enzymes and instead are consumed
by commensal bacteria. Dietary fibers are the most commonly used prebiotics, but other
sources including oligosaccharides and sugar alcohols are becoming more common (173,
174). Probiotics are living bacteria, and historically probiotics have consisted of aerobic
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strains such as Lactobacillus which exist naturally in food products like yogurt. However,
as there is little evidence for efficacy of these probiotics (175, 176), many groups are
transitioning to production of next generation probiotics. These next generation probiotics
consist of bacterial strains with known roles in modulating host health, typically strict
anaerobes derived from human fecal samples (177). These are also referred to as live
biotherapeutic products (LBPs), and within the last 5 years the clinical development of
LBPs has increased dramatically. Pre- and pro-biotics can also be intentionally paired and
delivered together, a strategy which is termed a synbiotic. Synbiotics have an advantage
in that the prebiotic is delivered with the bacterium which benefits from it, improving the
chances that (i) the prebiotic will be fully digested into whichever metabolites have host-
beneficial effects and (ii) the probiotic has access to a nutrient source which improves its
potential for engraftment or metabolic output.

Finally, as these upstream strategies (pre- and pro-biotics) may have several disparate
outcomes, there is also interest in developing more streamlined, downstream approaches
of microbiome therapeutics. Therapeutics which consist of bacteria-derived molecules or
components are termed post-biotics, and these may be effective for targeting a single or
few pathways. However, the successful development of postbiotics will depend on in-
depth study of the biological mechanisms imparted by individual molecules and may
require additional manipulations for drug delivery.

These strategies for microbiome-modulating therapeutics, their potential and pitfalls,

as well as current clinical stages will be discussed in the following sections.

1.4.3 Prebiotics and microbiota-accessible diets

Correlative and causative links between the diet and commensal microbiota are clear,
So it is no surprise that dietary interventions are commonly used (178, 179). Prebiotic

intervention is more logistically straightforward than microbial formulations, but

28



compliance and consistency may still be a problem, making overarching conclusions
across studies difficult (180).

Dietary fibers, both soluble and nonsoluble, have been widely studied in pre-clinical
and clinical settings in the context of a wide variety of immune and metabolic disorders
(178). As discussed above, dietary fibers are directly utilized by commensal bacteria,
which can impact the host through expansion of these populations, production of SCFAs,
or other mechanisms (178). However, very high concentrations of fiber (>50g/ day, nearly
twice the daily recommended value) may be necessary for therapeutic effect (181, 182).
It is difficult to consume this much fiber in current diets with standard eating habits, making
long-term adoption of this practice unlikely (178). Additionally, not all individuals are
similarly capable of digesting dietary fiber, and this may result in undesired
gastrointestinal symptoms particularly in individuals with dysbiotic microbiota (183, 184).
The inability to digest fiber in some individuals may be due to a lack of so called ‘keystone’
bacterial species which perform much of the initial degradation. Ruminococcus bromii has
been described as one of these keystone species for the digestion of nonsoluble potato
starch (185, 186). Addition of nonsoluble, resistant potato starch to a standard diet
increased the relative abundance of R. bromii in adult men, and this correlated to
increased butyrate in the feces (187, 188). However, subjects who did not have any
detectable R. bromii prior to intervention showed no change over the course of the study
and received seemingly little benefit of the prebiotic (187). Another study in healthy
volunteers demonstrated that of 3 dietary fibers, only resistant potato starch increased the
concentration of butyrate in the feces over the study window, and this increased butyrate
correlated strongly with the relative abundance of R. bromii (189). The influences of these
microbiota-effects on disease outcomes are still unknown, although several clinical
studies are in progress.

One such study recently compared short-term addition of high-fiber foods or fermented

foods into the diet and examined changes in both the fecal microbiome and serum
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immune markers (190). This study allowed participants to choose the foods which they
consumed, which resulted in high compliance but made it difficult to determine the effects
of individual food products. Wastyk et al. demonstrated that consuming high fiber foods
increased microbiome functionality, including increased expression of CAZymes and
SCFA-related genes, but these individuals demonstrated little to no change in immune
status before and after treatment (190). In contrast, consumption of a diet high in
fermented foods decreased several markers of inflammation in the blood of study
participants including cytokine and chemokine profiles as well as immune signaling in
various cell subsets (190). This suggests that not all microbiome-modulating prebiotics
will similarly influence the host phenotype, at least with regards to these serum readouts
of inflammation. Further work from this group is working to ‘reverse translate’ these
findings, investigating the impacts of individual dietary and microbial components in
mouse models to understand mechanistic roles which may be responsible for clinical
outcomes (191).

Prebiotics may be particularly important (and efficacious) in early life, as both the
microbiota and immune system are sensitive to perturbations during this stage (25).
Because the diet and lifestyle of infants is less varied, evidence of prebiotic efficacy in
infants is much more compelling than in adults (179). One of the most important natural
sources of prebiotics in early life is breastmilk, particularly human milk oligosaccharides
(HMOs) which are readily degraded by commensal Bifidobacterium species. HMOs are
structurally diverse and are highly abundant in human milk (192). Exclusively formula fed
infants develop atopy and other inflammatory conditions at higher rates than breastfed
infants; HMOs may play a role in this effect. HMOs have many direct and indirect effects
on infant immunity including eliciting production of AMPs, modulating the intestinal
epithelium, and regulating T cell differentiation and neuronal development (192). There
has been substantial interest in prebiotic supplementation with HMOs, such that several

HMO-supplemented infant formulas are nhow commercially available (Mead Johnson
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Nutrition). Randomized controlled clinical studies supplementing infant formula with
HMOs demonstrate varying degrees of efficacy. Overall results suggest that infants
consuming HMO-supplemented formula have more similar fecal bacterial composition to
breastfed infants (expansion of Bifidobacterium), fewer reported infections which
necessitated antibiotics, and demonstrated an altered fecal metabolome (reviewed in

(193, 194)).

1.4.4 Classical probiotics, fecal microbiota transplant, and live

biotherapeutic products

A probiotic is a live microorganism that, when administered in sufficient quantities,
confers a health benefit on the recipient (176). This concept is in no way new but has
been in use in several societies for centuries. However, the barrier to truly prove a ‘health
benefit on the recipient’ has been very difficult to overcome. While probiotics have entered
the market as nutritional supplements at rapid scale, the Food and Drug Association
(FDA) has not approved any classical probiotics as therapeutics (175).

Traditionally, probiotics have consisted of readily culturable organisms within the
Lactobacillus, Lactococcus, and Bifidobacterium genera (175). However, the species-
level or strain-level mechanisms by which these isolates may affect host health are not
clear (175). While some groups have shown efficacy with these probiotics in certain
indications, the overwhelming evidence is that these classical probiotics, as currently
administered, have minimal therapeutic impact (163).

As such, a necessary transition towards the development of more robust probiotics,
composed of diverse bacterial taxa with established links to human health has begun.
These strategies all seek to harness the diversity and multifaceted roles of gut bacteria
and include delivery of whole fecal communities (fecal microbiota transplant, FMT),
complex bacterial consortia, or individual species. In 2016, the FDA defined a new

category of therapeutics, live biotherapeutic products (LBPs), with the strict guideline that
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these compositions must include bacteria that are ‘applicable to the prevention, treatment,
or cure of a disease or condition of human beings’ (177). FMT and LBPs are similar, but
distinct, strategies to approach probiotic drug development with greater diversity,
functionality, and potential efficacy by utilization of new and different microorganisms.

FMT was first posited as a treatment for enterocolitis in the 1950’s, and since then has
been explored in a variety of disease indications (195). The idea of supplementing the
fecal microbiome of a dysbiotic individual with that of a healthy, homeostatic fecal
community is appealing; however, concerns over safety and efficacy remain (196).
Administration of a replete microbiota comes with the risk of accidental introduction of
pathogens to patients who are already highly susceptible to virulent organisms and has
resulted in serious consequences in some patients (197, 198). However, in many cases
FMT has proved highly efficacious and safe, particularly for treatment of recurrent
Clostridioides difficile infection (196, 199). Efficacy of FMT has been correlated to
engraftment success of donor strains, including Clostridial butyrate-producers such as
Faecalibacterium prauznitzii (200— 202). Reboyta, a product of Ferring Pharmaceuticals,
is now the first FMT drug to gain approval for treatment of recurrent C. difficile infection
as of November 2022 (203-205). This first-to-clinic advancement will be an example to
others attempting to follow this same path and opens the door for potential FMT and LBP
formulations in development.

Since LBPs were officially defined in 2016, dozens of drug candidates have advanced
into the clinical pipeline (177). These candidates are composed of varied bacterial strains
including, but not limited to Bacteroides sp., Clostridium sp., and Akkermansia. They also
target diverse disease indications including cancer, inflammatory bowel diseases and

colitis, cardiovascular and metabolic diseases, asthma, and allergy (177, 206).

Many of the initial LBPs moving into clinical trials consist of complex consortia,
containing tens to hundreds of strains. These strain mixtures have shown some promise

in early trials of safety and microbiome modulation, but engraftment remains a problem,
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even with extensive antibiotic pre-treatment (207). A consortium product from Seres
Therapeutics, SER109, demonstrated some promising results in a phase Il clinical trial
for recurrent C. difficile infection, but even these results were not sufficient, and the
product failed to advance (NCT03183128) (208). Rational design of consortia, based on
deep understanding of strains’ functional capacity will likely be a more successful
approach. For example, a 17-member consortium was designed to specifically include
taxa capable of producing SCFAs, tryptophan metabolites, secondary bile acids, and
antimicrobials (209). Gavage of this consortium to 11107 mice modulated the microbiome,
altered metabolomic profiles in the feces, and reduced the severity of pathobiont-induced
colitis in both preventative and therapeutic models (209). While this particular consortium
has not yet advanced beyond pre-clinical study, this work demonstrates the potential
efficacy of more controlled, functionally designed LBPs. A transition to rationally designed,
small consortia or single-strain LBPs may improve quality control, replicability across

studies, and overall efficacy of these products.

1.4.5 Genetically engineered LBPs

Delivery of commensal bacteria may be improved or expanded upon by engineering
those species to exhibit certain functionalities. These functionalities may include digestion
of unique carbohydrates to improve selective colonization, production of host-modulating
compounds, degradation of drugs and environmental toxins, or sensing and response to
environmental factors (210). Genetic engineering technologies have opened the door for
precise manipulation of singular pathways in commensal bacteria, although to date these
technologies have generally only been broadly applied to model organisms, such as
Escherichia coli Nissle 1917. Expanding these tools into Bacteroides sp (211) and
Clostridia (212) has been challenging, though broad application of these technologies will

doubtless be highly impactful.

33



Engineering commensal bacteria to consume specialized carbohydrates is an efficient
strategy to increase strain engraftment in a complex microenvironment. This successfully
overcomes competition for nutrients, creating a ‘personalized’ metabolic niche. Members
of the Sonnenburg group demonstrated this concept by introducing a gene locus into a
Bacteroides strain which allowed consumption of porphyran, a carbohydrate found in
seaweed which is rarely present in Western diets (213). This engineered Bacteroides
strain was then administered to gnotobiotic mice colonized with the fecal microbiota of
healthy human donors. Co-administration of porphyran dramatically increased
engraftment of the engineered Bacteroides, such that it was able to out-compete isogenic
Bacteroides strains and colonize colonic crypts (213). Others have developed similar tools
to manipulate the genome of B. thetaiotaomicron, such that engineered strains could
sense and consume specialized carbohydrates (e.g., arabinogalactan or rhamnose) in
vivo, which stimulated production of luciferase as a signal readout (211). These precise,
tunable LBPs may be suitable for further manipulation which could take advantage of this
consistent presence in the gut to diagnose changes in the diet or metabolome and
potentially even correct metabolic imbalances.

Other engineered LBPs are designed to consume toxic or harmful substances which
accumulate in the gut. The most commonly targeted pathways are transformation of
phenylalanine via specialized enzymes to treat phenylketonuria and nitrogen conversion
in the case of hyperammonemia and urea cycle disorders (210). These engineered LBPs
(typically E. coli Nissile 1917 variants) may be preferable to current treatment strategies,
as continuous metabolic activity by engineered LBPs could overcome the need for repeat
dosing and continuous disease monitoring. In fact, one such engineered LBP which
expresses a phenylalanine lyase showed significant promise in murine and primate

models (214) and has now advanced to early-stage clinical trials (NCT03516487).

Further examples have manipulated probiotic bacteria to produce immunological or
inflammatory factors, to act as a continuous source of these proteins in the gut lumen.
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Many studies of this strategy involve bacterial production of cytokines. Some early studies
focused on IL-10, since this cytokine has clear immunoregulatory roles in the gut and has
shown potential as a biologic for treatment of colitis (215). These studies utilized an
engineered strain of Lactococcus lactis, and intragastric gavage of this bacterial strain to
mice previously exposed to DSS or to 11107 mice resulted in reduced severity of colitis
(215). Furthermore, in a model of cow’s milk allergy, gavage with this L. lactis-mIL10 strain
reduced sensitization to the allergen BLG as measured by reduced concentrations of
BLG-specific IgE and IgG1 in the serum (216). More recently, a strain of Lactobacillus
reuteri was engineered to produce IL-22, and oral administration of this bacterium induced
expression of AMPs to restore intestinal epithelial barrier function and reduced severity of
ethanol-induced liver injury (217). Phase I clinical trials are in progress for two engineered
LBPs designed to deliver an IL-12 plasmid or IL-10 for cancer or type 1 diabetes,
respectively (NCT04025307, NCT03751007). While continual production of cytokines in
the gut lumen is an exciting prospect for immune regulation, much work in determining
the dose, administration regime, and pharmacokinetics of these products is still required

to monitor their safety and efficacy.

1.4.6 Synbiotics

As an alternative to genetic engineering and antibiotic pre-treatment, co-administration
of a prebiotic with LBPs may similarly increase engraftment and therapeutic efficacy. This
synergistic delivery of a probiotic and prebiotic is hence termed a synbiotic (218).
According to the International Scientific Association for Probiotics and Prebiotics (ISAPP),
synbiotics fall within two categories: complementary or synergistic. Complementary
synbiotics are comprised of a probiotic which alone demonstrates health benefits in the
host that is co-administered with a prebiotic which is specifically utilized by this probiotic

and enhances its effect. Conversely, the components of synergistic synbiotics may
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individually not qualify as true prebiotics or probiotics, but together confer a health benefit
(218).

Many preclinical and clinical trials of synbiotics have been pursued (218, 219). These
studies have typically utilized Bifidobacterium or Lactobacillus sp. in combination with
galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), or nonsoluble fibers, and
they aimed to treat varied metabolic and inflammatory conditions (218). While these
formulations showed some promise, many suggest that greater mechanistic
understanding is necessary to demonstrate selective utilization of the prebiotic and true
‘synergistic’ cooperation between the pre- and pro-biotics (219).

One such study recently demonstrated that synbiotic administration of Bifidobacterium
infantis with HMOs resulted in selective engraftment and metabolic alteration in healthy
adults (174). B. infantis produces unique and plentiful enzymes for digestion of HMOs,
making this species one of the most abundant and diet-responsive taxa in the infant gut.
However, B. infantis is essentially undetectable in adults, and typically shows little to no
engraftment as a probiotic. Button et al. demonstrated that synbiotic administration
allowed persistent engraftment of B. infantis without any antibiotic pre-treatment, but
administration of this probiotic alone had no effect. In gnotobiotic mice, synbiotic treatment
increased luminal butyrate, which the authors suggest results from cross-feeding between
B. infantis and butyrate-producing Clostridia (e.g., A. caccae, Eubacterium rectale, or
Clostridium innocuum) which utilize lactate and downstream products from the digestion
of HMOs (174). Overall, this work and other studies of next-generation synbiotics may aid
in our understanding of bacterial relationships in vivo and drastically increase the efficacy

of current probiotics and LBPs.

1.4.7 Postbiotics

Postbiotics represent the most recently described class of microbiome therapeutics,
however these therapies may have some of the greatest impact. Postbiotics are defined
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as a class of therapeutics which contain ‘preparations of inanimate microorganisms and/or
their components that confer a health benefit on the host’ (220). To date, some studied
postbiotics include SCFAs, bacterial lysates, culture supernatants, exopolysaccharides,
enzymes, and other vitamins and metabolites (221). Many of the postbiotics which have
progressed into clinical trials are heat heat-killed bacterial strains or lysates
(NCT05339243, NCT04151823). Some studies have demonstrated positive readouts in
respiratory health, although outcomes in large cohorts remain to be seen (222, 223).

We have investigated the utility of butyrate as a postbiotic and have demonstrated that
targeted delivery of butyrate to the lower gastrointestinal tract (via polymer micelles)
prevented and treated food allergy and colitis in mice (92). However, it should be noted
that the recent consensus definition of postbiotics does not include synthetically produced
metabolites, and these should instead be classified simply by their chemical composition
(220).

Administration of bacterial components, rather than living cells, overcomes the need
for engraftment, association with the microenvironment, and other limitations of LBPs.
This strategy additionally allows for targeted delivery of isolated bacterial components,
which may stimulate known pathways of host modulation without unwanted side effects
otherwise elicited by living cells. However, unlike LBPs, postbiotics will likely require

frequent dosing to achieve efficacy.

1.4.8 Strategies of microbiome-modulation for food allergy

To date, only one therapeutic for food allergy has advanced to the clinic: peanut oral
immunotherapy (OIT) (224). OIT consists of continuous oral dosing with the allergen,
slowly increasing the dose over a period of up to two years (225). This treatment is
sufficient to prevent a severe allergic response upon accidental exposure, however true
tolerance is not achieved, and efficacy is greatly reduced once treatment is stopped (226).

As such, there is substantial interest in developing additional, microbiome-modulating
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therapies for food allergy. These may be used alone or in combination with OIT. As
described above, while OIT alone can be efficacious in achieving short-term
desensitization, as many as 70% of patients exhibit some negative side effects (227).
Most of these side-effects involve gastrointestinal issues (224). Many individuals with food
allergies have dysbiotic microbiota (103, 104) and may have disrupted epithelial barrier
function, which may contribute to these symptoms of OIT. This hypothesis has led our
group, and others, to pursue adjunctive or novel microbiome-therapies to target this
underlying cause of food allergy (228).

As food allergy often presents in early childhood, and there are links between the early
life microbiome and the development of atopic diseases, many microbial therapeutics
target this stage. These include many prebiotics supplemented in infant formula, typically
various oligosaccharides. Some studies suggest prebiotic-supplemented formula alters
the fecal microbiome and metabolome to be more like that of exclusively breast-fed
infants, by increasing relative abundance of Bifidobacterium and the acids which these
species produce (e.g., lactate) (101, 229). Prebiotic supplementation did not reduce the
incidence of eczema at one year of age. Those infants that do develop eczema, however,
have reduced abundance of butyrate-producing Anaerostipes and Eubacterium species
in the feces (101). Overall, the World Allergy Organization suggests that the evidence
does not yet support a role for prebiotics in the prevention of food allergy (230).

Several probiotics have been examined in the context of food allergy, both in pre-
clinical and clinical settings. In mice, various bacterial consortia have shown efficacy in
models of food allergy. These consortia consist of Clostridiales (111, 231, 232),
Lactobacillus (233, 234), Bifidobacterium (234), and Bacteroides (111). The broad
diversity of bacteria studied in pre-clinical models represents many potential metabolic
pathways that could be targeted by treatment with these species, but additional evidence
of specific mechanisms or functional readouts is required. Most clinical studies of

probiotics for food allergy to date have utilized Lactobacillus rhamnosus GG (LGG), which
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was supplemented in extensively hydrolyzed casein formula administered to infants with
CMA (103, 235). While this strain did not engraft itself, LGG treatment increased the
relative abundance of several Clostridial taxa, suggesting potential cross-feeding
stimulated by the probiotic (103). Cow’s milk tolerant infants also demonstrated increased
concentrations of fecal butyrate which correlated with the abundance of these Clostridial
taxa (103), and there was an observed decrease in gastrointestinal disorders in infants
fed LGG (235). There is currently an ongoing clinical trial in Australia which will assess
whether LGG improves tolerance to peanut in oral food challenges or affects levels of
peanut-specific antibodies IgE and IgG4 measured in serum of children undergoing OIT
(ACTRN12608000594325). Initial studies showed positive results comparing LGG plus
OIT treatment to untreated controls (236), but this new trial will reveal whether LGG truly
has an additive effect to OIT.

A defined bacterial consortium (VE416) is now also entering phase | clinical trials for
treatment of peanut allergy in combination with peanut OIT (NCT03936998). This
consortium, produced by Vedanta Biosciences, will be administered with or prior to OIT,
and some groups will additionally receive vancomycin (theoretically to improve
engraftment of the strains). FMT is also being pursued for treatment of food allergy,
although there were initial safety concerns over accidental exposure to allergens via the
feces (NCT02960074). The results of this study will be the first to show whether FMT is
safe or effective in reducing the severity of response to an oral food challenge as much
as one year after the FMT administration.

Synbiotics are also being pursued for food allergy, a method which may be simpler to
administer (and potentially more effective) than complex consortia. In particular,
Bifidobacterium breve M-16V has been explored in combination with prebiotic
oligosaccharides and inulin in several reports of managing CMA in infants (237). Overall,
this synbiotic formulation shifted the fecal microbiota of infants to increase the prevalence

of Bifidobacterium and decrease Eubacterium and Clostridium species (similar to
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breastfed infants) as described for other prebiotic/probiotic infant interventions (101). The
synbiotic formulation did not significantly reduce incidence of allergic symptoms compared
to standard formula in infants with IgE-mediated (238) or non-IgE mediated cow’s milk
allergy (239). However, use of this synbiotic was significantly correlated with reduced
hospitalizations, infections, and antibiotic use, suggesting that microbiome-modulation by
this synbiotic may have other beneficial effects on host health (237). We predict that
transitioning into probiotic and synbiotic administration of other taxa (e.g., Clostridia), will
improve the efficacy of these strategies for food allergy indications.

We have demonstrated a role for Clostridia-derived butyrate, specifically, in the
prevention and treatment of food allergy in murine models (92). Others have studied the
effects of butyrylated starch diets in a variety of disease contexts including type 1
diabetes, cancer, and rheumatoid arthritis, with mixed results (95, 97, 240, 241). Sodium
butyrate has shown promising results in clinical studies of other indications, particularly
colitis, however these studies often must use intrarectal delivery to target delivery to the
colon (242-244).

It is more difficult to deliver butyrate to the small intestine, where food allergens are
absorbed and allergic responses are initiated. In our studies, we have conjugated butyrate
to a polymer which self assembles into micellar structures, protecting butyrate during
initial transit through the upper Gl tract and allowing slow, enzymatic release throughout
the lower gut, including the ileum, cecum, and colon (92). We showed that sodium
butyrate administered by i.g. gavage did not transit past the stomach, but our micelles
(containing 60mM butyrate) released butyrate in the ileum and cecum slowly over several
hours, increasing the concentration of butyrate by greater than 3-fold in SPF mice (92).

Other literature which showed a similar increase in luminal butyrate relied on long term,
ad libitum administration of sodium butyrate or butyrylated starches (86, 245). In our study,
a single i.g. gavage of sodium butyrate did not transit past the stomach (92), but some

other publications have shown that long term ad libitum administration can affect the lower
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Gl tract, although this is not a clinically relevant route of administration. For example,
feeding sodium butyrate at a dose of 36mM in the drinking water ad libitum for at least
one week to antibiotic-treated mice also increased the concentration of cecal butyrate by
approximately 3-fold (86). Administration of butyrylated starches to rats over a period of
four weeks doubled the concentration of luminal butyrate in the cecum and colon (245).
The butyrate micelles achieved similar increases in luminal butyrate after only a single i.g.
gavage, while additionally releasing in the ileum (92). This controlled drug delivery system
is likely to be a better candidate for clinical applications of butyrate in food allergy than
these other strategies.

An ongoing clinical trial is testing whether administration of butyrylated starch to peanut
allergic adults improves efficacy and reduces side effects of OIT
(ACTRN12617000914369). As standard, nonsoluble potato starch has also been shown
to increase fecal butyrate (189), an interventional study at the University of Chicago is
administering potato starch to children undergoing peanut OIT and assessing similar
outcomes (NCT05138757).

While microbiome-modulating therapeutics for food allergy represent a relatively
young field, interest and progress in this area are quickly growing. Correlative and
causative links between the commensal microbiota and food allergy are strong; targeting
the microbiome may address the underlying cause of food allergy. Additionally, these
therapeutics are antigen agnostic — many individuals have allergies to several different
foods, and this issue is not addressed by OIT. Our group is developing microbiome-
modulating therapeutics for food allergy based on our deep understanding of Clostridial
regulation of epithelial barrier function and mucosal immunity. The following section will

describe the proposed therapeutic strategy used in this thesis project.

1.4.9 Proposed strategy: Anaerostipes caccae as a single-species LBP

administered as a synbiotic with lactulose
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The fecal microbiome of healthy infants is distinct from that of infants with CMA,
including increased representation of Clostridial species and decreased Gram-negative
taxa (103, 104, 159). Previous work from our lab identified a single species, Anaerostipes
caccae, which was more abundant in healthy infants and prevented the allergic response
to the cow’s milk allergen BLG in monocolonized mice (104). We now suggest that A.
caccae may be used as therapeutic LBP to prevent or treat food allergy in mice with
dysbiotic microbiota. We isolated a novel strain of A. caccae, termed A. caccae LAHUC,
from the feces of a healthy infant in a manner which is suitable for clinical translation. With
a candidate LBP strain in-hand, we characterized this species to optimize its efficacy.

A. caccae is a butyrate producing species in the family Lachnospiraceae (246). In fact,
it produces the highest concentration of butyrate compared to other species in an in vitro
model (63). A. caccae often forms cross-feeding relationships with other bacteria which
perform initial degradation of large polysaccharides to produce small metabolites
including lactate and acetate which A. caccae can convert to butyrate (247, 248). A.
caccae is specifically dependent on lactate, and in the presence of this metabolite may
produce butyrate more efficiently than in culture with sugars alone (63). These cross-
feeding relationships have been described in detail between A. caccae and several
primary-degrader species including Bifidobacterium, Akkermansia, or other lactate- or
acetate- producing species (249-251). We propose that butyrate production is critical to
A. caccae’s therapeutic effect in vivo, and that this may depend on the formation of cross-
feeding relationships with other resident bacterial species.

It was not known whether A. caccae would be able to survive or produce butyrate when
introduced into a replete microenvironment in vivo, we predicted that it would not. We thus
approached a synbiotic method: administering A. caccae with prebiotics designed to
improve its growth and metabolic opportunity. There was some known precedent for this

strategy. In a previous study, administration of A. caccae plus GOS (a Bifidogenic
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prebiotic acquired from Yakult) increased the concentration of SCFAs including butyrate
in the colon of SPF rats (252).

Due to A. caccae’s dependence on lactate and beneficial relationships with
Bifidobacteria, we chose to focus on lactulose as our primary prebiotic of interest.
Lactulose is a noncaloric, semi-synthetic disaccharide with a similar chemical structure to
lactose. However, unlike lactose, lactulose is not broken down by host enzymes and is
accessible for bacterial digestion (253). Lactulose was initially produced for medicinal use;
at high doses it is effective for management of constipation and hepatic encephalopathy
(253). In the colon, lactulose is broken down by commensal microbiota, namely
Bifidobacterium and Lactobacillus sp., which produce high concentrations of acids,
degrade urea, and regulate colonic motility (253).

In more recent years, low-dose lactulose has been explored as a prebiotic, as its
‘Bifidogenic effect’ is well recognized (253). The enhanced abundance of Bifidobacterium
and its production of lactate may in turn increase butyrate production. In vitro culture
systems which mimic colonic microbiota demonstrated that addition of lactulose increased
the relative abundance of Anaerostipes and modestly increased butyrate accumulation in
a dose-dependent manner (254). Another such system demonstrated that lactulose
introduction into a ‘dysbiotic’ fecal community reduced the growth of C. difficile (255). Low-
dose lactulose has also been studied for its prebiotic properties in pre-clinical and clinical
settings. These studies have confirmed the increases in abundance of Bifidobacteria and
corresponding decreases in abundance of Bacteroidaceae (256). However, low-dose
lactulose only modestly increased butyrate in SPF mice (257) and there is not yet
conclusive evidence to suggest any change in fecal butyrate in healthy adults (256).

We predict that synbiotic administration of lactulose with A. caccae will overcome the
limitations of these studies, completely fermenting lactulose into butyrate via a multi-step,
multi-species process. Lactulose will first be digested by resident commensal bacteria

(Bifidobacteria) into lactate, which A. caccae will readily convert into butyrate. This
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synbiotic has the potential to modulate host immune responses through a variety of
mechanisms, including expansion of Bifidobacteria, introduction of an allergy-protective
Clostridial species, and production of immuno-regulatory butyrate. In the following
chapters, we will describe our isolation of A. caccae LAHUC and characterization of this
strain in vitro. We will further describe mechanisms by which this species, or other
bacterial communities or metabolites, can modulate epithelial barrier integrity in mice.
Finally, we will describe our progress towards developing this synbiotic. Our synbiotic
effectively prevents cow’s milk allergy in gnotobiotic mice which are colonized with the
fecal microbiota of a dysbiotic, CMA infant. Additionally, the synbiotic treats established
peanut allergy in antibiotic-exposed SPF mice that were previously sensitized to PN. This
synbiotic strategy has potential to address many underlying microbial deficiencies which
have been correlated to immune dysregulation, and our formulation may be a clinically

relevant new therapy for food allergy.
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CHAPTER 2
METHODS

2.1 Bacterial in vitro fermentation

Bacteria were cultured within a plastic film anaerobic chamber (Coy Labs) within a
37°C incubator. Gas mix within the isolator was maintained with 2.5% hydrogen and
<50ppm oxygen. Bacteria were cultured in various anaerobically reduced media (see
descriptions and source in Table 2.1). Isolated strains were stored as frozen stocks in
25% glycerol. Infant feces were stored in the form of a homogenous slurry preserved in
25% glycerol and frozen at -80°C (104). For all culture experiments, cells from frozen
stocks were inoculated into primary cultures, grown to peak growth (24-48h), and
passaged into secondary, experimental cultures. To achieve approximately equal cell
numbers passaged into secondary cultures, inoculation volume was tailored such that
10pul of primary culture at ODsoo=1.0 would be transferred (e.g., 20pl of a culture with
ODs00=0.5). For co-cultures, the inoculation volume was halved; the equivalent of 5pl of
primary culture at ODsoo=1.0 was transferred from each primary culture. Following
secondary cultures, cell fractions or supernatants were maintained for further analysis.

For bacterial enumeration, frozen stocks or primary cultures were serially diluted from
107 to 108 and plated on anaerobic BHI agar plates. Colonies were counted after 2-4

days of growth within the anaerobic incubator. For testing motility and indole production,
primary cultures of bacteria (A. caccae LAHUC or a consortium of murine-derived
Clostridia) were dipped into anaerobically reduced PYG medium containing 0.175% agar
and incubated for 48h at 37°C under anaerobic conditions. 1mL of Kovac’s reagent

(Sigma-Aldrich) was added to the top of cultures for analysis of indole production.
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Table 2.1: Bacterial culture media

Medium Form Additive Vendor

Chopped meat glucose Broth N/A Anaerobe Systems

(CMG)

Peptone yeast (PY) Broth N/A Anaerobe Systems

Peptone yeast (PY) Broth Glucose (10mg/mL) Anaerobe Systems

Peptone yeast (PY) Broth Sucrose (10mg/mL) Anaerobe Systems

Peptone yeast (PY) Broth Lactose (10mg/mL) Anaerobe Systems

Peptone yeast (PY) Broth | Cellobiose (10mg/mL) | Anaerobe Systems

Peptone yeast (PY) Broth Potato Starch Anaerobe Systems
(10mg/mL)

Peptone yeast (PY) Broth Myo-inositol Anaerobe Systems (PY), Sigma
(10mg/mL) (M1)

Peptone yeast (PY) Broth Lactulose Anaerobe Systems (PY), Sigma
(10mg/mL) (LU)

Brain heart infusion (BHI) Agar N/A Anaerobe Systems

Trypticase soy broth (TSB) Broth N/A Corning

Fecal slurry from healthy infant donor 2 (104) was plated (100ul) on BHI agar plates
supplemented with ciprofloxacin (16ug/ml) or a combination of four antibiotics (16ug/ml
ciprofloxacin, 6pug/ml gentamycin, 5ug/ml aztreonam, and 10ug/ml colistin) as previously
described (56, 258) and grown for 72h at 37°C anaerobically to develop a full lawn. A.
caccae (DSM 147662) was grown from a glycerol stock as a positive control. Total
bacterial growth was scraped and suspended in 1mL of 25% glycerol in PBS solution and
is referred to as the primary culture. An aliquot of this mixture was spun at 800xg for 10
minutes to pellet cells, isolate DNA, and perform PCR/gPCR. The remaining volume was

stored at -80°C. For any samples that demonstrated high concentration of A. caccae by
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gPCR, the frozen primary culture was thawed and plated on BHI agar with dilutions from
101 to 10°®. Dilution plates were incubated anaerobically for 72h at 37°C, then individual

colonies were picked, inoculated in CMG broth, and grown for 48h anaerobically at 37°C.
After incubation of individual colonies, 1mL of culture broth was aliquoted and diluted to
25% glycerol and separated as above for DNA isolation and storage at -80°C. Any
colony(s) which appeared to be A. caccae by PCR were passaged sequentially two more
times and final stocks of A. caccae LAHUC were stored at -80°C in CMG with 25%
glycerol. The 16S sequence of A. caccae was analyzed by PCR and gPCR with species-

specific primers and by Sanger sequencing (Table 2.2).

2.3 Isolation of bacterial DNA from cultured cells or feces

Bacterial DNA was isolated from in vitro cultures and fecal samples for PCR and gPCR
analysis using the PowerSoil Pro kit (Quiagen) according to the manufacturer’s protocol.
Cells from 1mL of culture were pelleted by spinning at 800xg for 5 minutes, supernatant
was removed, and cell pellet was transferred to a PowerSoil tube. For mouse fecal pellets,

1-2 pellets were used per reaction after recording fecal weight.

2.4 Antibiotic plate culturing

To examine antibiotic resistance, antibiotic coated disks were placed on BHI agar
plates, on which A. caccae LAHUC had been spread. Antibiotics consisted of
streptomycin (10ug, Fisher Scientific), kanamycin (30ug, Fisher Scientific), tetracycline
(30ug, BD), and ampicillin (10ug, Fisher Scientific). Distance of growth inhibition from the

center of each disk was measured after 4 days of growth in the anaerobic incubator.

47



2.5 PCR and gPCR of bacterial abundance

The abundance of bacteria was assessed by total copies 16S using gPCR with
universal primers (Table 2.2). Primers specific for the 16S sequence of individual taxa
were identified from the literature (Table 2.2). DNA amplification and visualization with
gPCR utilized PowerUp SYBR green master mix (Applied Biosystems) on a QuantStudio
3 gPCR machine (Thermo Fisher Scientific) according to manufacturer’s instructions. The
abundance of individual bacterial taxa was calculated by 2-¢T, multiplied by a constant

(10%9) to bring all values above 1, and normalized per gram of raw fecal content.

Table 2.2: Primer sequences for PCR and gPCR of bacterial taxa.

Target Type Sequence Ref.

A. caccae, F | Bacterial GTTTTCGGATGGATTTCCTATAT | (259)
16S

A. caccae, R | Bacterial GTTTTCGGATGGATTTCCTATAT | (259)
16S

Bifido., F | Bacterial CTCCTGGAAACGGGTGG (260)
16S

Bifido., R | Bacterial GGTGTTCTTCCCGATATCTACA | (260)
16S

8F Bacterial AGAGTTTGATCCTGGCTCAG (261)
16S

338R Bacterial TGCTGCCTCCCGTAGGAGT (262)
16S

2.6 Whole genome shotgun sequencing

DNA isolation and sequencing was performed by CosmosID™. DNA from cell pellets was
isolated using the QIAGEN dNeasy PowerSoil Pro Kit according to the manufacturer's
protocol. Extracted DNA samples were quantified using Qubit 4 fluorometer and Qubit™

dsDNA HS Assay Kit (Thermofisher Scientific). DNA libraries were prepared using the Thermo
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Fisher lonXpress Plus Fragment Library Kit, according to the manufacturer’s protocol. DNA
libraries were quantified using Qubit 4 fluorometer and Qubit™ dsDNA HS Assay Kit. Libraries
were then sequenced on a Thermo lon S5 XL sequencer. Single nucleotide polymorphisms
(SNPs) were identified within a core genome defined by orthologous sequences conserved in

aligned genomes.

2.7 Quantification of short chain fatty acids

Butyrate, acetate, and propionate concentrations from culture supernatants and cecal
samples were measured by reverse phase high precision liquid chromatography (HPLC)
UV-Vis on an Agilent 1290 UHPLC as previously described (92, 263). Lactate
concentration was measured using a Lactate Assay Kit (Sigma-Aldrich) according to
manufacturer’'s instructions. Samples for HPLC UV-Vis were derivatized with 0.25M 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 0.2M 3-nitrophenylhydrazine
(NPH), in 1:1 water: acetonitrile (AcN, v/v). Cecal contents were stored at -80°C, thawed

and diluted to 0.1g/mL in 1:1 AcN:H20, vortexed for 10 minutes to mix well, then spun at

10,000xg for 10 minutes and the supernatant was used for analysis. For in vitro cultures,

cells were pelleted by centrifuging at 10,000xg for 5 minutes and culture supernatants
were aliquoted and stored at -80°C. Samples were diluted in 1:1 AcN:H20 and mixed with

EDC and NPH stock solutions at a 1:1:1 volumetric ratio and heated for 30 minutes to
perform the reaction. 2’ethyl-butyric acid was used as an internal standard. Glacial butyric
acid, acetic acid, and propionic acid (Sigma) were used for quantitative standards. 5ul of
sample was injected via autosampler and flowed through a Thermo Fisher C18 column
(4.6x50mm) at room temperature (RT). Mobile phases were H20 with 0.1% formic acid
(A) and AcN with 0.1% formic acid (B). The mobile phase gradient ran from 15% mobile
phase B at 0 min, 100% mobile phase B at 3.5 min, 100% mobile phase B at 6 min, 15%
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mobile phase B at 6.5 min with a 0.5ml/min flow rate. Peaks were quantified on a UV-Vis

detector at 400nm.

2.8  Bacterial lyophilization

The process for lyophilization of bacterial cultures is shown in Fig. 3.19. A. caccae
LAHUC was cultured for 24h in CMG medium at 37°C under anaerobic conditions.
Cultures were spun at 10,000xg for 10 minutes to pellet cells, supernatant was discarded,
and cells were resuspended in cryopreservant (10% sucrose or Reagent 18 (ATCC
Bacteriology Culture Guide)). This solution was transferred into sterilized flute-neck glass
ampules, which were topped with glass wool and frozen at -80°C. Ampules were then
lyophilized overnight on dry ice into smooth powders. Ampules were heat sealed and

stored at RT.

2.9 Mice

Gnotobiotic mice were bred and housed within the University of Chicago Gnotobiotic
Research Animal Facility (GRAF). Germ free C3H/HeN mice were bred and housed in
Trexler-style flexible film isolators (Class Biologically Clean) within Ancare polycarbonate
mouse cages (N10HT). Gnotobiotic mice were weaned at 21 days of age and were fed
an autoclaved, plant-based mouse chow. Specific pathogen free (SPF) C3H/HeN mice
were transferred from our gnotobiotic colony and bred in house in an SPF colony free of
murine norovirus (MNV), Pasteurella, Helicobacter spp, and SFB. SPF mice were weaned
at 21 days of age and were fed an autoclaved, plant-based mouse chow (Purina Lab Diet
5K67) and autoclaved sterile water. All mice were housed in cages containing autoclaved
Teklad Pine Shavings (cat# 7088) with a 12 hour light/dark cycle at a standard RT of 20-
24°C. All mice are euthanized by CO2 asphyxiation followed by cardiac exsanguination

as a secondary measure. All experiments were littermate controlled and performed in
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accordance with ‘The Guide for the Care and Use of Laboratory Animals (8th edn)’. All
experiments were approved by the Institutional Animal Care and Use Committee of the

University of Chicago.

2.10 Colonic mucus isolation

Mucus of SPF mice was collected as described in (264). Colonic tissue was excised,
opened longitudinally, and mucus was scraped into HEPES-Hank’s buffer. Epithelial cells
were removed by centrifugation at 12,000xg for 10 minutes, then 20,000xg for 15 minutes

at 4°C. Mucus from 4 mice of each genotype was pooled and stored at -80°C.

2.11 Colonization of germ free mice with human fecal bacteria or A.
caccae LAHUC

Human donor microbiota (healthy or CMA, (104)) were maintained by serial passage
in C3H/HeN mice which served as live repositories. Repository mice were initially
colonized by i.g. gavage with a fecal slurry from the infant donor at weaning. These initial
colonizations occurred in 2017 (healthy donor 2) or 2019 (CMA donor 6). Subsequent
recipients were colonized at weaning by an i.g. gavage with a fecal slurry from a live
repository mouse. Feces were collected just prior to use, and a single pellet was
suspended in 1mL sterile PBS. The pellet was crushed, pieces were allowed to settle, and
250ul was gavaged to each recipient mouse. The fecal composition of repository mice
and all experimental mice was confirmed by 16S rRNA sequencing for success of
colonization and long-term maintenance of the donor phenotype. To best maintain the
engraftment of human infant feces in mice (104), all mice were fed infant extensively
hydrolyzed casein infant formula (EHCF, Nutramigen Hypoallergenic Infant Formula) ad
libitum. Formula is diluted 1:10 in sterile cell grade water and provided in cage water

bottles. For monocolonization with A. caccae LAHUC, GF C3H/HeN mice were i.g.
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gavaged once at weaning with 108 CFU of A. caccae in 250ul from frozen culture stocks
in 25% glycerol stored at -80°C. Control mice received a single gavage of sterile CMG
medium. Experimental mice for monocolonization experiments were housed in positive-

pressure cages in a gnotobiotic rack system.

2.12 Cell preparations from intestinal tissue, mesenteric lymph
nodes, and spleen

Single cell suspensions were prepared from ileum lamina propria, mesenteric lymph
nodes (MmLN), or spleens. Spleens were harvested, crushed through a 70um filter (Thermo
Fisher), and rinsed with RPMI containing 4% fetal calf serum (FCS). Cell suspensions
were treated with Red Blood Cell Lysis Buffer Hybri-Max (Sigma-Aldrich) for 10 minutes
on ice, and finally resuspended in RPMI+4% FCS for cell counting (Countess). The cecal-
colon-draining and ileum-draining lymph nodes (iLN, cLN) were anatomically identified
following the literature (145). mLNs were digested for 30 minutes with 40ug/mL Liberase™
(Roche) and 40pg/mL DNAsel (Sigma-Aldrich) in RPMI+4% FCS, then rinsed through a
70um filter (Thermo Fisher) and resuspended for further use. To isolate lamina propria
lymphocytes from the ileum (defined as the terminal 10cm of the small intestine), Peyer’s
patches were excised from the tissue during dissection. Epithelial cells (IECs) were first
removed by incubating for 20 minutes on ice in PBS containing 30mM EDTA and 1.5mM
DTT. Tissues were then incubated for 10 minutes in PBS-EDTA at 37°C, then shaken by
hand to separate IECs from underlying tissue. Remaining LP tissue was digested in RPMI
media containing 4% FCS, Liberase™ and DNAsel for 40 minutes at 37°C with shaking.
Cells were rinsed through a 70um filter and lymphocytes were eluted using an 80/40

Percoll gradient. Single cells were enumerated and used for following protocols.
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2.13 RNA isolation and RT-gPCR

For RNA analysis, IECs were harvested as described above and stored in Trizol at
-80°C. Intestinal lamina propria samples were fixed in RNAlater at 4°C overnight before
long term storage at -80°C. For RNA-extraction, whole tissue samples were transferred
into Trizol and physically disrupted by shaking at 30bps for 2min in SafeLock tubes
containing a 5mm stainless steel bead. Single cell IEC suspensions were pipetted to lyse
cells. RNA was extracted using the PureLink RNA Mini Kit (Ambion/Invitrogen) according

to manufacturer’'s recommendations.

Table 2.3: Primer sequences for RT-gPCR of murine gene expression.

Target Sequence Ref.
HPRT, F TGAAGAGCTACTGTAATGATCAGTCAAC (265)
HPRT, R AGCAAGCTTGCAACCTTAAGCA (265)
IL10, F CAGGGCCCTTTGCTATGG GenScript
IL10, R GATCTCCCTGGTTTCTCTTCC GenScript
IL22, F TTGAGGTGTCCAACTTCCAGCA (266)
IL22, R AGCCGGACGTCTGTGTTGTTA (266)
IL25, F GAGTTGGACAGGGACTTGAA GenScript
IL25, R AGGTGGTGAGCATGACTAAG GenScript
IL33, F TCCTTGCTTGGCAGTATCCA (267)
IL33, R TGCTCAATGTGTCAACAGACG (267)
Reg3b, F ATGGCTCCTACTGCTATGCC (265)
Reg3b, R GTGTCCTCCAGGCCTCTTT (265)
Reg3g, F ATGGCTCCTATTGCTATGCC (265)
Reg3g, R GATGTCCTGAGGGCCTCTT (265)
Muc2, F ATGCCCACCTCCTCAAAGAC (268)
Muc2, R GTAGTTTCCGTTGGAACAGTGAA (268)
TSLP, F GTAGTTTCCGTTGGAACAGTGAA (269)
TSLP, R GCAGTGGTCATTGAGGGCTTC (269)
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RNA expression in tissue samples was quantified by reverse transcription quantitative
polymerase chain reaction (RT-qPCR) as previously described (53). RNA was reverse
transcribed into cDNA using the iScript cDNA Synthesis Kit (BioRad). cDNA amplification
performed with Quantinova SYBR green PCR Kit (Quantinova) on a QuantStudio 3 gPCR
machine (Thermo Fisher Scientific) according to the manufacturer’s instructions. Primer
sequences are listed in Table 2.3. Gene expression was calculated by 27 relative to a
housekeeping gene, HPRT, and normalized to the average expression of the control

group within each experiment.

2.14  Colonic mucus and goblet cell histology

Tissue sections of the distal colon were harvested and preserved in Carnoy’s fixative
for histological analysis as previously described (53). Fixed tissues were paraffin
embedded, cut in transverse cross-sections, and stained with periodic acid Schiff (PAS)
by the UChicago Histology Tissue Resource Center. Slides were imaged with a Cri
Pannoramic SCAN 40x Whole Slide Scanner. Goblet cells and mucus thickness were

guantified using ImageJ.

2.15  Synbiotic treatment

Gnotobiotic mice were treated with 10 CFUs of A. caccae LAHUC in 200ul by daily
i.g. gavage following the timelines outlined within each figure. A. caccae LAHUC stocks
were grown in anaerobic CMG for 24 hours and stored in 25% glycerol at -80°C. A new
vial of this A. caccae LAHUC glycerol stock was thawed for each treatment. All control
groups received gavages of 200ul sterile CMG with 25% glycerol. Lactulose was
administered to gnotobiotic mice ad libitum at a final concentration of 5g/L in the 1:10
EHCF : water supplied in mouse water bottles. For studies utilizing lyophilized A. caccae

LAHUC, 500l of bacterial culture was lyophilized and resuspended in 2.5mL sterile,
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anaerobically reduced PBS in an anaerobic chamber just prior to gavage. Mice were
gavaged with 10’ CFUs of A. caccae LAHUC resuspended in sterile PBS or with 200ul of
sterile PBS. Lactulose was administered to SPF mice ad libitum at a final concentration

of 5g/L in sterile water.

2.16  16S rRNA sequencing and analysis

16S rRNA sequencing and analysis was performed by the University of Chicago
Duchossois Family Institute Microbiome Metagenomics Facility as previously described
(92). Bacterial DNA was isolated using the QIAamp PowerFecal Pro DNA kit (Qiagen)
according to manufacturer’s protocol. 16S rRNA V4-V5 hypervariable regions were
amplified using the following primers: 563F (5-nnnnnnNNN-NNNNNNNNNNNN-
AYTGGGYDTAAA-GNG3’) and 926R (5’-nnnnnnnn-NNNNNNNNNNNN-
CCGTCAATTYHT- TTRAGT-3’), where ‘N’ represents the barcodes and ‘n’ represents
additional nucleotides added to offset primer sequencing. Dual index adapters were
ligated onto amplified pools which were compatible with lllumina sequencing (QIAsep 1-
step amplicon library kit, Qiagen). Prepared libraries underwent quality control with Qubit
and Tapestation, then were sequenced on an Illumina MiSeq machine. Forward and
reverse reads (250 bp) were analyzed for amplicon sequence variants (ASVS) using the
divisive amplicon de-noising algorithm (DADA2 v1.14) and taxonomy was assigned
according to the Ribosomal Database Project (RDP). Assigned ASVs, taxonomy, and
metadata were compiled into a phyloseq data package and further analyzed with R studio
version 4.2.1. Principle component analysis was performed and analyzed in Orange3
software. Linear discriminant analysis effect size (LEfSe) was analyzed in R Studio to
determine differences in relative abundance of individual taxa. The microbiomeMarker
package and run_Lefse functions were used for LEfSe analysis, effect size was computed

as LDA score (270, 271). ASVs were compared at the genus level, using a significance

55



level of 0.05 for Kruskall-Wallis and Wilxicon tests and a linear discriminant analysis cut-

off of 1.0.

2.17 FITC-dextran assay for epithelial permeability

Mice were fasted for 3 hours before receiving a single i.g. gavage with 4kDa FITC-
dextran dosed at 500mg/kg bodyweight (92). Blood was collected by cardiac puncture at
either 2h post-gavage for gnotobiotic mice or 1.5h post-gavage for SPF mice. Differing
times are due to different intestinal motility across microbiota backgrounds; times were
chosen such that FITC-dextran would transit entirely through the small intestine but not
yet reach the colon (as examined visually during dissection). Blood was allowed to clot in
SST Microtainer Serum tubes (BD) at RT in the dark for 30min, then spun at 12,000xg for
7 minutes to separate the serum. Serum was diluted 1:3 in PBS and plated in duplicate
on black flat bottom polystyrene 96 well plates (Corning). Stock FITC-dextran was added
to 1:3 normal mouse serum (NMS, Jackson ImmunoResearch) to PBS and serially diluted
1:2 for a standard curve. 1:3 NMS:PBS was used as a blank. Fluorescent excitement
(485nm) / emission (528nm) spectra were measured using a SpectraMax M3 reader

(Molecular Devices).

2.18 Intestinal explants

To measure cytokine expression in intestinal tissues ex vivo, ileal (distal 10cm of small
intestine), jejunal (5cm just proximal to ileum), or colonic tissues were harvested, flushed
with PBS, cut open longitudinally, and stored in HBSS (Corning Cellgro) supplemented
with 50uM 2-mercaptoethanol, 100U/mL penicillin/streptomycin, 0.25ug/mL Fungizone
and 10ug/mL gentamicin. Tissues were cultured at 50mg/mL (colon) or 200mg/mL (small
intestine) in DMEM (HyClone) containing 10% FCS, 10mM HEPES, 50uM 2-
mercaptoethanol, 100U/mL penicillin/streptomycin, 0.25ug/mL Fungizone, 2mM L-
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glutamine, 0.1mM nonessential amino acids and 1mM sodium pyruvate for 24h at 37°C.
Duodenal tissues were stimulated with 10ng/mL recombinant murine IL-23 (Invitrogen).
IL-22 concentration in culture supernatants was measured by ELISA (Biolegend)

according to the manufacturer’s instructions.

2.19 Splenocyte restimulation and cytokine quantification

To quantify cytokine production, splenocytes from mice collected 24h post-challenge
were plated at 2x106 cells/mL in complete DMEM containing 10% FCS, 10mM HEPES,
50uM 2-mercaptoethanol, 100U/mL penicillin/streptomycin, and 2mM L-glutamine.
Samples were additionally stimulated with either 10mg/mL BLG or 1pg/mL anti-CD3
(Invitrogen) plus 1pg/mL anti-CD28 (Invitrogen) antibodies for 72h. Cells were then
pelleted by centrifugation at 800xg for 5 minutes and supernatants were collected for
analysis. Cytokine concentrations including IL-13 (Invitrogen), IL-5 (BioLegend), and IL-9

(Thermo Scientific) were measured by ELISA according to manufacturer’s instructions.

2.20 ELISpot assay for quantification of IgG1- and IgE- secreting
cells

ELISpots for total IgE and BLG-specific 1IgG1 were performed from single cell
suspensions prepared as described in section 2.12. For BLG-specific 1gGl, PVDF
membrane plates were coated with 10ug/ml BLG overnight, blocked with PBS with 5%
FCS for 2h at 37°C, then cells were plated in dilutions (500,000; 250,000; 125,000) in
triplicate and incubated for 16h at 37°C. Cells were then washed off with 5 washes of PBS
+ 4% FCS, and detection antibody (anti-lgG1-HRP, Southern Biotech) was added for 2hrs
at RT. Plates were then washed and developed with tetramethylbenzidine (TMB) for
membranes (Sigma-Aldrich). Total IgE ELISpots were detected using an ELISpot Flex:
Mouse IgE (HRP) ELISpot kit (Mabtech) according to manufacturer’s instructions. Single
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cell suspensions were incubated for 5 days at 37°C in complete DMEM. Cells were either
unstimulated or cultured in IgE stimulating conditions (0.5ug/mL anti-CD40 and 10ng/mL
IL-4) plus 1mg/mL BLG.

2.21  Flow cytometry

For flow cytometric analysis of CD4 T cell populations (Treg, Tfh, Tfr), single cell
suspensions from mLN were prepared as described in section 2.12. Single cells were
plated in 96 well round bottom assay plates and stained with Live/Dead Fixable Aqua
(ThermokFisher) cell viability dye. Cells were then stained with antibodies targeting cell
surface markers in PBS + 4% FCS at RT for 20 minutes. Antibodies for cell surface
markers included anti-mouse CD3, CD4, CD25, PD1, and CXCRS5 (Table 2.4, 2.5). Cells
were fixed overnight at 4°C using the eBioscience Foxp3/Transcription Factor Staining
Buffer set and permeabilized prior to intracellular staining (Invitrogen). Cells were stained
with antibodies for nuclear transcription factors (Foxp3, Roryt, Gata3, Bcl6) in
permeabilization buffer at RT for 40 minutes. Cells were analyzed on an Attune Nxt Flow
Cytometer (Thermo Fisher) or Aurora Spectral flow cytometer (CytekBio). Antibody clones
and panels are shown in Tables 2.4 and 2.5.

Table 2.4: Antibodies for flow cytometric analysis of Tregs

Marker Fluorophore Vendor Cat Isotype

Viability Dye | Live Dead Aqua | Fisher L34966 -

Roryt BVvV421 BD Horizon Q31-378 Mouse lgG2a, k

CD4 BUV605 BioLegend RM4-5 Rat IgG2a, k

Foxp3 AF488 eBioscience FJK-16S Rat 1gG2b, k

CD3 PerCP/Cy5.5 BioLegend 145-2C11 | Armenian hamster IgG
CD25 PE/Cy7 eBioscience PC61.5 Rat 1gG2a, k

Gata3 AF647 BD L50-823 Mouse IgG1, k
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Table 2.5: Antibodies for flow cytometric analysis of Tth/Tfr cells

Marker Fluorophore Vendor Cat Isotype
Viability Dye | Live Dead Aqua Fisher L34966 -
Roryt Bv421 BD Horizon Q31-378 Mouse 1gG2a, k
PD1 (CD279) BUV605 Biolegend | 29F.1A12 Rat 1gG2a, k
CD25 BV650 Biolegend PC61 Rat 1Gg1, |
Gata3 AFA488 Invitrogen; twai Mouse IgG1, k
CD3 PerCP/Cy5.5 BioLegend | 145-2C11 Armenian hamster IgG
Bcl6 PE BD K112-91 Mouse IgG1, k
Foxp3 PE/Cy7 Invitrogen FKJ-16S Rat IgG2b, k
CXCR5 APC Biolegend L138D7 Rat 1gG2a, k
(CD185)
CD4 AF700 Invitrogen RM4-5 Rat 1gG2a, k

Mice were sensitized weekly with 20mg BLG + 10ug CT by i.g. gavage for 5 weeks
beginning one-week post-weaning as previously described (104). For each sensitization,
mice were fasted for 3 hours in the morning, then received a gavage with 0.2M sodium
bicarbonate; 20mg BLG + 10ug CT was gavaged 30min later. One week after the last
sensitization, mice were challenged i.g. with 200mg BLG. Again, mice were fasted for 3
hours, gavaged with 0.2M sodium bicarbonate, then received 2 doses of 100mg BLG i.g.
30min apart. Core body temperature was measured immediately following the first BLG
gavage and every 10 minutes thereafter with a rectal temperature probe (PhysiTemp) and
serum was collected 90min later for measurement of mMCPT-1. Serum mMCPT-1 was

measured by ELISA (Invitrogen) according to manufacturer’s instructions. Mice were

2.22 BLG sensitization and challenge
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euthanized 24h later. For ELISpot experiments, mice were sensitized 4 times with 20mg
BLG + 10ug CT as described above. In these experiments, the first sensitization occurred
4 days post-weaning; sensitizations were 5 days apart. Following the last sensitization,
mice were challenged with 75mg BLG i.g. in a single dose. Mice were euthanized 7 days

later.

2.23  Peanut sensitization and challenge

Mice were sensitized to PN as previously described (92). All mice were age-matched
and littermate controlled. Beginning one week prior to weaning (day 14 of life), mice were
i.g. gavaged daily with 0.45mg vancomycin until weaning. On the day of weaning, and
weekly for 4 weeks, mice were sensitized i.g. with 6mg PN extract + 10ug CT, except
during the first week during which mice only received 5ug CT. PN extract was prepared
in house from unsalted roasted peanuts (Hampton Farms) as previously described (53).
For sensitizations, mice were fasted for 4-5h in the morning, then gavaged with 0.2M
sodium bicarbonate 30min before the PN+CT gavage. Mice received 200mg/L
vancomycin in the drinking water throughout the sensitization period. One week after the
last sensitization, mice were randomly assigned treatment groups and transferred to a
BSL2 animal housing facility. One group of mice was challenged at this point to confirm
uniform sensitization. For challenge, mice were i.p. injected with 1mg PN extract, and core
body temperature was measured with a rectal temperature probe (PhysiTemp). Following
2 weeks of treatment as described in the text, mice were challenged with 1mg PN i.p. and
core body temperature was measured. Blood was collected 70min post-challenge for
measurement of mMMCPT-1 in serum by ELISA (Invitrogen). Mice were euthanized one

week later.
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2.24 Measurement of antigen-specific antibodies by ELISA

BLG-specific IgG1l and IgE (104), and PN-specific IgG1 and IgE (53, 92) were
measured in serum by ELISA as previously described. Plates were coated overnight with
antigen (100pg/mL BLG or 40ug/mL in 100 mM carbonate-bicarbonate buffer) at 4°C.
Plates were blocked with PBS + 4% BSA at RT for 2 hours. Serum was diluted in PBS +
1% BSA, added to plates, and incubated overnight at 4°C. Antigen specific IgE and IgG1
standards were purified using a CNBr-Sepharose affinity column conjugated to either
antigen (BLG or PN). Standard antibodies were isolated from SPF C3H/HeN mice
sensitized with BLG + alum or PN + CT. Antigen-specific IgE and IgG1 was detected using
the antibodies listed below and developed using TMB or p-nitrophenyl phosphate
(SeraCare Life Sciences) as described in Table 2.6.

Total IgA was quantified in feces by ELISA as previously described (53). A protocol for
measurement of fecal BLG-specific IgA was modified from (125). ELISA plates were
coated with 100pug/mL BLG mL in 100 mM carbonate-bicarbonate buffer overnight at 4°C.
Fecal pellets were homogenized at 100 mg/mL PBS and large debris was pelleted by
spinning at 12,000xg for 10min. Supernatant was collected, diluted in PBS + 1% BSA,
and added to ELISA plates after 2h of blocking with PBS + 3% BSA at RT. Samples were
incubated overnight at 4°C. Antigen-specific IgA was detected using a goat anti-mouse
IgA antibody conjugated to alkaline phosphatase AP (Table 2.6) and developed using p-
nitrophenyl phosphate (SeraCare Life Sciences). BLG-specific IgA was quantified as
arbitrary units (AU) against a standard curve isolated from the feces of BLG-sensitized
C3H/HeN mice. BLG-specific IgA is presented as the ratio to total fecal IgA. ELISAs were
analyzed with a SpectraMax M3 reader (Molecular Devices), measuring optical density at

405nm (IgE) or 450nm (IgG1).
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Table 2.6: Antibodies for ELISA detection of IgE, IgG1, and IgA

Antigen Antibody Target Vendor

IgE Goat-anti-mouse IgE-UNLB Southern Biotech
IgE Rabbit-anti-goat AP Invitrogen

IgG1 Goat-anti-mouse IgG1-HRP Southern Biotech
IgA Goat-anti-mouse IgA-AP Southern Biotech
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CHAPTER 3
BACTERIAL ISOLATION, CELLULAR CHARACTERIZATION,
AND PRODUCTION OF SHORT CHAIN FATTY ACIDS IN
MONOCULTURES AND INTER-SPECIES INTERACTIONS

3.1 Introduction

Bacterial isolation and culture have been standards of microbiological sciences for
over a century. However, until quite recently, our understanding of the vast diversity of the
bacteria colonizing the human gut has been limited by culture techniques optimized for
aerobic, readily culturable bacteria. With the rise of genetic sequencing, the breadth of
unique bacteria colonizing the human body is now much better understood (6). The 16S
ribosomal subunit RNA is well conserved across all bacterial taxa, and variations in this
gene can be readily tracked to identify bacterial taxonomy and inter-species relationships.
Along with 16S rRNA sequencing, novel methods and materials for anaerobic bacterial
culture have provided new possibilities for the identification and isolation of specific
bacteria (7). In this chapter, | will discuss various in vitro culture methods used for whole
fecal bacteria, individual isolates, and two-species culture systems. We were able to
isolate a strain of A. caccae from human feces and culture this bacterium in a variety of
contexts to understand its growth, characteristics, and metabolic requirements. This laid

the groundwork for utilizing this isolate most efficiently as an LBP.

3.2 Isolation of a novel strain of A. caccae from the feces of a

healthy infant

A. caccae was previously identified by our laboratory as a beneficial member of the

healthy infant microbiota which protected against the development of allergic response to
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food in monocolonized mice (104). This work utilized the type strain A. caccae DSM
14662. To explore the therapeutic potential of this species as an LBP, we next isolated a
novel strain of this species from the feces of a healthy infant, as strain level differences
can be highly impactful. Additionally, the FDA has strict requirements for donor health and
history of any strains utilized for clinical development (177).

While A. caccae was shown to be more abundant in healthy infants than CMA infants,
it still was only prevalent at approximately 0.1% abundance in the healthy community
(104). So, strategies to isolate this species first relied upon increasing the relative
abundance of this bacterium. Antibiotics were used to deplete more abundant, fast-
growing bacteria from the feces in plated culture and to increase opportunity for A. caccae,
a relatively slow growing bacterium, to survive. Previous literature demonstrated that
ciprofloxacin increased the relative abundance of Clostridium Cluster XIVa, the cluster to
which A. caccae has been ascribed, in cultures of human feces (258). Other authors
utilized a combination of gentamycin, aztreonam, and colistin to increase the relative
abundance of Cluster XIVa (56). Here we tested both ciprofloxacin alone or the
combination of ciprofloxacin, gentamycin, aztreonam, and colistin (4-mix). The antibiotic
depletion and bacterial isolation strategy is shown in Fig. 3.1.

The fecal slurry of healthy donor 2 was chosen for isolation, as this infant had the
highest relative abundance of A. caccae of the 4 healthy donors (104). The fecal slurry,
or a pure culture of A. caccae DSM 14662, was spread on BHI agar plates containing no
antibiotics or the antibiotics listed above. All bacterial cultures took place at 37°C within
an anaerobic chamber. After 48h of growth, all plates had lawn growth, which was
scraped, resuspended in sterile PBS, and aliquoted into stocks containing 25% glycerol
and stored at -80°C. One stock was used for PCR and qPCR analysis of A. caccae
abundance. PCR with primers specific for the 16S rRNA sequence of A. caccae
demonstrated that two of the plates containing ciprofloxacin had substantial A. caccae

present to produce a visible band comparable to the pure culture control (Fig. 3.2a). gPCR
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validated these results and demonstrated that the two plates that produced PCR bands
contained 100-1000 times more A. caccae than the growth on control plates containing

no antibiotics (Fig. 3.2b).

Control

= Minimal A. caccae
%‘H@ — PCR plate  High abundance ‘

Ciprofloxacin growth A. caccae /V
@

) —_ Isolate colony and

Fecal slurry of streak for purity

healthy infant
® A caccae

Figure 3.1: Strategy used to isolate A. caccae from feces of a healthy infant | Fecal
slurries were spread on agar plates, some of which contained ciprofloxacin to deplete the
growth of competitive species. Full plate growth was then collected and PCR analyzed for
the presence/absence of A. caccae. Plate(s) which contained measurable A. caccae were
passaged again and individual colonies were isolated and analyzed.

It was expected that the combination of 4 antibiotics would be more effective than
ciprofloxacin alone, however no A. caccae was measured on any of the “4 mix” plates.
This may be due to the overall greater depletion of total bacterial growth on the “4 mix
plates”, and this combination of antibiotics may have been too toxic for growth to
overcome (Fig. 3.2c). The bacterial stocks from the plate culture of ciprofloxacin_D were
then spread on BHI plates containing no antibiotics in dilutions from 10-* to 108 to obtain
pure colonies, which were isolated and inoculated into CMG broth. Individual colonies
were passaged twice in CMG, stocks of the second passage were aliquoted and stored

in 25% glycerol at -80°C, as well as spread on BHI plates to confirm pure cultures.
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Figure 3.2: Abundance of A. caccae from growth of feces on antibiotic
supplemented media | a, PCR amplification of the 16S sequence specific to A. caccae
from plate growth of human fecal slurry on brain heart infusion (BHI) agar supplemented
with ciprofloxacin (cipro) or a combination of four antibiotics (4 mix). Each row represents
the total growth obtained from a single culture plate. b, gPCR analysis of A. caccae
abundance from the same samples shown in a. c, Total bacterial abundance (copies 16S)
from plate culture growth measured by qPCR. A. c: A. caccae DSM 14662 positive control.

PCR with A. caccae-specific primers confirmed that isolate 66 (a and b represent 2
colonies picked from the final passage to confirm purity of the isolate) were identified as
A. caccae (Fig. 3.3a). Stocks of the colony 66a were submitted for whole genome shotgun
sequencing by CosmosID™, which confirmed that the isolate (66a Rep 1) had greater
than 98.5% sequence identity to other A. caccae type strains, meeting the cutoff to be
considered an isolate within this species (Fig. 3.3b).
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Legend: | Above species cutoff (>95%) [ Below cutoff (<95%) ] | Suspicious alignment

Anaerostipes hadrus 2789STDY560886

Anaerostipes caccae DSM 14662
Anaerostipes sp. AF04-45
Anaerostipes caccae 3256FAA
Anaerostipes sp. BG01
Anaerostipes rhamnosivorans 1y2
Anaerostipes hadrus BPB5
Anaerostipes sp. 494a

+|66a Rep 1

66a Rep 1

Anaerostipes caccae DSM 14662| 98.7
Anaerostipes sp. AF04-45)| 98.77 | 98.65

Anaerostipes caccae 3256FAA| 98.67 | 98.56 | 99.55
Anaerostipes sp. BG01| 92.77 | 92.77 | 92.67 | 92.65

Anaerostipes rhamnosivorans 1y2| 84.71 | 85.05 | 84.96 | 84.85 | 86.48
Anaerostipes hadrus BPB5| 83.98 | 84.27 | 84.16 | 86.19 | 84.41 | 84.66
Anaerostipes sp.494a| 84.45 | 85.73 | 84.75 | 84.58 | 84.84 | 86.35 | 84.85

Anaerostipes hadrus 2789STDY5608868 | 84.44 | 85.36 | 84.1 | 86.09 | 84.6 |85.58 | 98.69 | 84.92
Anaerostipes hadrus DSM 2219|8449 | 84.57 | 84.2 |84.18 | 84.87 | 84.31 | 98.61 | 8443 | 98.8

98.78 | 98.68 | 92.77 | 84.7 | 84.04 | 84.47 | 84.45
98.64 | 98.58 | 92.76 | 85.05 | 84.27 | 85.73 | 85.37
* |99.55|92.66 | 84.97 | 84.15 [ 84.74 | 84.1
* 92.65 | 84.85 | 86.19 | 84.57 | 86.09 | 84.18
* 86.48 [ 84.41 | 84.83 | 84.52 | 84.87
* | 84.66 | 86.35 | 85.58 | 84.25
4 84.8 | 98.69 | 98.61
* 84.98 | 84.49
* 98.8

©
'@
~

g g 5 Anaerostipes hadrus DSM 2219

Figure 3.3: Identification of colony isolate 66 as a novel strain of A. caccae | a, PCR
amplification of the 16S sequence specific to A. caccae from isolated colonies. b,
Sequence identity between whole genome of isolate 66a compared to closest related
species. Cutoff (95%) refers to genetic similarity required to consider two isolates unique
strains of the same species. Whole genome shotgun sequencing of the 66a isolate was
performed by CosmosID.

Our isolate contains approximately 20 single nucleotide polymorphisms (SNPs) unique
from the other two characterized type strains within a ‘core genome’ of conserved
sequences between related organisms (Fig. 3.4). A SNP tree generated from this core

genome associated our isolate with other strains of A. caccae (Fig. 3.5). Together this
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evidence led us to conclude that we had isolated a pure, novel strain of A. caccae, herein

referred to as A. caccae LAHUC. In the time since this initial short-read shotgun

sequencing was performed, long-read sequencing has become more available and allows

for the analysis of a closed genome of bacterial isolates. Future work will sequence A.

caccae LAHUC with this new technique to analyze differences between this strain and

other type strains in specific genes across the entire genome. Unless otherwise noted, all

further experiments utilize this strain. With a healthy-infant derived strain in-hand, it was

necessary to further characterize this isolate. Understanding the metabolic requirements,

optimal growth conditions, and cellular properties of our isolate was critical for optimizing

its production and administration for further clinical development.

[ w o (=] wn
[eo] @ o] )] (=2
=] @ < < <
o o (32 © (3]
©o © Q o @ ~
o 12 w o] w wn -
© > > > > > =) =
3| g Bl gl Bl Bl gl g :
| a| 9| o o a| @ & & ©
sl 2| 2| 2 | 2| 2| Z| 2| ¢ © @
o 2] ~ ~ ~ ~ ~ 7] w 2 hi o
® =] o~ ™ ™~ o~ [V [a] o 4] @ © < oy m
[ ) w Py ) ) ® 7y ® g < o e 3 @
® 8 2 2 2 2 2 2 2 £ & 4 <| @ 2
o o k] k] hs] o k=] o o o : ! X X o
8 8 2 2 2| 2| 2| & 2| €| & & & & 2
w w 2] w w w 0w 0w w w w w 0w 0w w
[ Q [ ] Q 1} [ Q 1] @ @ Q ] [} [}
- 2 a a2 a a2 a2 53 a a2 2 =3 a 2 a a2
al @ @ B @ 3 D @ @ ® @ @ ] @ @ @
) e <] e 2 = e e e = e 1< e 2 2 e
o E @ ] Q @ 4] [ 4] ] Q @ [ ] o @
] @ @ © @ @ (] [ @ @ [u] @ ] © 0] 0]
[7¢] = c c c c = C c c = c c c c c
© < < < <T < < < < < < < < < < <<
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Anaerostipes caccae 3256FAA| 25 0] 28| 328| 213| 212| 228| 237| 209| 221 145 388 301 6 91| 152
Anaerostipes caccae DSM 14662] 22| 28 0 332] 213] 214| 230 241] 213| 223] 153] 390| 303 30| 105| 154
Anaerostipes hadrus 2789STDY5608830| 333] 328| 332 0| 222| 188] 196 206 186| 189 334| 422 335 326| 331 190
Anaerostipes hadrus 2789STDY5608868| 214 213 213| 222 0] 77] 99 104 80) 88| 211] 310] 232 211| 212 67
Anaerostipes hadrus 2789STDY5834860| 215] 212 214 188 77 0 54 67 491 47| 218] 313] 223] 210 211 62
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Anaerostipes hadrus DSM 3319| 214| 209| 213 186/ 80| 49| 57| 66 0] 58] 219 318 222] 207| 210 63
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Anaerostipes sp. AF04-45 27 6 30] 326) 211] 210] 226 235 207| 219 147| 388] 299 0 91| 152
Anaerostipes sp. BG01 100 91f 105| 331) 212| 211} 227 240 210{ 224) 155| 401] 301 91 0] 153
Anaerostipes hadrus BPB5| 155 152 154 190 67 62 80 91 63 75| 1s8] 273] 167 152 153 0
Figure 3.4: Single nucleotide polymorphisms between A. caccae LAHUC and

closely related organisms | Number of single nucleotide polymorphisms (SNPs)
identified between isolate A. caccae LAHUC and close relatives from whole genome
shotgun sequencing from CosmosID. SNPs were counted within a ‘core genome’ of
aligned sequences conserved across shown strains.
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— Anaerostipes hadrus PEL 85/1-926
|—_ Anaerostipes hadrus 2789STDY583460/1-926 0.10
Anaerostipes hadrus 2789STDY5834908/1-926

Anaerostipes hadrus 2789STDY5608830/1-926

Anaerostipes hadrus 2789STDY583459/1-926
Anaerostipes hadrus DSM 3319/1-926
—— Anaerostipes hadrus 2789STDY5608868/1-926

Anaerostipes sp.
494a 494a/1-926

Anaerostipes hadrus BPB5

Anaerostipes rhamnosivorans 1y2/1-926

— Anaerostipes sp. BG01 BG01/1-926
e Anaerostipes caccae 3 2 56FAA/1-926
Anaerostipes sp. AF04-45 AF04-45/1-926

Anaerostipes caccae_lahuc
Anaerostipes caccae DSM 14662 DSM 14662/1-926
Anaerostipes sp. 992a 992a/1-926

Figure 3.5: Genetic relatedness tree of A. caccae LAHUC and closely related
organisms | SNP distance was used to generate a relationship tree of A. caccae and
other organisms. Work was performed by CosmosID.

3.3 Cellular Characterization of A. caccae LAHUC

Once our healthy infant-derived strain of A. caccae was isolated, we began
characterizing its growth and phenotype by various assays to optimize later experiments.
A. caccae is a strictly anaerobic Clostridia in the family Lachnospiraceae and has also
been assigned to the Clostridium Cluster XIVa (246, 247). Most initial cultures of A.
caccae were grown in CMG, a rich medium developed for Clostridia (Anaerobe Systems).
However, A. caccae demonstrates relatively fast growth in CMG, peaking in optical
density (OD600) and live cell counts (colony forming units, CFUs) within 8 hours of culture
(Fig. 3.6a). Stocks of secondary cultures of A. caccae LAHUC grown in CMG for 16 hours
were frozen at -80°C with 25% glycerol for long term storage. This freezing process
resulted in approximately a 2-log decrease in viable cell count after thawing (Fig. 3.6b).

Flash-freezing bacterial cultures in liquid nitrogen can improve cell viability of frozen
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stocks (272). However, this flash-freeze did not improve cell recovery of A. caccae LAHUC
after thawing (Fig. 3.6c). Some stocks of the flash-frozen bacteria were thawed within an
anaerobic chamber, and others were thawed while exposed to oxygen. This short-term
oxygen exposure (30min) did not further reduce the cell recovery (Fig. 3.6¢). Stocks from
the flash-frozen culture batch (approximately 150, 1mL vials) were stored at -80°C and

used for all downstream experiments.
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Figure 3.6: Growth and cellular enumeration of A. caccae LAHUC | a, Growth curves
of A. caccae LAHUC grown in CMG for 48h represented by optical density (ODsoo) and
live cell counts (CFU/mL). b, Viable cell counts (CFU/mL) of cultures of A. caccae grown
either directly after growth or following storage at -80°C in 25% glycerol. c, Viable cell
counts (CFU/mL) of A. caccae directly after growth or following flash-freezing in liquid
nitrogen before storage at -80°C in 25% glycerol. Samples were thawed for counting
within an anaerobic chamber or thawed for 30 minutes while exposed to oxygen within a
sterile field. Points represent biological replicates, bars represent mean * s.e.m.
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Antibiotic susceptibility of the strain was also characterized to determine which
antibiotics could be used to eliminate the strain in vitro or in vivo. Whole-genome
sequencing identified a tetracycline resistance gene in our isolate (Fig. 3.7a). To examine
antibiotic susceptibility in culture, A. caccae LAHUC was spread on BHI agar plates which
then were loaded with disks containing streptomycin, kanamycin, tetracycline, and
ampicillin. Ampicillin inhibited the growth of A. caccae LAHUC, as demonstrated by a wide
radius of inhibited growth around the antibiotic disk (Fig. 3.7b, c). Additionally, even
though A. caccae LAHUC possesses a tetracycline resistance gene, this antibiotic

inhibited growth although not to the extent of ampicillin (Fig. 3.7b, c).

a

Sample_ID Contig_IDJAMR Gene [RefSeq_ID |%ldentity | AMR gene length |Location of the|%Coverage |Antibiotic_Class

UChicago_66a [NODE_13|tet(32) |[EF626943 [98.125 [1920 64554..66473]100.0 tetracycline

b c

15+

10

Radius from disc to
growth (cm)

Figure 3.7: Antibiotic susceptibility of isolate A. caccae | a, Identification of antibiotic
resistance genes from isolate A. caccae LAHUC (UChicago_66a) from whole genome
shotgun sequencing from CosmosID ™. b, Radial distance from antibiotic disk to bacterial
growth as a measure of antibiotic susceptibility. ¢, Representative images of A. caccae
LAHUC growth on plates with antibiotic disks. Points represent biological replicates, bars
represent mean + s.e.m. AM: ampicillin, K: kanamycin, S: streptomycin, TE: tetracycline.

Various other characteristics of A. caccae were evaluated through in vitro cultures,
which are summarized in (Fig. 3.8). As expected, A. caccae LAHUC produces substantial

butyrate after culture in peptone yeast (PY) medium supplemented with glucose.
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Interestingly, our isolate produces similar levels or significantly more butyrate in this
medium than the two known type strains (Fig. 3.8a). We confirmed that this strain is spore-
forming and Gram positive from cell staining, and oxygen tolerance tests confirm that it is
a strict anaerobe (Fig. 3.8b, c¢). The Nagler laboratory has shown that indoles (metabolites
derived from tryptophan) and flagella (bacterial proteins used for motility) have distinct
roles in modulating the host immune system in vivo (69). A. caccae was cultured in PYG

containing 0.175% agar to test its motility.
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Figure 3.8: Summary of various cellular and metabolic characteristics of A. caccae
LAHUC | a, Butyrate concentration from A. caccae strains cultured in minimal peptone
yeast (PY) medium (-) or PY supplemented with glucose measured by HPLC UV-Vis. b,
Representative Gram stain of A. caccae LAHUC. c, Table of characteristics of A. caccae
LAHUC. d, Representative images of in vitro cultures demonstrate that A. caccae LAHUC
is not motile and does not produce indole. Points represent biological replicates, bars
represent mean + s.e.m. Statistics were analyzed by two-way ANOVA with Sidak’s
multiple comparisons test. ****P<0.0001.
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A primary culture of A. caccae LAHUC (or a consortium of murine-derived Clostridia) was
stabbed into a culture tube of low-percentage agar medium. While members of the
Clostridia consortium were able to spread throughout the medium, A. caccae was
confined to the inoculation site, demonstrating that it is non-motile (Fig. 3.8d). A. caccae
produces large amounts of gas during fermentation which form visible bubbles in the agar,
but these do not affect the motility assay. Kovac’s reagent was added on top of cultures
of A. caccae or the Clostridia consortium to detect the presence of indole in the media.
Kovac’s reagent undergoes a color change from amber to red in the presence of indole,
and the amber color atop the A. caccae culture demonstrates that this culture does not
produce indole (Fig. 3.8d). However, we do not yet have evidence as to whether A.

caccae LAHUC produces other indole-containing metabolites which may influence host

physiology.

These results led us to hypothesize that butyrate production may be the most likely
candidate for A. caccae’s immunoregulatory effect, as it does not produce other well-
known host-modulating molecules like indole or flagella. We therefore focused on
maximizing A. caccae’s ability to produce butyrate in vitro and in vivo to optimize its

therapeutic efficacy as an LBP.

3.4 Analysis of butyrate production by A. caccae LAHUC in

monoculture

As discussed above, A. caccae LAHUC produces comparable or greater butyrate
concentrations in vitro than commercially available A. caccae type-strains. We also
evaluated its butyrate production against other bacteria using Ruminococcus bromii, a
non-butyrate producing Clostridia, as a control. Bacterial isolates (A. caccae and R.
bromii) or a consortium of murine-derived Clostridia were cultured in PY or PYG media.

As expected, both A. caccae LAHUC and R. bromii grew to a higher optical density in
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PYG than PY, and more acetate accumulated in these cultures from the fermentation of
glucose (Fig. 3.9a, c). However, A. caccae produced substantially more butyrate than
both R. bromii and the Clostridia consortium in PYG (Fig. 3.9b). This may be due to the
fact that the consortium contains many bacterial species competing for growth, some of
which do not produce butyrate. However, we still confirm that A. caccae produces high

levels of butyrate in comparison to other Clostridia.
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Figure 3.9: Growth and butyrate production in vitro from various Clostridia | a,
Growth measured by optical density (OD600) of various bacteria after 48h in peptone
yeast (PY) media alone or supplemented with 10mg/ml glucose. b, c, Butyrate (b) or
acetate (c) accumulation in culture supernatants measured by HPLC UV-Vis. Points
represent biological replicates, bars represent mean + s.e.m.

To determine which carbon sources result in the greatest growth and butyrate
production, A. caccae LAHUC was grown in PY media supplemented with various
carbohydrates (glucose, sucrose, lactose, trehalose, cellobiose, or potato starch) (Fig.
3.10a). As previously shown, A. caccae LAHUC produced high concentrations of butyrate
in media supplemented with glucose (Fig. 3.10b). Interestingly, A. caccae exhibits even
higher growth and butyrate production from sucrose-supplemented media. Not all bacteria
are similarly capable of consuming sucrose, and rarely is it comparably utilized to glucose.
A. caccae was also able to consume lactose, but butyrate production was negligible. A.
caccae was not able to grow or produce butyrate from trehalose, cellobiose, or potato

starch. It was shown that the ability to consume trehalose may be a genetic signature of
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pathogenic strains of C. difficile (273) and, as expected, A. caccae LAHUC does not seem

to possess this trait.

a ook b
201 6000
P=0.063
1
E 1.5 °® o
5 es®
S < 4000
:
- @ [ ]
o 1.0 §
= 2 @
S es @ 2000- 5
O 0.5 @0
I——El %@. |_“:_] m N - =
0.0 ITI T T T [jlllrﬂ' 0 R T |f|l||[||
. @ @ @ L& & XN C @ @ @ @ @ X
\)005.) éO% c}o"o ,b\o‘b 0\0% %\{8\0 \})oo‘b 0(}06 fb\o‘b ‘(\rb\()% ob\d"o %\,b.\o
S ¥ P «\?}\ C)Q}\o O @ V(@ P

Figure 3.10: A. caccae grows and produces butyrate from simple sugars but not
other carbon sources | a, Growth measured by optical density (OD600) of A. caccae
after 48h culture in PY alone (-) or supplemented with 20mg/ml of various carbon sources.
b, Butyrate accumulation in culture supernatants measured by HPLC UV-Vis. Bars
represent mean * s.e.m. of 2-6 biological replicates pooled from 2 independent
experiments. Statistics analyzed by one-way ANOVA with Tukey’s post-hoc test. **P <
0.01, ***P<0.001, ****P < 0.0001 versus PY (-) control.

3.5 Invitro mucus consumption

Most butyrate-producing Clostridia are not able to readily colonize GF animal hosts
(274). This is thought to be due to their dependence on cross-feeding with other species
to break down dietary fiber and create a metabolic niche for these secondary fermenters
(274). However, our previous publication demonstrated that A. caccae readily colonized
GF mice and mimicked the protective effect of the replete healthy microbiome to prevent
an allergic response to a food antigen (104). This ability of A. caccae to colonize GF mice

led us to question what it was utilizing as a carbon source in that environment.
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Some bacterial taxa are capable of consuming host colonic mucus as a food source.
The most notable of these taxa is Akkermansia, originally thought to be a pathobiont but
more recently associated with health in a variety of disease contexts (275-277). Bacterial
consumption of mucus can in some cases trigger mucus production, initiating a feed-
forward loop and improving barrier integrity overall (278). It has been shown that the
glycosylation of mucus can depend greatly on immune signaling, and that differential
glycosylation can affect the ability of bacteria to consume the mucus (264). A report from
Nagao-Kitamoto et al. treated mice with a neutralizing antibody against IL-22, a barrier-
regulating cytokine, which altered mucus production and glycosylation patterns (264). In
untreated mice, a mucus-consuming bacterium Phascolarctobacterium faecium was able
to slow the progression of lethal C. difficile infection. However, anti-IL-22 treatment
reduced P. faecium’s ability to colonize and prevented its protective effect (264).

To determine if A. caccae was able to consume murine mucus, and if differences in
glycosylation could affect this, we collected colonic mucus from SPF mice for in vitro
cultures as described in Chapter 2. We chose to collect mucus from Cd11C¢eMyd88f/f
mice since we have demonstrated that these mice have reduced ability to produce IL-22
compared to Myd88 littermates (Fig. 3.11a) (69). Cd11CcMyd88" " mice lack the ability
to signal through pattern recognition receptors which rely on MyD88 in their CD11c* cells,
predominantly antigen presenting cells (APCs). This lack of activation in the APCs leads
to reduced production of immune-activating cytokines such as IL-23, which signals to
other local cell types such as ILC3s to produce IL-22. We predicted that this reduction in
IL-22 might have an effect similar to the neutralizing antibody to IL-22 (264) in altering the
mucus structure.

Colonic mucus from these mice was isolated and added to PY medium, which was
used to grow a P. faecium type strain or A. caccae LAHUC. P. faecium requires succinate
to grow, so succinate was also supplemented in all P. faecium cultures (PYS) (279). P.

faecium exhibited significantly increased growth in media containing mucus from Myd88f/
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mice but not Cd11C¢eMyd88" littermate controls (Fig. 3.11c), mirroring previous studies
(264). This increase in optical density was not due simply to the presence of mucus, as

blank media containing each source of mucus had identical optical densities (Fig. 3.11b).
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Figure 3.11: Commensal bacteria consume colonic mucus from IL-22-sufficient
mice | a, IL-22 secreted from ileal ex vivo explants of Myd88"" or Cd11C¢"® Myd88"" mice
measured by ELISA. b, Optical density of PY medium supplemented with colonic mucus
in the absence of bacteria. Mucus was obtained from SPF Myd88"f or Cd11C¢"® Myd88
mice. c, d, Bacterial growth measured by optical density (OD600) of P. faecium (c) or A.
caccae (d) after 48h in vitro culture with or without colonic mucus. e, Viable cell count
(CFU/mL) of A. caccae LAHUC from cultures in (d). Points represent biological replicates,
bars represent mean * s.e.m. Statistics are analyzed by student’s t test (a) or one-way
ANOVA with Tukey’s post-hoc test (c-e). *P < 0.05, ****P< 0.0001.

Strikingly, A. caccae exhibited increased growth (OD600) in media containing mucus
from both Cd11C¢Myd88"" and Myd88"" mice (Fig. 3.11d). This growth was greatest in
media containing the mucus of Myd88"" (IL-22 sufficient) mice. CFU counts also
demonstrated a modest increase in A. caccae cell number with only the mucus of Myd88f/f
mice (Fig. 3.11e). Additional experiments could examine growth of P. faecium or A.
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caccae in media supplemented with commercially available mucins, as these colonic
mucus preparations could contain other compounds. This preliminary data suggests that
A. caccae may be able to consume murine mucus, a trait that would help to explain its
ability to readily colonize GF mice. Further experiments in Chapter 4 will examine whether
monocolonization with A. caccae affects host mucus production.

3.6 Cross-feeding between A. caccae LAHUC and Ruminococcus

bromii results in terminal butyrate production from non-soluble starch

Butyrate is commonly described as the end-product of fiber fermentation; however, it
should be clarified that the digestion of fiber is a multi-step process often carried out
cooperatively by multiple different bacteria (178). These inter-species cross-feeding
processes have been well described, and many bacterial taxa can be considered ’primary
degraders’, breaking down large polysaccharides via the production of carbohydrate
active enzymes (CAZymes) (189, 280). Other species are 'secondary fermenters’, utilizing
intermediate metabolites produced from the primary-stage digestion and converting them
into smaller carbon byproducts (248). A. caccae is a classic example of a secondary
fermenter — producing very few CAZymes itself, it relies on smaller sugars and
metabolites, namely lactate and acetate, to grow and produce butyrate in vivo (247).
Knowing this, we predicted that A. caccae may also be able to cross-feed with other
members of the fecal microbiota, including acetate-producing primary degraders such as
R. bromii.

As described above, R. bromii is an efficient consumer of potato starch and other
starches in the human diet, while A. caccae is not able to metabolize these large
carbohydrates (187— 189). We predicted that A. caccae would, however, be able to utilize
acetate derived from R. bromii’'s consumption of starch to produce butyrate. A. caccae
and R. bromii were grown in PY alone or supplemented with nonsoluble potato starch or

glucose. The two species were grown either in monocultures or co-cultures with
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approximately equal cell densities. As predicted, all 3 bacterial groups (A. caccae, R.
bromii, or the co-cultures) exhibited growth in PYG, which is used as a positive control,
but only cultures that contained A. caccae (not R. bromii alone) also contained butyrate
(Fig. 3.12a, c¢). R. bromii monocultures grew and produced acetate from both starch and
glucose to similar extents, but there was little to no acetate detected in co-cultures,
potentially due to consumption by A. caccae (Fig. 3.12b). Notably, high concentrations of
butyrate were produced from R. bromii / A. caccae co-cultures supplemented with potato

starch (Fig. 3.12c), showing that we can foster bacterial cross-feeding relationships in

vitro.
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Figure 3.12: Co-cultures of A. caccae and R. bromii produce butyrate from potato
starch | a, Growth measured by optical density (OD600) of A. caccae, R. bromii, or co-
cultures after 48h culture in minimal PY media supplemented with 10mg/ml potato starch
or glucose. b, ¢ Acetate (b) and butyrate (c) accumulation in culture supernatants

measured by HPLC UV-Vis. Points represent biological replicates, bars represent mean
+s.e.m.

Because A. caccae was able to produce butyrate in co-cultures with R. bromii in starch-
supplemented media, we next sought to determine whether A. caccae could grow and
produce butyrate from degraded starch products only, without R. bromii present. To test
this, we set up a two-stage culture system. First, R. bromii was cultured in PY-Starch
medium for 48h. These cultures were then spun down to pellet cells, and the supernatant
was sterile filtered. A. caccae was then inoculated into PY media containing glucose,
intact starch, a 1:1 mixture of fresh PY and the degraded starch media, or the spent
medium alone. The controls replicated previous experiments and confirmed that A.

caccae grew and produced butyrate from glucose but not PY alone or PY-Starch.
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However, A. caccae was able to grow and produce butyrate from the degraded starch,
either in the 0.5X or 1X concentrations (Fig. 3.13a, b). We predicted that the 1X degraded
starch media would not support growth, as R. bromii would potentially have utilized other
components of the media besides starch that would be necessary for growth. However
even without the addition of fresh media, A. caccae grew and produced high levels of

butyrate.
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Figure 3.13: A. caccae grows and produces butyrate from degraded potato starch |
a, Growth measured by optical density (OD600) after 48h culture of A. caccae in minimal
PY media supplemented with 10mg/ml glucose, 10mg/ml potato starch, or degraded
starch. R. bromii was previously cultured for 48h in PY plus potato starch to perform initial
degradation, then culture supernatant was sterile filtered and mixed 1:1 with fresh PY
media (degraded starch, 0.5X) or used directly as culture media for A. caccae (1X). b,
Butyrate accumulation in culture supernatants measured by HPLC UV-Vis. Points
represent biological replicates, bars represent mean * s.e.m.

We then repeated this two-step sequential culture with a broader panel of complex
carbohydrates including potato starch, amylopectin, inulin, and corn starch (Fig. 3.14). As
previously, R. bromii was cultured in PY media containing 10mg/ml of the stated
carbohydrate, then the culture supernatant was collected, sterile filtered, and used as

growth media for A. caccae. Again, A. caccae grew and produced butyrate from the
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degraded (‘d’) potato starch (Fig. 3.14a, b). A. caccae grew significantly utilizing the
degraded amylopectin but did not produce substantial butyrate from amylopectin or inulin.
These results may either indicate incomplete digestion of amylopectin and inulin by R.
bromii or an inability of A. caccae to use intermediate products from these sources. A.
caccae produced very high levels of butyrate from corn starch, however corn starch is not

a true prebiotic for use in vivo because it is also broken down by human digestive

enzymes.
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Figure 3.14: A. caccae grows and produces butyrate from various degraded
starches and fibers | a, Growth measured by optical density (OD600) after 48h culture
of A. caccae in PY medium (-) alone or supplemented with various carbohydrates, either
neat or previously degraded. R. bromii was cultured for 48h in PY with various fibers, then
culture supernatants containing degraded products ('d’) were sterile filtered and used
directly as growth media for A. caccae. b, Butyrate accumulation measured by HPLC UV-
Vis. Bars represent mean * s.e.m., points represent biological replicates pooled from 3
independent experiments. Statistics analyzed by one-way ANOVA with Tukey’s post-hoc
test. **P<0.01, ***P<0.0001 versus (-) control.

Together this demonstrates that sequential cross-feeding relationships between A.
caccae and R. bromii effectively allows terminal butyrate production from complex starch.
By digesting large starches into acetate and smaller sugars, R. bromii produces
carbohydrate products that can be fermented by A. caccae into butyrate. We next sought
to determine whether these same relationships could be formed in a more complex, multi-

species culture system.
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3.7  Analysis of butyrate production by A. caccae LAHUC in

co-cultures with fecal bacteria of an allergic infant

While we are interested in how A. caccae behaves in monoculture, we also wanted to
understand how inter-species interactions could be manipulated to ensure that A. caccae
would be able to grow and produce butyrate in the environment of a microbially replete
host. Common prebiotics or dietary fibers are not directly accessible to A. caccae for
consumption, but these products transit to the distal gut more readily than small
metabolites. We therefore set up in vitro co-culture systems to examine butyrate
production from various carbon sources in multi-species environments. These co-culture
systems allowed analysis of cross-feeding between A. caccae and fecal bacteria utilizing
various prebiotics which we predict would either transit successfully to the distal Gl tract
or provide the necessary metabolites for A. caccae’s production of butyrate.

Primary cultures of A. caccae LAHUC or a fecal slurry from a CMA infant were
inoculated into PY supplemented with various carbon sources in mono-cultures or
cocultures. Commonly used prebiotics including short chain fructoooligosaccharides
(scFOS), cellobiose, and potato starch as well as a human milk oligosaccharide
2’fucossylactose (2'FL) and the sugar alcohol myo-inositol were examined for production
of terminal butyrate in monocultures and co-cultures. A. caccae LAHUC produced high
concentrations of butyrate from scFOS in monoculture, but none of the other prebiotics,
as expected (Fig. 3.15). Interestingly, very little butyrate was produced from scFOS in the
CMA culture, but very high levels were produced in the A. caccae / CMA co-cultures,
suggesting that A. caccae is likely successfully competing for sScFOS consumption within
the CMA community. Overall, none of the tested prebiotics significantly increased butyrate
in the CMA culture, potentially due to an overall lack of butyrate producing bacteria in this

community. Neither 2’FL, myo-inositol, or cellobiose increased butyrate concentration in
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the A. caccae/CMA co-cultures. The only “traditional” prebiotic that increased butyrate
(although not significantly) was potato starch, which is explored in further experiments.
This mirrors the previous experiments which showed that A. caccae cross-feeds with R.
bromii to consume potato starch and may suggest that several species could act as

primary degraders of potato starch.

I
A. caccae Co-Culture

Figure 3.15: Butyrate production from various prebiotics in complex culture | A.
caccae LAHUC and a fecal slurry from a cow’s milk allergic infant (CMA) were cultured
alone or together (co-culture) in peptone yeast media (-) supplemented with 10mg/ml of
various prebiotics. After 48h, butyrate was measured in culture supernatants by HPLC
UV-Vis. Bars represent mean * s.e.m., points represent biological replicates pooled from
2 independent experiments. Statistics are analyzed by two-way ANOVA with Kruskal
Walllis post-hoc test comparing against the PY (-) group within each culture condition. *P
<0.05, *P < 0.01, **P < 0.001, ****P < 0.0001.
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Interestingly, while A. caccae does not produce butyrate from myo-inositol, this
glucose-like sugar alcohol is available for its direct consumption and metabolism. While
A. caccae produces high levels of butyrate from glucose (and most other tested
metabolites), it instead produces very high concentrations of propionate from myo-inositol
(Fig. 3.16). This has recently been reported in the literature as a unique trait of

Anaerostipes species, including A. caccae (281), and is explored further in Chapter 4.
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Figure 3.16: A. caccae produces propionate from myo-inositol in vitro | A. caccae
LAHUC and a fecal slurry from a cow’s milk allergic infant (CMA) were cultured alone or
together (co-culture) in peptone yeast media (-) or supplemented with 20mg/ml of glucose
or myo-inositol. Butyrate concentration (a) and propionate concentration (b) were
measured in culture supernatants by HPLC UV-Vis after 48h culture. Bars represent mean
+ s.e.m., points represent biological replicates pooled from 3 independent experiments.
Statistics are analyzed by two-way ANOVA with Kruskal Wallis post-hoc test comparing
against the PY (-) group within each culture condition. **P < 0.01, ***P < 0.001, ****P <
0.0001.

From these studies, we concluded that potato starch was the most promising prebiotic
to increase butyrate in vivo. This will be further discussed in Chapter 4. However, in
addition to these classical prebiotics, we explored prebiotics that could be more specific

to A. caccae and its metabolic needs, specifically its ability to utilize lactate.

3.8 Lactate / acetate utilization

As described above, Anaerostipes species utilize lactate/acetate conversion to
produce butyrate (248, 282). Availability of lactate directly correlates with butyrate
production by A. caccae in vitro (63). Lactate utilization is not particularly common among
Clostridia (247), so we predicted that lactate may be an ideal prebiotic to increase the
metabolic opportunity of A. caccae, uniquely. First to confirm A. caccae’s ability to produce
butyrate from intermediate metabolites, we cultured A. caccae in lactate, acetate, or the
combination as previously published (282). As expected, A. caccae exhibited significantly

increased growth in media supplemented with lactate or acetate compared to the PY
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control (Fig. 3.17a). However, butyrate only significantly increased in media
supplemented with both lactate and acetate, demonstrating the necessity of both
metabolites together for butyrate production (Fig. 3.17b). Clark et al. used a high-
throughput in vitro culture system to characterize butyrate production by A. caccae and
other species. This work showed that in the presence of simple sugars, A. caccae
undergoes more rapid growth but produces relatively less butyrate, but with higher
concentrations of acetate and lactate available, relatively more butyrate is produced per
cell (63). A prebiotic that makes lactate available in the lower gut would be the ideal

candidate for further study.
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Figure 3.17: A. caccae produces butyrate from the combination of lactate and
acetate | a, Growth measured by optical density (OD600) of A. caccae cultured for 48h in
minimal peptone yeast media (-) supplemented with 40mM lactate, 33mM acetate, or the
combination (282). b, Butyrate accumulation in culture supernatants measured by HPLC
UV-Vis. Bars represent mean + s.e.m., points represent biological replicates pooled from
2 independent experiments. Statistics are analyzed by one-way ANOVA with Tukey’s
post-hoc test. *P < 0.05, *P < 0.01, **P < 0.001, ****P < 0.0001 versus PY (-) control.

3.9 Lactulose is a butyrate-potentiating prebiotic via lactate/acetate

conversion and bacterial cross-feeding

To create opportunity for lactate-mediated cross-feeding, we utilized lactulose as a
prebiotic. Lactulose is a synthetic disaccharide known to be broken down by lactic acid

bacteria and Bifidobacteria, releasing large amounts of lactate and acetate in the colon
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(253) (Fig. 3.18a). Lactulose is clinically used as a laxative, but at lower doses it has been
studied as a prebiotic which shapes the composition of the fecal microbiota (256).
Previous literature has demonstrated that in addition to increasing lactate, lactulose can
increase butyrate and the relative abundance of Anaerostipes in an in vitro culture system
of human fecal bacteria (254). Others have shown that lactulose administration ad libitum
in water increases lactate and the relative abundance of Bifidobacterium in mice, along
with a modest increase in butyrate and the relative abundance of Clostridium Cluster XIVa
(257). We predicted that in combination with A. caccae LAHUC, lactulose would increase

butyrate in our system by providing lactate and acetate.
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Figure 3.18: Lactulose increases butyrate and acetate concentration in cocultures
of A. caccae and infant fecal bacteria | a, Diagram of bacterial cross-feeding for
breakdown of lactulose into butyrate. b, Growth measured by optical density (OD600) of
A. caccae monocultures grown for 48h in minimal peptone yeast media (-) supplemented
with lactate and acetate, lactulose, or glucose. c, d, Butyrate (c) and acetate (d)
accumulation in culture supernatants measured by HPLC UV-Vis. e, Lactate accumulation
in culture supernatants measured by enzymatic Lactate Assay (Sigma). Points in b
represent biological replicates pooled from 2 independent experiments. In c-e, points
represent biological replicates, bars represent mean + s.e.m. pooled from 3 independent
experiments. Statistics are analyzed by one-way ANOVA Tukey’s post-hoc test (b) or two-
way ANOVA (c-d) with Sidak’s post-hoc test. *P < 0.05, *P < 0.01, **P < 0.001, ***P <
0.0001 versus PY (-) control.
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Although lactulose is a small disaccharide, A. caccae does not produce the enzyme(s)
necessary to break apart the two sugars and utilize them as a carbon source, resulting in
no growth from lactulose in monoculture (Fig. 3.18b). We then utilized the A. caccae /
CMA fecal slurry co-culture system previously described to examine potential cross-
feeding. Neither A. caccae LAHUC nor the CMA fecal bacteria produce significant
butyrate from lactulose in separate cultures (Fig. 3.18c). However, when cultured together
there was a significant increase in butyrate, as well as a modest increase in lactate (Fig.
3.18c, e). Acetate was readily available in all cultures containing CMA bacteria (CMA and
co-culture), so acetate is not predicted to be a limiting factor in this system (Fig. 3.18d).
Lactulose will be explored further in vivo as a tool to increase butyrate in mice with

dysbiotic microbiota.

3.10 Manufacturability and long-term stability

To determine whether A. caccae may be viable as a clinical product, we examined
whether our isolate was amenable to storage as a lyophilized powder or to scale-up
culture production. For initial lyophilization studies, A. caccae was grown in CMG medium
for 48h, then cells were pelleted and resuspended in various preservation solutions (10%
sucrose or R18 solution) (Fig. 3.19a). After fully freezing these solutions at -80°C in glass
ampules, the cells were lyophilized to a powder form and stored at RT on the bench top
for up to 1 year. Secondary cultures of these lyophilized stocks at various timepoints
confirmed substantial growth in CMG medium and lack of contamination by PCR with A.
caccae-specific primers (Fig. 3.19b, c).

We then partnered with Rise Therapeutics, a contract manufacturing organization
(CMO), for large-scale culture of our A. caccae isolate. We provided frozen stocks of A.
caccae LAHUC grown in animal product free (AF) tryptic soy broth (TSB), a medium which

is suitable for clinical use. The team at Rise then used these stocks to inoculate two
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sequential starter cultures in 50mL, then 150mL of AF-TSB, respectively before beginning

2L production in an anaerobic bioreactor (Fig. 3.20a, b).
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Figure 3.19: Process of lyophilizing A. caccae LAHUC and long-term stability | a,
Lyophilization process. Cultures of A. caccae LAHUC in were reconstituted in
cryopreservatives, aliquoted into glass ampules, flash frozen at -80°C, and vacuum dried
using a lyophilizer. b, Growth of lyophilized A. caccae after various storage lengths at RT.
Lyophilized stocks of A. caccae, or cryopreservative controls, were inoculated into CMG
media and grown for 48h in an anaerobic chamber. Turbidity of cultures confirms growth.
¢, PCR of secondary cultures of lyophilized A. caccae (or cryopreservative, R18 control)
using A. caccae specific primers.
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In the 2L batch fermentation, the growth peaked at an optical density of approximately
6.0 after 6 hours of culture (Fig. 3.20c). The 2L culture was carried out for a total of 8h

before the cells were removed and lyophilized. The lyophilization batch yielded a total of

88



43.84g of powder, which was aliquoted into glass vials with rubber stoppers and stored
for further experiments. This project demonstrated that A. caccae LAHUC can be readily
cultured in a clinically permissible medium at large volumes and yield a final product with
high cell viability. We predict that A. caccae could feasibly be produced at scale as a

clinical product, indicating more promise for further translation.

Lyophilization
Batch Yield

43.84g

Growth (OD600)
»H
1

Time (hours)

Figure 3.20: Scale-up production and manufacturing of A. caccae LAHUC | a,
Workflow of culture scale-up to 2L batch fermentation performed by RISE Therapeutics.
b, Representative images from various culture stages. ¢, Growth (measured by optical
density, OD600) over hourly timepoints during 2L batch fermentation. d, Lyophilization
batch yield. A. caccae cells obtained from 2L batch fermentation were lyophilized,
resulting in 43.84g of cellular material.
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3.11 Conclusion

Human fecal bacteria are complex, diverse and, their metabolic capabilities and
interactions are only beginning to be understood. New techniques for in vitro anaerobic
culturing opened doors to understanding basic characteristics of various bacteria. This
chapter outlines our work in isolating a low abundance, relatively slow-growing species
from the complex fecal community of a healthy infant. We characterized many aspects of
our isolate, A. caccae LAHUC, from its genome and using basic microbiological
techniques. Further studies examined and optimized its ability to produce butyrate, since
we predict that butyrate production will be closely linked to this species’ immunoregulatory
function in vivo. We confirmed previous knowledge that A. caccae must be paired with
other species to convert large polysaccharides into butyrate, utilizing either the single
species R. bromii or a fecal slurry from a CMA infant. While we demonstrated that many
prebiotics could be paired with A. caccae in vivo, we choose to focus on lactulose, since
this prebiotic seemed most promising in its ability to make lactate available in the lower

gut.
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CHAPTER 4
BACTERIAL REGULATION OF EPITHELIAL BARRIER
FUNCTION

4.1 Introduction

The intestinal lumen is a constant source of immune-stimulating antigens, both food-
derived and microbe-derived. A single layer of intestinal epithelial cells (IECs) acts as the
barrier between the luminal contents and the underlying intestinal lamina propria (LP).
This epithelial layer is composed of diverse cell types which must be carefully controlled
and constantly replenished, must retain integrity as a physical barrier via inter-cellular
connections and other means, and sense and respond to stimuli from the lumen and the
LP (118). Some of the ways in which commensal bacteria can impact intestinal barrier

function will be explored in this chapter.

4.2 Monocolonization with A. caccae and oral administration of myo-

inositol alters SCFA and mucus production in the colon

Previous work from our laboratory demonstrated that A. caccae (strain DSM 14622)
can monocolonized GF mice and protected against allergic responses to food (104). Many
obligate anaerobes are not able to persist in GF mice without prior introduction of another
species to generate an anaerobic environment to provide a niche for these organisms
(274). This is particularly true of secondary fermenters like A. caccae, which are not able
to degrade complex dietary fibers; small, accessible sugars like glucose are largely
consumed in the proximal gut and exist at low concentrations in the colon (274). In the
previous chapter, we presented data which suggests that A. caccae may be able to

consume colonic mucus to grow in vitro (Fig. 3.11), like other butyrate-producing
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members of Clostridium cluster XIVa (283). This led to the hypothesis that A. caccae may
also consume mucus in monocolonized mice in the absence of another carbon source.
There are not many carbon sources that could be orally administered, transit to the colon,
and be readily consumed by A. caccae. However, we showed that A. caccae can
metabolize myo-inositol in monoculture, a glucose-like sugar alcohol (Chapter 3). Unlike
glucose, myo-inositol is not metabolized by the host and readily transits to the distal colon.
We thus examined whether A. caccae consumes mucus in monocolonized mice, with or
without additional myo-inositol. In vitro, A. caccae produces large quantities of butyrate
from glucose, but switches its metabolic profile in the presence of myo-inositol to produce
propionate (Fig. 3.16). However, these dynamics have not yet been studied in vivo. We
hypothesized that administration of myo-inositol would increase luminal levels of
propionate, but not butyrate, in vivo.

GF mice were colonized at weaning with a single gavage of A. caccae LAHUC or
sterile media as a control. Mice were housed in a positive-pressure housing gnotobiotic
rack system for one week, during which time they received standard food and either
standard water or water plus 10g/L myo-inositol. A single gavage of A. caccae was
sufficient to colonize all mice, maintaining high abundance in the feces seven days later
(Fig. 4.1a). GF mice have distended cecal morphology due to excess water accumulation
in the absence of fiber digestion, and A. caccae monocolonization is not sufficient to
reverse this morphology. SCFAs were quantified per weight of cecal contents, since all
groups had similar weight and water content in the cecum. A. caccae produced minimal
butyrate and no propionate in monocolonized mice, which was at or near the limit of
detection (Fig. 4.1b, c). However, administration of myo-inositol in the water significantly
increased cecal butyrate compared to both GF and A. caccae-monocolonized controls
(Fig. 4.1b). Myo-inositol feeding additionally increased propionate in the cecum to
measurable, albeit low, quantities (Fig. 4.1c). We had predicted that myo-inositol would

increase luminal propionate but not butyrate; however, myo-inositol increased both

92



SCFAs. No differences were observed in luminal acetate (Fig. 4.1d), an SCFA which is

produced by both colonocytes and bacteria.
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Figure 4.1: Treating A. caccae-monocolonized mice with myo-inositol increases
short chain fatty acids in cecal contents | GF mice were colonized at weaning with A.
caccae LAHUC by intragastric gavage, some received 10g/L myo-inositol in the drinking
water for the duration of the experiment. a, Abundance of A. caccae in feces collected 7
days post-colonization measured by gPCR with A. caccae-specific primers. b-d,
Concentration of butyrate (b), propionate (c), and acetate (d) in cecal contents measured
by HPLC UV-Vis. Points represent individual mice, bars represent mean + s.e.m. pooled
from 3 independent experiments. Statistics are analyzed by one-way ANOVA with Tukey’s
post-hoc test. *P < 0.05, **P < 0.01.

Butyrate can stimulate colonic mucus production as a mechanism of mediating
epithelial barrier function (284). Most of the work supporting this finding uses in vitro
stimulation of cell lines or organoids (284, 285). Mucus is the ‘first line of defense’ in the
gut, and acts as a physical barrier to entrap or immobilize bacteria and other antigens to
prevent them from accessing the epithelial surface (278). Mucus is produced by goblet
cells (GCs), specialized epithelial cells which produce mucus glycoproteins via genes
including Muc2. The differentiation and function of GCs are dysregulated in GF mice;
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exemplifying the necessity of commensal bacteria to induce higher GC counts, mucus

production, and mucosal homeostasis (286).

Cross-sections of the distal colon of GF mice or A. caccae monocolonized mice (either
fed control water or myo-inositol water) were stained with periodic acid Schiff (PAS), which
binds to glycans, brightly coloring the mucin-producing GCs which reside in colonic crypts
(Fig. 4.2a). Feces were kept in the colonic histology sections to preserve integrity of the
mucus layer which resides between the colonic epithelium and the feces (Fig. 4.2a).
Monocolonization with A. caccae increased the mucus layer thickness and GC number in
the distal colon compared to GF mice, but this effect was reversed by addition of myo-
inositol (Fig. 4.2b, c). We hypothesized that the increased butyrate from the consumption
of myo-inositol would increase colonic mucus, however mice which received both A.
caccae and myo-inositol (and had the highest concentration of luminal butyrate) were
similar to GF controls. This data was confirmed by RT-gPCR, which showed that mice
treated with myo-inositol have decreased expression of Muc2 in the colonic epithelial cell
compartment (Fig. 4.2d). We predicted that colonization with A. caccae or increased
SCFAs might also induce IL-22 production in the colonic LP, as both commensal Clostridia
and SCFAs have been shown to induce IL-22 to modulate the epithelial barrier (53, 93).
However, there were no observable differences in 1122 gene expression in the colonic LP
of these mice (Fig. 4.2e).

Together these data suggest that the allergy-protective phenotype imparted by
monocolonization with A. caccae is owed, in part, to a barrier-protective mechanism
mediated by GC expansion and increased mucus production. It has been shown in the
literature that bacterial consumption of mucus stimulates additional colonic mucus
production, generating a feed-forward loop increasing GC numbers and mucus overall
(276). We predict that in the absence of an alternative carbon source, A. caccae
consumes colonic mucus, which overall results in low SCFA production but stimulates
greater mucus production from the host.
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Figure 4.2: Monocolonization with A. caccae increases colonic mucus production,
which is reversed by administration of myo-inositol | a, Representative images of
colonic cross sections from each treatment group. White arrows show GCs (dark
magenta), black arrow shows mucus thickness. The light magenta, fibrous matter at the
top right of the images is fecal contents. b, ¢, Mucus layer thickness (b) and GC count
per colonic crypt (c) from histological analysis. d, e, Relative gene expression of Muc2 in
colonic epithelial cells (d) and 1122 in colonic lamina propria (e) measured by RT-qPCR.
For b-c, at least 20 crypts and 20 measures of mucus thickness were recorded per mouse.
Bars represent mean + s.e.m. For d-e, points represent individual mice, bars represent
mean = s.e.m. Data is pooled from 3 independent experiments. Statistics are analyzed by
one-way ANOVA with Tukey’s post-hoc test. *P < 0.05, *P < 0.01, **P < 0.001, ***P <
0.0001.

95



Conversely, with a readily accessible carbon source e.g., myo-inositol, A. caccae
produces high concentrations of SCFAs but does not elicit this direct GC/mucus effect.

We suggest that there may be two alternate pathways for barrier regulation in A.
caccae monocolonized mice: one through direct interactions between A. caccae and
colonic mucus/ GCs, and another indirectly through the production of SCFAs. Further
experiments are necessary to determine whether, in the absence of myo-inositol, A.
caccae resides within the mucus layer close to the epithelium. Further study could also
uncover which glycoforms of mucus A. caccae is able to consume. We have shown that
A. caccae is able to consume acetate, but this does not result in butyrate production.
Colonic acetate may be another carbon source for A. caccae in monocolonized mice,
which would allow this species to grow but not produce butyrate.

Overall, this controlled colonization system is useful for parsing direct interactions
between a single bacterial species and the host, but it may not give much insight into the
mechanisms at play in a microbially replete environment. For example, we do not expect
A. caccae to consume large volumes of colonic mucus or colonic acetate in a replete
microenvironment, due to competition for space along the epithelial wall and greater
availability of nutrients in the presence of multiple cross-feeding partners. To understand
A. caccae’s role in a broader context, we characterized the replete populations of fecal
bacteria from human infants, and how these unique populations elicit disparate barrier

programs in gnotobiotic mice.

4.3 Characterizing infant microbiotas in gnotobiotic mouse system

In earlier work we have extensively characterized differences in the fecal microbiota of
healthy versus CMA infants in various cohorts (103, 104). Colonizing GF mice with feces
derived from four healthy or four CMA demographically matched infants affects the
development of allergic responses to food in a model of cow’s milk allergy (104).

Specifically, healthy-colonized mice are protected from sensitization and allergic
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responses to the milk allergen BLG, while CMA-colonized mice are susceptible (104). We
now focus on one CMA (donor 6) and one healthy donor (donor 2) from the previous
report to better understand the bacteria and mechanisms which were responsible for the

allergy-protective phenotype.

We first sought to more fully characterize the bacterial composition of these healthy
and CMA- infant-derived fecal communities in gnotobiotic mice. Fecal slurries from infant
donors were i.g. gavaged to GF mice upon initial receipt approximately six years ago.
Since then, these communities have been maintained in living, murine repositories. In all
experiments, GF C3H/HeN mice were colonized at weaning with healthy or CMA
microbiota by i.g. gavage with freshly collected feces from repository mice. Experimental
mice were euthanized 7 days post-colonization and feces were collected for 16S rRNA
sequencing to characterize the bacterial communities. Principal component analysis
(PCA) of the 16S dataset showed that the two bacterial communities (healthy, CMA) were
distinct, and the two groups form separate clusters (Fig. 4.3a).

We performed a linear discriminant analysis effect size (LEfSe) test to examine
differences in relative abundance of bacterial taxa at the genus level between the two
groups. The two bacterial communities were strikingly different, and there were many
bacterial genera that were differentially abundant (Fig. 4.3b). The CMA microbiota was
dominated by Gram negative bacteria including Bacteroides and Parabacteroides, while
the healthy microbiota had significantly higher relative abundance of bacteria in the
Erysipelotrichaceae family (Longicatena), and several other Clostridial genera. Healthy-
colonized mice also had greater relative abundance of Bifidobacterium, a genus that is
commonly in high abundance in the infant microbiota and has been associated with health
in this age group (35). High abundance of Bifidobacterium in infant feces is generally
associated with breastfeeding (36), but interestingly, the infant donors in this study were
all breastfed for only 2-weeks before exclusive formula feeding (104). This persisting
presence of Bifidobacterium in the healthy infant microbiome may also be correlated to
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their health status. Overall, these results are similar to the initial characterization of the
larger cohort (4 healthy and 4 CMA donors) described in 2019 (104).

We also re-analyzed 16S rRNA sequencing data from the previous report (104), now
focusing only on healthy donor 2 and CMA donor 6. Comparing the differential abundance
of bacteria in feces of healthy- or CMA-colonized mice in this data set revealed an
enrichment of unclassified Lachnospiraceae, Erysipelotrichaceae, Bifidobacterium, and
Anaerostipes in healthy-colonized mice (Fig 4.3c). Conversely, feces of CMA-colonized
mice were enriched for Parabacteroides and Bacteroides (Fig 4.3c). These results are
strikingly similar to the differentially enriched taxa observed in the more recent data (Fig
4.3b), demonstrating that these human-derived microbiotas have remained stable over
several years. Maintaining fecal bacterial populations within living mouse repositories is a
reproducible and reliable method for gnotobiotic research with human fecal communities.

In the previous report, A. caccae was identified to be more abundant in healthy-
colonized mice (donors 1-4) versus CMA (donors 5-8), and its abundance correlated
strongly with altered gene expression in the ileal epithelium of colonized mice (104).
Anaerostipes was also enriched in mice colonized with feces from healthy donor 2
compared to CMA donor 6 (Fig 4.3c). Here we show that, several years later,
Anaerostipes were still significantly more abundant in the feces of healthy-colonized mice

than CMA (Figs. 4.3b, 4.4a).
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Figure 4.3: 16S rRNA sequencing analysis of bacterial taxa in fecal samples of mice
colonized with feces from a healthy or cow’s milk allergic infant | GF mice were
colonized at weaning with feces from repository mice which harbor healthy infant (donor
2) or cow’s milk allergic infant (CMA, donor 6) microbiota. Feces were collected 7d post-
colonization for 16S rRNA sequencing. a, Principal component analysis (PCA) of 16S
data. Each dot represents an individual mouse and is positioned along the top 3 axes of
variance. b, Differentially abundant taxa analyzed by linear discriminant analysis effect
size (LEfSe). Data was pooled from 3 independent experiments (n = 12 healthy, n = 11
CMA) . ¢, Reanalysis of 16s rRNA data from Ref. 104 comparing feces of mice colonized
with feces derived from healthy donor 2 (n = 3) or CMA donor 6 (n = 4).
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Figure 4.4. Healthy-colonized mice have increased abundance of A. caccae,
increased butyrate, and improved barrier function compared to CMA mice | a, b,
Relative abundance of A. caccae from 16S sequencing data (a) or total abundance
measured by gPCR with species-specific primers (b). ¢, Butyrate concentration in cecal
contents measured by HPLC UV-Vis. d, Concentration of FITC-dextran in serum following
an i.g. gavage. Points represent individual mice, bars represent mean = s.e.m. Data is
from the same mice shown in Fig. 4.3. All data is pooled from 3 independent experiments.
Statistics are analyzed by Student’s t test. *P < 0.05, ***P < 0.0001.

As previously described, the relative abundance of A. caccae is only approximately
0.1% of the entire fecal population (Fig. 4.4a), but this low-abundance species seems to
have an outsized effect on host phenotype. The relative and absolute abundance of A.
caccae in CMA-colonized mice was at or near the limit of detection, confirming the near
absence of this species in the CMA community (Fig. 4.4a, b). A. caccae is a characteristic
species of the infant microbiota which peaks in abundance at 12 months of age (37) and
is a potent butyrate producer (246). In fact, CMA-colonized mice (which are lacking A.
caccae) had a significant reduction in luminal butyrate compared to healthy-colonized
mice (Fig. 4.4c). Butyrate has many known barrier-modulating functions, and we predict
that this lack of butyrate may have consequences on the intestinal barrier function of mice

colonized with the CMA microbiota.
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4.4 Healthy infant bacteria induce a barrier protective response in

the small intestine

Previous work from our laboratory demonstrated that bacteria in the Clostridia class
mediate a barrier protective response in mice which is critical to maintaining
nonresponsiveness to food antigens (53). This barrier-protective phenotype effectively
prevents food antigens from accessing systemic circulation and is dependent on the
cytokine IL-22. These findings contributed to a Barrier Regulation Hypothesis of Allergen
Sensitization, which posited that an intact epithelial barrier (initiated by the presence of
commensal Clostridia) is required to prevent allergic sensitization along with a subsequent
antigen-specific regulatory T cell response (117). Butyrate has been shown to regulate
epithelial barrier function, a metabolite that we show is produced by A. caccae (Fig. 3.8)
and is lacking in our CMA-colonized mice (Fig. 4.4c). We predict that the lack of a
bacteria-induced barrier-protective response could be responsible for the heightened
susceptibility to allergy observed in CMA-colonized mice. Similarly, the lack of butyrate in
CMA-colonized mice could contribute to this effect.

To quantify intestinal barrier integrity, GF C3H/HeN mice were colonized at weaning
with healthy or CMA microbiota. Feces from these experimental mice were collected 7
days later, and analyses of their fecal bacteria were shown in Fig. 4.3 and Fig. 4.4. One
week post-colonization, mice were i.g. gavaged with 4kDa FITC-dextran. After 2 hours,
the presence of FITC-dextran in the serum was measured by fluorescence spectrometry;
increased FITC-dextran in serum demonstrates greater permeability of the intestinal
epithelial barrier. Within 2 hours of gavage, the FITC-dextran will transit fully through the
small intestine but not yet reach the colon, allowing us to specifically analyze barrier
integrity in the small intestine. In keeping with our hypothesis, we show that these two

bacterial communities do not equally elicit barrier protective responses. The concentration
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of FITC-dextran in the serum of CMA-colonized mice was significantly greater than that
of healthy-colonized mice (Fig. 4.4d).

We previously described that the Clostridia-induced barrier protective response was
dependent on IL-22 (53). Colonization with a consortium of murine Clostridia significantly
increased IL-22 production in ex vivo intestinal explants (69). Additionally, treating mice
with a neutralizing antibody against IL-22 abrogated the protective barrier effect and
increased the concentration of PN antigen in serum following an i.g. gavage (53). To
determine whether the CMA or healthy microbiota induce IL-22, GF C57BL/6 mice were
colonized at weaning as described. Mice were euthanized one week later, and intestinal
tissues were cultured ex vivo for 24h. Colonic and ileal (terminal 10cm of the small
intestine) tissues were cultured without additional stimulation, and duodenal tissue (5cm
just proximal to the ileum) was cultured in the presence of IL-23, an IL-22 stimulating
cytokine, as positive controls. IL-22 was measured in culture supernatants by ELISA.
Colonization with neither the CMA nor healthy microbiota induced significant IL-22
production in the ileum (Fig. 4.5a). However, colonic tissue from healthy-colonized mice
produced significantly more IL22 than both CMA-colonized mice and GF controls (Fig.
4.5b). IL-23 stimulated controls demonstrated that CMA and healthy-colonized mice are
similarly capable of producing high concentrations of IL-22 ex vivo, as are GF controls,

although to a lesser extent (Fig. 4.5¢).
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Figure 4.5: Colonization with healthy infant microbiota induces intestinal IL-22
production | GF C57BL/6 mice were colonized at weaning with feces from repository
mice which harbor healthy infant or cow’s milk allergic infant (CMA) microbiota. IL-22
secretion from ileal (a) and colonic tissues (b) cultured ex vivo for 24h measured by
ELISA. c, IL22 secretion from duodenal tissue stimulated with IL-23 measured by ELISA.
d, Relative expression of 1122 in ileal or colonic lamina propria (LP) cells analyzed by RT-
gPCR. e, f, Relative gene expression of Reg3B (e) and Reg3y (f) in ileal intestinal
epithelial cells. Gene expression was normalized to GF controls. Points represent
individual mice, bars represent mean * s.e.m. pooled from 3 independent experiments (a-
c) or 2 independent experiments (d-f). Statistics are analyzed by one-way ANOVA with
Tukey’s post-hoc test. *P < 0.05, *P < 0.01, ***P < 0.001.

Production of IL-22 induces downstream expression of antimicrobial peptides (AMPS)

from Paneth Cells within the small intestinal epithelial cell compartment, and these AMPs
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are also demonstrative of a barrier-protective response (53). Colonization with the healthy
infant microbiota (but not CMA microbiota) induced significantly greater expression of the
AMPs Reg3B and Reg3y in the ileal IEC compartment compared to GF controls (Fig. 4.5e,
f). This suggests that healthy-colonized mice may also produce IL-22 in the ileum,
although this was not observed in intestinal explants (Fig. 4.5a) or by RT-qPCR of the
ileal LP at this timepoint (Fig. 4.5d). Colonization with the healthy microbiota significantly
increased 1122 gene expression in the colon LP (Fig. 4.5d), mirroring the IL-22 production
observed in explant cultures.

Overall, we have demonstrated that the fecal bacteria of a healthy infant induce a
barrier-protective phenotype characterized by decreased permeability to FITC-dextran in
the small intestine and increased IL-22 production in the colon. This barrier-protective
phenotype is less evident in CMA-colonized mice, which may contribute to their
heightened response to allergic sensitization. The impaired barrier response in CMA-
colonized mice may be due to their lack of butyrate (and butyrate producers like A.
caccae). However, in this system with complex microbiota we cannot attribute these
differences to butyrate alone. This necessitated further experiments to determine if

butyrate is sufficient to induce a similar barrier protective response.

4.5 Butyrate administered via polymer micelles induces a barrier

protective response in antibiotic treated mice

We hypothesized that the barrier deficiency observed in CMA-colonized mice may be
due to their lack of butyrate-producing species like A. caccae and subsequent lower
concentration of luminal butyrate. Butyrate is a critical molecule for homeostasis and
immune regulation in the distal gut, and decreased abundance of butyrate or butyrate
producing-bacteria has been strongly correlated with various disease indications in pre-

clinical and clinical settings (78, 287). However, there is conflicting evidence regarding
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whether butyrate alone is sufficient to induce a barrier-protective effect. Butyrate is
volatile, foul smelling, and rapidly absorbed in the upper GI tract. These factors limit
research on the effects of sodium butyrate in vivo, often requiring intrarectal administration
or long-term administration of sodium butyrate in drinking water at high concentrations

(86-88, 98, 242).

Recent work from our group has shown that i.g. butyrate administered as a sodium
salt (NaBut), which is the most commonly used method in the literature, is rapidly
absorbed in the stomach and does not reach the lower gut (92). To address this limitation
in delivery, we developed block copolymers to which butyrate was covalently conjugated
and which self-assemble into micellar structures. One of these polymers is neutrally
charged (NtL-ButM) and one is negatively charged (Neg-ButM); their surface charge
affects their transit time through the lower Gl tract and the pharmacokinetics of butyrate
release. Co-administration of these two butyrate containing polymers (ButM) allows
maximal delivery of butyrate along the length of the distal Gl tract (92). ButM improved
intestinal barrier function in the context of antibiotic-induced bacterial dysbiosis and
chemically induced intestinal injury with the perturbant DSS (92). These experiments used
SPF C57BL/6 mice, and serum FITC-dextran was the main readout of barrier function
either 1.5h or 4h after i.g. gavage to analyze barrier integrity in the small intestine (1.5h)
or both small and large intestine (4h).

Here, we replicated these experiments in C3H/HeN mice, which are used for all studies
involving allergic phenotypes in the following chapter. SPF C3H/HeN mice were treated
with a cocktail of antibiotics daily by i.g. gavage for one week prior to weaning (53).
Neonatal administration of antibiotics is sufficient to induce bacterial dysbiosis and disrupt
epithelial barrier function. Beginning at weaning, mice were i.g. gavaged twice daily with
ButM or PBS for one week as described (92). Mice then received one i.g. gavage with
4kDA FITC-dextran, and fluorescence was measured in the serum 1.5h later. Treatment
with ButM significantly reduced the concentration of FITC-dextran in the serum,
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confirming that butyrate alone is sufficient to induce a barrier-protective response in

C3H/HeN mice (Fig. 4.6a).
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Figure 4.6: Butyrate micelle treatment improves intestinal barrier integrity in
antibiotic-treated mice | SPF C3H/HeN mice were i.g. gavaged with a cocktail of
antibiotics daily for one week pre-weaning. At weaning, mice were treated i.g. with PBS
or butyrate-containing micelles (ButM) twice daily for one week before i.g. administration
of 4kDa FITC-dextran. a, Concentration of FITC-dextran in serum. b, Butyrate
concentration in cecal contents measured by HPLC UV-Vis. ¢, Linear correlation between
serum FITC-dextran and cecal butyrate from a and b. Data in (a) is pooled from 2
independent experiments, data in b, c is from one representative experiment. Points
represent individual mice, bars represent mean * s.e.m. Data is analyzed by Student’s t
test (a, b) or simple linear regression (c). *P < 0.05.

ButM treatment modestly, but not significantly, increased the concentration of butyrate
in the cecal contents (Fig. 4.6b). The release of butyrate from Neg-ButM in the cecum
peaks approximately 8-12h after i.g. gavage (92). In this experiment cecal contents were
collected only 6h after gavage, which was potentially too early to observe peak butyrate
release. Although the difference in cecal butyrate was not significant, there was a strong
negative correlation between serum FITC-dextran and cecal butyrate (Fig. 4.6c),
contributing to our overall evidence that butyrate can directly modulate epithelial barrier
function. ButM treatment induced a modest but significant increase in expression of

Reg3p but not Reg3y (Fig. 4.7) in ileal IECs. This suggests that ButM may weakly induce
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IL-22 in the ileum, but more studies will be required to determine if the barrier protective

effect of butyrate is mediated by IL-22.
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Figure 4.7: Butyrate treatment increases expression of antimicrobial peptides in
ileal epithelial cells | Relative gene expression of Reg38 (a) and Reg3y (b) in ileal
intestinal epithelial cells measured by RT-gPCR. Data is from the same mice shown in
Fig. 4.6. Data is pooled from 2 independent experiments. Points represent individual
mice, bars represent mean * s.e.m. Data is analyzed by Student’s t test, *P < 0.05.

4.6 Conclusion

We have previously demonstrated that various bacterial populations, including
commensal Clostridia, healthy infant bacteria, and A. caccae can prevent allergic
sensitization and a downstream allergic response in mice (53, 104). A consortium of
murine derived, spore forming Clostridia induce an IL-22-dependent barrier protective
response, and this barrier response is necessary to prevent access of food antigens to
systemic circulation (53). However, it was unknown whether human infant derived
bacterial populations could elicit this same barrier protective effect, and if these
populations or treatment with individual metabolites such as butyrate could mediate a
similar response.

We predicted that the healthy microbiota, which is characterized by increased

abundance of A. caccae, a butyrate-producing Clostridia, would induce a similar barrier-
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protective phenotype as the murine-derived Clostridia consortium. In keeping with this
hypothesis, colonization with healthy infant bacteria, but not that of a CMA infant, induced
a barrier protective phenotype. This phenotype is characterized by increased production
of Reg3B and Reg3y by ileal IECs, IL-22 secretion in colonic explants, and reduced serum
FITC-dextran.

Mucus has been described as a critical component of the epithelial barrier (278). It was
not known whether A. caccae could utilize mucus as a carbon source when
monocolonized in GF mice. Mucus-consuming bacteria, such as Akkermansia
municiphilia, were at one time thought to be potential pathobionts due to their ability to
gain greater access to the epithelium by feeding on epithelial mucus. However, more
recent studies suggest that Akkermansia may have beneficial roles and is associated with
homeostasis (276). In fact, Akkermansia strains are quickly entering clinical trials as LBPs
and nutritional supplements (277). It is now suggested that mucus-consuming bacteria
may actually elicit a barrier productive function; by consuming colonic mucus, they may
signal to colonic GCs that more mucus is required, resulting in a feed forward loop of
overall greater mucus production and epithelial barrier integrity (288).

We demonstrate that A. caccae may consume mucus in the absence of a viable carbon
source in vivo, but that treatment with a prebiotic, non-host accessible carbohydrate (myo-
inositol) may alter this organism’s reliance on host mucus and allow it to produce SCFAs
more efficiently. However, would the increased abundance of SCFAs also signal to GC to
produce mucus? The data presented in Fig. 4.1 and Fig. 4.2 suggest that consumption
of mucus by A. caccae in the absence of another carbon source may be more influential
on GC number and function than the presence of prebiotic induced SCFAs. A. caccae
only produces modest levels of butyrate in monocolonized mice, but these monocolonized
mice have increased GC numbers and mucus thickness in the distal colon. However, in
A. caccae monocolonized mice which also received myo-inositol in the water, both

butyrate and propionate substantially increased, while GC numbers and mucus
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consumption reduced to GF levels. A. caccae may have protected against allergic
responses to BLG in monocolonized mice by increasing colonic mucus. However, we do
not yet know if or how these mucus/GC dynamics are affected in microbially replete hosts.

In antibiotic-treated mice, butyrate alone is sufficient to induce a barrier protective
phenotype when administered within polymer micelles (92). We predict that butyrate is
critical to maintaining homeostasis and preventing allergic responses to food in
microbially replete hosts. In the next chapter, we describe work to optimize bacterial
formulations which increase luminal butyrate when administered to mice with the

dysbiotic, CMA microbiota.
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CHAPTER 5
A SYNBIOTIC BACTERIAL THERAPY
INCREASES LUMINAL BUTYRATE AND TREATS FOOD
ALLERGY IN MICE

5.1 Introduction

We have thus far demonstrated that we have isolated a butyrate-producing strain of A.
caccae, which is capable of consuming various carbon sources in vitro in monoculture or
via cross-feeding with other bacterial species. In this chapter we describe a pre-clinical
model to examine the efficacy of this isolate as an LBP to prevent or reverse the
development of allergy in mice. Previous work from our laboratory demonstrated that A.
caccae (strain DSM 14662) prevented allergic responses to BLG in monocolonized mice
(104). However, will A. caccae be sufficient to induce an allergy-protective phenotype in
mice with a microbially replete, yet dysbiotic microbiome?

Others have shown that a consortium of Clostridiales is sufficient to prevent or treat
food allergy in SPF, antibiotic treated mice (111). However, this report showed little to no
long term engraftment of Clostridiales species. Lack of engraftment is one of the main
limitations of current LBPs in pre-clinical and clinical settings. Engraftment often requires
intensive treatment with antibiotics, further depleting the resident microbiota of already
potentially dysbiotic hosts (207). We have instead opted for a synbiotic approach, in which
A. caccae will be simultaneously administered with a prebiotic to aid in its engraftment
and metabolic opportunity in vivo (Fig. 5.1). There is significant interest in development
of clinical synbiotics, and some have shown that synbiotic administration improves
engraftment and efficacy of Bifidobacterium probiotics in healthy adults (174). This report

also demonstrated that synbiotic administration increased luminal butyrate in gnotobiotic
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mice but did not examine any disease indications in vivo. We will address this gap by

delivering an LBP which has already demonstrated health benefits.

Synbiotics are defined as intentional pairings of a prebiotic and LBP designed to confer
a specific health benefit on the host. We are developing complementary synbiotics, since
A. caccae may have some potential health benefits alone, and we are not using genetic
tools or other strategies to achieve unique, selective consumption of the prebiotic by A.
caccae. In fact, some of the prebiotics tested in the following chapter depend on cross-
feeding relationships and initial degradation of the prebiotic by other host-resident

microbes.

Prebiotic Probiotic
Synbiotic (Live bio-
Paired delivery of therapeutic
Fibers bacteria with product)
Non-accessible substrates for
carbohydrates optimized growth
(lactulose) and metabolite A. caccae_lahuc
production
e -
ee A
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Figure 5.1: Synbiotic method | Experiments in this chapter will pursue co-administration
of A. caccae LAHUC and prebiotic lactulose to mice with dysbiotic microbiota. We predict
that this synbiotic strategy will improve therapeutic efficacy of A. caccae in a microbially
replete environment.

While several prebiotics were tested in vitro and in vivo, lactulose was the only
prebiotic administered which significantly increased luminal butyrate in vivo. Lactulose is
digested by primary-degrader bacteria in the colon which produce high concentrations of
lactate and acetate (253), small molecules that are utilized by A. caccae to produce
butyrate (247). In the following chapter, we demonstrate that co-administration of A.
caccae and lactulose, but neither alone, increases luminal butyrate and lactate in the
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cecum of mice colonized with the fecal bacteria of a dysbiotic, CMA infant. Synbiotic
treatment (A. caccae plus lactulose) shifts the composition of the fecal microbiota,
increasing relative abundance of Bifidobacterium species which are the likely primary
degraders of lactulose. This synbiotic regimen prevents the development of the allergic
response to BLG, and mechanistic studies show that this effect may be mediated by
decreased alarmin production upon initial sensitization and increased populations of Tfr
cells and decreased IgE-secreting cells in the mLN. Finally, treatment with this synbiotic
also demonstrated efficacy in treating allergic responses to PN in sensitized mice treated
neonatally with antibiotics. This data demonstrates that our synbiotic has a therapeutic
effect in different models, with different food antigens, different resident microbiota (CMA

infant microbiota or SPF-antibiotic treated), and different timelines of treatment.

5.2 A. caccae readily engrafts in microbially replete hosts, but

luminal butyrate does not correspondingly increase

As discussed above, engraftment of LBPs is consistently limited in clinical studies,
even with extensive antibiotic pre-treatment. Although A. caccae readily colonizes GF
mice, we did not know whether this would be the case in microbially replete mice. For this
study, GF C3H/HeN mice were colonized at weaning with the CMA infant microbiota (Fig.
5.2a). As previously described, for all gnotobiotic experiments, mice with humanized
microbiota are fed Nutramigen extensively-hydrolyzed casein formula (ECHF) diluted in
in water. This is the same formula fed to the infant donor at the time of fecal collection and

is required to maintain the integrity of human fecal bacteria in mice.
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Figure 5.2: A. caccae readily engrafts in CMA-colonized mice, but does not increase
luminal butyrate | a, Experimental timeline. GF C3H/HeN mice were colonized with CMA
microbiota at weaning. Beginning one week later, mice received i.g. gavages with either
A. caccae LAHUC or sterile media (control) daily for seven days. Mice also received daily
I.g. gavages with 10mM lactate plus 10mM acetate, 10mM potato starch in PBS, or PBS.
b, ¢, Abundance of A. caccae in feces (b) or ileal contents (c) measured by gPCR with
species specific primers. d, e, Butyrate in feces (d) or cecal contents (e) measured by
HPLC UV-Vis. For b, points represent the mean * s.e.m. for each group. For ¢ and e,
points represent individual mice, bars represent the mean * s.e.m. For d, 2 fecal pellets
were collected from each mouse at various points throughout the first week of treatment,
and bars represent mean * s.e.m. Data is pooled from 2 independent experiments.
Statistics are analyzed by area under the curve (b), or one-way ANOVA with Tukey’s post
hoc test (c-e). **P < 0.01, ***P < 0.0001.

The CMA microbiota was allowed to grow and fill the environment for one week before
beginning daily gavages with A. caccae LAHUC or sterile media as a control for one week

(Fig. 5.2a). To determine whether prebiotics would aid in long-term engraftment of A.
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caccae LAHUC and its ability to produce butyrate, mice were i.g. gavaged daily for 2
weeks with various prebiotics (either potato starch or the combination of lactate and
acetate) which led to increased butyrate production in vitro (Chapter 3). Feces were
collected throughout the experiment window to analyze abundance of A. caccae. During
the week that mice were gavaged with A. caccae, feces were collected just prior to gavage
(approximately 23 hours since last treatment), as it has been shown that non-colonizing
bacteria will be undetectable in the feces as soon as 6 hours after i.g. gavage (111).
Strikingly, even without any prebiotics, A. caccae readily engrafted in CMA mice,
increasing in total abundance by approximately 2-logs, and this increased abundance was
maintained for up to one month following the last i.g. treatment (Fig. 5.2b). At the
conclusion of the experiment, the abundance of A. caccae was modestly increased in the
ileum of treated mice, although not significantly (Fig. 5.2c). Mice treated with A. caccae
and lactate plus acetate had the greatest abundance of A. caccae in the ileum, and
additionally had slightly increased butyrate in the feces during the first week of treatment
(Fig. 5.2c, d). This led us to pursue lactate plus acetate as prebiotics in further
experiments.

Somewhat surprisingly, none of these treatments markedly increased the
concentration of butyrate in the feces or cecal contents (Fig. 5.2d, e). We predicted that
if A. caccae was present in the microenvironment, that it would produce butyrate. This
does not seem to be the case, and presence of A. caccae, even with administration of
additional prebiotics, did not increase the concentration of luminal butyrate in CMA-
colonized mice. We suspected that A. caccae LAHUC might be deprived of some
essential nutrients, which allowed this bacterium to survive but not produce substantial
butyrate in the context of the CMA microbiota. This is similar to what we observed in the
previous chapter using monocolonized mice; in the absence of a readily available carbon

source, A. caccae did not produce high levels of butyrate in vivo (Fig. 4.1). Further
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experiments sought to identify a more effective prebiotic to induce butyrate production in

CMA-colonized mice.

5.3 Synbiotic treatment with A. caccae LAHUC and lactulose, but not
other prebiotics, increases luminal butyrate and the

relative abundance of Bifidobacterium

Because A. caccae so readily colonized CMA mice with 7 daily gavages, future
colonization experiments reduced the treatments to 3 days of A. caccae LAHUC or sterile
media gavages (Fig. 5.3a). In the previous experiment, butyrate was measured in the
cecum several weeks after prebiotic gavages had stopped, so we may have missed a
potential window during which administration of lactate and acetate increased cecal
butyrate. For this experiment, mice were i.g. gavaged with A. caccae LAHUC or sterile
media daily for 3 days. During that window, and for 2 weeks after, some mice also
received i.g. gavages with prebiotics (lactate plus acetate or degraded potato starch
products) every other day (Fig. 5.3a). In Chapter 3, we demonstrated that A. caccae
produced butyrate very efficiently when grown in spent media from R. bromii’s
degradation of potato starch (Fig. 3.13). For this experiment, mice were gavaged with that
same, spent media (dPotato Starch) to determine if previously degraded potato starch
would be more efficacious than administration of potato starch itself. Additionally, one
group received lactulose (at a sub-clinical, prebiotic dose) in the drinking formula
according to the literature (257).

In keeping with previous findings, A. caccae efficiently engrafted in CMA mice, as
demonstrated by substantially increased abundance in feces at euthanasia (Fig. 5.3b),
yet A. caccae-treated mice did not have any increase in cecal butyrate compared to CMA
controls (Fig. 5.3c). None of the prebiotics administered alone (lactate plus acetate or

lactulose) increased cecal butyrate in mice also not treated with A. caccae (Fig. 5.3c).
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Interestingly, administration of lactulose alone increased the abundance of resident A.
caccae in the CMA microbiota, but this increased abundance didn’t increase cecal
butyrate (Fig. 5.3b, ¢). Lactulose has been reported to increase the relative abundance
of Anaerostipes in vitro and in vivo (254, 257), however this finding limited our ability to

further study treatment with lactulose alone due to risk of contaminating our gnotobiotic
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Figure 5.3: Synbiotic treatment with A. caccae and lactulose, but not other
formulations, increases luminal butyrate in CMA-colonized mice | a, Experimental
timeline. GF C3H/HeN mice are colonized with CMA microbiota at weaning, then receive
i.g. gavages with either A. caccae LAHUC or sterile media (control) daily for three days.
Mice also received prebiotics (or control solutions) by gavage or ad libitum. Some
prebiotics (10mM lactate plus 10mM acetate or degraded potato starch products) or
control PBS were gavaged on alternating days. Lactulose (5g/L) was added to the infant
formula which is provided in water bottles. b, Abundance of A. caccae in feces collected
throughout the experimental window measured by qPCR with species-specific primers.
c, Butyrate in cecal contents measured by HPLC UV-Vis. Data is pooled from 6
independent experiments. Symbols represent individual mice, bars represent mean *
s.e.m. (circles = groups without A. caccae administered; triangles = A. caccae treatment
alone; squares=synbiotic treatment). Data in ¢ is analyzed by one-way ANOVA with
Tukey’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.0001.
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isolators. Overall, only co-administration of A. caccae LAHUC and lactulose significantly
increased cecal butyrate (Fig. 5.3c), and this effect was quite clear. We predict that
breakdown of prebiotic lactulose into lactate and acetate in the distal Gl tract will make
these metabolites more readily available for consumption than in the CMA mice or with
i.g. gavage of these metabolites, which likely don’t transit well to the lower Gl tract.
Administration of lactate and acetate at a higher dose, or potentially in the formula, may
exhibit a similar effect, but we continued to pursue lactulose for further synbiotic study.

It should be noted that conclusions from the experiments in Fig. 5.3 are limited due to
exposure to A. caccae from the gnotobiotic isolator prior to initial gavages. For these
experiments, mice were weaned into separate gnotobiotic isolators which housed either
CMA-colonized mice (blue and green groups, Fig. 5.4) or had previously housed CMA-
colonized mice which had been treated with A. caccae (pink and red groups, Fig. 5.4).
They were then colonized with the CMA fecal bacteria and gavaged with A. caccae four

days later (Fig. 5.4a).
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Figure 5.4: A. caccae persists within a gnotobiotic isolator and is capable of
colonizing mice | a, Experimental design. This figure represents a subset of mice shown
in Fig. 5.3. Mice were i.g. gavaged with A. caccae LAHUC or sterile media (controls), as
well as 10mM lactate plus 10mM acetate or PBS (controls). b, Abundance of A. caccae
in feces collected prior to A. caccae gavages (left) or at experiment termination (right)
measured by gPCR with species-specific primers. Data is pooled from 2 independent
experiments.
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However, prior to gavages with A. caccae, several mice had measurable A. caccae in
their feces on day 3 (Fig. 5.4b). These mice were simply exposed to A. caccae from the
environment of the isolator. This was particularly striking because this isolator had not
housed any mice for over 8 months due to the COVID-19 shut down, but A. caccae was
clearly still present in the isolator at levels sufficient to colonize newly introduced mice. In
the literature, A. caccae was described as a non-spore forming species. However, these
results led us to conclude that A. caccae can persist as spores in the environment. For all
future studies, all mice were weaned into the CMA isolator for colonization, and then
transferred another isolator just prior to beginning A. caccae gavages to avoid this early
environmental exposure.

In a long-term engraftment study, CMA-colonized mice were treated with A. caccae
alone or the A. caccae / lactulose synbiotic with a similar regimen as above (Fig. 5.5a).
Fecal samples were collected throughout the experiment window; at all timepoints during
the 5-week administration of lactulose mice produced solid fecal pellets and mice treated
with lactulose did not exhibit any laxative effects. As previously, synbiotic administration
increased the concentration of butyrate in the cecum and additionally increased the
concentration of lactate, although not significantly (Fig. 5.5b, c).

As observed in Fig. 5.2, A. caccae was present in the feces of mice treated with A.
caccae LAHUC alone or with the synbiotic as soon as one day after the initial gavage and
was maintained for one month further (Fig. 5.5d). There was no observable difference in
abundance of A. caccae between mice treated with bacteria alone or the synbiotic,
potentially signifying that the niche for this species is filled and cannot be further increased
by addition of a prebiotic. This was confirmed by 16S rRNA sequencing, which showed
that Anaerostipes were only measurable at the genus level in treated mice, but there was
no difference in the relative abundance between mice treated with A. caccae alone or the
synbiotic (Fig. 5.5e). This suggests that the addition of prebiotic lactulose increases the
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butyrate output without impacting the overall abundance of A. caccae; likely lactulose is
instead increasing the amount of butyrate per A. caccae cell rather than increasing A.

caccae itself.
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Figure 5.5: Synbiotic therapy with A. caccae and lactulose increases luminal acids
and impacts the fecal microbiome | a, Experimental timeline. GF C3H/HeN mice were
colonized with CMA microbiota at weaning, then received i.g. gavages with either A.
caccae LAHUC or sterile media (control) daily for 3 days. Some mice additionally received
lactulose-supplemented infant formula (EHCF) (5g/L) which is provided in water bottles.
Control mice receive standard EHCF. b, c, Butyrate (b) and lactate (c) in cecal contents
measured by HPLC UV-Vis or an enzymatic Lactate Assay (Sigma). d, f, Abundance of
A. caccae (d) and Bifidobacterium (f) in feces measured by gPCR. e, g, Relative
abundance of Anaerostipes (e) and Bifidobacterium (g) in feces measured by 16S rRNA
sequencing. Data is pooled from 2 independent experiments. For d-g, points represent
the mean + s.e.m. for each group. For b, c, symbols represent individual mice, bars
represent mean * s.e.m. Statistics are analyzed by area under the curve (d), or one-way
ANOVA with Tukey’s post hoc test with log normalization (b, c). *P < 0.05.
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We have previously described that A. caccae cannot break down lactulose alone, it
depends on cross-feeding with other lactate-producing species (Fig. 3.18).
Bifidobacterium is one of the taxa hypothesized to perform this initial breakdown of
lactulose. Both CMA control mice and those treated with A. caccae LAHUC alone had low
relative abundance of Bifidobacterium. Only those treated with the synbiotic exhibited
increased relative abundance of Bifidobacterium over the 5-week treatment period, which

was confirmed by gPCR (Fig. 5.5f, g).

5.4 A. caccae induces Foxp3* Roryt* Treg populations in CMA-colonized
mice

Previous literature has shown that commensal Clostridia or butyrate elicit expression
of Foxp3*Roryt* Treg populations in the colonic lamina propria, and these cells specifically
dampen Th2 responses in the gut (146). We examined Treg populations in the ileal- and
cecal-colonic lymph nodes (iLN, cLN) of A. caccae-treated or control CMA mice by flow
cytometry. A. caccae treatmentincreased the proportion of Foxp3*Roryt-expressing Tregs
in both the iLN and cLN of CMA-colonized mice. Total Foxp3*Roryt* Treg cell numbers
were increased by A. caccae treatment in the cLN only (Fig. 5.6a).

Across both groups, there were more Foxp3*Roryt* Tregs in the cLN than the iLN,
which agrees with the literature suggest that these cells are more abundant in the colonic
LP (146). A. caccae did not affect the percentages or numbers of total Foxp3* Tregs, as
expected, but only increased the proportion of Foxp3*Roryt" Tregs (Fig. 5.6b). This
suggests that commensal Clostridia may increase Foxp3*Roryt" Tregs by mechanisms
other than butyrate production, since we showed that treatment with A. caccae alone did
not increase the concentration of luminal butyrate (Fig. 5.3b). Now with two treatments in
hand, one which induces luminal butyrate production (synbiotic therapy), and one which
expands
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Foxp3*Roryt" Tregs (A. caccae LAHUC), we explored the potential for these two systems

to impact the host in the context of allergic sensitization.
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Figure 5.6: A. caccae colonization induces Foxp3*Roryt*regulatory T cell expansion
in the mesenteric lymph nodes of CMA-colonized mice | a, Abundance of
Foxp3*Roryt™ CD4 T cells in the cecal-colonic- and ileal- lymph nodes (cLN, iLN)
represented as proportion (left) and cell number (right). b, Total Foxp3* CD4 Tregs in the
iLN and cLN represented as proportion (left) and cell number (right). Data is pooled from
3 independent experiments and is from a subset of mice shown in Fig. 5.3. Symbols
represent individual mice; error bars represent mean * s.e.m. Statistics are analyzed two-
way ANOVA with Sidak’s post hoc test. *P < 0.05.

5.5 Synbiotic therapy with A. caccae and lactulose prevents the

allergic response to BLG

We previously established that mice colonized with the feces of CMA infants develop
strong allergic responses to BLG in a gnotobiotic allergy model, but those with the feces
from healthy infants are protected from sensitization (104). Using this same model, we
now demonstrate that mice with feces derived from one of these allergic (CMA donor 6)

and one healthy (healthy donor 2) infants replicate our original findings. Additionally, some
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mice were treated with either the synbiotic (A. caccae plus lactulose) or A. caccae alone
by i.g. gavage beginning just prior to the first sensitization (Fig. 5.7a). The CMA-colonized
mice exhibited more potent immediate allergic responses upon challenge, demonstrated
by an anaphylactic drop in core body temperature and release of mucosal mast cell
protease 1 (MMCPT-1) in the serum (Fig. 5.7b, c, f, g). In contrast, healthy colonized
mice, and those treated with the synbiotic, had significantly less severe allergic responses
(Fig. 5.7b, ¢).

Synbiotic treatment significantly reduced the concentration of BLG-specific IgE and
IgG1 in the serum, demonstrating reduction in the antigen-specific immune response as
well as the overall anaphylactic phenotype (Fig. 5.7d, e). This demonstrates that the
synbiotic therapy completely prevents the development of allergy to BLG, blunting both
sensitization (BLG-specific antibody production) and allergic response upon challenge
(anaphylactic temperature drop, mMCPT-1).

As a control, we also tested whether A. caccae alone (without lactulose) would have a
similar effect. We predicted that A. caccae alone would not be efficacious, as this

monotherapy did not increase luminal butyrate (Fig. 5.2, 5.3, 5.5). However, A. caccae
treated mice did have increased Foxp3 Roryt™ Treg populations, which could contribute

to an allergy-protective phenotype (Fig. 5.6). CMA-colonized mice treated with A. caccae
alone exhibited similar allergic responses to BLG as CMA controls across all measures
(Fig. 5.7f - i). This provides more evidence that the synbiotic, and the corresponding
increase in butyrate, are necessary for the protective effect of A. caccae in mice with
dysbiotic microbiota.

Splenocytes were harvested 1 day post-challenge and cultured ex vivo for 72 hours
either without stimulation or with BLG stimulation. Splenocytes from CMA-colonized mice

were significantly stimulated to produce type-2 cytokines including IL-13, IL-5, and IL-9 in
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Figure 5.7: Synbiotic therapy, but not A. caccae alone, prevents allergic responses
to BLG in CMA-colonized mice | a, Experimental timeline and groups. GF C3H/HeN
mice were colonized with microbiota of a healthy or CMA infant at weaning, and some
CMA-colonized mice were additionally treated with A. caccae LAHUC alone or A. caccae
LAHUC plus lactulose (5g/L in water bottle). Control mice received gavages of sterile
media in place of A. caccae LAHUC. Mice were sensitized and challenged with BLG as
previously described (104). b, f, Change in core body temperature (AT) immediately
following i.g. challenge with BLG measured using a rectal temperature probe. c, g,
Mucosal mast cell protease 1 (MMCPT-1) measured by ELISA in serum collected 90min
post-challenge. d, e, h, i, Concentration of BLG-specific antibodies IgE (d, h) and IgG1
(e, i,) in serum collected 24h post-challenge. Data is pooled from 3 independent
experiments within each set of panels (b-e, f-i). For b and f, points represent the mean
for each group, error bars represent s.e.m. For c-e and g-i, symbols represent individual
mice, bars represent mean + s.e.m. Statistics are analyzed by one-way ANOVA with
Tukey’s post hoc test with log normalization (c-e, g-i). *P < 0.05, **P < 0.01, *P < 0.001.
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response to BLG, and splenocytes from healthy-colonized mice were activated to a similar
extent (Fig. 5.8). A. caccae treated mice also produced high IL-13 with BLG stimulation,
which was significantly greater than that of synbiotic treated mice (Fig. 5.8a). Overall,
synbiotic treated mice produced very low levels of all three of these cytokines in response
to BLG, demonstrating that the synbiotic treatment reduced the Th2 cellular response to

BLG systemically (Fig. 5.8a - ¢).
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Figure 5.8: Type 2 cytokine production from splenocytes with ex vivo restimulation
| Concentration of IL-13 (a), IL-5 (b), and IL-9 (c), in supernatants of splenocytes cultured
without stimulation (unstim) or with BLG. Left panel shows all groups under stimulated
and unstimulated culture conditions. Right panels show paired stimulation within each
group, lines connect results from individual mice. Data is pooled from 2 independent
experiments, which are representative of the experiments shown in Fig. 5.7. Symbols
represent individual mice, error bars represent mean * s.e.m. Statistics are analyzed by
two-way ANOVA with Sidak’s post hoc test (left) or paired Student’s t test (right panels).
*P < 0.05, *P < 0.01, **P < 0.001.
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Together these results demonstrate that this synbiotic therapy prevents an allergic
response to BLG in CMA mice. This result is unique to the synbiotic co-administration, as
A. caccae alone had no effect in this context. Further experiments were then performed
to understand the cellular mechanisms behind this effect, and how a single species

therapy could mediate the host response to BLG.

5.6 Synbiotic therapy with A. caccae and lactulose impacts the fecal

microbiome in mice undergoing allergen sensitization

To understand how synbiotic therapy impacts the resident CMA microbiota, feces were
collected pre-treatment (week 1) and post-treatment (week 5) from mice undergoing
sensitization with BLG plus CT (Fig. 5.7a). 16S rRNA sequencing was performed to
analyze the composition of the bacterial microbiome. PCA demonstrated that feces from
the CMA- and healthy-colonized mice clustered separately along the primary axis of
variation, (Fig. 5.9a) in keeping with previous data (Fig. 4.3). Both untreated and
synbiotic-treated CMA-colonized mice clustered together at the pretreatment timepoint,
but these two groups separated at week 5, demonstrating that synbiotic treatment
modestly shifted the overall composition of the microbiota (Fig. 5.9a).

LEfSe analysis was performed comparing untreated and synbiotic-treated CMA-
colonized mice at the 5 week timepoint, and as predicted, this analysis revealed that
synbiotic treated mice had greater relative abundance of Anaerostipes and
Bifidobacterium than untreated mice (Fig. 5.9b). The relative abundance of Anaerostipes
and Bifidobacterium were confirmed by gPCR with primers specific for A. caccae (species

level) or Bifidobacterium (genus level) (Fig. 5.9c, d).
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Figure 5.9: Synbiotic therapy shifts the fecal microbiome of CMA-colonized mice.
| Experimental design is shown in Fig. 5.7. a, PCA analysis of 16S rRNA sequencing
data showing the 3 top axes of variation. b, Differentially abundant taxa (genus level)
between untreated and synbiotic-treated mice at the week-5 time point. c, d, Relative
abundance measured by 16S sequencing (left), and total abundance measured by
gPCR with specific primers (right) for Anaerostipes (c) and Bifidobacterium (d). gPCR
primers were specific to A. caccae (species level) or Bifidobacterium (genus level).
Symbols represent individual mice, error bars in c-d represent mean + s.e.m. Statistics
in c-d are analyzed by paired Student’s t-test within each condition. *P < 0.05, **P <
0.01, **P < 0.001.

While the synbiotic significantly increased both the relative and total abundance of A.

caccae compared to CMA controls, it did not reach the same abundance as in mice
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colonized with healthy infant microbiota (Fig. 5.9¢). This is further evidence that A. caccae
seems to be able to exert host-modulating properties, even at very low abundances. In
addition to the changes described thus far, synbiotic treatment also significantly increased
abundance of unclassified Lachnospiraceae, so we cannot rule out that the increased
butyrate in this context is solely due to A. caccae. We have hypothesized that local
increased concentrations of butyrate may open a metabolic niche for expansion of

butyrate producing bacteria (92), which may be occurring here.

5.7 Short-term treatment with the synbiotic induces expression of 1110
and 1122 in the lamina propria but does not affect

epithelial barrier function

We predicted that synbiotic treatment, and subsequent production of butyrate, may
improve epithelial barrier function in CMA-colonized mice. As described in Chapter 4,
CMA-colonized mice have disrupted epithelial barrier function, resulting in increased
permeability to i.g. gavaged FITC-dextran at 7 days post-colonization. Epithelial
permeability to FITC-dextran was examined in CMA-colonized mice treated with the
synbiotic. These mice were colonized with the CMA microbiota at weaning, and treatment
with the A. caccae plus lactulose synbiotic begun on day 4 following the same regimen as
previously described (Fig. 5.7c, Fig. 5.10a). This short-term, 3-day treatment with the
synbiotic was not sufficient to reduce the concentration of FITC-dextran detectable in the
serum (Fig. 5.10b). We predict that treatment with the synbiotic for at least one week will
be more efficacious. However, at this early timepoint the relative expression of 1122 and
1110 genes were increased in the colonic LP of synbiotic-treated mice (Fig. 5.10c, d). This
provides some evidence that the synbiotic may regulate the barrier via IL-22, which may

be observable (as changes in serum FITC-dextran) with a longer treatment time.
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Figure 5.10: Short-term treatment with the synbiotic induces expression of 1110
and 1122 in the lamina propria but does not affect epithelial barrier function | a,
Experimental design. GF C3H/HeN mice are colonized at weaning with CMA
microbiota, then begin treatment with the synbiotic on day 4. b, Concentration of FITC-
dextran measured in serum. c, d, Relative expression of IL22 (c) and IL10 (d) in ileal or
colonic lamina propria (LP) cells measured by RT-qPCR. Data is pooled from 2
independent experiments. Symbols represent individual mice, bars represent mean +
s.e.m. Statistics in c-d are analyzed by two-way ANOVA with Sidak’s post hoc test. *P
< 0.05.

5.8 Synbiotic therapy reduces the response to sensitization within the
intestinal epithelium and increases T follicular regulatory

cells in mesenteric lymph nodes

Our laboratory has proposed a dual mechanism of protection from food allergies: both
a bacteria-induced intestinal barrier protective response and a food-antigen specific Treg
response are required to prevent sensitization and allergic responses to food (53, 117).
Initial allergic sensitization is triggered by alarmins produced from epithelial cells, which

are the first cells to sense and respond to luminal antigens (117). Classically, alarmin
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expression is induced in IECs by physical damage, such as with helminth infection, but
some bacteria (like SFB) or mucosal adjuvants may be able to induce this effect (289). In
our system, colonization with the healthy- or CMA-infant microbiota did not induce
expression of alarmin genes 1125, Tslp, or 1133 in ileal IECs compared to GF controls (Fig.
5.11a). However, following two sensitizations with BLG plus CT, CMA-colonized mice
expressed significantly higher transcripts of 1125 and Tslp than mice colonized with the
healthy infant microbiota (Fig. 5.11b). 1133 was not induced by either colonization.
Strikingly, mice treated with the synbiotic produced low relative transcripts of 1125 and
Tslp, behaving similarly to healthy-colonized controls (Fig. 5.11b). The epithelial alarmin
profiles of these 3 groups mirrored their later response to allergen challenge; both healthy-
colonized and synbiotic-treated mice exhibited minor allergic responses, while CMA-
colonized mice responded strongly. This initial difference in alarmin expression is likely
causally related to the development of allergic responses to food in these mice. However,
the mechanism behind this differential response to sensitization is not yet known. We
predict that enhanced mucus production may prevent access of the sensitizing agent from

accessing the epithelium, but further experiments are necessary to test this hypothesis.

Epithelial alarmins induce ILC2 expansion in the small intestine LP, which contribute
to overall type-2 immune responses mediated by Th2 cells. Beyond classical Th2 cells, T
follicular helper (Tfh) and T follicular regulatory (Tfr) cells are of relevance to food allergy,
as these cells directly provide help to maturing B cells in GCs and play critical roles in the
induction of high affinity antibodies (129). There is some evidence that commensal
bacteria, or bacterial products such as butyrate, can induce Tfr cells in the periphery (97),
while IL-13* Tth cells are singly necessary for the induction of high-affinity IgE and 1gG1
(290).
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Figure 5.11: CMA-colonized mice express epithelial alarmin genes in response to
sensitization, which is abrogated by synbiotic treatment | a, Relative expression of
alarmin genes 1125, Tslp, and 1133 in the ileal epithelial cell compartment of C3H/HeN mice
7 days post-colonization with infant microbiota. b, Relative expression of alarmin genes
in the ileal epithelial cell compartment of gnotobiotic C3H/HeN mice sensitized twice with
BLG plus CT. Gene expression is measured by RT-gPCR. Data is pooled from 2-3
independent experiments. Symbols represent individual mice, bars represent mean *
s.e.m. Statistics are analyzed by one-way ANOVA with Tukey’s post hoc test. *P < 0.05,
**pP <0.01, **P < 0.001.

We analyzed Tfh and Tfr populations in the iLN and cLN by flow cytometry (Fig. 5.12).
CMA mice had modestly, but significantly, increased Tfh cell proportions and numbers
(Foxp3Bcl6*PD-1"CD4") in the ILN compared to healthy-colonized mice, which may
additionally contribute to their heightened allergic responses to BLG (Fig. 5.13a).
Conversely, treatment with the synbiotic increased Tfr cell populations (Foxp3*Bcl6*PD-

1*CD4") in the cLN compared to CMA- or healthy-colonized mice (Fig. 5.13b, c).
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Figure 5.12: Gating strategy for identification of T follicular helper cells and T follicular
regulatory cells in mesenteric lymph nodes.
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While cells in the cLN may contribute less to allergic phenotypes than those in the iLN,
they are more likely to get direct “input” from the cecum and colon, where more bacteria
(and more butyrate) are present. Populations of Tfr cells are here stratified into CD25*
and CD25 Tfr’s, as it has been shown that butyrate has a differential capacity to induce
these two subsets (97). CD25 is the low affinity IL-2 receptor, and CD25 expression can
be critical for Treg development (291). It has been suggested that CD25" and CD25 Tfr's
develop through different pathways, and that CD25" Tfr's do not express IL-2 dependent
Treg features but persist in GCs more effectively than CD25* Tfr's (292, 293).
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Figure 5.13: Commensal microbiota impact populations of T follicular helper (Tfh)
cells and T follicular regulatory (Tfr) cells in mLN | GF C3H/HeN mice were colonized
with the healthy or CMA microbiota at weaning and received two, weekly i.g. sensitizations
with BLG + CT. Some mice were also treated with the synbiotic (A. caccae LAHUC plus
lactulose). Populations of T follicular helper cells (Tth, a), CD25* T follicular regulatory
cells (Tfr, b), and CD25" Tfr cells (c) in the ileal- and cecal-colonic lymph nodes (iLN, cLN)
from flow cytometric analysis. The top row shows the proportion of total CD4 cells, the
bottom row shows absolute cell numbers. d, Ratio of total Tfr cells to Tfh cells using
absolute numbers. Data is pooled from 2 independent experiments. Symbols represent
individual mice, bars represent mean + s.e.m. Statistics are analyzed by two-way ANOVA
with Sidak’s post hoc test. *P < 0.05, **P < 0.01.
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Calculating the ratio of total Tfr to Tth cell numbers within each lymph node revealed
a clear dominance of Tfr cells in the iLN of healthy colonized mice compared to CMA, and
this ratio was slightly increased in synbiotic treated mice, although not significantly (Fig.
5.13d). This regulation of follicular T cell populations may be a critical mechanism to
prevent allergy and the induction of high affinity IgE antibodies. However, flow cytometry
does not provide us with a true, functional readout of these cells’ contributions to a larger
phenotype. In future studies, it will be critical to understand whether the microbiota,
specifically our synbiotic, is able to regulate GC reactions and the development of mature

IgE responses in the GALT to prevent allergic disease.

5.9 Synbiotic therapy impacts local IgE production in the

mesenteric lymph nodes

Allergic responses are canonically regulated by IgE antibodies. However, it is not yet
clear where in the body IgE plasma cells (PC) mature or where they reside once activated.
Recent work demonstrates that IgE* B cells specific to peanut antigens can be found in
the Gl tract of peanut-allergic individuals. Sequence similarity of the BCRs from these
cells suggests that they may be undergoing CSR and SHM locally in the intestine (137,
138). If IgE* B cells are developing in the GALT, then they may be influenced by the local
microbiota. We therefore performed experiments to determine whether the microbiota,
and synbiotic therapy, could affect populations of IgE- and IgG1-secreting cells in various
lymphoid tissues.

GF C3H/HeN mice were colonized with the CMA microbiota at weaning. Synbiotic
treatment (or control gavages) begun the following day, following a similar regimen as
previously described (Fig. 5.14a). Mice were sensitized intragastrically with BLG plus CT
4 times, spaced 5 days apart, followed by a high-dose i.g. BLG challenge. In agreement

with the data from the full allergic challenge model (Fig. 5.7), synbiotic treatment reduced
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the concentration of BLG-specific IgE and IgG1l antibodies circulating in the serum,
although not significantly (Fig. 5.14b, c). The synbiotic may also affect the concentrations
of total and BLG-specific IgA measured in feces; further experiments will be necessary to

determine this effect (Fig. 5.14d, e).
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Figure 5.14: Synbiotic treatment affects systemic and mucosal antibody production
| a, Experimental timeline. GF C3H/HeN mice were colonized at weaning with the CMA
microbiota, treatment with A. caccae LAHUC (or sterile media controls) began the
following day. Synbiotic-treated mice also received lactulose ad libitum in infant formula
(EHCF). All mice were sensitized i.g. four times with BLG plus CT, then challenged i.g.
with high-dose BLG. The experiment was terminated one week post-challenge. b-c,
Concentration of BLG-specific IgE (b) and IgG1(c) in serum measured by ELISA. d-e,
Total IgA (d) and BLG-specific IgA (e) in feces at euthanasia measured by ELISA. f-g,
Number of IgE antibody secreting cells (ASCs) per million live cells originating from the
mLN (f) or spleen (g) with representative photos measured by ELISpot. h, Number of
BLG-specific IgG1l ASCs per million live cells from the spleen measured by ELISpot.
Symbols represent individual mice, bars represent mean * s.e.m. Data in b-e is pooled
from 2 independent experiments, data in f-h are from one representative experiment.
Statistics are analyzed by Student’s t test (b-e, h) or two-way ANOVA with Sidak’s post
hoc test (f, g). *P < 0.05, **P < 0.01.
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The role of food-specific IgA in regulating allergies is not yet clear (125), although this
antibody class is more directly impacted by commensal microbiota (131). To observe IgE-
secreting cells, single-cell suspensions from the mLNs and spleen were cultured for 5
days with stimuli for IgE secretion: anti-CD40, IL-4, and BLG. IgE antibody secreting cells
(ASCs) do not actively produce and secrete IgE in high quantities at baseline, so this
stimulation is required to observe IgE-ASCs by an enzyme-linked immunosorbent spot
(ELISpot) assay.

Strikingly, synbiotic-treated mice harbored fewer IgE ASCs in the mLN than untreated
CMA mice (Fig. 5.14f). This relationship was also observed in splenocytes, which were
used as positive controls (Fig. 5.14g). Unfortunately, this assay did not allow us to
observe antigen specificity of these IgE ASCs, although addition of BLG to the cultures
should positively select for BLG-specific cells. For further studies, we will produce
biotinylated IgE to use for detection of BLG-specific IgE ASCs. We will also examine IgE
ASCs within Peyer’s patches, as these cells will have the most contact with the microbiota
and microbial metabolites. Low cell recovery from Peyer's patches has limited these
studies thus far.

We were, however, able to quantify BLG-specific IgG1 ASCs from splenocytes. These
cells were not cultured, and IgG1 ASCs were quantified directly after tissue harvest. Fewer
BLG-specific 1IgG1 ASCs were detected in splenocytes of synbiotic treated mice
compared to untreated CMA mice (Fig. 5.14g). Together these data build on previous
findings that synbiotic treatment reduces circulating BLG-specific IgE and 1gG1. We now
show that this reduction in serum antibodies may be due to reduced populations of the
cells that produce them. This is also novel evidence for the presence of IgE secreting cells
residing in the GALT, which likely interact more directly with commensal microbiota and
with food allergens than cells in distal immune organs. Bacterial regulation of IgE
responses is still a relative mystery (131), and the mechanism of this observed effect of

synbiotic treatment will be the subject of further study.
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5.10  Synbiotic therapy with A. caccae and lactulose reduces the

allergic response to peanut in previously sensitized mice

The data presented thus far support the hypothesis that our synbiotic (A. caccae
LAHUC plus lactulose) effectively prevents the onset of allergy to BLG in gnotobiotic mice
stably colonized with the feces from a dysbiotic, CMA infant. This protective effect may
be mediated by regulating the epithelial alarmin response to sensitization, reducing Tfh
cell populations and type 2 cytokine production, or eliminating IgE- and IgG1 secreting
PCs. However, we also hypothesized that this synbiotic may be sufficient to treat mice
which already have established allergic phenotypes and reduce their response to allergen
re-exposure.

We have previously demonstrated that treatment with micelles with targeted release
of butyrate (ButM) reduces the anaphylactic response to peanut in a therapeutic model of
peanut allergy (92). To induce bacterial dysbiosis, mice were treated with vancomycin
neonatally and throughout the sensitization period. Mice were sensitized with peanut (PN)
plus CT i.g. for 4 weeks beginning at weaning, then antibiotics were removed, and they
received twice daily gavages with ButM or PBS for 2 weeks. This short, 2-week treatment
was sufficient to reduce the anaphylactic response to challenge, measured by drop in
core body temperature, serum mMCPT-1 and histamine, as well as circulating PN-specific
IgE (92). We predict that our synbiotic therapy may similarly protect against the allergic
response to peanut in this model, as synbiotic treatment increases luminal butyrate.

The previously described experimental regimen was exactly replicated for the period
of sensitization, and only the treatment window was altered for the synbiotic (Fig. 5.15a).
Two days after vancomycin was removed from the drinking water, mice were i.g. gavaged
with either A. caccae LAHUC (from a frozen glycerol stock) or sterile medium (CMG) as

in previous experiments. These gavages took place during the first 3 days of each week
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of the treatment window (6 gavages total). For synbiotic treatment, lactulose was added
to drinking water throughout the remainder of the experiment. On day 7 of treatment (just
prior to beginning the second set of A. caccae gavages), A. caccae was measurable in
the feces of mice treated with A. caccae alone or the synbiotic (Fig. 5.15b). However, A.
caccae may drop out over time (Fig. 5.15c¢). Prior to beginning treatment, a subset of mice
was i.p. challenged with PN to confirm uniform sensitization (Fig. 5.15d). After two weeks
of treatment, the remaining mice were i.p. challenged with PN and the anaphylactic
response was measured.

Strikingly, the control-treated mice which received gavages of sterile CMG exhibited
little to no allergic response upon challenge, as demonstrated by maintenance of core
body temperature and low mMCPT-1 concentration in serum (Fig. 5.15e-g). To confirm
that this wasn’t an environmental effect, the pre-treatment controls were re-challenged.
The mice which received no treatment maintained their allergic phenotype, as expected.
We predict that the beneficial effect of CMG may be due to a ‘prebiotic’ effect of this rich
culture medium. Feces collected throughout the treatment window of this experiment will
be sequenced to determine bacterial composition and potential changes elicited by CMG
treatment. Mice that were treated with A. caccae alone exhibited the highest nMCPT-1 in
serum (Fig. 5.15g), which somewhat mirrors previous results that A. caccae alone is not
protective in the context of a replete microenvironment. Overall, the results of this
experiment were skewed due to limited long-term engraftment and a clear protective

effect of CMG medium alone.
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Figure 5.15: A. caccae modestly engrafts in antibiotic treated mice but does not
significantly impact the allergic response to peanut alone or as a synbiotic | a,
Experimental timeline adapted from (92). Vancomycin-treated SPF C3H/HeN mice were
i.g. sensitized with peanut (PN) plus CT weekly for 4 weeks beginning at weaning. One
week later, a subset of mice was i.p. challenged with PN to confirm uniform sensitization.
Remaining mice were treated with sterile medium (CMG), A. caccae LAHUC, or the
synbiotic for 2 weeks before i.p. challenge with PN. b-c, Abundance of A. caccae
measured in feces measured by gPCR. d-e, Change in core body temperature (AT) of
pre-treatment controls (d) or experimental mice (e) immediately following PN challenge
measured with a rectal probe. f, Change in core body temperature of mice at the 30-
minute timepoint. g, Concentration of mMMCPT-1 in serum 90min post-challenge
measured by ELISA. For d and e, points represent the mean for each group, error bars
represent s.e.m. For b-c and f-g, symbols represent individual mice, bars represent mean
* s.e.m. Statistics in g are analyzed by one-way ANOVA with Tukey’s post hoc test. *P <

0.05.
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Following the results of this initial experiment, another study was performed in which
we slightly altered the A. caccae and synbiotic treatment regimen (Fig. 5.16a). In this
experiment A. caccae LAHUC was administered in the form of a lyophilized powder which
was reconstituted in PBS. Dosing mice with lyophilized bacteria is preferable to glycerol
stocks because these powders are shelf stable, contain more viable cells, and avoid any
unwanted effects of gavaging culture media. Treating mice with A. caccae LAHUC from a
lyophilized powder resulted in more consistent and sustained colonization than in the
initial study (Fig. 5.16b). Only treatment with the synbiotic, but not A. caccae alone,
increased cecal butyrate, mirroring our previous results in an entirely different microbial
context (Fig. 5.16¢).

As previously, a subset of mice was i.p. challenged with PN before the treatment
window began, which showed a modest but consistent temperature drop (Fig. 5.16d).
After the 2-week treatment window, PBS-treated control mice exhibited a potent drop in
core body temperature, and that of synbiotic treated mice was significantly less severe
over the course of 70 minutes and at the 30 minute time point (Fig. 5.16e, f). Treatment
with A. caccae alone had little to no therapeutic effect, again mirroring what was observed
in the cow’s milk allergy model. Synbiotic treatment also reduced the concentrations of
MMCPT-1 and PN-specific IgG1 in serum, although not significantly (Fig. 5.16g, h).
However, synbiotic treatment did not impact PN-specific IgE in serum (Fig. 5.16i).

Overall, these data demonstrate that lyophilized A. caccae LHUC successfully
colonizes adult, antibiotic-treated SPF mice, and synbiotic administration with lactulose
increases cecal butyrate. This synbiotic formulation effectively reduces the anaphylactic
response to allergen challenge in previously sensitized mice and may be useful in

therapeutic contexts as well as prophylactic contexts.
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Figure 5.16: Synbiotic therapy increases luminal butyrate in vancomycin-treated
mice and reduces the allergic response to peanut | a, Experimental timeline adapted
from (92) and Fig. 5.15. Vancomycin-treated SPF C3H/HeN mice were i.g. sensitized with
peanut (PN) plus CT weekly for 4 weeks beginning at weaning. One week later, a subset
of mice was i.p. challenged with PN to confirm uniform sensitization. Remaining mice were
treated with PBS, A. caccae LAHUC, or the synbiotic for 2 weeks before i.p. challenge
with PN. b, Abundance of A. caccae measured in feces at stated timepoints during the
treatment window measured by qPCR. c, Butyrate concentration in cecal contents
measured by HPLC UV-Vis. d-e, Change in core body temperature (AT) of pre-treatment
controls (d) or experimental mice (e) immediately following PN challenge measured with
a rectal probe. f, Change in core body temperature of mice at the 30-minute time point. g,
Concentration of mMCPT-1 in serum 90min post-challenge measured by ELISA. h, i,
Concentration of PN-specific IgG1 (h) and IgE (i) in serum measured by ELISA. For d and
e, points represent the mean for each group, error bars represent s.e.m. For b-c and f-i,
symbols represent individual mice, bars represent mean * s.e.m. Statistics are analyzed
by area under the curve (e) or one-way ANOVA with Tukey’s post hoc test (c, f-i). *P <
0.05.

140



5.11 Conclusion

Together we now have evidence that A. caccae LAHUC engrafts in mice with dysbiotic
human microbiota and in antibiotic-treated SPF mice, additionally producing butyrate
when co-administered with lactulose. Of the several prebiotics tested, none of them singly
increased butyrate production in vivo, and neither did A. caccae alone. Interestingly,
introduction of A. caccae alone did expand the population of Foxp3*Roryt* Tregs in the
cLN without sensitization. This suggests that A. caccae, or other bacteria may induce
Foxp3*Roryt* Treg populations through mechanisms other than SCFA production. Other
mechanisms of host/synbiotic interaction were examined in the context of allergic
sensitization. We demonstrated that synbiotic treatment reduced the epithelial alarmin
response, induced populations of Tfr cells, and reduced populations of IgE-secreting and
IgG1-secreting cells in various sites.

The synbiotic reduced the allergic response in models of both cow’s milk allergy and
peanut allergy, demonstrating that this strategy is truly antigen agnostic (and shows
efficacy when challenge is administered by different routes, i.g. or i.p). Finally, this
synbiotic can be introduced in early life near weaning or in adulthood, prior to allergen
sensitization or afterwards. The broad applicability of this synbiotic suggests that it may
contribute to mucosal homeostasis through a variety of mechanisms and in a variety of

contexts.

141



CHAPTER 6
DISCUSSION, FUTURE DIRECTIONS, AND CONCLUSION

6.1 In vitro characterization of isolate A. caccae LAHUC

This project stemmed from previous work which demonstrated that A. caccae DSM
14662 had an allergy-protective effect in a gnotobiotic model of cow’s milk allergy (104).
This observation was highly impactful; the fact that a single species could mimic the
protective effect of the replete healthy infant microbiota (104) suggested that A. caccae
may be a promising candidate as a clinical LBP for food allergy. This first required isolation
of a new strain from the feces of a healthy infant (donor 2, (104)).

The FDA requires that all LBPs be isolated from a human with known health history
and have record of all cultures, with limited rounds of passaging (177). We isolated a
novel strain of A. caccae from the feces of a healthy infant donor (104) in accordance with
these guidelines. Novel isolate A. caccae LAHUC is closely related to other type strains
of A. caccae (Fig. 3.5), but notably produces more butyrate than these strains in vitro
(Fig. 3.8). We expect that butyrate production is likely critical to A. caccae’s therapeutic
efficacy in a replete microenvironment, especially since this isolate does not exhibit other
characteristics which have host-modulating effects such as flagella or indole production
(Fig. 3.8) (69). We therefore focused our in vitro studies on understanding and maximizing
A. caccae’s butyrate production. We predicted that we could co-deliver A. caccae with a
specific prebiotic to maximize its butyrate production in a microbially replete host.

In monocultures A. caccae LAHUC only produces butyrate from small sugars (glucose,
sucrose) or carbon metabolites (lactate and acetate) but cannot ferment more complex
carbohydrates (Figs. 3.10, 3.17) (247, 282). Interestingly, two prebiotic sugars, short-

chain fructo-oligosaccharides (scFOS) and myo-inositol, were digested by A. caccae in
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monoculture (Figs. 3.15, 3.16). A. caccae possesses a specific gene cluster which allows
it to digest sucrose and scFOS, while this species is otherwise generally limited in its
ability to digest polysaccharides (294). scFOS and myo-inositol stimulated the production
of high concentrations of butyrate or propionate, respectively (Figs. 3.15, 3.16). This
metabolic switch from production of butyrate to propionate in the presence of inositol has
been previously described in Anaerostipes species (particularly A. caccae and A.
rhamnosivorans), and this inositol conversion has been correlated to health status in large
human cohorts (281). These findings guided us to examine the effects of myo-inositol in
A. caccae monocolonized mice (discussed in Chapter 6.2). It will be interesting to
understand the precise genetic and molecular cues which signal this propionate pathway,
and how these dynamics change in monoculture versus complex microenvironments. In
future studies, we plan to also study the effects of scFOS in A. caccae monocolonized
mice and in the context of a replete microbiota.

Since we were interested in administering A. caccae LAHUC to microbially replete
hosts, we also wanted to understand its behavior in co-cultures with other bacteria. A.
caccae is a proficient cross-feeder, consuming byproducts of fiber digestion produced by
other bacteria (namely lactate and acetate) and converting these products into butyrate
(248). These relationships have previously been described between A. caccae and
‘primary degrader’ bacteria such as Bifidobacterium, Lactobacillus, and Akkermansia
species (249, 251, 282). We built on these findings by culturing A. caccae LAHUC with R.
bromii, a keystone species for degradation of potato starch (185). In media supplemented
with nonsoluble, resistant potato starch, co-cultures of A. caccae and R. bromii (but
neither alone) produced high concentrations of butyrate (Fig. 3.12). R. bromii produces
acetate, but no butyrate in monoculture (Fig. 3.12). We suspect that A. caccae is
consuming this acetate to produce butyrate, along with other small sugars released into
the medium (Fig. 3.12). We further demonstrated that the production of butyrate from

potato starch in this two-species system was sequential. We cultured R. bromii in media
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supplemented with potato starch, or other complex carbohydrates, and then removed the
R. bromii cells and cultured A. caccae in this 'spent media’. A. caccae readily grew and
produced butyrate in ’spent media’ utilizing products from R. bromii’s degradation of
potato starch and corn starch (Figs. 3.13, 3.14).

A study from our group demonstrated that R. bromii is enriched in the feces of healthy
twins compared their food-allergic siblings (112). This increased abundance of R. bromii
correlated strongly with differences in the fecal metabolome of this cohort (112). Others
have shown that dietary supplementation with potato starch increases the relative
abundance of R. bromii in feces, resulting in a corresponding increase in fecal butyrate
(187-189). Together these findings, along with our results from these in vitro cross-
feeding experiments, led us to hypothesize that dietary supplementation with potato
starch may have beneficial effects in children with food allergies. In an ongoing
interventional study, our collaborator is administering potato starch to peanut-allergic
children undergoing OIT (NCT05138757). We predict that potato starch, and downstream
production of butyrate, may have beneficial effects in modulating the gut immune system,
potentially reducing the symptoms and increasing efficacy of OIT. The results of this study
will contribute to the literature supporting microbiome-modulating effects of potato starch
and expand upon these by demonstrating whether these effects additionally exert a health
benefit in allergic children.

In addition to this two-species culture system, we also cultured A. caccae together with
a fecal slurry from a CMA infant (donor 6, (104)) to better screen prebiotics which may be
co-delivered with A. caccae LAHUC in our gnotobiotic mouse model. In this system, potato
starch again increased butyrate production only when A. caccae was co-cultured with the
other bacteria (Fig. 3.15). However, we later showed that potato starch administered by
i.g. gavage did not increase butyrate production in vivo (Fig. 5.2). An alternative
administration regimen, consisting of more frequent and higher dosing, may more

effectively increase the butyrate concentration in mice. Here, we instead focused on
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finding a prebiotic to specifically support the known metabolic needs of A. caccae, namely
lactate. A high throughput in vitro culture system demonstrated that A. caccae’s butyrate
production in monoculture or 2-species systems depends specifically on the availability of
lactate (63). This work suggested that in the presence of simple sugars, A. caccae
undergoes rapid proliferation but produces relatively less butyrate. Conversely, in the
presence of lactate and acetate, A. caccae produces butyrate most efficiently (63).

To increase the availability of lactate and acetate in the distal colon, we utilized
lactulose, a prebiotic known to be digested into these metabolites by colonic bacteria
(253). A. caccae was not able to ferment lactulose in monoculture, and neither A. caccae
alone nor feces from a CMA infant donor produced butyrate from lactulose in vitro (Fig.
3.18). However, co-culturing A. caccae and the CMA feces in the presence of lactulose
significantly increased the concentration of butyrate and modestly increased lactate (Fig.
3.18). We suggest that the CMA microbiota contains many species capable of performing
the initial breakdown of lactulose but relatively few butyrate producing taxa. A. caccae can
fill this niche, utilizing those intermediate products to produce butyrate. We extended
these results in vivo using gnotobiotic, CMA-colonized mice and showed that co-
administration of A. caccae LAHUC and lactulose, but neither alone, increased luminal
butyrate and lactate (discussed further in Chapter 6.3). We predict that lactulose is likely
not the only prebiotic that could be co-delivered with A. caccae to induce this butyrate
production. Future studies will explore other substances, including HMOs, scFOS and
potato starch, to determine if these more commonly used prebiotics could induce a similar
butyrate-potentiating effect in vitro and in vivo. While the microbiome-modulating effects
of lactulose are becoming more widely accepted (256, 300), its medicinal properties as a
laxative at high doses (253) may limit its potential for large-scale adaptation as a clinical

prebiotic.

Finally, we have pursued stability studies and scale-up manufacturing to demonstrate
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A. caccae LAHUC’s potential as a clinical product. A. caccae LAHUC can be lyophilized
into a powder form and stored at room temperature for several months, maintaining cell
viability and avoiding contamination (Fig. 3.19). Additionally, we have partnered with Rise
Therapeutics, a contract manufacturing organization skilled in anaerobic bacteriology, to
begin scale-up culture and production. Clinical LBPs must be cultured in media without
any animal products (177), so we transitioned our isolate into animal-free tryptic soy broth
(AF-TSB) for this work. Initial scale-up with Rise demonstrated that A. caccae LAHUC
successfully grew in AF-TSB in a 2L batch fermentation reactor, reaching a high optical
density of approximately 6.0 (Fig. 3.20). Cells from this culture were lyophilized, and
ongoing studies are testing the stability of this lyophilized powder (namely cell viability)
after long term storage at various temperatures (4°C, 25°C, 40°C).

Overall, we have isolated a novel strain of A. caccae which is suitable for production
as a clinical LBP. We characterized its growth and metabolic products through in vitro
culture techniques and through analysis of its genome. Ongoing work in collaboration with
the Mimee laboratory (UChicago) is further characterizing the genome of A. caccae
LAHUC and developing gene editing tools to modify this species as well as other
commensal Clostridia. These studies will contribute to our knowledge about this strain
and create opportunities to manipulate its genome to improve its therapeutic capacity. We
have thus far attempted to improve A. caccae’s butyrate output by pairing it with other
bacterial species and various carbohydrates. However, genetic editing could further
improve its butyrate output, or allow this species to selectively utilize a specific carbon

source for its metabolism.

6.2 Bacterial regulation of epithelial barrier function

The intestinal epithelium functions as a barrier between the lumen and the rest of the

body, preventing hyper immune activation to the abundant luminal food-derived and
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microbial antigens (117, 118). We have shown that in the absence of commensal
Clostridia, mice have dysregulated epithelial barrier function, which allows translocation
of food antigens into systemic circulation and downstream allergic sensitization (53).
Clostridia are essential in regulating this barrier function, which is characterized by
production of IL-22 from ILC3s, expression of AMPs from Paneth cells as well as
increased populations of mucus-secreting GCs (53). In more recent work we also showed
that butyrate delivered to the distal Gl tract via conjugation to polymer micelles (ButM)
increases epithelial barrier integrity, preventing translocation of FITC-dextran into the
serum of mice treated with DSS or antibiotics (92). We now expand upon these studies
to understand how human-derived microbiota, either feces from healthy or CMA infants,
or A. caccae LAHUC impact intestinal barrier integrity. These studies have furthered our
understanding of microbial regulation of the host epithelium and help to understand the
disparate phenotypes of mice colonized with the healthy or CMA feces in our model of
cow’s milk allergy (104). Colonization with healthy infant-derived feces or A. caccae is
sufficient to prevent allergic responses to the milk allergen BLG. Conversely, CMA-
colonized mice are not protected (104). In this thesis, we demonstrate that the healthy
infant microbiota induces a barrier-protective phenotype in colonized mice, which is
lacking in CMA-colonized mice. This may, in part, explain their different outcomes in this
model of cow’s milk allergy.

We previously showed that A. caccae monocolonized mice are protected from
developing allergic responses to BLG (104). We thus designed experiments to determine
if A. caccae, like other Clostridia, regulates epithelial barrier function. In addition to
studying the effects of A. caccae monocolonization, we also treated some mice with myo-
inositol, a glucose-like sugar alcohol which A. caccae ferments into propionate in vitro
(Fig. 3.16) to determine if addition of this prebiotic would alter A. caccae’s SCFA
production in vivo. Administration of myo-inositol did in fact increase the concentration of

propionate as well as butyrate in the cecum of A. caccae monocolonized mice (Fig. 4.1).
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Mice monocolonized with A. caccae had little butyrate measurable in the cecum, and
these low levels may not be sufficient to induce immunoregulatory responses in mice.
However, only A. caccae monocolonized mice that were not treated with myo-inositol had
increased GC numbers in colonic crypts and increased mucus layer thickness (Fig. 4.2).
This led us to predict that A. caccae may elicit a barrier protective phenotype in
monocolonized mice by inducing mucus production, either by consuming host mucus or
otherwise interacting with the colonic epithelium. Conversely, in the presence of an
accessible carbon source (in this case, myo-inositol), A. caccae did not directly depend
on host-derived carbohydrates, and thus did not induce this GC/ mucus response. Further
work in this area will determine if A. caccae (with or without myo-inositol) induces IL-22,
or if administration of myo-inositol alters the allergic response to BLG in A. caccae
monocolonized mice. We suspect that although mice treated with myo-inositol do not have
increased GC numbers or function, the SCFAs produced by A. caccae in this context may
still result in protection from an allergic response. Additionally, we could explore the effects
of myo-inositol in the context of a replete microbiota, e.g., in CMA-colonized mice. We do
not yet know if A. caccae (or other bacterial taxa) would be able to ferment myo-inositol
into SCFAs in this complex environment, although we predict that they would.

In addition to these monocolonization experiments, we performed most of our studies
using gnotobiotic mice colonized with feces derived from healthy or CMA infant donors
(104). Fecal slurries obtained from these donors were first gavaged to GF mice almost 6
years ago, and feces from these initial recipient (repository) mice have been used to
colonize all subsequent mice. These bacterial communities have remained remarkably
stable over time as maintained in these living repositories. In our previous publication, we
demonstrated that mice colonized with feces derived from four healthy infant donors had
increased relative abundance of Lachnospiraceae, Erysipelotrichaceae and other taxa
compared to mice colonized with feces from four CMA donors. Conversely, CMA-

colonized mice had increased relative abundance of Parabacteroides and unclassified
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Clostridiales (104). Nearly 6 years later, we show that mice colonized with feces from
healthy- and CMA- repositories from two donors (healthy donor 2, CMA donor 6 (104))
have distinct microbiome compositions, and that these two communities are distinct from
each other (Fig. 4.3). Further, the healthy microbiota is consistently characterized by
increased relative abundance of Lachnospiraceae and Eryipelotrichaceae genera, while
the CMA microbiota is dominated by Bacteroides and Parabacteroides (Fig. 4.3). Healthy-
colonized mice also have increased cecal butyrate compared to CMA-colonized mice,
demonstrating functional differences in these two communities (Fig. 4.4). Metagenomic
analysis of feces from mice colonized with microbiota derived from a different CMA donor
(donor 5, (104)) demonstrated that this microbiome contains more LPS synthesis genes
than that of a healthy donor, which may have inflammatory consequences (159). Further
metagenomic and metabolomic analyses of the microbiota used in this study (derived
from healthy donor 2 and CMA donor 6, (104)) could provide greater insight into specific
functional differences between these communities.

Beyond these differences in the microbiome composition of healthy- and CMA-
colonized mice, we also demonstrate that these mice have differing epithelial barrier
function. Colonization with the healthy microbiota (from feces of repository mice) induces
IL-22 production, expression of downstream AMP genes Reg3 and Reg3y, and reduces
intestinal permeability to FITC-dextran (Figs. 4.4, 4.5). The CMA microbiota does not elicit
this same effect, strengthening our previous conclusions that the healthy infant microbiota
contains specific taxa which can regulate host health and immunity (104). The epithelial
barrier function observed in healthy-colonized mice likely contributes to their protection
from developing allergic responses to food. Future studies could ablate this barrier
function during sensitization (i.e., with a neutralizing antibody to IL-22) to determine if the
allergy-protective effect of the healthy microbiota is mediated by IL-22 -dependent barrier

function. Additionally, various factors (i.e., butyrate, A. caccae) could be introduced to the
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CMA microbiota in attempts to improve their epithelial barrier function and downstream

allergic phenotype.

6.3 A synbiotic formulation of A. caccae LAHUC and lactulose exerts a
variety of microbiome- and host-modulating effects to prevent and

treat allergic responses to food in mice

Based on our previous findings, we predicted that administration of A. caccae LAHUC
to CMA-colonized mice would reduce their susceptibility to developing allergic responses
to food. CMA-colonized mice have lower representation of Lachnospiraceae taxa and low
levels of luminal butyrate compared to healthy-colonized mice (104). Additionally,
colonization with this microbiota did not elicit an IL-22 -dependent barrier protective
phenotype (Figs. 4.4, 4.5), and after sensitization with the allergen BLG, CMA-colonized
mice developed allergic responses to this antigen upon i.g. challenge (104). For these
reasons we refer to the CMA microbiota as a dysbiotic community. We postulated that
introduction of A. caccae, a butyrate-producing species in the family Lachnospiraceae,
into this community would rescue this dysbiosis and attenuate the allergic phenotype of
CMA-colonized mice.

A. caccae readily colonizes GF mice (104), however it was not known if the same
would be true for mice with a replete, yet dysbiotic, microbiota. To improve engraftment
and metabolic opportunity for A. caccae LAHUC, we administered this species as a
synbiotic with various prebiotics. Strikingly, A. caccae readily engrafted in both CMA-
colonized mice and vancomycin-treated SPF mice even in the absence of additional
prebiotic supplementation (Figs. 5.2, 5.5, 5.16). However, neither A. caccae LAHUC nor
any of the prebiotics we tested increased luminal butyrate in CMA-colonized mice when
administered alone (Fig. 5.3). Only synbiotic administration of A. caccae LAHUC and

lactulose increased luminal butyrate concentration in vivo (Figs. 5.3, 5.5, 5.16).
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Many groups have administered prebiotic fibers in clinical studies with the goal of
increasing fecal butyrate production (178, 179). However, results of these studies are
often highly variable and dependent on the specific prebiotic as well as the baseline,
resident microbiota of the individual participants (178, 187-190). The modern, Western
diet is largely deficient in fiber, and after generations of consuming this diet the fiber-
consuming bacteria in the human gut may be so depleted that re-introduction of fiber may
not be sufficient to recover these taxa, as has been shown in mice (17). We predict that
the prebiotics administered in these previous studies may have been partially broken
down by the resident microbiota, but in the absence of an efficient butyrate-producer, the
prebiotic would not be fully fermented into this final product. Administration of a butyrate-
producing LBP may address this gap, and delivery as a synbiotic will help to ensure the
LBP’s growth and opportunity.

In our studies, we demonstrated that our synbiotic therapy (A. caccae LAHUC plus
lactulose) prevented the development of allergic responses to BLG in CMA-colonized
mice, but A. caccae alone did not protect (Fig. 5.7). This fits with our hypothesis that
butyrate is critical to A. caccae’s therapeutic efficacy since we demonstrated that
administration of A. caccae alone did not increase luminal butyrate (Fig. 5.3). The same
is true in PN-sensitized, vancomycin-treated mice: only treatment with the synbiotic (but
not A. caccae alone) increased cecal butyrate and reduced the anaphylactic response to
PN challenge (Fig. 5.16).

The A. caccae synbiotic may prevent allergic responses to food through various
mechanisms, regulating both innate and adaptive immunity. Following two sensitizations
with BLG plus CT, CMA-colonized mice expressed significantly greater transcripts of
alarmin genes 1125 and Tslp in the ileal epithelial cell compartment than healthy-colonized
mice (Fig. 5.11). Treatment with the synbiotic completely prevented this alarmin
response, reducing the expression to levels similar to those detected in healthy-colonized

mice (Fig. 5.11). The synbiotic therapy may reduce all downstream Th2 activation by
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preventing this initial, innate response to sensitization. The mechanism of how
commensal bacteria could regulate epithelial alarmin expression is not yet known. We
predicted that the synbiotic may increase mucus production in the small intestine, which
could trap BLG and CT and prevent them from being sensed by the epithelium. Future
studies will be required to determine if mucus production is involved in this phenotype.
We also examined the effect of synbiotic treatment on T cell populations in the mLNs
in BLG-sensitized mice. Th2 cells are the canonical regulators of allergy, but Tth cells also
play a major role in that these cells directly interact with B cells in the GC and affect their
maturation into high-affinity, antibody-secreting PCs (295). Tth cells that produce IL-13,
specifically, are involved in the maturation of IgG1 and IgE-producing PCs (125, 290).
Conversely, Tfr cells oppose the actions of Tth cells and produce tolerogenic cytokines
(IL-10) and inhibitory receptors (CTLA-4) to reduce B cell activation in the GC (295). We
demonstrate that CMA-colonized mice had greater proportions and cell numbers of Tth in
the LN than healthy-colonized mice, which may additionally contribute to their
development of allergic responses (Fig. 5.13). Conversely, synbiotic treatment expanded
populations of Tfr cells (both CD25* and CD25 subsets) in the cLN of BLG-sensitized,
CMA-colonized mice (Fig. 5.13). Butyrate (in the form of butyrylated starch) has been
shown to increase these Tfr populations (particularly CD25" cells) in a murine model of
rheumatoid arthritis (97). However, the role of Tfr cells in regulating food allergy is not yet
clear, and it seems that Tfr cells may either prevent or promote IgE maturation depending
on the specific model and genetic background of mice (296—298). In our model, we predict
that this expansion of Tfr cells may have a beneficial role in preventing the development
of high affinity IgE antibody-secreting cells (ASCs), since synbiotic treated mice express
fewer IgE-ASCs in the mLN than untreated, CMA-colonized mice (Fig. 5.14). Future work
will expand on this observation by characterizing BLG-specific IgE cells, although these
low abundance cells may be difficult to identify with current methods. This direct T/ B cell

regulation by a single commensal species has not yet been described and could
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contribute to our understanding of bacterial regulation of allergic responses to food

overall.

The mechanisms described so far all explain how prophylactic treatment with the
synbiotic may prevent the development of allergic responses to BLG. However, this
synbiotic also showed efficacy in a therapeutic model of peanut allergy, in which mice
were sensitized to PN and subsequently treated with the synbiotic (or A. caccae LAHUC
alone) after they had become fully allergic. We have previously shown that short-term
treatment with butyrate-conjugated micelles (ButM) reduced the allergic response to PN
in this model (92), and here we demonstrated that the synbiotic is similarly effective (Fig.
5.16). We predict that in the therapeutic model, both the synbiotic and ButM may be
impacting the accumulation or function of downstream effector cells such as mast cells.
Mucosal mast cells accumulate in the intestine in response to allergic sensitization and
express FceR1 which binds allergen specific IgE (299). Upon allergen re-exposure, the
antigen will cross-link surface-bound IgE, initiating an intracellular signaling cascade
which results in cellular degranulation and release of proteases, particularly mMCPT-1
(299). In vitro, butyrate has been shown to decrease FC&R1 expression and activation
markers on mast cells via HDAC inhibition (99). We predict that our therapeutics (ButM
and the A. caccae synbiotic), which both increase butyrate concentrations in the lower Gl
tract, may reduce accumulation or activation of mucosal mast cells. Further experiments
will be required to determine the exact mechanisms imparted by these treatments in this

therapeutic peanut allergy model.

6.4 Conclusion

The interactions between the human host and commensal microbiota are complex,
dynamic, and diverse. The three-way system between host biology, the environment, and

the microbiome must maintain careful balance to preserve health and homeostasis. Any
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perturbations in this system can heighten susceptibility to disease or dysfunction. We are
just beginning to understand the mechanisms of these interactions, identifying key
bacterial species and their products which modulate host immunity, as well as host-factors
which regulate the composition of the microbiota. The rise of genetic sequencing and
‘omics technologies (metagenomics, metabolomics, etc.) is rapidly expanding our access
to data which can help to understand the complex ecological dynamics within the human
gut microbiome (9, 164, 165). However, it is difficult to determine causality from these
‘omics studies. Identifying, isolating, and characterizing specific bacterial species which
causally impact the host is imperative in translating this new understanding into
meaningful therapeutics (167, 168).

Our laboratory has previously examined the fecal microbiome (103, 104, 112) and
metabolome (112) of individuals with food allergies. These studies have shown, across
different cohorts and demographics, a reproducible lack of butyrate-producing Clostridia
in infants with cow’s milk allergy or children and adult twins with various food allergies
(103, 104, 112). We also established causality, by demonstrating that members of the
healthy infant fecal microbiota, particularly A. caccae, protect against the development of
allergic responses to BLG in a gnotobiotic murine model (104). This finding was later
replicated with another cohort of healthy and food allergic infants in a different model of
murine food allergy (111), demonstrating the generalizability of our findings.

This thesis expands upon previous work by attempting to harness the
immunoregulatory effect observed in A. caccae monocolonized mice and utilize this
species as an LBP for food allergy. We hypothesized that this species, a butyrate-
producing Clostridia with established host-beneficial properties, could prevent or treat
allergic responses to food in mice with dysbiotic microbiota. We first isolated a strain of
this species, A. caccae LAHUC, from the feces of a healthy infant donor (104) and
extensively characterized the growth and phenotype of this isolate in vitro. We then

demonstrated that, surprisingly, this isolate readily engrafts in mice with an existing
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microbiota (either CMA-colonized mice or vancomycin-treated SPF mice). However, this
engraftment does not increase the concentration of butyrate in the cecal contents — only
co-administration of A. caccae LAHUC with prebiotic lactulose increases luminal butyrate.
We hypothesized that butyrate is critical to A. caccae’s allergy-protective effect, and with
these two formulations (A. caccae LAHUC administered alone or as a synbiotic), we had
an internal control to study the effects of a therapeutic LBP, with or without corresponding
butyrate. Prebiotic lactulose may alone have some therapeutic effects (255, 300);
however, these have not yet been consistently shown in mice or humans (256, 257). We
instead focused on the potential beneficial role of A. caccae in the context of lactulose or
alone.

We applied our synbiotic therapy to established models of cow’s milk allergy in a
gnotobiotic system (104) or peanut allergy in SPF mice treated neonatally with antibiotics
(53, 92). Strikingly, in both models, the synbiotic treatment reduced the anaphylactic
response to allergen challenge, but treatment with A. caccae LAHUC alone had minimal
effect. This contributes to our understanding that butyrate derived from A. caccae is critical
to its immunoregulatory effect, as only the synbiotic increases luminal butyrate. The
synbiotic likely impacts the development of allergies through various mechanisms. We
demonstrated that some of these mechanisms may involve modulation of the fecal
microbiome, blunting the epithelial alarmin response to sensitization, expanding
populations of Tfr cells in mLN, and reducing populations of IgE-secreting cells in the
mLN.

Overall, this work demonstrates that paired delivery of a butyrate-producing bacterium
with a rationally chosen prebiotic can lead to its persistence and modulation of the resident
microbiota, as well as regulation of the host immune system in the context of food
allergies. There is significant clinical interest in developing pre- pro- and syn-biotics (179,
219). However, the results of earlier studies have been highly variable and overall, there

is not much evidence to date for efficacy of these strategies in prevention or treatment of
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food allergy (101, 230, 235, 237). Many of these strategies have relied upon
administration of probiotics which are readily culturable (e.g., Lactobacillus and
Bifidobacterium sp.), but often do not engraft in the host and do not have demonstrable
mechanisms of host interaction in this context (103, 230). Our synbiotic overcomes this
limitation, by increasing resident populations of bacteria (Bifidobacterium), and
additionally by achieving engraftment of a Clostridial species which can readily utilize the
fermentation products produced by these “classical probiotics” to produce butyrate. The
immunoregulatory properties of butyrate are well described (92, 178, 287), and a lack of
butyrate or butyrate-producing species is correlated with atopy (45, 105). The synbiotic
which we developed here contains a bacterium which readily engrafts, produces butyrate,
and further expands resident populations of beneficial bacteria to result in an overall
allergy-protective effect in dysbiotic hosts. Our data suggests that our infant-derived
isolate of A. caccae, administered as a synbiotic, may be an effective LBP in future clinical

studies.
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