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Abstract

The microbes that inhabit the human body are integral to human health and
disease: from inflammatory bowel discase to allergy, metabolic syndrome to autism.
Due to its high connectivity with human physiology, manipulation of the microbiota
has therapeutic potential in a vast array of diseases. However, techniques for tar-
geted modification of microbial communities are currently lacking. In this thesis, I
present several technologies that can be applied to engineer and better understand
the microbiota. First, we present a subtractive strategy for microbiota manipula-
tion using CRIPSR-Cas engineered bacteriophage that can selectively remove target
strains from a community based on the presence of target DNA sequences. Next, we
describe an additive strategy whereby commensal Bacteroides spp. are genetically
modified to perform novel functions within the murine microbiota. We developed
a suite of genetic parts to facilitate organism design and engineering. These tools
were then expanded to engineer outer membrane vesicles derived from Bacteroides
as immunomodulatory agents. Finally, we leveraged the natural sensing abilities of
bacteria to create cellular biosensors for biomarkers of gastrointestinal discase. Heme
biosensors were paired with readout electronics to generate an ingestible medical de-
vice for in situ detection of gastrointestinal bleeding. The technologies described
herein contribute to the progression of microbiome engineering towards clinical appli-
cations and the advancement of our understanding of how our smallest friends impact
our health.

Thesis Supervisor: Timothy K. Lu
Title: Associate Professor of Biological Engineering and Electrical Engineering and
Computer Science
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Chapter 1

Introduction

The human body is home to a diverse community of symbiotic, commensal and
pathogenic microorganisms, collectively known as the microbiota. These bacterial, vi-
ral and eukaryotic communities exist on all environmentally exposed sites in the body,
including the skin, nasopharynx, oral cavity, respiratory tract, gastrointestinal tract
and female reproductive tract. Community composition is largely phylogenetically
conserved across healthy individuals for a given body site [1]. The intimate associa-
tion between host and microbe over the course of a lifetime has profound implications
on human health, across multiple physiological axes. Indeed, these natural benefi-
cial interactions make the microbiota an attractive avenue for engineering human
physiology. In the following chapter, I will summarize illustrative host-commensal in-
teractions linked with various physiological processes. Additionally, I will outline the
synthetic biology efforts that have sought to manipulate the microbiota for diagnostic
or therapeutics purposes. This review should provide a conceptual foundation of the
importance of the microbiota on human health and the state of current technologies
that take advantage of host-commensal interactions. Finally, I will outline the scope
and organization of the following chapters.

Figures and text in the following introduction have been adapted from the 2016
Advanced Drug Delivery review entitled ‘Microbiome therapeutics — Advances and

Challenges’ to which I contributed as a first author [2].
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1.1 Effects of the Gut Microbiota on the Host

A major focus of human microbiome research has been studying the bacteria in
the gut, which represent the largest community both in terms of abundance and di-
versity [1]. Initial colonization occurs at birth and the mode of delivery (i.e. vaginal
or Caesarian section) influences the founding community [3]. Early-life events, such
as transitions in diet [4] and antibiotic use [5], shape the volatile infant microbiome,
which stabilizes with age. In contrast, the adult gut microbiota is highly resilient to
minor perturbations. For instance, the individual gut microbiome was determined to
be 60% conserved at the strain level over the course of five years, with members of the
phyla Bacteroidetes and Actinobacteria being the most stable [6]. This longitudinal
stability, in combination with the great interpersonal diversity of the microbiome,
even permits identification of >80% of individuals by their unique ‘microbial fin-
gerprint’ [7]. Despite its stability, large insults, such as antibiotic treatment (8] or
the onset of disease [9], can lead to dramatic changes in the composition of the gut
flora. Additionally, diet and environment are major contributing factors shaping the
community [10, 11]. Studies in humans [12] and mice [13-15] have shown that the
microbiota responds to major changes in diet that reflect nutritional intake. In a
large Flemish and Dutch study, other environmental factors such as body-mass in-
dex, stool disease, disease, pharmaceutical intake and age have significant effects on
the composition of the microbiota [16]. An Israeli study echoed many of these factors
and added HDL cholesterol levels, lactose intake and glycemic status to the list [17].
Of note, with increased statistical power, the same Israeli study demonstrated the
minimal effect human genetics and specific single-nucleotide polymorphisms have on
the human microbiota. Despite these large studies consisting of thousands of human
samples across geographically distinct populations, the measured environmental fac-
tors only account for 20% of the variance between individuals microbiota pointing
to a suite of unknown or stochastic factors that exert a profound influence [16, 17].

Small-molecules produced by members of the microbiota have drawn consider-

able attention from both the microbiome and chemical biology communities as ma-
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jor players in host-microbe interaction. Traditionally, small molecules derived from
soil microorganisms have been a mainstay of pharmaceutical drug discovery and the
source of several blockbuster antimicrobial and anticancer agents [18]. With mil-
lennia of co-evolution with mammalian hosts, it is expected that microbiota-derived
natural products will similarly host a treasure trove of bioactive molecules. Human
metagenomes are replete with biosynthetic gene clusters that can be identified com-
putationally [19]. Mining these clusters for bioactivity has revealed molecules that
act as antimicrobials [19], G-protein-coupled receptor ligands [20] , and protease in-
hibitors [21]. Advancements in DNA synthesis and synthetic biology has enabled
the de novo synthesis of these biosynthetic gene clusters [22] and characterization of
the synthesized molecules. Identification of the molecular players in host-commensal
interaction will surely be a powerful tool in capitalizing on the microbiota for thera-

peutic applications.

1.1.1 Metabolism

At the community level, the collection of microbes that inhabit the gut plays a
key role in human metabolism. Early observations recognized the relative proportions
of Bacteroidetes to Firmicutes as a microbial signature of obesity in mice, where an
obese-associated microbiota displayed an increased capacity for energy harvest [23,
24]. Notably the increase in total body and fat mass, as well as the associated
metabolic phenotypes, was transferrable by transplantation of obese-associated flora
into gnotobiotic mice [24, 25]. Similarly, studies on the gut microbiota of twins
discordant for kwashiorkor, a severe form of acute malnutrition, demonstrated that
transplantation of a kwashiorkor-associated microbiota into gnotobiotic mice leads
to a rapid decrease in body weight and metabolic phenotypes associated with mal-
nutrition [26]. Later studies have linked specific microbial taxa with lean or obese
phenotypes. For example, murine Bacteroides acidifaciens [27] as well as Akkerman-
sia muciniphila [28] can protect against obesity and insulin resistance in mice fed high
fat diets. Conversely, branched amino acids produced by Prevotella copri and Bac-

teroides vulgatus have been linked with insulin resistance in both murine and human
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studies [29].

At the molecular level, several microbially-derived metabolites have been shown
to directly or indirectly modulate host metabolism. A major metabolic role of the
gut flora is the conversion of ingested dietary fiber and host mucosal glycans into
short-chain fatty acids (SCFAs), which include acetate, propionate and butyrate [30].
SCFAs mediate a multitude of beneficial effects on the host. Butyrate serves as a
primary energy source to colonic epithelial cells [31, 32] and increases gut barrier in-
tegrity through stabilization of hypoxia-inducible transcription factor [33]. Moreover,
SCFAs can modulate host gene expression through inhibition of histone deacetylases
[34] or through G-protein-coupled cell surface receptor signaling [35, 36]. This sig-
naling stimulates intestinal gluconeogenesis [37], secretion of glucagon-like peptide 1,
leptin, and peptide YY [36, 38], and modulates gut motility [36, 39]. In addition to
SCFAs, microbial metabolism of bile salts can also influence gut motility [14]. Fur-
thermore, the gut microbiota, in concert with hepatic enzymatic activity, participates
in the conversion of dietary phosphatidylcholine and L-carnitine into trimethylamine
N-oxide (TMAO), a molecule strongly correlated with atherosclerotic heart disease
[40, 41]. TMAO production is dependent on an intact microbiota [41] and trans-
ferrable by microbiota transplantation [42]. Inhibition of microbial enzymes involved
in TMAO production has been shown to be an effective means of treating atheroscle-
rosis in mice, suggesting that inhibitors of microbial enzymatic activity could be
potential therapeutics for host diseases [43].

Just as the gut microbiota metabolizes carbohydrates, proteins and lipids ingested
by the host, bacteria in the gut interact with compounds foreign to living organisms,
known as xenobiotics [8]. While these interactions often only result in mild changes
in gene expression in gut microbes [8], a high-throughput survey of human-targeted
drugs effects on human commensal species revealed a extensive in vitro growth in-
hibition [44]. These direct effects of human-targeted drugs on bacterial growth was
concordant clinical data of metformin [45] and protein-pump inhibitor [46, 47] mod-
ulation of microbiome composition . In contrast, microbial activity can disrupt the

intended activity of host-targeted drugs. For example, Eggerthella lenta, a gut Acti-

Chapter 1 20 Mimee



Genetic Technologies to Engineer and Understand the Microbiome

nobacteria, can inactivate the cardiac drug digoxin [48] and repression of the respon-
sible operon through supplementation of dietary protein can increase serum levels of
active digoxin [49]. Additionally, bacterial S-glucuronidases interfere with the efficacy
of the colon cancer chemotherapeutic CPT-11 by reactivating the drug in the intes-
tine, resulting in an increased toxicity that can be reversed through small molecule
inhibition of B-glucuronidase activity [50]. Together, the repercussions of microbial

metabolic activity on both nutrients and xenobiotics impact human health.

1.1.2 Immunity

The homeostatic association of the human body with trillions of microbes demands
a continuous dialogue between the host immune system and the microbial flora [51-
53]. In both the small and large intestine, commensals are kept in check sthrough a
thick mucosal layer, gradients of antimicrobial peptides and mucosal IgA antibodies
[61, 54]. Nonetheless, the gut flora and their associated metabolites strongly influ-
ence the immune system in both health and disease [55, 56]. Inflammatory bowel
disease (IBD) is thought to be caused by a combination of environmental, genetic
and microbial factors [54]. Indeed, there is a strong association between constella-
tions of microbial taxa in patients with IBD compared to healthy subjects [9, 57].
Certain microbially derived products, such as polysaccharide A from Bacteroides
fragilis {58, 59] and butyrate from Clostridia spp. [60-62], have been shown to be
protective in colitis through the induction and maintenance of peripheral regulatory
T cells (Trgg). Similarly, protein antigens produced by segmented filamentous bacte-
ria have been demonstrated to robustly induce Tqi7 responses [63] [64]. While these
microbe-host immune interactions are predominant in the gut, the effects can mani-
fest systemically. For example, a depletion in certain microbial taxa in the infant gut,
which include Lachnospira, Veillonella, Faecalibacterium, and Rothia, is a risk factor
for childhood asthma [65], while colonization of mice with spore-forming Clostridia
species can protect against food allergy sensitization [66]. Early colonization with
poorly immunogenic bacteria, such as Bacteroides spp., can also disrupt the proper

development of the immune system and lead to autoimmune disease [56]. The inter-
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action between microbe and host is a powerful determinant in the development of a
healthy, balanced immune system.

Bacteria in the gut can also indirectly modulate immune function through inter-
actions with invading pathogens [67, 68]. The capacity of the normal flora to defend
against pathogenic invasion is referred to as colonization resistance and is founded on
either competition for limited resources or microbial warfare. Ablation of the gut mi-
crobiota through broad-spectrum antibiotics predisposes individuals to opportunistic
pathogens, including Clostridium difficile, that are normally kept at bay by commen-
sal microbes [69]. Endogenous and probiotic strains of Escherichia coli can protect
against Salmonella Typhimurium infection in mice by scavenging iron necessary for
a productive infection [70]. Furthermore, the presence of Clostridium scindens can
defend against recurrent C. difficile infections through the synthesis of secondary
bile acids toxic to C. difficile [71]. Bacteria also possess an arsenal of molecular
weapons, such as bacteriocins, microcins and Type VI secretion systems [72], which
exclude competing invaders from a community [68]. While antagonistic interactions
help prevent pathogens from entering the microbiota, some interactions have been
shown to exacerbate infection. For example, in mono-colonized mice, Bacteroides
thetaiotaomicron can forage sialic acid from mucosal glycans and generate succinate,
which can then serve as a carbon source for C. difficile during infection [73, 74]. Thus,

bacteria-bacteria interactions can have consequences for the host in which they occur.

1.1.3 Gut-Brain Axis

Strikingly, the impact of the gut flora on the host reaches beyond the gastrointesti-
nal tract to the brain, where microbially derived metabolites can influence neuroen-
docrine function and behaviour [75-77]. As mentioned above, butyrate produced by
the microbiota modulates levels of neuropeptides that govern satiety, such as leptin
and peptide YY [36]. Additionally, the presence of a microbiota as well as microbiota-
produced SCFAs worsen pathology in murine Parkinson’s models [78]. The metabolic
activity of bacteria can also influence circulating levels of neurotransmitters, such as

serotonin [79], and bacterial enzymes are capable of directly synthesizing the neuro-
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transmitter tryptamine [80]. Together, these endocrine effects can manifest in changes
in behaviour. In mouse models of autism spectrum disorders, correction of a dysbiotic
microbiota through administration of B. fragilis can lead to a reversal in behavioural

abnormalities [81].

1.2 Efforts to Harness and Engineer the Micro-

biota
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Figure 1-1: Approaches to Microbiome-Based Therapeutics: Additive ther-
apies involved supplementation of the microbiota with one or more natural or en-
gineered microbes. Subtractive therapies employ antimicrobial agents to selectively
remove target strains from the community. Modulatory therapies use abiotic agents
to alter the composition or activity of endogenous microbiota strains.

As a decade of research has solidified the importance of the microbiome on hu-
man health and disease, recent efforts have sought to capitalize on this interaction to
create microbiome-based therapeutics. These approaches can be classified into three

major paradigms: additive, subtractive or modulatory therapies (Fig. 1-1). Additive
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therapy includes the supplementation of the host microbiota with either individual
strains (Fig. 1-2) or a consortium (Fig. 1-3) of natural or engineered microorganisms.
Subtractive therapy refers to the specific elimination of deleterious members of the
microbiome to cure disease (Fig. 1-4). Finally, modulatory therapies involve adminis-
tration of non-living agents, or prebiotics, to modulate the composition or activity of
the endogenous microbiome. Probiotics and prebiotics constitute the first generation
of microbiome therapies and have been reviewed extensively (82 86|. Here, I will fo-
cus on the next-generation of microbiome therapeutics using recombinant probiotics,
designed microbial consortia and selective antimicrobials. Thus far, therapeutic bac-
terial consortia have been primarily composed of natural strains, whereas genetically
engineered bacteria have mainly been delivered as individual strains. However, mov-
ing forward, genetically modified communities may be developed that can incorporate
the diversity and robustness of microbial consortia with the added efficacy and con-

trollability of synthetic gene circuits.

1.2.1 Genetically Engineered Probiotics
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Figure 1-2: Genetically Engineered Probiotics as Therapeutic Agents: Gene
circuits are constructed using libraries of genetic parts to enable microbial production
of therapeutic proteins. Introduction of these microorganisms into the endogenous
microbiota allows for in situ detection of disease biomarkers and/or drug production.

Probiotic therapies are founded on the rationale that naturally occurring human-
associated microbes provide a myriad of health benefits. Indeed, oral ingestion of
Lactobacillus spp., E. coli and Bifidobacterium spp. has been clinically shown to
remedy a wide variety of diseases [87-90]. Recent efforts seek to augment the natural

benefits of probiotics through recombinant expression of therapeutic biomolecules.
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Implementation of cells as vehicles of drug delivery could enable continuous in situ
production of biotherapeutics that could overcome issues such as bioavailability and
drug inactivation associated with oral administration. Synthesis of protein therapeu-
tics could be conditioned upon the detection and integration of specific environmental
cues related to disease. This conditional, on-demand drug release is a particularly
attractive advantage of cell-based therapeutics that could enable entirely new phar-
macological paradigms. If the therapeutic organism can stably colonize the host, the
engineered microbe could dynamically correct perturbations caused by disease to re-
store homeostasis in the host. Realization of this vision of fully autonomous ‘smart’
cell-based therapeutics is still forthcoming. However, recent efforts have demonstrated
the efficacy of cell-based bacterial therapeutics in preventing infection, resolving in-
flammation and treating metabolic disorders.

Natural colonization resistance conferred by native members of the normal flora
has been augmented through cellular engineering. Duan et al. explored the prophy-
lactic use of probiotic E. coli Nissle 1917 engineered to inhibit virulence of Vibrio
cholerae in infant mouse models [91]. Virulence of V. cholerae is coordinated by ex-
tracellular quorum sensing molecules, which modulate gene expression in a density-
dependent manner. When bacterial numbers are low, V. cholerae expresses virulence
factors necessary for the establishment of infection; when numbers are high, virulence
factor expression is repressed to allow escape from the host. E. coli was engineered to
crosstalk with quorum sensing and thereby inhibit productive infection. Administra-
tion of therapeutic cells resulted in an increase in survival and a concomitant decrease
in bacterial burden and cholera toxin expression. Similarly, Hwang et. al engineered
E. coli Nissle 1917 to sense the presence of Pseudomonas aeruginosa and secrete an-
timicrobial proteins to combat the pathogen [92]. In mouse models of decolonization,
the engineered strains of E. coli could reduce the P. aeruginosa burden by several
orders of magnitude. Additionally, in the context of the genital tract, Lactobacillus
jensenit was genetically modified to prevent transmission of chimeric simian/human
immunodeficiency virus (SHIV) in a rhesus macaque model [93]. Bacteria were en-

gineered to produce the antiviral cyanovirin-N. Prophylactic treatment of macaques
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decreased both the occurrence of SHIV following multiple challenges as well as the
peak viral load. Engineered bacteria could thus serve as treatments for both bacterial
and viral infections.

IBD has drawn particular attention as a compelling candidate for cell-based ther-
apeutics, due to the implications of the gut microbiota in disease and the lack of long-
term, cost-effective treatments [54]. Early work explored the use of Lactococcus lactis
engineered to constitutively secrete recombinant interleukin-10 (IL-10), a potent anti-
inflammatory cytokine depleted in IBD [94]. Using both chemically and genetically
induced models of colitis, Steidler et al. demonstrated that recombinant microor-
ganisms could be implemented to reduce pathology and suppress pro-inflammatory
cytokine secretion. Phase I clinical trials also showed that recombinant L. lactis
treatment was well-tolerated in a small Crohn’s disease cohort, although efficacy in
treating symptoms was modest [95]. IL-10-secreting L. lactis were further modified
to produce either the auto-antigen proinsulin [96] or glutamic acid decarboxylase-

65 [97] for treatment of autoimmune diabetes. When administered in conjunction
with anti-CD3 therapy, both recombinant organisms were able to induce tolerance,
increase numbers of regulatory T cells and reverse hyperglycemia in mice [96, 97]. Mi-
crobial expression of other anti-inflammatory cytokines, such as transforming growth
factor-$1 [98] and anti-tumor necrosis factor & Nanobodies [99], as well as the tissue
repair factor keratinocyte growth factor-2 [100], have been shown to be protective
against colitis in mouse models of IBD. In addition, production of the protease in-
hibitor Elafin from lactic acid bacteria was shown to restore proteolytic homeostasis
in mouse models of colitis and protect against inflammation [101]. Recombinant bac-
teria have also been implemented for treating oral mucositis, a condition involving
ulcerative lesions that is a common side effect of chemotherapy. Topical application
of L. lactis engineered to secrete trefoil factor-1 was effective at treating oral mu-
cositis in hamster models [102] and early clinical trial data indicate that treatment
is well-tolerated and could be effective at reducing incidence [103]. Together, these
studies suggest that recombinant cellular therapies could be viable therapeutic agents

to treat inflammatory diseases.
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Integration of recombinant microbes into the host microbiome has also seen success
in treating metabolic diseases, such as obesity and diabetes. Daily feeding of probi-
otic E. coli engineered to synthesize precursors of anorexigenic lipids reduced obesity,
adiposity and food intake in mice fed a high-fat diet [104]. These protective effects
were sustained weeks after cessation of bacterial treatment [104]. Moreover, Lacto-
bacillus gasseri was used as a vehicle for delivery of GLP-1, a protein able to induce
conversion of intestinal epithelial cells into insulin producing cells [105]. Administra-
tion of the engineered probiotic increased the numbers of intestinal insulin-producing
cells and decreased hyperglycemia in a rat model [105].

The microbiota could also serve as a useful tool for diagnosis of disease. Indeed,
as the composition of the microbiota is modulated in specific manners in the context
of disease, 16S sequencing profiles can provide insight into the presence or absence
of disease. For example, microbiome sequencing data, in concert with fecal immuno-
chemical tests, can be helpful in the diagnosis of colonic lesions and adenomas [106].
Response to biologic therapy for Crohn’s disease patients can also be measured with
fecal microbiota signatures [107]. Just as engineering efforts have engendered several
proof-of-concept examples of therapeutic bacteria, synthetic biology groups have de-
veloped microbes that can act as diagnostics of human disease. In these systems, small
molecule-responsive transcription factors are co-opted to drive expression of reporter
genes. More sophisticated gene circuits can even be employed for signal amplification
or recording of exposure to signal [108]. Engineered microbes hold great promise for
in situ detection of labile biomarkers that may degrade before sampling can occur.
In early efforts, Kotula et. al [109] engineered an E. coli strain to record exposure to
a model inducer anhydrotetracycline (aTc) in the mouse gastrointestinal tract. More
recent efforts have employed similar technologies to record exposure to tetrathionate
or thiosulfate, sulfur metabolites generated during oxidative stress in the context of
colitis [110, 111]. While biosensor-based diagnostics are still in their infancy, the po-
tential to combine the sensing capabilities of microorganisms with the capacity for

therapeutics production could yield smart, adaptive cell-based therapeutics.
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1.2.2 Engineered Consortia
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Figure 1-3: Engineered Consortia for Additive Microbiome Therapies: De-
signer microbial consortia are informed by community profiling studies of clinical
samples from healthy and diseased patients. Clinical isolates from these patients can
then be assembled into a defined mixture of microorganisms that can reprogram the
microbial ecology within an individual.

Engineering the microbial community as a whole is an alternative strategy that
has seen tremendous clinical success for treatment of recurrent C. difficile infections.
Infusion of stool from healthy donors to diseased patients, termed a fecal microbiota
transplant, boasts greater than 90% efficacy in resolving recurrent infections [112]
and is more than twice as effective as antibiotic treatment alone [113]. Despite their
clinical success, fecal microbiota transplants draw safety concerns for fear of intro-
ducing pathogens or opportunists that could exacerbate disease [114]. A regulatory
framework and strict screening guidelines for donors has been established [114], but
deciphering the minimal subset of therapeutic microbes has been a focus for mitigating
safety concerns and increasing the reliability of treatments [115]. Aside from recur-
rent C. difficile infections, many believe fecal microbiota transplants hold promise in
treating IBD [116] and early trials showed modest success [117, 118]. However, due
to the more complex nature of disease and a higher incidence of adverse events, more
trials are necessary to establish stool transplants or infusions of defined microbial
communities as a viable treatment option for IBD [117].

In mouse models, microbiota reconstitution has proved successful in altering community-
wide metabolic activity of urea [119]. In the gut, urea produced by the liver is con-
verted to ammonia and carbon dioxide by bacterial ureases. Accumulation of systemic

ammonia is associated with neurotoxicity and encephalopathy in patients with liver
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deficiency. Following depletion of the endogenous microbiota using antibiotics and
polyethylene glycol as a purgative, Shen et al. could transplant a defined microbial
community with low urease activity that remained stable for months [119]. In a hep-
atic injury model, the redefined microbiota increased survival and protected against
cognitive defects associated with hyperammonemia. This study demonstrates the
feasibility in rationally sculpting a host-associated microbial community to protect

against metabolic diseases.

1.2.3 Subtractive Approaches
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Figure 1-4: Subtractive Approaches in Microbiome Therapeutics: Bacterio-
phages, bacteriocins and small molecule antibiotics can be used to selectively eliminate
deleterious microbes from the microbiota. Consequently, the loss of specific taxa elic-
its a global shift in the microbial community as new constituents occupy the niches of
the eliminated microbes. The addition of engineered bacteria together with selective
elimination of targeted strains may provide enhanced therapeutic efficacy.

Subtractive therapies may employ chemicals, peptides, or even replicating entities
to remove bacteria from the gut with varying degrees of specificity. In medicine, this
is currently accomplished through the use of antibiotics, which tend to be broad-
spectrum in nature, exhibiting activity towards many different bacteria. As a result,
treatment of a patient aimed to remove an infectious pathogen also leads to the
unintended reduction of other members of the microbiota. This community shifting
may cause the patient to become susceptible to other temporary or chronic conditions
to which they are normally protected, including antibiotic-associated infections with

C. difficile. The development of targeted antimicrobials, such as bacteriocins and
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bacteriophage, could yield more effective subtractive therapies.

Bacteria that occupy overlapping niches need to compete for the same resources.
Bacteriocins are ribosomally synthesized antimicrobial peptides that are produced
by bacteria and may help gain an edge over competitors by exhibiting toxic activity
towards susceptible cells. A producer cell encodes both toxic and immunity functions,
killing neighbouring cells while protecting itself and its progeny from the effects of
the bacteriocin. Recent studies have used metagenomics to identify bacteriocins [120]
[121], shown potential fitness advantages of producers in vivo [122], and observed
protective effects of producers against pathogens [123, 124]. As these molecules seem
to play a role in modulating microbial populations within a host, they may prove
useful tools for subtractive-type therapies.

Bacteriophage therapy is a highly specific method of killing bacteria through the
use of natural or engineered viral parasites. Bacteriophages, or phages, are viruses
that infect bacteria and use cellular resources to produce progeny, generally killing
the host cell in the process. Discovered approximately 100 years ago [125, 126], the
application of phages as antimicrobials has seen a renewed interest with the growing
threat of antibiotic-resistant pathogens [127, 128]. Though early phage therapies tar-
geted intestinal pathogens [129], clearance issues have recently been reported wherein
bacterial and phage populations stably coexist in the murine gut [130, 131]. Knowl-
edge attained from research into the ecology of phages in the gut may be pivotal in
determining factors that lead to successful therapies in this complex ecosystem. A
newer focus of the field is to examine the natural role of these viruses in shaping
host-associated bacterial populations [132]. Metagenomic research of the human mi-
crobiome has described the fecal virome of both healthy and diseased donors. These
studies include measuring phage diversity, variability, and stability [133], and analyz-
ing changes associated with diet [134] or IBD [135] in humans, or antibiotic treatment
in mice [136] . These types of studies should yield important information to be used
for designing phage-based strategies for targeting pathogens or altering microbial
communities in the gut.

Engineered phages, or those modified to carry additional or alternative functions
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to those naturally occurring, may prove useful for therapeutics as design can be in-
formed by new knowledge. Recently, it was found that certain phages possess Ig-like
protein domains on their capsids that enhance association with mucus [137]. This or
alternative localization domains may be useful for improving residence time in the gut
or helping concentrate phages to relevant biogeographies. Phage engineering efforts
have included altering host adsorption factors to change phage host range [138] or
encoding a dispersal enzyme to help break up bacteria in protective biofilms [139].
Phage have also been used as DNA delivery agents to reverse antibiotic resistance
[140, 141] or to exert broad-spectrum [142-144] or sequence-specific [145] [146] an-
timicrobial activity. Additionally, genome engineering and tools such as CRISPR-Cas
[147] and assembly methods including Gibson [148] and yeast assembly [138] should
prove useful for the development of new phages with augmented capabilities in mod-

ulating microbial communities.

1.3 Thesis Organization and Scope

In the following chapters, I will describe the contributions I have made to the field
of microbiome engineering during my tenure in Prof. Timothy Lu’s laboratory at
MIT. The overarching theme of my thesis is the development of genetic technologies
to enable manipulation of the gut microbiota. It is my hope that these technologies
will not only prove useful in basic rescarch in the field of microbiome research, but
also contribute to devices and cells that may one day reach clinical applications.

In Chapter 2, I describe work in engineering subtractive therapies to selective
remove strains from a complex microbial population based on the presence of spe-
cific sequences. In the work, published with Robert Citorik as a co-first author in
Nature Biotechnology, we program CRISPR-Cas nucleases to target antibiotic resis-
tance and virulence genes in E. coli. The resultant double-stranded breaks caused
by CRISPR-Cas elicit cell death or the loss of the target genes. We explore sev-
eral different horizontal gene transfer strategies to mediate delivery of genes encoding

CRIPSR-Cas into target cells, including transformation, transduction and conjuga-
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tion. Bacteriophage-mediated transduction proves to be the most effective means
of gene delivery and enables targeted removal of strains from microbial consortia.
The work demonstrates the utility of sequence-specific nucleases as programmable
narrow-spectrum antimicrobials. Moreover, it highlights the potential of bacterio-
phage as engineerable targeted antimicrobials in the context of the microbiota.

In Chapter 3, I describe work in developing genetic methodologies that enable
synthetic biology in Bacteroides thetaiotaomicron. In the work, published with Alex
Tucker as a co-first author in Cell Systems, we create a suite of genetic parts for pre-
cise gene expression in the commensal organism. The majority of the current efforts
in microbial engineering for therapeutic purposes employ lactic acid bacteria or E. coli
as chassis. However, in contrast to these microbes, Bacteroides spp. are ubiquitous
in human microbiomes, orders of magnitude more abundant, and show greater strain-
level stability in microbiomes over time. In order to render Bacteroides as genetically
malleable as E. coli, we developed libraries of constitutive and inducible promoters
and ribosome-binding-sites to achieve variable levels of gene expression in Bacteroides.
Additionally, we demonstrate molecular recording through recombinase-based DNA
modification in B. thetaiotaomicron as well as re-programmable repression of syn-
thetic and endogenous genes with CRIPSRi. Finally, we validate functionality of
these systems in the context of the murine microbiota, suggesting these systems could
be used in modulating gene expression in situ.

~ In Chapter 4, I progress the Bacteroides engineering work described in Chapter
3 towards a therapeutic goal. First, we characterize the molecular determinants of a
major protein secretion pathway in Bacteroides spp. Bacteroides package numerous
proteins with extracellular function into outer membrane vesicles (OMVs) that are
excreted by the cell. Membrane-bound lipoproteins are enriched in OMVs and we
describe a set of secretion tags that direct Bacteroides lipoproteins into the cell mem-
brane. We employ these Bacteroides Vesicle Incorporation Tags (BVITSs) to package
model antigens into Bacteroides OMVs and demonstrate their utility in studying im-
mune responses to commensal antigens. Together, the work described in Chapter 3

and Chapter 4 outlines the domestication of an important commensal: developing of
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genetic tools for manipulation, characterization of protein secretion, and synthesis of
these tools and knowledge to power basic research in the microbiota.

In Chapter 5, I describe a medical device, comprised of electronic and cellular
components, that pushes biosensors closer to clinical applications. In this work, per-
formed with Dr. Phillip Nadeau, we create a hybrid-bio-electronic device that can
measure the presence or absence of biomarkers in the gastrointestinal tract. As a
proof-of-concept, I designed a probiotic E. coli biosensor to detect heme and validate
the sensor in a mouse model of upper gastrointestinal bleeding. Using custom micro-
electronics, Dr. Nadeau designed a miniaturized luminometer that can communicate
data wirelessly to cellular phones or laptops. When combined, the hybrid device can
readily detect the presence of blood in vitro and in a porcine model of gastric bleed-
ing. Since the device is modular, biosensor bacteria developed by other groups were
easily incorporated into the device for the detection of additional analytes. This work
serves as a case study of progressing synthetic biology diagnostic approaches towards
real-world application.

Finally, in the concluding chapter, I will describe the major contributions of the
preceding chapters to the field of microbiome engineering. I will also outline major

challenges faced by the field as well as future directions of the work described herein.
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Chapter 2

Sequence-Specific Antimicrobials

The following chapter is adapted from the 2014 Nature Biotechnology publication to
which Robert J. Citorik and I contributed equally as first authors.[146]

Abstract

Current antimicrobial strategies tend to be broad-spectrum in nature, leading
to indiscriminate killing of commensal bacteria and accelerated evolution of drug
resistance. In contrast, we propose a class of programmable-spectrum antimicro-
bials whose activity can be rationally customized against specific DNA sequences.
Using CRISPR-Cas technology, we create RNA-guided nucleases (RGNs) and show
that highly efficient, autonomous delivery to microbial populations can be achieved
through the use of bacteriophage or conjugation-based vehicles. We design RGNs
that selectively target undesirable genes or polymorphisms, including antibiotic re-
sistance and virulence determinants in carbapenem-resistant Enterobacteriaceae and
enterohemorrhagic Fscherichia coli. Delivery of RGNs in vivo significantly improves
survival in a Galleria mellonella infection model. Additionally, RGNs enable sculpt-
ing of complex bacterial populations by selective knockdown of targeted strains based
on genetic signatures. RGNs constitute a class of highly discriminatory, customizable
antimicrobials that enact selective pressure at the DNA level to reduce the prevalence

of undesired genes, minimize off-target effects, and enable programmable remodeling
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of microbiota.

2.1 Introduction

The emergence and proliferation of multidrug-resistant bacterial pathogens has
elicited mounting concern over the dwindling treatment options for these organisms.
Recently, carbapenem-resistant Enterobacteriaceae (CRE), a group of intestinal-
dwelling Gram-negative bacteria known to cause life-threatening opportunistic infec-
tions, were highlighted as one of three most urgent threats among antibiotic-resistant
bacteria [149]. Carbapenems have traditionally been reserved as a last resort treat-
ment for Gram-negative infections, but the spread of extended-spectrum -lactamases
has necessitated the increased usage of carbapenems and favored the emergence of
carbapenem-resistant strains refractory towards most or all current treatment options.
The responsible enzymes, including New-Delhi metallo-g-lactamase 1 (NDM-1), may
confer pan-resistance to 8-lactam antibiotics and are frequently co-harbored with ad-
ditional resistance determinants on mobile plasmids that facilitate rapid dissemina-
tion within and beyond Enterobacteriaceae [150]. The diversity of multidrug-resistant
bacteria compounds the difficulty of developing conventional treatments that target
pathogens and commensal reservoirs, but avoid non-specific broad-spectrum activity
and undesired pressure on non-target cells.

Here, we introduce an alternative antimicrobial approach that imposes direct evo-
lutionary pressure at the gene level by utilizing efficiently delivered programmable
RNA-guided nucleases (RGNs). We engineered the clustered, regularly interspaced,
short palindromic repeats (CRISPR)-CRISPR associated (Cas) system, naturally em-
ployed in bacteria as a defense strategy against mobile elements [151, 152], to effect
cell death or plasmid loss upon detection of genetic signatures associated with viru-
lence or antibiotic resistance. The Type II CRISPR-Cas system of Streptococcus pyo-
genes is an effective, programmable tool for genome editing and gene expression in a
wide variety of organisms [153]. The specificity of CRISPR-Cas is dictated by short,
spacer sequences flanked by direct repeats encoded in the CRISPR locus, which are
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transcribed and processed into mature guide RNAs (ctRNA) [154]. With the aid of a
trans-activating small RNA (tracrRNA), crRNAs license the Cas9 endonuclease to in-
troduce double-stranded breaks in target DNA sequences [154, 155]. Through simple
modifications of spacers in the CRISPR locus, an RGN can direct cleavage of almost
any DNA sequence, with the only design restriction being a requisite NGG motif
immediately 3’ of the target sequence [155]. By packaging RGNs into bacteriophage
particles or harnessing mobilizable plasmids, we implemented conditional-lethality
devices with high specificity, modularity and multiplexability against undesired DNA

sequences (Fig. 2-1).
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Figure 2-1: Overview Schematic of CRIPSR-Phage Strategy: Bacteriophage-
delivered RGN constructs differentially affect host cell physiology in a sequence-
dependent manner. If the target sequence is: (i) absent, the RGN exerts no effect;
(ii) chromosomal, RGN activity is cytotoxic (Fig. 2-5); (iii) episomal, the RGN leads
to either (iiia) cell death (Fig. 2-5) or (iiib) plasmid loss (Fig. 2-8A), depending on
the presence or absence of toxin-antitoxin (TA) systems (Fig. 2-8B), respectively.

2.2 Transformation

To establish RGN functionality in mediating sequence-specific cytotoxicity, we

designed RGNs to induce double-stranded breaks in blaggy.1s or blaxpm-1, which
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encode extended-spectrum and pan-resistance to S-lactam antibiotics, respectively
[156, 157]. Transformation of plasmid-borne RGNs (pRGNs) into E. coli containing
a chromosomal copy of these target genes resulted in nearly a thousand-fold decrease
in transformation efficiency as compared to wild-type cells lacking the target (Fig.
2-2A). These results corroborate the mutual exclusivity between a functional crRNA
and a cognate target locus [158, 159]. Sequence analysis of 30 escape mutants, cells
that receive and maintain an RGN plasmid despite the presence of a target sequence,
revealed that tolerance was exclusively due to a defective construct, frequently re-
sulting from a spacer deletion within the CRISPR locus (Fig. 2-3). Furthermore,
deletion of the tracrRNA as well as inactivation of the RuvC-like nuclease domain of
Cas9p1oa) [155] abrogated the loss of transformation efficiency in cells that harboured
a target sequence. Thus, a catalytically active endonuclease, tractrRNA and crRNA
are necessary and sufficient to mediate sequence-specific cytotoxicity in E. coli (Fig.
2-1).

Antibiotic resistance genes often reside on large, multi-copy plasmids capable of
autonomous transfer in microbial populations, leading to horizontal dissemination of
drug resistance {150]. RGN activity against high-copy plasmids was verified with a
GFP-expressing, ColE1-derived vector containing a standard 3-lactamase selectable
marker (pZE-bla,-gfp) [160] or blanpm.1 (PZE-blaxpm-1-gfp). Vectors bearing this
ColE1 origin are reported to be present at copy numbers of 50-70 per cell [160].
Transformation of pRGNnpwm.1, & plasmid-borne RGN targeting blaxpwm.:, into cells
containing pZE-blanpm-1-g/fp led to a three-log;o reduction in transformants retaining
carbenicillin resistance, whereas transformation of pRGNypy.1 into cells containing
target-free pZE-bla,-gfp did not lead to a reduction in resistant transformants (Fig. 2-
2B). The activity of RGNs is therefore sufficient to exclude even high-copy antibiotic
resistance plasmids from cells and can re-sensitize a resistant population to antibiotics.
Similarly, transformation of pPRGNypy.; into cells possessing pZE-blanpm.1-gfp led to
an approximately thousand-fold decrease in GFP-expressing cells, as measured by
flow cytometry, but no decrease was found with transformation of pRGNypy.; into

cells possessing pZE-bla,-gfp (Fig. 2-2C).
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Figure 2-2: Design and validation of programmable RGN constructs by
transformation: (A) Plasmids pRGNypm.1, PRGNgnv-1s, PRGNypwm.1 AtracrRNA,
and pRGNypm.1 Caspiga were transformed into competent wild-type EMG2 (EMG2
WT) as well as otherwise isogenic strains containing chromosomally integrated
blaxpm.s (EMG2:NDM-1) or blasgy.1s (EMG2:SHV-18). Transformants were enu-
merated on LB-+chloramphenicol (Cm) to select for pRGN transformants and to de-
termine transformation efficiencies, which demonstrated the specific incompatibility
of an RGN construct and its cognate protospacer (n=4). (B) Plasmids pRGNypm.1
and pRGNgyv.1s were transformed into EMG2 cells containing either pZE-blanpy.i-
gfp or pZE-blaz-gfp plasmids. Transformants, first selected in appropriate antibiotic
media, were enumerated on LB+Cm or LB+Cm+-carbenicillin (Cb) agar to calculate
the ratio of transformants retaining Cb resistance (Cb®) to total transformants. Er-
ror bars indicate s.e.m. of three independent experiments, each with three biological
replicates (n=9). (C) EMG2 cells containing either pZE-blaz-gfp or pZE-blaxpm.1-9fp
plasmids were transformed with pRGNypm.; or pRGNguy-1s plasmids and transfor-
mants were selected overnight in LB+chloramphenicol (no antibiotic selection for
plasmid maintenance was applied). Plasmid loss was determined by calculating the
percentage of GFP-positive cells following gating by forward and side scatter. Error
bars indicate s.e.m. of measurements from three independent experiments, each with
three biological replicates (n=9).
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Figure 2-3: Characterization of escape mutants that tolerated transforma-
tion of a cytotoxic RGN construct: EMG2::NDM-1 or EMG2::SHV-18 colonies
that tolerated transformation of the pRGNypm.1 or pPRGNgyv.1s plasmids (Fig. 2-2B)
were re-isolated and sequenced to identify escape mutations. Spacer deletion in the
CRISPR locus, point mutations in tracrRNA and transposon insertions in cas9 led
to pRGN inactivation in successful transformants. Five escape mutants from three
independent experiments were sequenced per strain (n=30).

2.3 Conjugation

The viability of RGNs for antimicrobial therapy hinges on high-efficiency delivery
of genetic constructs to bacterial cells. We explored two mechanisms of horizontal
gene transfer naturally employed by bacteria to acquire foreign genetic elements: plas-
mid conjugation and viral transduction. Although constrained by requirements for
cell-cell contact, conjugative plasmids often possess wide host ranges and no recipient
factors necessary for DNA uptake have been identified [161]. Efficient transfer of
RGNs was achieved using the broad-host-range plasmid R1162 mobilized by E. coli
S17-1, which contains the conjugative machinery of plasmid RP4 integrated into its
chromosome. In filter mating experiments, conjugative transfer of RGNs elicited a
40-60-fold reduction in target carbenicillin-resistant recipient cells (Fig. 2-4B). Un-
der selection for transconjugants, transfer of RGNs into recipients yielded a 2-3-logg

reduction in target cells as compared to controls, suggesting that conjugation effi-
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ciency, as opposed to RGN activity, limits RGN efficacy in this context (Fig. 2-4C).
Future work may be necessary to further optimize the efficiency of conjugation-based

delivery vehicles for antimicrobials based on mobilizable RGNs.
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Figure 2-4: Mobilizable RGNs can be conjugated into target bacteria for
selective removal of multidrug resistance: (A) Schematic of mobilizable RGN-
mediate cell killing. (B-C) S17-1 Apir donor cells possessing RGNypm.1 or RGNsnv. 18
were mated at a donor:recipient ratio of 340+66:1 for 3 hours with EMG2 recipi-
ent cells that contain blaxpym.; (EMG2:NDM-1) or blaggy.is (EMG2:SHV-18) in-
tegrated into the chromosome. Cultures were plated on LB+-carbenicillin to select
for surviving recipient cells (B) and LB+chloramphenicol+carbenicillin to select for
transconjugants (C) (chloramphenicol resistance is encoded by the RGN plasmids).
(C) Transfer of a mobilizable RGN into cells containing the cognate target sequence
(dashed line) reduced the number of viable transconjugants to the limit of detec-
tion () (100 CFU/mL or 500 CFU/mL for three or six of the biological replicates,
respectively) in almost all cases. Error bars indicate s.e.m. of three independent
experiments, each with three biological replicates (n=9).
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2.4 Transduction

Bacteriophages are natural predators of prokaryotes and are highly adept at in-
jecting DNA into host cells. To implement phage for RGN delivery, we engineered
phagemid vectors by pairing RGN constructs targeting blanpm.1 or blaggy.1s with an
f1 origin for packaging into M13 particles. Phage-packaged RGNnpy.1 (PRGNnp.1)
was capable of comprehensively transducing a population of E. coli EMG2 (Fig. 2-
5.A). To test the PRGNS, we conjugated native plasmids containing blaxpm.1 (pPNDM-
1) or blagyv-1s (pPSHV-18) from clinical isolates into EMG2. Treatment of the EMG2
pNDM-1 or EMG2 pSHV-18 strains with the cognate ®RGNs resulted in 2-3-log;g
reductions in viable cells even in the absence of any selection (Fig. 2-5.B). Further-
more, PRGNs engendered no toxicity against wild-type EMG2 or EMG2 containing
non-cognate plasmids (Fig. 2-5.B).

In naturally occurring Type II CRISPR-Cas systems, the CRISPR locus may con-
tain multiple spacers, each of which is processed into independent crRNA molecules
that license Cas9 to cleave cognate DNA sequences [154]. To explore the utility of
a single PRGN exhibiting activity against more than one genetic signature, we engi-
neered a construct containing two spacers encoding two different crRNAs for targeting
the blanpm.1 and blagyy.1s resistance genes (PRGNnpm-1/suv-18)- PRGNNDM-1/5HV-18
generated 2-3-logjg reductions in viable cells counts of EMG2 pNDM-1 or EMG2
pSHV-18, but not of wild-type EMG2 (Fig. 2-5.B). Thus, RGNs may be multiplexed
against different genetic signatures, enabling simultaneous targeting of a variety of
virulence factors and resistance genes that may exist in microbial populations.

In addition to antibiotic-modifying enzymes, such as (-lactamases, alterations
in host proteins constitute a major antibiotic resistance mechanism [162]. Owing
to the specificity of the CRISPR-Cas system in prokaryotes, we suspected RGNs
could discriminate between susceptible and resistant strains that differ by a single
nucleotide mutation in DNA gyrase (gyrA), which confers resistance to quinolone
antibiotics (162]. Indeed, PRGNy, ap,, exhibited specific cytotoxicity only towards

quinolone-resistant E. coli harbouring the chromosomal gyrApg;q mutation and not
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Figure 2-5: RGN constructs delivered via bacteriophage particles (PRGN)
exhibit efficient and specific antimicrobial effects against strains harbour-
ing plasmid or chromosomal target sequences: (A) Approximately 6.5x10°
CFU/mL of EMG2 wild-type cells were incubated with dilutions of ®RGNnpma
phagemid for 2 hours and plated onto LB and LB+kanamycin to determine the high-
est dilution of the purified ®RGN stock able to transduce approximately 100% of the
recipient cell population (defined as TFU;qo/mL). The ®RGNnpm-1 phagemid encodes
a kanamycin resistance gene. Error bars indicate s.e.m. of three independent experi-
ments (n=3). (B) Treatment of EMG2 wild-type (WT) or EMG2 containing native
resistance plasmids, pNDM-1 (encoding blaxpm.1) or pSHV-18 (encoding blaguv.1s),
with SM buffer, ‘IJRGNNDle, (I’RGNSHV—IS, or multiplexed (DRGNNDM-I/SHV—IS at a
multiplicity of infection (MOI) ~20 showed sequence-dependent cytotoxicity as evi-
denced by a strain-specific reduction in viable cell counts (n=3). (C) E. coli EMG2
WT or EMG2 gyrdps;c populations were treated with SM buffer, ?RGNypm.y or
PRGN yrapere at MOI ~20, and viable cells were determined by plating onto LB
agar (n=3).

towards otherwise isogenic strains with the wild-type gyrA gene (Fig. 2-5.C).
Killing curves revealed that ®RGNs mediated rapid killing of target cells, with
viable cell counts that decayed exponentially (t;/2 ~13 minutes) and maximal bac-

tericidal effect achieved by 2-4 hours (Fig. 2-6.A). Moreover, PRGN antimicrobial
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activity increased with phagemid particle concentration (Fig. 2-6.B).
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Figure 2-6: Characterization of ®PRGN-mediated killing of antibiotic-
resistant bacteria: (A) Time-course treatment of EMG2 WT or EMG2 pNDM-1
with SM buffer, PRGNypu.; or PRGNgyy.1s at a multiplicity of infection (MOI) ~20.
Data represent the fold change in viable colonies at indicated time points relative to
time Oh. (B) Dose response curve of EMG2 WT and EMG2 gyrAps;c treated with
various concentrations of PRGN yyrape. for two hours. Data represent fold change in
viable colonies relative to SM buffer treated samples. Error bars represent s.e.m. of
three independent biological replicates (n=3).

To further characterize the cellular response to RGN-mediated targeting, we as-
sessed treatment of cells possessing a GFP reporter under SOS regulation. E. coli
and other bacteria respond to chromosomal double-stranded breaks, including those
artificially generated by the meganuclease [-Scel, by inducing DNA repair through
the activation of the SOS response [163]. We observed a 2.6- or 4.0-fold increase in
fluorescence in cells containing the reporter plasmid and a plasmid-borne (blanpm-1)
or chromosomal (gyrApsrq) target site, respectively, when treated with the cognate
versus non-cognate ®RGNs (Fig. 2-7). These results confirm that RGNs can induce
DNA damage in target cells and demonstrate that they can be coupled with SOS-
based reporters to detect specific genes or sequences, even at the single-nucleotide

level.
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Figure 2-7: Treatment of E. coli with PRGNs induces DNA damage and an
SOS response in cells that possess a cognate target sequence: EMG2 wild-
type (WT) (A), EMG2 gyrApsre (B) and EMG2 pNDM-1 (C) containing the pZA3LG
reporter plasmid were treated with either SM buffer, PRGNxpam.1 or PRGN gyrap e -
GFP expression on pZA3LG is under the control of the SOS-responsive Prrexo)
promoter [164]. Injection of single-stranded phagemid DNA led to a mild induction
of the SOS response, whereas RGN activity in cells that possessed a cognate target
sequence led to stronger induction of SOS. Histograms were generated by combining
data from four biological replicates and are normalized to the mode of the population.
(D) Summary of flow cytometry histograms. The arithmetic means of the geometric
mean fluorescence of populations in A—C were calculated across four independent
biological replicates (n=4). Error bars represent s.e.m.

2.4.1 Toxin-Antitoxin Activation

We were intrigued to observe that targeted cleavage of blaxpm.1 with ®RGNypa-1
in the context of the native plasmid was lethal to host cells, whereas targeted cleavage
of the same gene in a standard cloning vector was not (‘pNDM-1" versus ‘pZA-ndm1-
gfp’, respectively, in Fig. 2-8A). Therefore, we hypothesized that ®RGN-induced
plasmid loss in itself does not elicit lethality, but rather results in cytotoxicity via
other co-harboured plasmid-borne functions. Toxin-antitoxin systems are compo-

nents of natural plasmids that ensure persistence in bacterial populations by inhibit-
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ing growth of daughter cells that fail to inherit episomes following cell division. These
addiction modules traditionally consist of a labile antitoxin that quenches the activity
of a stable toxin. Owing to the differential stability of these two components, ces-
sation of gene expression upon plasmid loss leads to depletion of the antitoxin pool
faster than the toxin pool, resulting in de-repression of toxin activity and, ultimately,
stasis or programmed cell death [165]. Analysis of the sequenced pSHV-18 plasmid
revealed the presence of a unique toxin-antitoxin module, pemIK, which is commonly
found among isolates harbouring extended-spectrum S-lactamases [166]. When com-
plemented with the Peml antitoxin expressed constitutively in trans (pZA31-peml),
®RGNgny.15 treatment of EMG2 pSHV-18 abrogated cytotoxicity and instead re-
sulted in resensitization of this multidrug-resistant strain to carbenicillin (Fig. 2-8B).
We attributed this effect to Peml inactivation of the PemK toxin, thus enabling loss
of the pSHV-18 plasmid without concomitant bacterial killing. Addiction modules
can therefore dictate the outcome of PRGN activity on episomal targets, as their

presence leads to cytotoxicity and their absence or neutralization to plasmid loss.
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Figure 2-8: RGN-mediated targeting of toxin-antitoxin systems can lead
to cytotoxicity: (A)EMG2 E. coli containing the natural pNDM-1 plasmid or the
blaxpm.1 gene in a synthetic expression vector (pZA-ndml-gfp) were treated with ei-
ther PRGNypy.1 or PRGNgyy-1g at MOI ~20 and plated onto both non-selective LB
and LB+-carbenicillin (Cb) to select for blaxpm.1-containing cells. ®RGNnpnm. treat-
ment of cells harboring pNDM-1 resulted in a reduction in viability in the absence of
selection, whereas ®RGNypyr; treatment of cells with pZA-ndmI-gfp demonstrated
similar cytotoxicity only under selective pressure for maintenance of the pZA-ndm1-
gfp plasmid. (B) EMG2 pSHV-18 complemented with the cognate antitoxin (pZA31-
peml) for the PemK toxin or a control vector (pZA31-gfp) was treated with SM buffer,
®RGNnpa.g or PRGNghv.1s. Cultures were plated on LB and LB4+Cb and colonies
were enumerated to assess cytotoxicity or plasmid loss.

2.5 Targeting Virulence Genes in E. coli O157:H7

To further demonstrate the versatility of RGNs for specifically combating
pathogens, we designed a ®RGN to target intimin, a chromosomally encoded vir-
ulence factor of enterohemorrhagic E. coli O157:H7 (EHEC) necessary for intestinal
colonization and pathology. Encoded by the eae gene, intimin is a cell-surface adhesin
that mediates intimate attachment to the host epithelium, permitting subsequent dis-
ruption of intestinal tight junctions and effacement of microvilli [167]. Treatment of
EHEC with ®RGN.,.. resulted in a 20-fold reduction in viable cell counts; this cyto-
toxicity was increased an additional 100-fold under kanamyecin selection for ®RGNeqe
transductants (Fig. 2-9A). The increase in cytotoxicity with selection for cells receiv-
ing the construct implies that the efficacy of PRGN treatment was limited by delivery

in this strain. Furthermore, PRGN treatment was assessed in Galleria mellonella lar-
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vae, an infection model that yields virulence data often predictive for higher-order
mammals [168]. This model has also been used to evaluate the efficacy of antimi-
crobials or phage therapy against various Gram-negative, Gram-positive and fungal
pathogens [168]. Administration of ®RGN to EHEC-infected G. mellonella larvae
significantly improved survival over no treatment or an off-target ®RGN control (Log-
rank test, p<0.001) (Fig. 2-9B). Moreover, PRGN.,,, was significantly more effective
than chloramphenicol treatment, to which the EHEC strain was resistant (Log-rank
test, p<0.05). Although ®RGN,,. treatment was inferior to carbenicillin, to which
the bacteria were susceptible, these data support RGNs as viable alternatives for
cases where bacteria are highly resistant to existing antibiotics. Improvements in
delivery efficiency with PRGNgag would be expected to improve treatment efficacy

and outcome.
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Figure 2-9: PRGN particles elicit sequence-specific toxicity against entero-
hemorrhagic E. coli in vitro and in vivo: (A)E. coli EMG2 wild-type (WT)
cells or ATCC 43888 F’' (EHEC) cells were treated with SM buffer, PRGNypn.1 or
®RGN,,e at a multiplicity of infection (MOI) ~100 and plated onto LB agar to enu-
merate total cell number or LB+kanamycin (Km) to select for transductants with
®RGNs (n=3). (b) Galleria mellonella larvae were injected with either PBS or ap-
proximately 4x10° colony forming units (CFU) of EHEC. Subsequent administration
of PRGN, at MOI ~30 significantly improved survival compared to SM buffer or
®RGNypy.; treatment (Log-rank test, pj0.001). Survival curves represent an ag-
gregate of four independent experiments, each with 20 worms per treatment group

(n=80).
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2.6 Population Sculpting

In addition to implementing targeted antimicrobial therapies, RGNs can be used
to sculpt the composition of complex bacterial populations (Fig. 2-10). Current
therapies that use a prebiotic, probiotic or drug to modify the human microbiota
have demonstrated potential for alleviating various disease states, but remain poorly
characterized in terms of off-target effects and the specific mechanisms by which they
act [169]. In concert with the host range of the delivery vehicle, RGN activity can
selectively remove bacteria with specific genomic content. This could reduce the
prevalence of unwanted genes, including antibiotic resistance and virulence loci, or
metabolic pathways from bacterial communities without affecting bystanders.

To demonstrate a proof-of-principle for ‘bacterial knockdowns’ using RGNs, we
constructed a synthetic consortium comprised of three phage-susceptible E. coli
strains with differential antibiotic resistance profiles. We used S-lactam-resistant E.
coli EMG2 pNDM-1, quinolone-resistant RFS289 (gyrApszc), and chloramphenicol-
resistant CJ236. Application of PRGNypm.1 elicited >400-fold killing of EMG2
pNDM-1, while leaving RFS289 and CJ236 cell populations intact. Treatment with
PRGN gyra pyre Tesulted in >20,000-fold killing of RFS289 without a concomitant re-
duction in EMG2 pNDM-1 or CJ236 (Fig. 2-10). These results demonstrate that
RGNs can selectively knockdown bacteria that contain target DNA sequences while
allowing the remaining non-target bacteria to dominate the population. Adapting
this approach for tuning endogenous microbiota could be accomplished by deliver-
ing RGNs in vivo via broad-host-range phages or phage cocktails, or with conjuga-
tive plasmids. An appropriately targeted bacterial knockdown approach could be
employed in functional studies of complex microbiota and to complement additive
therapies, such as probiotics, for microbiome-associated diseases by clearing specific

niches or removing defined genes from bacterial populations.
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Figure 2-10: Programmable remodeling of a synthetic microbial consortium:
A synthetic population composed of three different E. coli strains was treated with
either SM buffer, ®RGNypar1, or PRGN 404 at an MOI ~100 and plated onto
LB with chloramplenicol, streptomycin or ofloxacin to enumerate viable cells of E.
coli CJ236, EMG2 pNDM-1 or RFS289 strains, respectively. ®RGNypy.; targets
blaxpy.1 in EMG2 pNDM-1 and ®RGN g4, targets the gyrApsrg allele in RFS289.
Circle area is proportional to total population size and numbers represent viable cell
concentrations (CFU/mL) of each strain after the indicated treatment. The s.e.m.
based on three independent experiments is indicated in parentheses (n=3).

2.7 Discussion

In light of the rising tide of antibiotic resistance, interest in engineered cellular and
viral therapeutics as potential biological solutions to infectious disease has resurged.
By repurposing parts developed by nature, synthetic biologists have designed artifi-
cial gene circuits for antimalarial production [170], engineered probiotics [171] and
phage therapeutics to eradicate biofilms [172] or potentiate antibiotic activity [173,

174]. Here, we demonstrate that transmissible CRISPR-Cas systems can act as a
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platform for programmable antimicrobials that harness site-specific cleavage to in-
duce cytotoxicity, activate toxin-antitoxin systems, resensitize bacterial populations
to antibiotics, and sculpt bacterial consortia. This work complements the recent find-
ing that the Vibrio cholerae phage, ICP1, encodes its own CRISPR-Cas system to
counteract a host-encoded phage defense locus [175] and that CRISPR-Cas constructs
transformed into electrocompetent cell populations are incompatible with cells that
contain cognate target sequences [159, 176, 177]. In contrast to these latter studies,
we show that CRISPR-Cas technology can be applied in situ for the removal of unde-
sired genes from microbial populations and in vivo to treat infection in the absence of
artificial selection. Moreover, we demonstrate that RGNs can be used to artificially
activate plasmid-borne toxin-antitoxin systems, which has recently become an attrac-
tive antimicrobial strategy [178]. In addition to validating antimicrobial activity, we
further demonstrate potential applications of RGNs in the deletion of plasmids from
cells or the detection of DNA elements with up to single nucleotide resolution using
a DNA-damage-responsive reporter.

Since CRISPR-Cas systems are widely conserved in prokaryotes, the development
and optimization of novel delivery vehicles will aid in the creation of new RGNs capa-
ble of targeting additional strains, including multidrug-resistant pathogens as well as
key players in natural microbial communities, such as the human microbiome. Phage-
based therapies are dependent on their ability to deliver nucleic acids into bacteria,
which can be resisted through a variety of mechanisms [179]. These delivery vehicles
can be limited to a subset of bacteria defined by the chosen phage, such that the de-
sign of programmable antimicrobials may require additional considerations as to the
phage platform chosen. However, rational modification to phage host range through
tail fiber alterations [180] or the use of bacteriophage cocktails [181] can mitigate the
host range limitations of phage-based therapies. Although the use of bacteriophages
in humans has been met with challenges [181], especially in the Western world, a
renaissance in phage-based therapeutics has begun to address these challenges, such
as demonstrating safety in humans [182], improving the persistence of phages re-

maining in circulation by reducing their clearance by the host [183] and minimizing
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endotoxin release by using non-lytic phage engineered with heterologous kill functions
[184]. Additionally, we devised a complementary delivery strategy using a mobiliz-
able broad-host-range system to introduce RGNs to recipient cells via conjugation.
The use of conjugative delivery from probiotics into target bacteria would enable a
platform where engineered cells could integrate complex environmental cues and ex-
ecute lethal payload delivery, akin to previously described sentinel cells [185]. Future
work is needed to improve the efficiency and spectra of delivery strategies for RGNs,
which may include broad-host-range bacteriophages and more efficient conjugative
strategies, as well as chemical delivery technologies.

Delivery systems which extend to higher organisms could also enable RGNs to
modulate the prevalence of specific genes in wild-type populations [186]. Owing to
the modularity and simplicity of CRISPR-Cas engineering, libraries of multiplexed
®RGNs can be fapidly constructed to simultaneously target a plethora of antibiotic
resistance and virulence determinants and to sculpt complex microbial communities.
The addition of facile, sequence-informed rational design to a field dominated by time-
and cost-intensive screening for broad-spectrum small-molecule antibiotics could have

the potential to reinvigorate the dry pipeline of new antimicrobials.
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2.8 Experimental Details

Strains and Culture Conditions

Unless otherwise noted, bacterial cultures were grown at 37°C with LB medium
(BD Difco). Where indicated, antibiotics were added to the growth medium to the fol-
lowing final concentrations: 100ug/mL carbenicillin (Cb), 30ug/mL kanamycin (Km),
25pg/mL chloramphenicol (Cm), 100ug/mL streptomycin (Sm), and 150ng/mL
ofloxacin (Ofx).

Strain Construction

E. coli EMG2 SmP® was generated by plating an overnight culture of E. coli EMG2
onto LB+Sm. Spontaneous resistant mutants were re-streaked onto LB+Sm and an
isolated colony was picked and used as the recipient for conjugation of the mul-
tidrug resistance plasmids. Overnight cultures of EMG2 Sm® (recipient), E. coli
CDC1001728 (donor for pNDM-1) and K. pneumoniae K6 (donor for pPSHV-18) were
washed in sterile PBS and 100uL of donor and recipient were spotted onto LB agar
plates and incubated at 37°C overnight. Transconjugants were harvested by scraping
the cells in 1mL of sterile PBS and plating onto LB+Sm+Cb.

The chromosomal integrations of the blanpy.1 and blagpv.1g [-lactamase genes
and generation of EMG2 gyrApg;q were performed by A-Red recombineering using
the pSIM9 system [187].Templates for integration at the non-essential lacZYA lo-
cus were generated by amplifying the blanpym.y and blaggy.is genes from lysates of
CDC1001728 and K6 using the primers rcD77/78 and rcD73/74, respectively. Tem-
plates for construction of EMG2 gyrApsr;c were obtained by amplifying gyrA from
RFS289 using primers mmD155/161.

Plasmid Construction

To generate the RGN plasmids, an intermediate vector pZA-RGN@, which lacks a

CRISPR locus, was created. The tracrRNA and Py tec0.1) promoter were synthesized
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(Genewiz) and amplified using primers mmD98/99, cas9 was amplified from pMJ8067
using primers mmD74/75 and the vector backbone was amplified from pZA11G using
primers mmD82/83. Each PCR product was purified and ligated by Gibson assembly
[188]. To create the final backbone vector for the RGN plasmids, the pBBR1 origin,
chloramphenicol resistance marker, tL17 terminator, and CRISPR locus cloning site
were amplified from an intermediate vector pPBBR1-MCS1-tL17 using mmD151/154,
digested with Nhel and Sacl-HF, and ligated with pZA-RGN@ digested with Sacl-
HF and Avrll to create pZB-RGN@. Digestion of this vector with PstI-HF and Xbal
allowed for the insertion of assembled CRISPR loci. The AtractrRNA pRGNnpum-1
plasmid was created by amplification of pPRGNypy.; with mmD162/163, Clal di-
gestion, and self-ligation. The Cas9pjpa mutant plasmids were constructed through
site-directed mutagenesis of pPRGNypy.; with primers mmD108/109 and the KAPA
HiFi PCR kit (KAPA Biosystems).

The CRISPR loci were constructed through isothermal annealing and ligation of
short, single-stranded oligonucleotides (Integrated DNA Technologies). Each spacer
and repeat piece was built by a corresponding oligo duplex connected to adjacent
pieces by 6bp overhangs. In addition, the terminal repeats were designed to con-
tain a 17bp extension comprised of a Bsal restriction site to generate an overhang
that allowed insertion into the pUC57-Km-ctRNA@ backbone vector synthesized by
Genewiz.

To assemble the CRISPR loci, 500pmol of sense and antisense oligos in a given
duplex were annealed by boiling for 10 minutes at 99°C and cooled to room tempera-
ture. 300pmol of each annealed duplex were combined with 15U of T4 polynucleotide
kinase (Affymetrix), 400U of T4 DNA ligase (NEB), T4 ligase buffer (NEB) and
ddH>0 to a volume of 20uL. Following incubation at 25°C for 1 hour, the reaction
products were purified using a Qiagen QIAquick PCR Purification Kit. Purified
products were digested for three hours with Bsal-HF and re-purified using QIAquick.
To prepare the crRNA backbone vector, pUC57-Km-crRNA@ was amplified using
primers mmD104/105, subsequently digested with Bbsl to generate compatible over-
hangs, and ligated with the assembled CRISPR loci. Positive clones of the CRISPR
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loci were digested from the entry vector using Pstl-HF and Xbal and ligated into
pZB-RGNg digested with the same enzymes to create the final RGN plasmids.

Phagemid vector pZEf-gfp was created previously by adding the fl origin ampli-
fied from the yeast shuttle pRS series [189] into pZE22-gfp12. The RGN constructs
consisting of the genes encoding the tracrRNA, Cas9, and a sequence-targeting cr-
RNA were amplified as a single product from the respective pRGN vectors using
KAPA HiFi polymerase (Kapa Biosystems) with primers rcD169/183 and digested
with Avrll and Xmal (New England Biolabs). These inserts were ligated with a
backbone derived from amplifying the kanamycin resistance cassette, ColE1l replica-
tion origin and the f1 origin required for packaging into M13 particles off of pZEf-gfp
with primers r¢D184/185 and digesting with the same enzymes. Ligated plasmids
were transformed into E. coli DH5aPro for sequence verification and plasmid purifi-
cation.

The pZE-blanpm-1-gfp and pZA-blanpm.1-9fp vectors were constructed by swap-
ping the antibiotic resistance cassette of the Lutz-Bujard vectors pZE12G and
pZA12C12. The blanpm.1 gene was amplified from a lysate of CDC1001728 using
primers mmD8/9 and the PCR product was digested with Sacl-HF and Xhol. The
digested product was ligated into the Lutz-Bujard vectors digested with the same
enzymes.

The Peml antitoxin complementation plasmid pZA31-peml was created by first
amplifying the peml coding sequence from pSHV-18 with mmD253/254. The PCR
product was digested with BamHI and Kpnl and ligated with the large fragment
of a pZA31G digest with the same enzymes. The SOS-responsive pZA3LG reporter
plasmid was derived from pZE1LG [164] by swapping the origin of replication and
antibiotic resistance marker with pZA31G using Aatll and Avrll as restriction en-
zymes.

Mobilizable RGNs were created by first amplifying the R1162 replication origin
and oriT using mmD266/267. The chloramphenicol selection marker and RGN locus
were amplified from pRGNynpy.; and pRGNgpy.18 with mmD247/248. PCR products

were digested with Spel and Xmal, ligated and transformed into E. coli S17-1 Apir
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to create the donor cells used in matings.

Minimum Inhibitory Concentration (MIC) Determination

MICs were determined by broth microdilution using LB broth according to the
CLSI guidelines [190].

Transformation Assays

Overnight cultures were diluted 1:100 in fresh LB and grown to an optical density
(ODgno) of approximately 0.3-0.5. Following 15 minutes of incubation on ice, cultured
cells were centrifuged at 3200 x g, and pellets were resuspended in one tenth volume of
TSS buffer (LB, 10% polyethylene glycol, 5% dimethyl sulfoxide, 50mM Mg?* at pH
6.5)[191]. A 100uL aliquot of cells was incubated with 10ng of RGN plasmid DNA.
Plasmids were purified from the DH5aPro cloning host using a Qiagen QIAprep Spin
Miniprep Kit and the concentration was determined using a Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen). Following 30 minutes of incubation on ice, cells were
heat shocked at 42°C for 30 seconds, returned to ice for 2 minutes and recovered
for 1.5h at 37°C in 1ml of SOC broth (HiMedia). For the chromosomal target assay,
serial dilutions of cells were plated on LB+Cm to select for transformants. Plates were
incubated overnight at 37°C, and the number of colony forming units (CFU) were
enumerated the following day. Transformation efficiency was used to assess whether
the given RGN plasmid was toxic to cells and was calculated as the CFU/mL per ug
of DNA transformed.

For the episomal target assay, following recovery, cultures were washed in fresh LB,
diluted 1:100 in LB supplemented with chloramphenicol to select for transformants
and incubated for 16h at 37°C. Samples were washed in sterile PBS, serially diluted
and plated on LB4+Cm and LB+Cm+Cb or analyzed by flow cytometry. Colonies
were enumerated the following day and plasmid loss was inferred by calculating the
ratio of CbR+Cm® CFUs to Cm® CFUs.

Overnight cultures of RGN transformants were also diluted 1:100 in sterile PBS,
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aliquoted in duplicates in a 96-well plate and immediately assayed using a BD LSR-
Fortessa cell analyzer. Cells were consistently gated by side scatter and forward
scatter across independent biological replicates. Fluorescence measurements were
performed using a 488nm argon excitation laser. The GFP gate and laser voltages
were initially determined using untreated pZE-blaz-gfp and EMG2 cells as positive
and negative controls, respectively, and implemented across biological replicates. BD

FACSDIVA software was used for data acquisition and analysis.

Sequence Analysis

Escape mutants from transformation assays were re-isolated by passaging surviv-
ing colonies onto LB—I;Cm+Cb. DNA isolation for escape sequencing analysis was
performed by either extracting plasmid DNA from isolated escape mutants using the
Qiagen QIAprep Spin Miniprep Kit or by amplifying the integrated target locus using
primers mmD9/234 or mmD3/4 for blanpy.1 and blaspv.is, respectively. Sequencing
was performed by Genewiz using the primers mmD112-115/153 and rcD11 for anal-
ysis of the RGN plasmids and mmD3 or mmD234 for examination of the integrated

resistance genes.

Phagemid Purification

Phagemids encoding the RGNs were purified using the Qiagen QIAprep Spin
Miniprep Kit (Qiagen) and transformed into E. coli DH5aPro along with the m13cp
helper plasmid for generation of phagemid-loaded M13 particles [192]. Strains were
inoculated and grown overnight in 250mL LB+Cm+Km to maintain m13cp and the
phagemid, respectively. Cells were pelleted and the supernatant fluid containing the
phagemid particles was passed through a 0.2um filter. For all purifications except
the ®RGNgyrApsrq purification for the dose response curve, M13 phagemid parti-
cles were precipitated by the addition of 5% polyethylene glycol (PEG-6000) and
0.5M NaCl and incubation overnight at 4°C [193] and pelleted at 12,000 x g for 1h.
Purified phagemid pellets were resuspended gently in 1/100th volume of SM buffer
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(50mM Tris-HCI [pH 7.5], 100mM NaCl, 10mM MgSO,) and stored at 4°C. For the
®RGNgyrApsre purification for the dose response curve (Fig. 2b), M13 phagemid
particles were precipitated [194] through the addition of concentrated HCI to pH 4.2
and subsequently pelleted at 13,000 x g for 15 minutes. The phagemid pellet was
resuspended in 1/100th volume of water and concentrated NaOH was added to pH
7.0 to solubilize phagemid particles. Tris-HCI [pH 7.5], NaCl and MgSO, were added
to reconstitute the composition of SM buffer.

Titers were measured by incubating sample dilutions with E. coli EMG2 for 30
minutes and enumerating transductants by plating on LB and LB+Km. Titers were
defined in TFUygp/mL, which is the concentration of phagemid at which ~100% of a

recipient population of an equivalent cell concentration would be transduced.

Phagemid Kill Assays

Cultures were inoculated and grown overnight in LB with appropriate antibiotics
at 37°C with shaking. The following day, overnights were subcultured 1:100 into
3mL LB (no antibiotics) and grown at 37°C with shaking until the ODgg reached
approximately 0.8. Cultures were diluted into LB to 108 CFU/mL for pNDM-1
and pSHV-18 assays (Fig. 1b, 2a) or 10° CFU/mL for gyrApsrq (Fig. 1c) and
EHEC assays (Fig. 3a) and 245uL of the suspension was added to 5uL of purified
phagemid stock in a 96-well plate and incubated static at 37°C. The number of viable
cells in samples at each interval during the time-course or at 2h for endpoint assays
was determined by serial dilution and spot plating onto LB, LB+Cb, and LB+Km
to analyze cytotoxicity, plasmid loss, and phagemid delivery, respectively. Initial
suspensions were also diluted and plated onto LB to quantify the initial bacterial
inocula. Colonies were enumerated after 8-9h incubation at 37°C to calculate cell
viability (CFU/mL) and averaged over three independent experiments. Non-linear

curve fitting of the time-course to an exponential decay curve was performed using

GraphPad Prism.
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Galleria mellonella Model

Larvae of the model organism Galleria mellonella[168] were purchased from Van-
derhorst Wholesale, Inc. (St. Marys, OH, USA) and received in the final larval instar
for survival assays. Larvae were removed from food source, allowed to acclimate for
at least 24h at room temperature in the dark, and used within 4 days of receipt.
For all injections, a KDS100 (KD Scientific) or Pump 11 Elite (Harvard Apparatus)
automated syringe pump was set to dispense a 10uL volume at a flow rate of ~1uL/s
through a 1mL syringe (BD) and 26G needle (BD). To prepare bacteria for injec-
tion, an overnight culture of E. coli O157:H7 43888 F’ was subcultured in Dulbecco’s
Modified Eagle Medium (Gibco) for 4 hours at 37°C with shaking until ODggy ~0.6.
Cultures were washed twice in PBS and diluted to a concentration of approximately
4x10° CFU/mL. In accordance with other studies [195], twenty larvae per treatment
group were randomly selected based on size (150-250mg) and excluded based on poor
health as evidenced by limited activity, dark coloration, or reduced turgor prior to
experiments. Larvae were delivered injections without blinding of either PBS or bac-
teria behind the final left proleg. Approximately an hour after the first injection,
SM buffer, antibiotic or ®RGN treatment was administered behind the final right
proleg. Larvae were incubated at 37°C and survival was monitored at 12h intervals
for 72h, with death indicated by lack of movement and unresponsiveness to touch
[168]. Kaplan-Meier survival curves were generated and analyzed with the log-rank

test using GraphPad Prism.

LexA Reporter Assay

Overnight cultures of EMG2 WT, EMG2 pNDM-1 and EMG2 gyrApgrg contain-
ing the SOS-responsive reporter plasmid pZA3LG [164] were diluted 1:50 in LB and
incubated with either SM buffer, PRGNnpm.1 or PRGN gyrape, at MOI ~5 for 2h
at 37°C. Cultures were diluted 1:5 in 250uL of sterile PBS and analyzed using a BD
LSR Fortessa cell analyzer, as above. BD FACSDIVA software was used for data

acquisition and analysis was performed using FlowJo software.
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Bacterial Matings

Donor and recipient strains grown overnight in LB with appropriate antibiotics
were diluted 1:100 in fresh media and grown to approximately ODggo=1. Cells were
pelleted, resuspended in sterile PBS and mating pairs were mixed at a donor to
recipient ratio of 340466:1. Mating mixtures were pelleted, resuspended in 20uL of
PBS and spotted onto nitrocellulose filters placed on LB agar plates. Initial bacterial
suspensions were serially diluted and plated on LB agar plates to quantify the initial
inocula. Matings proceeded at 37°C for 3h with a single mixing step. At 90 minutes,
mating mixtures were collected by vigorously vortexing the filters in 1mL sterile
PBS. Cells were pelleted, resuspended in 20uL PBS and re-seeded onto filters and
incubated as above for the remaining 90 minutes. At the end of the 3h mating, cells
were again recovered by vigorously vortexing the filters in 1mL sterile PBS. Mating
mixtures were serially diluted in PBS and plated onto LB+Cb to select for total
number of Cb-resistant recipient cells and LB+Cb+Cm to select for transconjugants.
Colonies were enumerated following overnight incubation at 37°C to determine viable

cell counts and were averaged over nine independent biological replicates.

Synthetic Consortia Remodeling

E. coli CJ236, EMG2 pNDM-1 and RFS289 strains grown overnight in LB with
appropriate antibiotics were diluted 1:100 into fresh LB (no antibiotics) and grown
to ODggg ~0.8. Cultures were seeded into fresh LB such that the initial mixture
contained ~1x108 CFU/mL of each strain and 245uL of the suspension was added
to 5uLl of SM buffer or purified ®RGNnpy1 or PRGNiextitgyrapsre 1D triplicate in
a 96-well plate and spotted onto LB +Cm, +Sm and +Ofx to quantify the initial
concentration of CJ236, EMG2 pNDM-1 and RFS289, respectively. Samples were
then incubated, plated and enumerated as in phagemid kill assays. The composition of
the synthetic ecosystem under each treatment condition was determined by counting
viable colonies on plates selective for each strain as above and data were calculated

as viable cell concentration (CFU/mL) averaged over three biological replicates (Fig.
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4).

Data Analysis and Statistics

All data were analyzed using GraphPad Prism version 6.0 (GraphPad Software,
San Diego, CA, USA, www.graphpad.com).
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Chapter 3

Domesticating Commensal

Bacteroides

The following chapter is adapted from the 2015 Cell Systems publication to which
Alex C. Tucker and I contributed equally as first authors. [196]

Abstract

Engineering commensal organisms for challenging applications, such as modulat-
ing the gut ecosystem, is hampered by the lack of genetic parts. Here, we describe
promoters, ribosome-binding sites, and inducible systems for use in the commensal
bacterium Bacteroides thetaiotaomicron, a prevalent and stable resident of the human
gut. We achieve up to 10,000-fold range in constitutive gene expression and 100-fold
regulation of gene expression with inducible promoters and use these parts to record
DNA-encoded memory in the genome. We use CRISPR interference (CRISPRI) for
regulated knockdown of recombinant and endogenous gene expression to alter the
metabolic capacity of B. thetatotaomicron and its resistance to antimicrobial peptides.
Finally, we show that inducible CRISPRi and recombinase systems can function in
B. thetatotaomicron colonizing the mouse gut. These results provide a blueprint for
engineering new chassis and a resource to engineer Bacteroides for surveillance of or

therapeutic delivery to the gut microbiome.
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3.1 Introduction

Bacteroides species are prominent Gram-negative anaerobic symbionts of the
mammalian gut microbiome [1], comprising 30% of culturable anaerobes in the human
gastrointestinal tract [197]. Of the Bacteroides genus, Bacteroides thetaiotaomicron
is both prevalent (present in 46% of humans) [1] and abundant (up to 10'° per g stool)
[197], making it a promising organism for both understanding and manipulating the
gut environment. Stable and robust colonization of the densely populated gut en-
vironment is facilitated by the metabolic diversity of Bacteroides [198]. Specifically,
B. thetaiotaomicron and its relatives are equipped with an extensive repertoire of
saccharolytic enzymes and serve as primary fermenters of host-, diet- or microbially-
derived polysaccharides [199]. Moreover, members of Bacteroidetes, the phylum to
which B. thetaiotaomicron belongs, were among the most stable components of the
human gut microbiota in a 5-year longitudinal study [6], making them useful candi-
dates for long-term cellular diagnostics and therapeutics in the gastrointestinal tract.
To date, multiple microorganisms have served as chassis for engineered microbial ther-
apies of human disease. Recombinant, attenuated strains of Salmonella spp. [200]
and Listeria monocytogenes [201] were used as vectors for anti-cancer therapies in
several human trials. Lactococcus lactis has been implemented as a chassis for the
production of therapeutic molecules targeting human inflammatory diseases [202]. In
mouse models, strains of Escherichia coli were engineered to produce molecules that
reduce food intake and obesity [104]. However, compared to E. coli [109] and L. lactis
[202], which undergo depletion or clearance within days of administration, Bacteroides
populations exhibit low variation in abundance and long-term colonization [198].

Genetic parts and circuits enable control over the level and timing of expression of
multi-gene traits in response to environmental conditions. Recently, new techniques
in DNA construction and high-throughput screening have led to a resurgence in part
design, including a revisiting of the organization of the “expression cassette” [203,
204]. For model organisms, large libraries and computational models of promoters,

ribosome binding sites, and terminators enable fine control of multi-gene systems
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[204]. Insulators have been designed for integration between parts to ensure that
parts can be swapped without impacting function [205, 206]. However, a challenge
with engineering non-model organisms has been a lack of these tools, which limits the
sophistication of the systems that can be constructed.

Few genetic parts and inducible systems are available for B. thetaiotaomicron and
its relatives. Previous efforts have co-opted natural glycan-sensing systems [207] or
the classic E. coli lac operon [208] for inducible genetic systems, yielding systems that
span a 10- to 50-fold range of expression. Replicative plasmids [209] and integrative
transposons [210] have been built for the introduction of heterologous genes. However,
unlike most other prokaryotes, the unique major sigma factor in Bacteroides binds to
a -33/-7 consensus sequence (TTTG/TAnnTTTG) [211, 212]. Moreover, the strength
of translation initiation is poorly correlated with the level of ribosome binding site
(RBS) complementarity to the 16S rRNA of the host organism [213]. Compared to the
E. coli RBS, Bacteroides RBS strength is more sensitive to secondary structures [214],
depleted in GC content [213], and predicted to rely more heavily on interactions with
ribosomal protein S1. These unique promoter and RBS architectures in Bacteroides
preclude the direct incorporation of genetic systems developed in other organisms
[209]. A lack of genetic part libraries hinders the introduction of multi-gene pathways,
such as those that could produce a metabolic product designed to treat disease.
Multiple cellular states are naturally maintained within Bacteroides populations via
reversible recombinases that vary expression of cell surface polysaccharides [215].
Recombinases have been harnessed to build counters and integrated memory-and-logic
devices [216-219]. By connecting these switches to environmental sensors, cellular
memory can be used to infer exposure to a particular set of conditions. This is useful
if. direct readout of a reporter from a microenvironment is not possible. For example,
an engineered toggle switch enabled E. coli to record exposure to antibiotics in the
mouse gut [109]. In addition to toggle switches, memory has recently been achieved
using dynamic genome editing [220].

CRISPR-Cas9 technologics have revolutionized genome editing because their ease

of reprogramming to target user-defined DNA sequences with a single guide RNA
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(sgRNA) [221]. CRISPR interference (CRISPRi) employs a catalytically inactive
version of the endonuclease Cas9 (dCas9) to regulate gene expression at target DNA
sequences by blocking transcription by RNA polymerase [222]. The specificity of
dCas9 repression is governed by sequence homology and is independent from host
machinery [221]. This has enabled implementation of CRISPRI in both bacterial and
eukaryotic systems [222], permitting both the construction of synthetic gene circuits
as well as the study of natural biological networks [223].

Here, we expand the set of genetic tools necessary to precisely and robustly engi-
neer B. thetatotaomicron for microbiome applications. We report a library of biolog-
ical parts, comprised of constitutive promoters, inducible promoters, and RBSs that
each span output-dynamic ranges of several orders of magnitude (Fig. 3-1). Con-
stitutive promoters and RBSs were used to characterize the input expression levels
required to generate recombinase-based DNA-encoded memory in B. thetaiotaomi-
cron. Externally switchable DNA-based memory devices were then constructed by
integrating inducible promoters with recombinases. Additionally, inducible promoters
were used to control CRISPRi-based regulation of synthetic and endogenous genes.
Finally, we validated the function of these tools in bacteria that have colonized the gut
of mice. This includes circuits that respond to stimuli in vivo and either record expo-
sure by altering gene expression or permanently modifying the genome. These devices
demonstrate that B. thetaiotaomicron can be used as a platform for predictable gene

expression and circuit design for microbiome engineering.

3.2 Landing Pads for Genetic Part and Device
Characterization

The integration vector pNBU2 was employed for most of the genetic parts in this
chapter to ensure genetic stability of the constructs (Fig. 3-2). The pNBU2 plasmid
encodes the intN2 tyrosine integrase, which mediates sequence-specific recombination

between the attN site of pNBU2 and one of two attBT sites located in the 3’ ends of

Chapter 3 66 Mimee



Genetic Technologies to Engineer and Understand the Microbiome

- | dCas9 repression
I {[AG]-inducible system
] {[IPTG]-inducible system
| | [ChS]-inducible system
F |[Rha]-inducible system
} Constitutive promoters and ribosome binding sites 1
L}
[ T ! LS 2 % vEEE] ¥ UL L | ¥ LI 2 1|
10°® 10°® 10 103 1072 10

Luminescence (RLU/CFU)

Figure 3-1: Bacteroides Genetic Part Summary: The ranges of gene expres-
sion are shown for the different gene regulation systems described in this chap-
ter. AG, arabinogalactan; CS, chondroitin sulfate; IPTG, isopropyl beta-D-1-
thiogalactopyranoside; Rha, rhamnose; dCas9, catalytically inactive Cas9 endonu-
clease

the two tRNAS" genes, BT_t70 and BT_t71, on the B. thetaiotaomicron chromosome
[210]. Insertion of the pNBU2 plasmid inactivates the tRNAS gene, and simultaneous
insertion into both BT_t70 and BT_t71 is unlikely due to the essentiality of tRNAS.

RP4/
R6K

.IntN2 attBT2
—» (Bt t70_JI—
1
nt 6,138,320
Figure 3-2: :

pNBU2: Tyrosine integrase IntN2 catalyzes stable integration of pNBU2-based
expression constructs into one of two attBT2 sites in the B. thetaiotaomicron
genome [210]. The two attBT?2 sites (attBT2-1 at nt 6,217,227 and attBT2-2 at nt
6.138,320) are in the 3’ ends of tRNA" genes (BT_t71 and BT_t70, respectively).
ApR, ampicillin resistance cassette; ErmR, erythromycin resistance cassette; RP4,
origin of transfer; R6K, origin of replication; NanoLuc, luciferase

3.2.1 Development of a Broad Host Range Mobilization Vec-

tor in Bacteroides

The pNBU2 expression vector is effective for transfer of genetic constructs into B.

thetaiotaomicron. However, integration efficiency in some other Bacteroides spp. is
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reduced, especially in B. fragilis where no transconjugants could be obtained (Fig. 3-
3A). After construction of multiple engineered B. thetaiotaomicron strains, we found
that pNBU2 occasionally catalyzes integration into a third site (attBT2-3), leading to
disruption of the BT4401 open reading frame (Fig. 3-3B). In light of these suboptimal
characteristics, we developed an alternative mobilization vector based on the NBU1
conjugative transposon. Discovered prior to NBU2, the NBU1 transposon can be mo-
bilized into Bacteroides species by conjugative machinery in trans [224]. The IntN1
integrase catalyzes site specific integration of transposon-encoded attN1 into the 3’
end of tRNAM" (attBT1) [225]. Moreover, characterization of IntN1 revealed that
a C to G mutation within attN1 can increase site-specific integration into attBT1,
while reducing non-specific integration events [226]. The integrase and modified attN
sites of NBU1 were exchanged for those from NBU2 to yield the pNBU1 integration
vector. Conjugation efficiencies of pNBUI1 varied depending on the recipient species;
efficiency was increased in B. thetaiotaomicron, B. fragilis and B. ovatus, comparable
in B. uniformis and B. eggerthii, and decreased in B. vulgatus compared to pNBU2
(Fig. 3-3A). Compared to pNBU2, pNBU1 did not produce any detectable. off-site
integration events in B. thetaiotaomicron (Fig. 3-3B). Finally, the IPTG-inducible
system described in Fig. 3-7 was encoded onto pNBU1 and transferred into sev-
eral Bacteroides spp. Luminescence in the resultant strains was IPTG-inducible and
comparable across the species (Fig. 3-3C), suggesting that pNBU1 could be a broad

applicable vector system in the Bacteroides genus.

3.3 Expression Control Through Promoter and

RBS Design

To expand the range of constitutive gene expression that can be implemented
in Bacteroides, we constructed and characterized promoter-RBS combinations using
the NanoLuc luciferase as a reporter (Fig. 3-4A). Four promoter variants were con-

structed based on the constitutive promoter for the B. thetaiotaomicron housekeeping
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Broad-Host Range pNBU1 Vector System: (A) Conjugation efficiency of
pNBU1 and pNBU2 were compared in B. thetaiotaomicron (Bt), B. fragilis (Bf), B.
ovatus (Bo), B. uniformis (Bu), B. vulgatus (Bv), and B. eggerthii (Be).
Conjugation efficiency was measured as the number of transconjugants following
overnight mating divided by the total number of recipient cells. (B) Using
integration site-specific primers for PCR, B. thetaiotaomicron transconjugants were
screened to determine the site-specificity of each integrase. NBU1 catalyzed
integration in a unique site at the 3’ end of a leucine tRNA gene. NBU2 integrated
favoured integration in serine tRNA genes (attB2-1/2), but some constructs were
inserted in BT4401 (attB2-3). (C) The IPTG-inducible expression system described
in Fig. 3-7 was encoded onto pNBU1 and transferred into multiple Bacteroides spp.
Luminescence activity was measured in the presence and absence of IPTG. The
genetic circuit performed efficiently in all species.

sigma factor BT1311 (Pgr1311) [212]. Specifically, a 26-bp sequence was substituted
or inserted into Ppri3i; in regions composing and surrounding the -33 and -7 pro-
moter sequences (Experimental Details, Fig. 3-4B), regions known to be important
for B. thetaiotaomicron promoter activity [211]. With NanoLuc as a reporter, the
Pam promoters spanned a 20-fold range of expression and had decreased expression

levels relative to the Pgri31; parent promoter. For comparison to prior work, we also
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measured the activities of the previously reported promoter-RBS pairs, Peya, Pega,
Py and Peepa [213, 227-229] (Fig. 3-4C).

The P oM promoters were then combined with RBSs of varying strength to increase
the range of expression levels. Previously characterized RBSs GH022, GH023, and
GHO078 [213] have an expression range of expression less than one order of magnitude
(Fig. 3-4C). We selected a ribosomal protein RBS (rpiL*) and constructed a weak
RBS (RC500) to increase the range of our available RBSs (Fig. 3-4C, Experimental
Details). This RBS library spanned a >10%-fold range when paired with each Pay-
derived promoter. When combined, these Pay promoters and RBSs could achieve
expression levels over a 10%-fold range.

To identify a set of RBSs for fine-tuning gene expression in B. thetaiotaomicron,
we generated three randomized rpil* RBS libraries targeting the most conserved po-
sitions of the Bacteroides ribosomal protein RBSs [213]. For each library, we targeted
3 nucleotides in and around the rpiL.* RBS Shine Delgarno sequence. These positions
are within or near the RBS region predicted to interact with the ribosomal S1 protein
(nt -21 to -11 relative to the start codon of NanoLuc, Figure 1C) [230]. We achieved
67-80% coverage of the 64 potential members in each library, resulting in 142 RBS se-
quences (Figure 1E, Table S1). These RBSs were screened and sequenced and a set of
8 was identified that span 103-fold expression range in approximately even increments
(Table S2).

We observed only a weak positive correlation between the minimum free energy
of RBS folding (Experimental Details) and expression of the NanoLuc reporter (12 =
0.19) in the rpiL* library (Figure 1F). To visualize the impact of GC content on RBS
strength within this library, we generated frequency logos for each nucleotide targeted
in the library. The strongest RBSs were GC-depleted relative to the overall library
and the weakest RBSs (Figure 1G). Our RBS libraries highlight the distinct AT
enrichment of strong Bacteroides RBSs compared to other bacterial species, which
results in part failure when constructs are transferred into Bacteroides from other

species [213].
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Figure 3-4: Constitutive promoters and ribosome binding sites for the con-
struction of gene expression libraries: (A) The putative -33 and -7 regions of
the Pgr1311 promoter, the Shine-Dalgarno sequence, and the start codon are indicated
by black boxes. Numbers below the black boxes represent nucleotide locations rela-
tive the Pgr311 transcription start site. The 26 bp sequence introduced in the Pam
promoters is shown as blue boxes (See also Figure S1). Numbers at the edges of the
blue boxes indicate the Pgri311 nucleotides replaced or the insertion site within the
promoter. The location of residues randomized in the rpiL* RBS library are indicated
with red arrows (for library A: nt -14, -13, -12; for library B: nt -21, -18, -15; and
for library C: nt -17, -16, -11; nt numbering is relative to the translation start site).
(B) Promoters Pani, Pamz, Pams, and Paya were constructed by introducing a 26
bp sequence (red) at 4 locations in the constitutive BT1311 promoter (Ppri311). Pre-
dicted -33, -7, and +1 sites of the Pgr3;; promoter are shown in bold. (C) Activity
was measured for a set of constitutive promoters and their cognate RBSs. For Pawm,
PAMQ, PAMS; PAM45 the BT1311 RBS was used. Furthermore, PBTISl]a PAM]; PAM2,
Pawms, and Payg were combined with RBSs of varying strengths. Gene expression was
measured using a luciferase reporter (NanoLuc) and reported as relative light units /
colony forming unit (RLU/CFU).

3.4 Genetic Sensors and Inducible Systems

To create inducible systems for use in B. thetaiotaomicron, we adapted parts

from the large repertoire of systems that govern carbohydrate utilization [199]. In B.
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Figure 3-5: Characterization of Random RBS Library: (A) Three large RBS
libraries were constructed and combined with promoter Ppri31;. For reference, the
parent rpiL* RBS is indicated with a red arrow. (B) The strength of each RBS was
compared to the predicted free energy of folding for the mRNA (AGgq). (C) A
consensus strong RBS and weak RBS were generated for the rpilL* RBS library using
frequency logos that included the 11 strongest and 11 weakest RBSs (residue locations
are stated relative to the translation start site). Frequency logos were constructed by
comparing the frequency of each nucleotide at each position in that group with the
frequency of that nucleotide in that position in the full library. Position -20 and -19
were not randomized and are not shown in the frequency logos.

thetaiotaomicron, rhamnose metabolism is mediated by the transcriptional activator
RhaR, which activates transcription at the Pprszes promoter [231]. To assay the
functionality of Pprs7e3 as an inducible system, we cloned 250bp of the promoter-RBS
region upstream of the start codon of BT3763 into the pNBU2 expression vector to
drive expression of NanoLuc. Gene expression was conditional on the concentration
of rhamnose and demonstrated a response curve with an output dynamic range of
10*-fold (Fig. 3-6A). Fitting the response curve to a Hill function revealed a threshold
K of 0.3 mM and a Hill coefficient n = 1.4.

Two-component systems are signal-transduction mechanisms widespread in bac-
teria for sensing external stimuli. Bacteroides sp. possess a unique variant of these
systems, called hybrid two-component systems, that incorporate both the sensor his-
tidine kinase and response regulator of classical two-component systems into a sin-
gle polypeptide chain [232]. Putative hybrid two-component systems, BT3334 and
BT0267, were identified in transcriptomic studies to control expression of the chon-
droitin sulfate (ChS)-inducible Pgr3324 promoter and arabinogalactan (AG)-inducible
Pgrozes promoter, respectively [199, 233]. Chondroitin sulfate induction of Pprsss

and arabinogalactan induction of Pgrgees led to a 60-fold and 29-fold regulation of
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Figure 3-6: Design and characterization of genetic sensors. (A-C) Response
curves for NanoLuc under the regulated control of the rhamnose- (Rha) (A), chon-
droitin sulfate- (ChS) (B), or arabinogalactan- (AG) (C)) inducible promoters. In-
ducer concentrations were applied as follows: three-fold serial dilutions starting at
10mM Rha (A); three-fold serial dilutions starting at 0.4% for ChS (B), and AG (C).
The leftmost data point in each plot represents the background luminescence in the
absence of inducer. Response curves were fit to a Hill function (solid lines).

output gene expression, respectively (Fig. 3-6B and C).

Next, we developed an IPTG-inducible system based on the E. coli Lacl system.
Our design expands upon on a previously developed IPTG-inducible system in Bac-
teroides [208] by investigating the position effects of operator sites on gene expression.
Pairs of LacO1 operator sites were inserted in the strong P.sa promoter in three loca-
tions (Fig. 3-7A), and the Lacl repressor was expressed from the BT1311 promoter.
Compared to the unmodified P.ss promoter, the addition of synthetic operator sites
diminished the maximum expression of NanoLuc (Fig. 3-7B). This strategy produced
two IPTG-inducible promoters that with thresholds at K = 86uM (Praco13) and K
= 6uM (Praco2s). The induction of these systems elicited an 8- and 22-fold change

in gene expression, respectively.
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Figure 3-7: Development of an IPTG-inducible promoter system. (A) Syn-
thetic IPTG-inducible promoters were constructed by placing LacO1 operator sites
(red) upstream of the -33 element (O1), between the -33 and -7 elements (O2) and/or
directly downstream of the transcription start site (O3) of the strong P.ga promoter.
Predicted -33, -7 and +1 sites are shown in bold. These promoters are regulated
by the E. coli Lacl repressor expressed from Ppri31;. (B) Response curves for the
synthetic IPTG-inducible systems. Cells were incubated with no inducer or four-fold
serial dilutions of IPTG starting at 500 uM. Data sets for Pr..013 and Ppaco23 were
fit to a Hill function (solid line). Error bars represent the standard deviation of three
biological replicates made on three different days (n=3).

As the orthogonality of genetic parts is crucial for their simultaneous use, we
tested the degree of cross-talk between each inducible system by incubating each en-
gineered strain with the full set of carbohydrate inducers. The inducers themselves
bear little structural similarity: rhammnose, a methyl-pentose sugar; ChS, a sulfated
glycocosaminoglycan composed of chains of acetylgalactosamine and glucuronic acid
residues; AG, a polysaccharide composed of arabinose and galactose units; and IPTG,
a molecular mimic of allolactose. Functionally, each inducible system was highly or-

thogonal to each other, with no cross-reactivity observed with any of the combinations
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(Fig. 3-8).
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Figure 3-8: Orthogonality matrix of Bacteroides inducible promoters. Or-
thogonality matrix of sugar-inducible genetic systems incubated with 10mM rham-
nose (Rha), 0.2% chondroitin sulfate (ChS), 0.2% arabinogalactan (AG), or 100uM
IPTG compared to no inducer. Error bars represent the standard deviation of three

biological replicates made on different days.

3.5 Synthetic Genetic Memory

To equip B. thetaiotaomicron with permanent genetic memory, we used serine
integrases, which catalyze unidirectional inversion of the DNA sequence between two
recognition sequences (Fig. 3-9A) [234]. Recently, 11 orthogonal integrases and their
recognition sequences were characterized in E. coli [219], and a DNA “memory array”
composed of a linear concatenation of integrase recognition sequences was used to
record the expression of one or multiple integrases in response to a stimulus.

We identified serine integrases that function in B. thetaiotaomicron by cloning
the integrases into a strong constitutive expression vectors (Pame-rpil*, 1.2 x 102
RLU/CFU). To provide a stable, single-copy record of DNA inversion, we incorpo-
rated the DNA memory array containing the integrase recognition sequences into
the B. thetaiotaomicron chromosome (Fig. 3-9, Experimental Details). Integrase ex-

pression vectors were conjugated into the B. thetaiotaomicron memory array strain.
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Genomic DNA was isolated from transconjugants and analyzed by PCR to detect
flipping. Four integrases, Int7, Int8, Int9, and Int12, each catalyzed recombination
at the respective recognition sequence in the memory array (Fig. 3-9D), and DNA
inversion was not detected in the absence of an integrase.

To create an inducible memory switch, we cloned Int12 under the control of the
rhamnose-inducible promoter with the rpiL*RBS C51 (Fig. 3-9 E, Fig. 3-5A). The
Int12 recombinase switch responded to increasing concentrations of rhamnose (Fig.
3-9F) within 2 hours (Fig. 3-9G), with no background detected in the absence of

inducer. Notably, expression of Int12 did not impact growth of B. thetaiotaomicron.
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Figure 3-9: Synthetic Genetic Memory. A) Integrases mediate recombination of
DNA between integrase binding sites (attB/attP), resulting in the inversion of the
intervening spacers. (B) Schematic of the location of the promoter-RBS-integrase
system and the memory array cassettes in the B. thetaiotaomicron chromosome. (C)
Integrase-mediated DNA inversion at each integrase target sequence in the memory
array cassette is detected by PCR. Primer pairs (arrows) anneal to the interface of the
integrase recognition sites and to the spacer region between recognition sites. PCR
amplification occurs only after an inversion event (solid lines below the primer arrows
indicate expected amplicons). (D) Representative PCR products are shown after
recombination with integrases Int7, Int8, Int9, or Intl2. - indicates no integrase,
+ indicates the integrase is present. Pay4-rpil* was used to control expression of
each integrase. (E) Schematic of the rhamnose-inducible recombinase circuit. Tran-
scriptional activator RhaR, produced from the endogenous locus, is activated in the
presence of rhamnose causing expression of Int12 from Pgrszes. Int12 mediates recom-
bination between the Int12 attB and attP recognition sequences. (F) Response curve
of Int12 memory circuit. Int12 was placed under the control of a subset of Pgrsres-
rpiL*C51. Inducer concentrations were nine-fold serial dilutions starting at 10mM
rhamnose. The leftmost data point represents the recombination in the absence of
inducer. Cells were grown 8 hours at 37°C before harvesting cells and isolating DNA.
Absolute quantities of flipped and unflipped memory array in genomic DNA were de-
termined by qQPCR using standard curves (Experimental Details). The recombination
ratio is expressed as the ratio of cells containing a flipped memory array (Flipped)
divided by the sum total of cells containing a flipped or unflipped array (Total). Data
were fit with a Hill function. (G) Intl12-mediated recombination versus time. Cells
were induced with 10 mM rhamnose at t=0. Absolute quantities of flipped and un-
flipped memory array in genomic DNA were determined by qPCR using standard
curves (Experimental Details). Recombination ratios were determined as in F. Data
were fit with a sigmoidal dose-response function. For F-G, error bars represent the
standard deviation of three biological replicates made on different days.

3.6 CRISPRi-Mediated Gene Knockdown

CRISPRI can provide a facile toolbox for constructing synthetic gene circuits and
modulating endogenous genes in B. thetaiotaomicron. To demonstrate the use of
CRISPRi-mediated gene knockdown for synthetic constructs, production of dCas9
was regulated by the IPTG-inducible Pp,.023 system. sgRNAs were constitutively
expressed from the P; promoter and were designed to target the coding sequence of
NanoLuc (NL1-4) or the P.ga promoter (PR1-2) (Fig. 3-10A). A nonsense sgRNA
(NS) with no sequence identity to either P.zpn or NanoLuc was used as a negative

control. All specifically targeted sgRNAs repressed the expression of NanoLuc (Fig.
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3-10B) by 20-45 fold with IPTG induction of dCas9 expression (Fig. 3-10C), thus
implementing genetic NOT gates in B. thetaiotaomicron. The IPTG-to-NanoLuc
response function of sgRNAs targeting the coding sequence or promoter exhibited
similar Hill coefficients and lower dissociation constants to the IPTG-to-NanoLuc
transfer function of the Pp..023 promoter on its own (n = 1.1 to 1.4; K = 0.6 to

1.4uM IPTG).
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Figure 3-10: CRISPRi-mediated repression of recombinant genes. (A)
Schematic of dCas9-based repression of NanoLuc. Addition of IPTG induces ex-
pression of dCas9, which complexes with constitutively expressed sgRNA targeting
the coding sequence of NanoLuc (NL1-4) or the P.sa promoter (PR1-2). The plasmid
backbone separates the NanoLuc cassette and the IPTG-inducible CRISPRI system.
(B) Response curves of dCas9-mediated targeting the coding sequence of NanoLuc
(NL1-4), the promoter (PR1-2) or a nonsense sequence (NS). Fourfold serial dilutions
of IPTG starting at 500 uM or no inducer were added to cultures. Response curves
were fit to a Hill Function (solid lines). (C) Fold repression elicited by various gRNAs
in the presence (500 M) of inducer. Bars are coloured to correspond to part B.

To demonstrate the programmable knockdown of endogenous genes in B. thetaio-
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taomicron, we designed sgRNAs to target mechanisms implicated in the resilience of
Bacteroides in the human microbiota. In B. thetaiotaomicron, LpxF, the gene product
of BT'1854, is required for resistance to inflammation-associated cationic antimicrobial
peptides, such as polymyxin B [235]. Using the minimum inhibitory concentration
(MIC) of polymyxin B as a phenotypic readout, we designed an sgRNA to specif-
ically suppress BT1854 expression. In cells containing the sgRNA targeted against
BT1854 (dCas9gpT1s54), the induction of dCas9 with led to sensitization of the cells
to polymyxin B treatment (8 to 16-fold decrease in MIC), while wild-type B. thetaio-
taomicron and strains containing dCas9ys demonstrated high levels of polymyxin B
resistance in the presence or absence of dCas9 induction with IPTG (Fig. 3-11D-E).

Next, we explored dCas9-mediated repression of carbohydrate-utilization path-
ways in B. thetaiotaomicron, which are important for the bacterium’s ability to suc-
cessfully and persistently colonize the mammalian gut. The hybrid two-component
sensor BT1754 regulates the BT1757-1763/BT1765 fructose-containing polysaccha-
ride utilization locus, and BT1754 is essential for growth on fructose as the sole carbon
source [236]. We designed a specific sgRNA to repress BT1754 and integrated this
system into the B. thetaiotaomicron genome along with an IPTG-inducible dCas9
cassette (dCas9pri754) (Fig. 3-11D,F). Induction of dCas9gTi754 did not affect the
growth rate of cells on MM-glucose compared to WT cells and dCas9yg. The genera-
tion time G = (log;02 x t)/log10(B/Bs) ~ 1hr (where t is the time interval, and B, and
B are the initial and final concentrations of bacteria, respectively), indicating that
neither dCas9 induction nor repression of BT1754 impacts growth on glucose media
(Fig. 3-11F). However, induction of dCas9pT;754 drastically decreased the growth rate
of the cells in MM-fructose (G = 4.7 hr) while the growth of WT and dCas9ys cells
in MM-fructose remained similar (G = 1 hr) to growth in MM-glucose (Fig. 3-11F).
Thus, inducible dCas9-mediated repression of endogenous genes can alter both the

resistance and metabolic profiles of B. thetaiotaomicron.
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Figure 3-11: CRISPRi-mediated repression of endogenous genes. (A) Ge-
nomic location of endogenous genes targeted using CRISPRi. (B) Minimum in-
hibitory concentrations (MICs) of polymyxin B for cells with CRISPRi targeted
against BT1854 (dCas9pris54) compared with wild-type (WT) cells or non-specific
control cells (dCas9xs). Reported values are the mode of three independent bio-
logical replicates made on three separate days. (C) CRISPRi was targeted against
BT1754 (dCas9pri7s54). Growth curves of wild-type (WT) (black), dCas9p11754 (pink)
or dCas9ys (gray) cells in minimal media supplemented with 0.5% glucose (MM-Glc)
or 0.5% fructose (MM-Fru) in the presence (full line) or absence (dotted line) of 100uM
IPTG. Error bars represent the standard deviation of three biological replicates made
on different days.

3.7 In wvivo Evaluation of Bacteroides Genetic

Parts

We next investigated whether the function of our B. thetaiotaomicron genetic
parts and modules can be maintained in the context of a complex microbiota. As wild-
type strains of Bacteroides spp. are unable to stably colonize conventional specific-

pathogen free (SPF) mice [235, 237], we employed an antibiotic regimen that promotes
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B. thetaiotaomicron colonization without sterilizing the gut microbiota (Fig. 3-12A)
[237, 238]. A ten-day treatment of animals with ciprofloxacin and metronidazole prior
to bacterial inoculation was sufficient to maintain stable and high levels of colonization
for the duration of the experiments (up to 12 days tested) (Fig. 3-12E-G).

Using this model, we tested the functionality of our inducible systems, CRISPRIi,
and integrases in vivo. First, SPF mice were colonized with the strain containing
the arabinogalactan-inducible Pgroz6s promoter driving expression of NanoLuc (Fig.
3-12E). Within a day of addition of arabinogalactan to the drinking water of the
mice, luciferase activity in fecal pellets increased approximately 75-fold (Fig. 3-12B).
Following removal of inducer from the drinking water, luciferase activity in the fecal
pellets of mice fed inducer rapidly returned to baseline, demonstrating tight temporal
control of gene expression dependent on arabinogalactan.

To investigate whether more complex genetic circuits perform in the context of the
mouse microbiome, we evaluated the dCas9yy3 repressor cascade, which is composed
of the CRISPRIi system as well as the Pp,.023 IPTG-inducible promoter, within stably
colonized B. thetaiotaomicron. Within 24 hours of adding IPTG to drinking water,
CRISPRI elicited approximately a 20-fold reduction in gene expression compared to
the uninduced control (Fig. 3-12C). The fold repression observed in vivo is similar to
that measured in vitro. Luciferase activity returned to baseline 6 days following the
removal of IPTG from drinking water. Moreover, expression of dCas9 and NanoLuc
did not significantly impact in vivo fitness compared to uninduced controls (Fig.
3-12E and F).

To test the function of recombinases in vivo, we colonized mice with a B. thetaio-
taomicron strain containing the rhamnose-inducible Int12 integrase memory switch
(Fig. 3-9E). All mice were fed with plant-based chow that was determined to be
composed of 0.3% rhamnose (w/w). In addition, after one day of colonization, the
drinking water of half of the mice was supplemented with 0.5M rhamnose to further
induce the memory switch. Stool was collected over the course of the experiment, and
the absolute number of unflipped (wild-type) and flipped Int12 recognition sequences
was determined by qPCR (Fig. 3-12D, Experimental Details). A background recom-
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bination rate of ~11% per day was detected in mice fed on rhamnose-containing chow
but not supplemented with rhamnose in their drinking water (Fig. 3-12D, “Chow”).
In mice supplemented with exogenous rhamnose (Fig. 3-12D, “Chow + Rha”), the re-
combinase switch achieved >90% flipping in <1 day, a statistically significant increase

over mice not supplemented with rhamnose in the water (p<0.01; Fig. 3-12D).
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Figure 3-12: In vivo function of genetic parts within B. thetaiotaomicron
colonizing the mouse gut. (A) Experimental timeline. Specific pathogen free
(SPF) Swiss Webster mice were treated for 10 days with ciprofloxacin and metron-
idazole, and gavaged with B. thetaiotaomicron 2 days after cessation of treatment.
Bacteria were administered on Day 0 (B-G). (B-C) Luciferase activity in fecal pellets
of mice inoculated with strains possessing the arabinogalactan (AG) inducible Ppro26s
(B) or IPTG-inducible CRISPRi dCas9yy3; (C) systems. Mice were provided drink-
ing water supplemented with 5% arabinogalactan (B: solid line), or 25mM IPTG (C:
solid line) for 2 days after stool collection on Day 2 (grey box), or were maintained
on normal drinking water throughout the entire experiment (dashed lines). Inducer
water was removed on Day 4 after stool collection. Luminescence values were nor-
malized to cell density as determined by qPCR using NanoLuc-specific primers. (D)
SPF mice were colonized with B. thetaiotaomicron containing the rhamnose-inducible
integrase construct Pprgze3-rpil*C51-Int12. All mice were exposed to 0.3% rhamnose
(w/w) in the plant-based chow. In addition, half of the mice had their drinking wa-
ter supplemented with 500mM rhamnose after stool collection on Day 1 (“Chow +
Rha”, solid line) while the other half of the mice were maintained on normal drink-
ing water throughout the entire experiment (“Chow”, dashed line). Mice receiving
rhamnose-supplemented water on Days 1 and 2 (grey box) were returned to normal
water on Day 3 after stool collection. Recombination ratios were determined for fecal
DNA as described in Figure 3F. For day 3 “Chow” samples, n=3. For all other days,
n=>6 for both treatment groups. (E-G) Cell densities of the arabinogalactan-inducible
Pgrozss, (E) the dCas9yrs (F), or the rhamnose-inducible integrase (G) strains in the
fecal pellets of inoculated mice. Grey boxes indicate the period of time over which
mice were exposed to inducer in their drinking water. Bacterial loads were quantified
by analyzing DNA extracted from fecal pellet using qPCR. The number of cells was
determined using construct-specific primers and a standard curve generated with pu-
rified construct amplicons. Results were normalized to the weight of fecal material
analyzed. For B-G, individual points represent independent biological replicates and
the line represents the mean of the group. "P<0.05; ~"P<0.01.

3.8 Discussion

Here, we developed a versatile set of genetic technologies for the manipulation of
the abundant gut symbiont B. thetaiotaomicron. Given the distinct transcriptional
and translational control mechanisms in B. thetaiotaomicron, we laid the foundation
for circuit design in B. thetaiotaomicron by identifying promoters and RBSs for this
organism through literature searches and library construction. The resulting toolbox
expanded upon the number and expression range of genetic parts available for Bac-

teroidetes (previous range: 10?) [207, 208, 213, 214] and achieved ranges of expression
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similar to those of libraries characterized for other gut-associated bacteria, including
E. coli (range: 10%-10%) [239-241] and lactic acid bacteria (range: 10%) [242, 243].
Using a similar approach, we characterized 4 orthogonal inducible expression sys-
tems. This library of B. thetatotaomicron promoters and RBSs enabled us to import
host-independent machinery, dCas9 and serine integrases, to implement more com-
plex circuits. We envision that similar approaches, coupled with continuing advances
in DNA sequencing and synthesis technologies, will enable the rapid and large-scale
porting of genetic parts and devices from model organisms into new chassis that can
address real-world applications. Lastly, we demonstrated the functionality of these
genetic parts in the context of the mouse microbiome. Future work will focus on
scaling the complexity of genetic circuits that can be implemented in commensal bac-
teria and pursuing long-term and quantitative control of microbial and mammalian
host biology in vivo. For microbiome engineering applications, the ability to precisely
modulate gene expression in commensal organisms should enable functional studies
of the microbiome, non-invasive monitoring of in vivo environments, and long-term
targeted therapeutics. For example, our constitutive and inducible systems, inte-
grases, and CRISPRIi regulators could be integrated for higher-order computation in
B. thetaiotaomicron, such as digital logic, memory, and analog circuits. These engi-
neered commensals could be used to map the dose—dependent and temporal effects of
specific surface polysaccharides [244] or heterologous pathways [245] on colonization
and maintenance of the gut microbiota and on host health. Higher-order combina-
tions of inducible promoters linked with integrases could achieve Boolean logic with
embedded cellular memory, enabling surveillance of the gut environment. Further-
more, environmental sensing with analog circuits coupled with precision expression
control of heterologous pathways in B. thetatotaomicron could be exploited for on-
demand, localized, and rheostatic delivery of therapeutic molecules. We have also
shown that the CRISPRI system can be used to dynamically manipulate bacterial
processes in B. thetatotaomicron by targeting endogenous genes. dCas9-mediated
repression could be induced in a commensal library of B. thetaiotaomicron harboring

distinct guide RNAs to identify genes required for B. thetaiotaomicron maintenance
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[236] or interspecies interactions [246]. With these genetic resources, we envision that
B. thetaiotaomicron will be a useful platform for cellular sensing, computation and

actuation at the host-microbe interface in the gut.

3.9 Experimental Details

Bacterial strains and culture conditions.

B. thetaiotaomicron VPI-5482 (ATCC 29148) (Accession: AE015928.1) was used
for all studies except for the integrase-based memory units. B. thetaiotaomicron
VPI-5482 Atdk was used for the insertion of the memory array and the charac-
terization of integrases. E. coli was routinely grown in Luria Bertoni (LB) broth
(Difco) supplemented with carbenicillin (100ug/mL) for plasmid selection. B. thetaio-
taomicron was grown in brain heart infusion media (BHIS) (Difco), trypticase-yeast
extract-glucose (TYG) media or minimal media (MM) supplemented with 10mg/L
hemin (Sigma), 0.5g/L cysteine and lmg/L Vitamin K3 [247]. TYG media con-
tained: 10g/L trypticase, 5g/L yeast extract, 1g/L NayCOj3, 10mM glucose, 80mM
potassium phosphate buffer (pH 7.3), 20mg/L MgSO,4-7TH,0O, 400mg/L NaHCOs3;,
80mg/L NaCl, 0.0008% CaCly, and 4ug/mL FeSO4-7H,0. MM media contained:
1g/L NH4SOy4, 1g/L NayCO3, 80mM potassium phosphate buffer (pH7.3), 900mg/L
NaCl, 26.5mg/L CaCly-2H,0, 20mg/L MgCl,-6H,0, 10mg/L MnCly-4H,0, 10mg/L
CoCly-6H20, 5ug/L Vitamin B12, 40ug/mL FeSO,-7H,0, and 0.5% of carbon source.
Cultures were grown and manipulated in a Coy anaerobic chamber with an atmo-
sphere of 85% Ns, 5% H, and 10% CO, at 37 °C. All media was pre-reduced overnight
in anaerobic atmosphere before inoculation of cultures. Antibiotics were added as ap-
propriate: erythromycin (Em, 25ug/mL), gentamicin (Gm, 200ug/mL) and 5-fluoro-
2’-deoxyuridine (FUdR, 200ug/mL).
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Genetic parts and plasmids.

Genetic parts and plasmids used in this study are listed in Table S3 and S4. Single
guide RNAs (sgRNA) used in this study are listed in Table S5. pNBU2 constructs
were conjugated into B. thetaiotaomicron from FE. colii The DNA memory array
cassette [219] was introduced into the chromosome of a B. thetaiotaomicron VPI-
5482 Atdk strain by allelic exchange.

pNBU2 constructs were conjugated into B. thetaiotaomicron with E. coli S17 Aper,
which contains the conjugative machinery of the plasmid RP4 integrated into its chro-
mosome [248] or through tri-parental mating with E. coli DH10B Apir and E. coli
HB101 / pRK600 [249], which encodes the RP4 conjugative machinery. The pNBU2
plasmid encodes the intN2 tyrosine integrase, which mediates sequence-specific re-
combination between the attN site of pNBU2 and one of two attBT sites located
in the 3’ ends of the two tRNAS genes, BT_t70 and BT_t71, on the B. thetaio-
taomicron chromosome (Fig. 3-2). Insertion of the pNBU2 plasmid inactivates the
tRNAS®" gene, and simultancous insertion into both BT_t70 and BT_t71 is unlikely
due to the essentiality of 5. pNBU2-based vectors have been used for single-copy
complementation in B. thetaiotaomicron in in vitro studies [250] and in vivo mouse
models [199]. For S17 Apir mating, an overnight culture of S17 Apir was washed
once with PBS and added to B. thetaiotaomicron at a ratio 1:5 (v/v). The mat-
ing mixture was pelleted, resuspended in 0.2mL of BHIS, spotted onto a BHIS agar
plate and incubated upright in a 37°C incubator aerobically. For tri-parental mating,
overnight cultures of DH10B Apir, HB101 / pRK600, and B. thetaiotaomicron were
subcultured, grown to an ODggy of ~0.15-0.25, washed once with BHIS, and mixed in
a 1:1:10 ratio. Tri-parental mating mixtures were spot plated as described above. Af-
ter overnight incubation, cells from S17 Apir or tri-parental matings were collected by
scraping, resuspended in 3mL of BHIS, plated as serial dilutions on BHIS+Gm+Em,
and incubated anaerobically for 48 hours at 37°C. Resultant colonies were re-isolated
on BHIS+Gm+Em plates before further experimentation.

The DNA memory array cassette [219] was introduced into the chromosome of a
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B. thetaiotaomicron 6tdk strain by allelic exchange as previously described [251]. The
memory cassette was inserted between convergently transcribed genes BT2113 and
BT2114 (between nt 2,660,694 and 2,660,695) to decrease the likelihood of disrupting
native promoters or multicistronic messages. DNA fragments 3.5 kb in length were
amplified from 5’ and 3’ of the insertion site and were cloned, flanking the mem-
ory array, into the counterselectable suicide plasmid pExchange-tdk, which encodes
thymidine kinase. The resulting plasmid (pAT840) was conjugated into B. thetaio-
taomicron dtdk and cells were plated on BHIS+Em to select for strains in which
pAT840 had recombined into the B. thetaiotaomicron 6tdk chromosome. The tdk
allele encoded in the pExchange-tdk plasmid results in a 5’fluoro-2-deoxyuridine sen-
sitivity (FUdRS). Erm® transconjugants were streaked on BHIS+FUdR to promote
loss of the integrated plasmid. Isolated colonies were screened on BHIS for ErmS+
FUdRFR phenotypes, and the presence of the memory array was confirmed by PCR

and sequencing.

Construction of promoter and RBS libraries.

Promoters and RBS libraries were constructed by PCR using primers with specific

or degenerate sequences.

Luciferase assay.

For the inducible promoter and dCas9 assays, B. thetaiotaomicron were lysed
by adding 20 pul PopCulture reagent (EMD Millipore) supplemented with lysozyme
solution (0.113% v/v) to 200 uL of cultures. For analysis of constitutive promoter
and RBSs in B. thetaiotaomicron, 500 uL B. thetaiotaomicron cells were harvested
by centrifugation at 4500 x g for 10 minutes and lysed by resuspending the cell
pellet in 50 pL 1X BugBuster (Novagen) in 1X phosphate-buffered saline. NanoLuc
luciferase assay (Promega) was performed according to the manufacturer’s suggestions
using 10 uL of B. thetaiotaomicron cell lysate and 10 uL. NanoLuc Reaction Buffer.

NanoLuc luciferase [252] is a small (19 kDa) modified shrimp luciferase. Efforts to use
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members of the green fluorescent protein family [253] and a FMN-based fluorescent
reporter [254] were not successful. NanoLuc oxidizes the exogenously-added substrate
furimazine to produce glow-type bioluminescence (Enax = 460nm) with a signal half-
life of 2 hr. By comparison, bacterial luciferase LuxAB (79 kDa) exhibited rapid signal
decay when used to characterize gene expression in Bacteroides [255]. Luciferase has
been used to characterize parts in Bacillus subtilis [256] and as a reporter in Gram-
positive and Gram-negative bacteria [257].

Luciferase activities were measured with an integration time of 1 second at a gain
setting of 100 in a BioTek Synergy H1 Hybrid Reader. Luciferase values were nor-
malized to colony forming units (CFU) by measuring the ODggo of 200 pL of culture
at the time of harvest in a BioTek Synergy 111 Hybrid Reader. The ODgg values
were converted to CFU/mL using standard curves (ODgoy vs. CFU/ml).  Standard
curves were generated by serial dilution and ODggg measurements (ODgop = 0.015 -
1.2) over 8 hours of growth.

Luciferase acivity in fecal pellets was monitored daily. Pellets were homogenized in
1 mL of PBS with a single 5mm stainless steel bead using a TissueLyser II (Qiagen).
Samples were centrifuged at 500 x g for 30 seconds to pellet the bead and fibrous
material. The luciferase assay was performed as described above using 25 uL of fecal

homogenate and 25 uL. NanoLuc Reaction Buffer.

Construction and analysis of the rpiL* RBS library.

The rpiL* RBS was mutagenized by amplifying the plasmid pAT593 (encoding
Pgrizn-rpiL*-NanoLuc in a pNBU2 vector) with primer 0AT617 in combination with
either primer 0AT614, primer 0AT615, or primer 0AT616 (Table S6), which were each
synthesized with degenerate nucleotides at three positions (43=64 potential members
in each library). The resulting fragments were digested with Bbsl, ligated with T4
ligase, and digested with Dpnl, yielding three scarless Pgri311-rpill* RBS libraries.
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Growth and induction.

For inducible promoter and dCas9 assays, overnight cultures were diluted 1:100
in fresh TYG supplemented with inducer. The inducers used were IPTG (Goldman),
L-rhamnose (Sigma), chondroitin sulfate A from bovine trachea (Sigma), and (+)-
arabinogalactan from larch wood (TCI). Cultures were grown anaerobically at 37°C to
an optical density (ODggo) of ~0.4-0.8 (~5 hours) before assaying luciferase activity.

In vitro genetic memory assays.

To identify integrases that function in B. thetaiotaomicron, pNBU2-based plas-
mids containing Papmg-rpiL*RBS-integrase combinations were conjugated into B.
thetaiotaomicron Atdk harboring a chromosomal copy of the memory array. Cells
were plated on BHIS+Gm+Em to select for strains that contained the promoter-
RBS-integrase plasmids. DNA was isolated from transconjugants were grown were
assayed by PCR for inversion of spacer sequences in the memory array cassette as
described [219]. Control primers specific for unflipped (wild-type) memory array were
used to detect the wild-type orientation of the spacer sequences (Table S6). To charac-
terize the function of integrase Int12 in B. thetaiotaomicron, a pPNBU2-based plasmid
containing P.y,,-rpil*C51RBS-Int12 was constructed and conjugated into B. thetaio-
taomicron memory array strain described above. For ’the recombinase response curve,
an overnight culture grown in TYG was diluted (1:100) into TYG or TYG supple-
mented with thamnose and grown for 8 hours at 37°C. The final ODgqg of each culture
was measured using a Cary 50 UV-Vis spectrophotometer (Varion), and 500 ul of each
cell culture was harvested by centrifugation, flash frozen, and stored at -80°C until
DNA was extracted. For the recombinase time course assay, cells were grown in TYG
supplemented with 10 mM rhamnose for 8 hours at 37°C, harvested periodically, and
stored as described above. DNA was isolated using the DNeasy Blood and Tissue
Kit (Qiagen). Levels of integrase-mediated recombination in vitro were quantified
using qPCR with specific to the wildtype (unflipped) (0AT836/837) or recombined
(flipped) (0AT836/838) DNA at the target sequence. For absolute quantitation, we
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used a standard curve generated with purified DNA standards. Flipping ratio was
calculated as (copies of flipped DNA) / (copies of flipped DNA + copies of unflipped
DNA).

Polymyxin B susceptibility.

Minimum inhibitory concentrations (MICs) were determined by broth mbicrodilu-
tion using TYG broth according to modified CLSI guidelines [258]. Overnight cultures
were diluted 1:100 in TYG with or without 100 uM IPTG and grown until an ODggo
of 0.5-0.7. Two-fold serial dilutions of polymyxin B starting at a concentration of
1024 pg/mL in TYG with or without 100uM of IPTG were prepared in a 96-well
microtiter plate. Samples were added to the microtiter plate at a final concentration
of 10° CFU/mL and incubated anacrobically at 37°C for 24 hours. The MIC was
determined as the lowest concentration of polymyxin B that completely inhibited

growth as measured by eye.

Fructose/glucose growth assay.

Overnight cultures were grown in TYG supplemented with or without 100uM of
IPTG. The following morning, samples were diluted 1:100 in MM supplemented with
either 0.5% glucose or 0.5% fructose as the sole carbon source and with or without
100uM IPTG. Cultures were incubated anaerobically at 37°C and 200 uL samples
were withdrawn from the cultures every hour for 10 hours to monitor growth (ODggg)

in a BioTek Synergy H1 Hybrid Reader.

Animals.

All animal study protocols were approved by the MIT Animal Care and Use Com-
mittee. Specific pathogen free (SPF) female Swiss Webster mice (5-8 weeks) were
purchased from Charles River and were housed and handled in non-sterile conditions.
Mice were fed irradiated mouse chow (PicoLab Rodent Diet 20, LabDiet) and provided

autoclaved or sterile filtered water for the duration of the experiment. Prior to bacte-
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rial gavage, mice were administered ciprofloxacin-HCl (0.625 g/L), metronidazole (1
g/L) in sugar-sweetened drinking water for 7 days and were subsequently treated with
metronidazole (100 mg/kg) by oral gavage every 24 hours and ciprofloxacin (0.625
g/L) dissolved in drinking water for three days. Animals were transferred to a clean
cage and provided fresh medicated water on the fifth day of the antibiotic regimen.
Two days after the cessation of antibiotic treatment, animals were inoculated with
engineered strains of B. thetaiotaomicron (~5x10® CFU /mouse) by oral gavage. Mice
belonging to the same treatment group were cohoused for the duration of the exper-
iment. Fecal pellets were collected daily for luciferase and qPCR analysis (described

below).

N . . . .
Enumeration of B. thetatotaomicron strains in vivo.

Strains were enumerated by qPCR with strain-specific primers (Table S6) target-
ing the NanoLuc (mmD662/663) or flipped (0AT836/838)/unflipped (0AT836/837)
memory array alleles in total fecal DNA. For absolute quantitation, we used a stan-

dard curve generated with purified DNA standards.

Function of inducible promoters and CRISPRIi in vivo.

After collection of stool 2 days post-bacterial gavage, mice were provided drinking
water supplemented with 25mM IPTG, 5% arabinogalactan or kept on sterile water
as controls. Normal drinking water was returned to animals 4 days post-bacterial
gavage. For the arabinogalactan experiment, animals were transferred to a clean cage
following removal of supplemented drinking water. For the CRISPRI experiment,
animals were transferred to a clean cage 7 days post-bacterial gavage. Luciferase
values were measured daily and normalized to the cell density by determining the

copy number of NanoLuc by qPCR using primers mmD662/663.
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Quantification of memory unit recombination in vivo.

After collection of stool on Day 1, mice were provided with drinking water supple-
mented with 0.5 M rhamnose or were maintained on sterile water as controls. Mice
were transferred to clean cages and returned to normal drinking water 3 days post-
bacterial gavage. Levels of integrase-mediated recombination in vivo were determined
by analyzing fecal DNA (1 ul) by qPCR with primers as described for the in vitro
analysis. Flipping ratio was calculated as (copies of flipped DNA) / (copies of flipped
DNA + copies of unflipped DNA).

Determination of L-rhamnose content in the mouse chow

Rhamnose biosynthetic pathways are absent in higher vertebrates, but rhamnose
is a common component of the plant and bacterial cell wall [259]. The concentration
of thamnose in the mouse chow was determined using a commercially available L-
Rhamnose Assay Kit (Megazyme), according to manufacturer’s instructions. Samples
were prepared by heating 100mg of chow in 5 mL of 1.3M HCI at 100 °C for 1
hour. Hydrolysates were neutralized with NaOH and insoluble debris was pelleted by
centrifuging for 10 minutes at 1500 x g.

Data analysis, statistics, and computational methods.

All data were analyzed using Graphpad Prism version 6.05 (GraphPad Software,
San Diego, CA, USA, http://www.graphpad.com/). Error bars represent the stan-
dard deviation of 3 experiments carried out on different days. Fold repression was
calculated by dividing the luminescence of uninduced samples (RLU/CFU) by the
luminescence of samples treated with maximum inducer concentration. All response
curves were fit to a Hill function: Y = (ByaxXn)/(Kn+X,)+C, where X is the input,
Y is the output, B,y is the maximum luminescence, n is the Hill coefficient, K is
the threshold and C is baseline luminescence. RBS frequency logos were generated
for the region of the rpiL* RBS targeted by mutagenesis by comparing the frequency

of each nucleotide at each position within the subpopulation (strongest 7% of RBSs
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and weakest 7% of RBSs) to the frequency of that nucleotide at that position in the

full library.
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Chapter 4

Engineering Bacteroides Outer

Membrane Vesicles

Abstract

The microbiota forms an intimate link with the host immune system during devel-
opment and plays an integral role in the maintenance of immune homeostasis. Outer
membrane vesicles (OMVs) are membranous structures secreted by commensal or-
ganisms that can manipulate host immune responses. Anti-inflammatory in nature,
OMVs derived from Bacteroides spp. could serve as potent agents to dampen im-
mune responses. Using proteomic and bioinformatics approaches, we analyzed B.
thetaiotaomicron OMV proteins and found Spll-type lipoproteins were enriched in
the vesicles. Translational fusions to these native OMYV proteins could tether heterol-
ogous proteins to vesicles and lipoprotein signal sequences were sufficient to mediate
OMYV incorporation in multiple Bacteroides spp. Next, we employed these Bac-
teroides Vesicle Incorporation Tags (BVITs) to package a model antigen to evaluate
how Bacteroides OMVs impact antigen presentation and T cell activation. Antigen-
loaded OMVs could be correctly processed and presented in a dendritic cell-T cell
co-culture model and resultant T cells secreted high levels of anti-inflammatory cy-
tokine. Based on these findings, we demonstrate a strategy to package heterologous

cargo into Bacteroides OMVs to manipulate adaptive immune responses.
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4.1 Introduction

A constant dialogue between the tens of trillions of microbes [260] and their hu-
man hosts is the bedrock of a healthy gut immune system. Molecular components of
commensal organisms serve an integral role in the development of immune responses.
Early life exposure to poorly immunogenic lipopolysaccharide can lead to inhibited
endotoxin tolerance and autoimmune disease [56]. Additionally, protein antigens
derived from segmented filamentous bacteria can induce Th17 cells, but, when het-
erologously expressed in Listeria monocytogenes, induce Thl responses, suggesting
that the context in which bacterial molecules are presented to the immune system
can significantly impact outcomes [64]. Certain bacterial taxa that synthesize zwit-
terionic capsular polysaccharides can induce IL-10 producing regulatory T cells that
dampen immune responses [58, 261]. The diverse set of immune responses that can
be elicited by microbially-derived molecules positions the microbiota as central node
to manipulate the host immune system.

Outer membrane vesicles (OMVs) serve as a major line of communication be-
tween microbe and host. OMVs are 20-250nm, spherical proteoliposomes secreted
by Gram negative bacteria, consisting of outer membrane and periplasmic content
[262] [263] (Fig. 4-1). Phospholipids, lipopolysaccharide, integral and peripheral
membrane proteins, peptidoglycan and periplasmic proteins are packaged into OMVs
and secreted to distal sites. The mechanism of OMV biogenesis has yet to be fully
elucidated and may be either stochastic or regulated [264]. Vesicle budding tends to
occur in destabilized membrane regions with reduced crosslinking to peptidoglycan
or increased lipopolysaccharide charge repulsion [264]. Increased vesiculation is ob-
served as a response to envelope stress, with misfolded proteins packaged as cargo
in the membrane blebs [265]. Immunogenic proteins, tissue proteases, antibiotic re-
sistance enzymes, toxins, and other virulence factors are enriched in OMVs derived
from pathogenic bacteria, suggesting they play an important role in microbe-host in-
teraction [266] [267]. In B. fragilis, anti-inflammatory polysaccharide A is ferried to

the immune system on OMVs [268, 269]. In B. thetaiotaomicron, sulfatase-containing
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OMVs can digest mucosal polysaccharides, transit through the epithelial layer, and
directly interact with immune cells residing in the lamina propria [270]. Based on this
intimate OMV-mediated immune system interaction, engineered OMVs could serve as
a potent, targeted immunomodulatory agents. Indeed, Escherichia coli OMVs have
been engineered to package heterologous protein and polysaccharide cargo for the
development of vaccines [271, 272]. The immunogenic properties of E. coli OMVs act
as an adjuvant to amplify immune response to packaged antigens. However, certain
Bacteroides spp. elicit anti-inflammatory reactions in the host through the induc-
tion of regulatory T cell responses [58, 59, 273] and could thus potentially mediate

immunological tolerance to packaged cargo.

A Transmembrane Protein

Peptidoglycan

Figure 4-1: Outer membrane vesicles: (A) Schematic of outer membrane vesicles.
(B) Transmission electron micrograph of outer membrane vesicles isolated from B.
thetaiotaomicron.

Here, we describe a strategy for heterologous protein incorporation into OMVs
derived from Bacteroides spp. Proteomic analysis of Bacteroides OMVs revealed an
enrichment of Spll-type lipoproteins, suggesting that conserved secretion sequences
could serve as Bacteroides Vesicle Incorporation Tags (BVITs). Sequential trunca-
tions and bioinformatics analysis led to the identification of a set of BVITs that
direct protein packaging into OMVs in B. thetaiotaomicron, B. fragilis and B. vulga-

tus. Using these sequence tags, we explore fusion of mammalian cytokines to OMVs
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as a means to modulate the host immune system. Subsequently, we demonstrate that
OMYV:s containing the model antigen ovalbumin (Ova) can be processed and presented
in dendritic cell-T cell co-culture models. Engineered Bacteroides OMVs could po-
tentially serve as an interesting means to both deliver proteins to the host immune

system and to study commensal antigen presentation in the gut mucosa.

4.2 Identification of OMV Proteins

Although the sorting mechanism is unknown, proteomic analyses of OMVs suggest
that specific outer membrane and periplasmic proteins are packaged in a non-random
manner [274]. In order to identify the molecular determinants that govern protein
incorporation into Bacteroides OMVs, we performed a proteomic survey of vesicles
purified from B. thetaiotaomicron cultures. The analysis of tryptically digested OMVs
yielded 37 unique proteins present in the vesicle fraction, 26 of which had previously
been identified in mass spectrometry analyses of Bacteroides OMV contents [275]
(Appendix). Homology-based annotation of identified proteins revealed that OMV
proteins are largely uncharacterized or involved in macromolecule catabolism. ‘SusD-
like’ proteins, belonging to the ‘starch-utilization system’ family, were particularly
enriched in the OMVs, supporting the notion that OMVs serve as a public good that
could aid in population-wide metabolism of complex substrates.

The majority (73%) of identified proteins contain signal peptidase II (SpII)-type
cleavage sites in their N-terminus, suggesting that lipoproteins are enriched in OMVs.
Lipoproteins are post-translationally modified proteins that are peripherally anchored
into the bacterial cell envelope [276, 277]. Lipoprotein signal sequences characteris-
tically possess a positively charged N-terminus, a central hydrophobic region and a
polar C-terminal region containing an SpllI cleavage site or ‘lipobox.’ Preprolipopro-
teins are exported into the periplasm through traditional secretion mechanisms where
it is process by Spll. Upon cleavage into the mature peptide, a conserved N-terminal
cysteine residue is acylated on its sulfhydryl group, such that the protein is anchored

into the membrane. For proteins destined for the outer membrane, the LolABCDE
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complex mediates transport of mature lipoproteins across the aqueous periplasm and

into the inner or outer leaflet of the outer membrane.
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Figure 4-2: Sequence Profile of Bacteroides Lipoproteins: (A) Amino acid fre-
quency of Bacteroides lipoproteins relative to the conserved cysteine residue. OMV
lipoproteins represent those identified in proteomic screens (Appendix and [275]). Cel-
lular lipoproteins consist of all predicted B. thetaiotaomicron and B. fragilis lipopro-
teins excluding OMV lipoproteins. (B) Differences in amino acid frequency at various
positions in OMV lipoproteins as compared to cellular lipoproteins. The score was
calculated as the logs-fold change of amino acid frequency weighted by the frequency
of a given amino acid in OMV lipoproteins. (C) Sequence logos of OMV and cellular
lipoproteins.

In order to determine if OMV-associated lipoproteins possess unique Spll sequence
signatures compared to cellular lipoprotein counterparts, we analyzed frequencies of
amino acids in predicted lipoprotein signal sequences (Fig. 4-2A). Using LipoP [278]
and SignalP [279], we compiled all polypeptides predicted to encode SplI lipoproteins

from the reference genomes of B. thetaiotaomicron and B. fragilis. Lipoproteins that
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were not identified in proteomic analyses of OMVs were considered to be cellular
lipoproteins (n=969 for cellular lipoproteins; n=100 for OMV lipoproteins). While the
residues N-terminal to the modified cysteine form a conserved lipobox, the residues
following the cysteine are much more degenerate in composition (Fig. 4-2B). As
compared to the conserved Gram positive and negative lipobox (L.3/A(S) 2/G(A)
1/C41) (Ziickert, 2014), Bacteroides possess the more variable L(FMVI) 3/TSA(V)
2/S(AG) _1/C41 consensus sequence (Fig. 4-2C). OMV lipoproteins tended to favour
serine as opposed to glycine at -1; serine, threonine and glutamine as opposed to
valine at -2; and phenylalanine to leucine at -3. Moreover, OMV lipoproteins tended
to contain more aspartic acid and asparagine residues in the +2 to +6 positions as
compared cellular lipoproteins which were more glycine and lysine rich. Interestingly,
in Proteobacteria, sorting of lipoproteins to the outer or inner membrane is dictated
by the identity of amino acids in the +2 or +3 positions [280, 281]. In E. coli,
aspartic acid in the 42 position leads to retention in the cytoplasmic membrane.
The differential abundance of aspartic acid in +2 in B. thetaiotaomicron and B.
fragilis OMV lipoproteins suggests that lipoprotein sorting signals differ from those
in Proteobacteria.

Based on the relatively minor differences in individual amino acid frequencies in
OMYV and cellular lipoproteins, OMV incorporation does not seem to depend on sim-
ple primary amino acid sequences. Subtle motifs that are not as immediately apparent
in a global bioinformatics analysis or secondary or tertiary structure differences more

than likely govern enrichments of lipoproteins in OMVs.
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Figure 4-3: Fusion of NanoLuc to OMV Proteins Leads to Enrichment in
Culture Supernatant: Normalized luminescence activity of cell pellets and super-
natants of B. thetaiotaomicron strains expressing un-tagged NanoLuc (No Tag) or
N-terminal fusions of full length BT1491, BT3238, and BO4502. Error bars represent
standard deviation of three independent biological replicates (n=3).

4.3 Development of Bacteroides Vesicle Incorpo-

ration Tags (BVITs)

4.3.1 OMYV-Associated Lipoproteins as Anchors for Fusion

Proteins

Proteomic and bioinformatics analyses yielded a collection of proteins enriched in
Bacteroides OMVs. We reasoned that these natural OMV lipoproteins can serve as
anchors for heterologous incorporation. We chose two initial proteins as candidate
OMYV anchors: BT1491, hypothetical protein, and BT3238, a SusD-homolog. Both of
these proteins were identified in our and previous proteomic assays and were strongly
expressed on Coomassie-strained gels of total OMV proteins [275]. As a control, we
also included the B. ovatus inulinase BO4502, which was substantially enriched in B.
fragilis OMVs when heterogously expressed, suggesting a universal sorting mechanism
in Bacteroides spp. [275] C-terminal fusions of NanoLuc luciferase to these full-

length OMV proteins led to enrichment of luciferase activity in B. thetaiotaomicron
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supernatants compared to an untagged control, suggesting that packaged cargo is
secreted along with the OMV proteins (Fig. 4-3). In contrast, luciferase activity in
cell pellets did not substantially increase in NanoLuc fusions. To confirm fusions to
OMYV anchor led to vesicular packaging, we purified OMVs from B. thetaiotaomicron.
Luciferase activity was elevated in fusion protein strains compared to intracellular
controls (Fig. 4-4). Additionally, only fusion proteins could only be detected in
purified OMVs by Western blot (Fig. 4-4). Fusion of heterologous cargo to native
OMVs is therefore a viable strategy to rationally direct protein packaging into OMVs.
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Figure 4-4: OMYV Protein-NanoLuc Fusions Are Enriched in Purified OMVs:
Luminescence activity of OMVs purified from B. thetaiotaomicron strains expressing
un-tagged NanoLuc (No Tag) or N-terminal fusions of full length BT1491, BT3238,
and BO4502. Error bars represent standard deviation of three independent biological
replicates (n=3). Luminescence activity was normalized by the total protein content
of OMVs. BT1491- (predicted MW: 47 kDa), BT3238- (predicted MW: 76 kDa), and
B04502- (predicted MW: 91kDa) fused NanoLuc was detected by Western blot. 4 ug
of OMV total protein was analyzed. Note that BO4502-NanoLuc fusions yield a low
molecular weight band that is likely a cleavage product of the mature protein. Blot
is representative of three independent experiments.
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4.3.2 Serial Truncations of Lipoproteins to Identify BVITs
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Figure 4-5: Sequential Truncation of Lipoprotein Signal Sequences is Suffi-
cient to Mediate Secretion of Heterologous Cargo: The N-termini of BT1491
(A), BT3238 (B), and BO4502 (C) were serially truncated and fused with NanoLuc
luciferase. ODggo-normalized luminescence activity in B. thetaiotaomicron cell pel-
lets and culture supernatants was measured. Amino acid sequences of truncated
variants are depicted with the cleaved pre-protein signal sequence in orange and the
N-terminus of the mature protein in green. Arrow represents Spll cleavage site. Error
bars represent standard deviation of three independent biological replicates (n=3).

Although full-length native proteins could serve as anchors for heterologous incor-
poration of cargo into OMVs, overexpression of functional protein could have delete-
rious effects on bacterial fitness, community dynamics, or host health. We therefore
undertook an empirical approach to identify a minimal sequence that is sufficient to
direct OMYV cargo packaging. Serial N-terminal truncations of BT1491 revealed that
a sequence as short as 25 amino acids was sufficient to lead to increased lumines-
cence in culture supernatants (Fig. 4-5). Increasing the BVIT length to 32 amino
acids increased secretion further. As compared to predicted lipoprotein sequences,

the BVIT corresponded to an additional 9 amino acids past the lipobox, consistent
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with observations that N-terminal residues in the mature protein are important for
export [277]. A similar sequential truncation approach was applied to BT3238 and
B0O4502 to identify minimal BVITs, which were 35 and 28 amino acids, respectively
(Fig. 4-5). Interestingly, as BVIT secretion efficiency increased, the intracellular lu-
minescence decreased, suggesting that BVITs are an efficient means to shed protein
from the cell.

BVITs were sufficient to direct incorporation into purified OMVs derived from B.
thetaiotaomicron (Fig. 4-6A-B). OMVs contained equivalent or higher luminescence
than full-length protein fusions. To determine the localization of cargo in OMVs, we
performed a proteinase K protection assay. Proteins localized with the OMV lumen
should be protected from proteinase K digestion, whereas those displayed on the sur-
face would be susceptible. Surface exposure of certain cargo may be important for
interaction with host cell-surface receptors or to metabolize low permeability sub-
strates. BVITs derived from BT1491, BT3238 and BO4502 were all susceptible to
proteinase K digestion, suggesting these lipoproteins are natively surfaced exposed
(Fig. 4-6C). BVITs are thus sufficient to mediate packaging of heterologous proteins

in OMVs, such that cargo is surface exposed.

4.3.3 Extension of BVIT Design Rules

Serial truncations of OMV proteins suggested that in silico predicted lipoprotein
signal sequences could inform the development of BVITs. An additional 3-15 amino
acids C-terminal to the predicted acylated cysteine residue were sufficient to mediate
OMV packaging (Fig. 4-7). Using this design rule, we develop BVITs based on ad-
ditional lipoproteins identified in proteomics screens: BF1504, BF1539, BF3342, and
BT1955. C-terminal fusions of NanoLuc to BVITSs derived from these lipoproteins led
to enrichment of luminescence activity in culture supernatant (Fig. 4-7B) and purified
OMV fractions (Fig. 4-7C) compared to un-tagged NanoLuc. Next, we investigated
if these BVITs, originally derived from B. thetaiotaomicron, B. fragilis and B. ovatus,
could mediate heterologous cargo incorporation into OMVs in other Bacteroides spp.

When expressed in B. fragilis, and B. vulgatus, BVIT-tagged NanoLuc was enriched
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Figure 4-6: Truncated Lipoproteins Are Sufficient for OMV Incorporation:
(A) Luminescence activity of full length (FL) or truncated lipoprotein OMV an-
chor fusions to NanoLuc was measured in OMVs purified from B. thelaiotaomicron.
Luminescence values were normalized to total protein content of OMVs. (B) West-
ern blot analysis of B. thetaiotaomicron purified OMVs containing full length (FL)
or truncated lipoprotein fusions to NanoLuc. 4 ug of purified OMVs were sepa-
rated by gel electrophoresis and were probed with anti-His. Note that the first 4
lanes of the blot are identical to those in Figure 4-4. Predicted MW: BT1491d25
21.1 kDa; BT3238d35 — 22.2 kDa; BO4502d28 — 21.5 kDa. (C) Purified OMVs iso-
lated from B. thetaiotaomicron strains expressing BT1491d25-NL, BT3238d35-NL,
and BO4502d28-NL were subject to proteinase K digestion for 9 hours at 37 °C. Lu-
minescence activity was measured and compared to activity in non-protease treated
controls. Triton-X was included as a positive control to disrupt OMVs to render pro-
teins accessible to proteinase K digestion. Error bars represent standard deviation of
three independent biological replicates (n=3).

in culture supernatants and purified OMVs. While most BVITs exhibit comparable
efficacy in all species, BF1504 and BF3342 performed poorly in their native organism.
Lipoprotein signal sequences are therefore an effective means to package cargo into

OMVs, suggesting a common sorting mechanism across the Bacteroides genus.

4.3.4 Mutagenesis of BVITs to Modulate Secretion

Lipoproteins destined for OMV secretion must be efficiently trafficked to the outer
membrane. The +2 and +3 amino acids of lipoprotein sequences have been impli-
cated in localization within the cellular envelope [280, 281]. Therefore, we explored
how primary amino acid sequence of BVITs impacts secretion efficiency through sat-
urated mutagenesis of the +2 and +3 residues of BT1491d32 and B04502d28 fused
to NanoLuc (Fig. 4-8). As predicted, alterations of the amino acid sequence at these

positions affected the proportion of intracellular or extracellular protein as compared
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Figure 4-7: BVIT Design Rules Are Applicable to Lipoproteins Across the
Bacterotides Genus: (A) Primary amino acid sequences of BVITSs derived from B.
thetaiotaomicron or B. fragilis lipoproteins. Arrow indicates Spll cleavage site. (B)
Fold change in luminescence in BVIT-tagged NanoLuc as compared to a non-tagged
control in culture supernatants of B. thetaiotaomicron (Bt), B. fragilis (Bf), and B.
vulgatus (Bv). (C) Luminescence activity in OMVs purified from Bt or Bf expressing
NanoLuc fused to various BVITs. Luminescence values were normalized by the OMV
total protein content. Error bars represent standard deviation of three independent

biological replicates (n=3).

to wild-type BVITs. In general, changes in luminescence activity in supernatants and
pellets tended to be inversely related, such that increased secretion led to decreased
cellular association. Basic amino acids, tyrosine and proline tended to decrease se-
cretion and lead to higher cellular expression. Moreover, common residues identified

in bioinformatics analyses (Fig. 4-3C) were consistent with mutagenesis results.
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Figure 4-8: Mutagenesis of BVITs to Modulate Secretion: The +2 and +3
residues of BT1491d32 and BO4502d28 were substituted with all other amino acids
and fused to NanoLuc reporter protein. ODggo-normalized luminescence activity of
supernatants and cell pellets from B. thetaiotaomicron cultures expressing mutage-
nized or wild-type BVITs was measured. Data is expressed as the fold change in
luminescence as compared to the wild-type BVIT sequences.

4.4 Incorporation of Immunomodulatory Cy-

tokines into Bacteroides OMVs

With a strategy to package heterologous cargo protein into OMVs, we next sought
to engineer Bacteroides OMVs to affect the host immune system. Interleukin-10 (IL-
10) is a pleiotropic anti-inflammatory cytokine that is serves as a master negative
regulator of immune responses [282]. IL-10 acts by binding to cell surface receptors
and altering regulatory programs involved in inflammation in macrophages, T cells
and B cells [282]. Importantly, deficiencies in IL-10 have been implicated in the in-
cidence of inflammatory bowel diseases and loss-of-function mutations in IL-10 or its
receptor is a risk factor [283]. Microbial expression of IL-10 has previously been ex-
plored as a treatment for colitis and Lactococcus lactis strains engineered to secrete
IL-10 have been protective in dextran sodium sulfate murine models [94]. Likewise,

IL-22 is a cytokine thought to be important in the resolution of gut lesions in inflam-
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matory bowel disease [284, 285]. IL-22 acts on epithelial and goblets cells to stimulate
proliferation to maintain intestinal barrier integrity and wound healing [284, 285]. In
addition, ectopic expression of recombinant 1L-22 in the gut has been demonstrated
to reduce pathology in murine dextran sodium sulfate models of colitis [286]. Pack-
aging mammalian cytokines onto Bacteroides OMVs could thus prove an effective
means to engineer the gut immune system. The evidence that Bacteroides OMVs
can transit into the lamina propria through the mucosa [270] suggests that OMVs
could act as vessels to deliver cytokines to host immune cells. Moreover, as cargo is
surface exposed (Fig. 4-6C), OMV-packaged cytokines would be accessible to binding

their cognate receptors.
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Figure 4-9: Packaging Mammalian Cytokines into Bacteroides OMVs: Lev-
els of BVIT-fused mIL-10 (A) and mIL-22 (B) in B. thetaiotaomicron (Bt) and B.
fragilis (Bf) culture supernatants was measured by ELISA. Error bars represent stan-
dard deviation of three independent biological replicates (n=3). (C) STAT3 phospho-
rylation in HT-29 cells exposed to various concentrations of recombinant mIL-22 was
evaluated by Western blot. Recombinant mIL-22 was incubated in Bt or Bf super-
natant to assay if a component of spent media inhibited IL-22 signaling through
STAT3. (D) Bioactivity of BT1491-fused mIL-22 was assayed by verifying STAT3
phosphorylation in HT-29 cells. An equivalent of /sim5-10 ng/mL of mIL-22 was
added in Bacteroides samples. 5 ng/mL of recombinant mIL-22 (4) was included
as a positive control. Blots in C and D are representative of at least 3 separate
experiments.

To incorporate murine IL-10 and IL-22 into Bacteroides OMVs, we fused these
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cytokines to identified BVITs (Fig. A and B). Expression of BVIT-mIL-10 fusions led
to the accumulation of ng/mL levels of cytokines in culture supernatants of both B.
thetaiotaomicron and B. fragilis (Fig. 4-9A). Similarly, BVIT fusions yielded similar
levels of mIL-22 in culture supernatants (Fig. 4-9B). Expression efficiency seemed to
be BVIT-dependent, such that BO4502 fusions generated the highest mIL-10 levels
and BT1491, the highest mIL-22. To verify bioactivity of mIL-22, we assayed STAT3
phosphorylation in human epithelial HT-29 cells, as 1L-22 signaling leads to STAT3
activation [287]. In control experiments (Fig. 4-9C), we could readily detect STAT3
phosphorylation when cells were stimulated with recombinant IL-22. However, mIL-
22 derived from Bacteroides culture supernatants (~5-10ng/mL) did not produce
any detectable transcription factor phosphorylation (Fig. 4-9D). To verify if spent
Bacteroides culture media contained factors that inhibit IL-22 signaling, we assayed
activity of recombinant IL-22 mixed with culture supernatants, which yielded STAT3
phosphorylation. Similar STAT3 phosphorylation assays were conducted with mIL-10
containing culture supernatants with J774 murine macrophages with similar negative
results (data not shown). While BVIT fusions of mammalian cytokines were able
to lead to enrichment of cytokine in culture supernatants, produced protein was not
bioactive.

The lack of bioactivity could be attributable to a number of factors. Firstly, mam-
malian cytokines, such as mIL-10 and mIL-22, are notoriously difficult to produce in
Gram negative bacteria as their synthesis leads to accumulation with inclusion bodies
[Sorensen2005]. OMVs are a mechanism employed by bacteria to expel misfolded
protein [265], therefore the protein detected by ELISA could be discarded misfolded
cytokine. Moreover, compared to facultative anaerobic bacteria, like F. coli, both the
cytoplasm and periplasmic compartments of Bacteroides are reduced environments,
which is not conducive to the synthesis of proteins containing disulfide bonds, such
as mIL-10 and mIL-22 [288]. Multiple troubleshooting strategies were attempted to
rescue bioactivity of expressed mIL-10 and mIL-22, including: varying the linker se-
quence between BVITs and the cytokine [289]; importing the DsbABC disulfide bond

chaperone system from E. coli [290]; varying media and growth conditions; testing
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activity of purified OMVs instead of culture supernatants; and, oxidatively stressing
cells to promote disulfide bond formation. None of these strategies yielded bioactive
protein. Bacteroides spp. or other obligate anaerobes may not useful for in situ

protein delivery of mammalian proteins.

4.5 Bacteroides OMVs for Antigen-Specific Tol-
erance

Carriers of many toll-like receptor agonists, OMVs are intrinsically potent induc-
ers of immune responses. Indeed, OMVs derived from pathogenic Enterobacteriaceae
have been explored as adjuvants for vaccines to packaged cargo [271, 291]. However,
Bacteroides OMVs are unique in their ability to dampen inflammatory responses
compared to OMVs derived from other species [268]. The ubiquity of Bacteroides
as commensal organisms suggests that the host develops immunological tolerance to
Bacteroides antigens to maintain healthy gut homeostasis. The development of toler-
ance to oral dietary antigens is well described and dependent on dendritic cell antigen
presentation to naive T cells that differentiate into FoxP3+ IL-10+ CD4+ Treg cells
[292-294]. OMVs derived from B. fragilis can similarly induce Treg differentiation
in a dendritic cell dependent manner [268, 269]. By packaging model antigens into
OMVs, we can explore how Bacteroides-derived OMVs can influence antigen presen-
tation and downstream immune responses.

As a proof-of-concept, we fused the model antigen ovalbumin (Ova) to the BVIT
BT1491 and examined expression in the cellular, supernatant, and purified OMV
fractions when expressed from B. thetaiotaomicron, B. fragilis, and B. vulgatus (Fig.
4-10). Ova expression could be detected in all fractions, although the protein was
degraded in culture supernatants. Interestingly, Ova seemed to be protected from
degradation in purified OMVs, suggesting that cargo may be cleaved and liberated
from the vesicles in culture supernatants. As a control, we also generated strains

expressed Ova intracellularly (inOVA), which could only be detected in the pellet
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Figure 4-10: Incorporation of Ova into Bacteroides OMVs: The model anti-
gen ovalbumin (Ova) was expressed intracellularly (inOVA) or fused to the BVIT
BT1491d32. Expression in cell pellets, culture supernatants, and purified OMVs de-
rived was analyzed by Western blot against the C-terminal FLAG tag on Ova. 5 ug
of B. thetaiotaomicron and lug of B. fragilis and B. vulgatus OMVs were analyzed.
Blots are representative of at least three separate experiments.
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Figure 4-11: Presentation of Antigen-Loaded OMVs to Naive T Cells: Den-
dritic cells were isolated from WT C57BL/6 mice previously injected with B16-FLT3L
cells. Dendritic cells were stimulated with purified OT-II peptide or with 1 ug OMV.
Naive CD4+ T cells isolated from OT-II mice were labeled with CellTrace Violet
and added to cultures 2 hours dendritic cell stimulation. Proliferation was analyzed
by flow cytometry 3.5 days following addition of T cells. Error bars represented the
standard deviation of 2-4 independent biological replicates.

Next, we evaluated if antigen packaged into Bacteroides OMVs could be properly

processed and presented by dendritic cells. Dendritic cells were incubated with Bac-
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teroides OMVs and subsequently co-cultured with naive CD4+ T cells isolated from
transgenic OT-1II mice, whose T cell receptor repertoire is restricted to an epitope of
Ova. Wild-type OMVs and those derived from strains expressing Ova intracellularly
failed to induce significant T cell proliferation. Some proliferation was observed at
with Bf inOVA, suggesting that some cytoplasmic antigen may be co-purified with
OMVs. Incorporation of Ova into OMVs led to robust proliferation, comparable
to that of purified OT-II peptide for Bf and Bv OMVs (Fig. 4-11). The resultant
cytokine profile of co-cultures was analyzed to discern the helper T cell subtype.
Wild-type OMVs induced IL-10 secretion compared to untreated and peptide treated
controls and the presence of antigen further increased IL-10 levels (Fig. 4-12A). In
contrast, IFN+, an inflammatory cytokine, was induced upon activation, but at signif-
icantly lower levels in OMV samples compared to peptide control (Fig. 4-12B). IL-17,
a Th17 cytokine, was also reduced compared to peptide control and only induced at
a low level in the presence of OMVs (Fig. 4-12C). Similarly, the Th2 cytokine IL-4
was not highly induced upon incubation with OMVs (Fig. 4-12D). Together, acti-
vated T cells highly express IL-10 and show reduced secretion of IFN~, suggesting a
regulatory-like phenotype.

4.6 Discussion

Here, we developed a strategy to direct heterologous protein packaging into OMVs
derived from Bacteroides spp. Using a proteomics and bioinformatics approach, we
found that Bacteroides OMVs were enriched in Spll-type lipoproteins. Translational
fusion to these lipoproteins was sufficient to package heterologous cargo to OMVs.
Moreover, sequential truncation of OMYV lipoproteins led to the identification of 25-35
amino acid BVITSs that could confer OMV incorporation at similar or superior levels
compared to full length OMV proteins. Using design rules informed from empirical
and predicted sequences, we demonstrated that BVITs derived from B. thetaiotaoms-
cron, B. fragilis, and B. ovatus lipoproteins could direct OMV incorporation in several

species in the Bacteroides genus. Next, we employed BVITs to package mammalian
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Figure 4-12: Cytokine Profiling of Dendritic Cell-T Cell Co-Culture Assays:
Levels of IL-10 (A), IFNy (B), IL-17 (C), and IL-4 (D) were analyzed by ELISA.
Error bars represent standard deviation of three biological replicates (n=3).

cytokines into OMVs. Although BVITs could successfully direct packaging, Bac-
teroides-produced cytokines were not biologically active, suggesting that Bacteroides
may be poor chassis for expression of mammalian proteins. Finally, we used BVITs
to direct the incorporation of a model antigen into OMVs to explore how the host im-
mune system responds to OMV antigens. In an antigen presentation assay, we showed
that antigen-loaded OMVs could be properly processed and presented by dendritic
to induce antigen-specific proliferation of naive CD4+ T cells. Cytokine profiling
activated T cells suggested a regulatory-like phenotype.

The ability to direct proteins in commensal OMVs could be a versatile platform to
modulate host immune responses. Given their ubiquity, abundance and stability [16]
in human gut microbiomes, Bacteroides spp. OMVs could be potent agent to affect
the immune system. Although incorporation of mammalian cytokines into OMVs

proved unsuccessful, many other cargo could be explored as interesting immunomod-
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ulators. For example, intestinal alkaline phosphatase has been shown to detoxify
lipopolysaccharide and dephosphorylate extracellular adenosine tri-phosphate [295]
and oral administration has been protective in mouse models of colitis [296]. As
public goods, OMVs could be loaded with enzymes that could benefit the microbial
community or to detoxify compounds harmful to the host [119)].

Engineered OMVs could also be useful tools to target the adaptive immune system,
as the native components of OMVs are highly immunostimulatory. By packaging
model antigens into commensal OMVs, we can explore how commensal antigens are
treated and eventually tolerated by the host immune system. If Bacteroides OMVs
can induce antigen-specific tolerance, they be applied therapeutically for allergic or
autoimmune diseases. Antigen-loaded nanoparticles [297] and erythrocytes [298], as
well as sialic acid modification of antigens [299], has been explored to induce tolerance
in autoimmune models. Cominensal OMVs could complement these efforts and, due
to the proximity to the gut mucosa, could be more effective for immune diseases of
the gastrointestinal tract. Our efforts to package ovalbumin into OMVs sets the stage
to investigate their toleregenic potential and we will further evaluate their function in
mouse models of antigen-induced allergic diarrhea [300]. Together, engineered OMVs
could serve as therapeutic agents for immune diseases of the gut as well as tools to

study the immune responses to commensal antigens.

4.7 Experimental Details

Bacterial Strains and Culture Conditions

B. thetaiotaomicron VPI-5482, B. fragilis NCTC9343 and B. vulgatus ATCC8482
were routinely cultured in TYG media supplemented with 0.4% glucose in anaero-
bic conditions at 37°C. (see Chapter 3 Experimental Details: Bacterial Strains and
Culture Conditions). All Bacteroides media was pre-reduced overnight in the anaer-

obic chamber overnight before use. For expression studies, TYG was supplemented

with 0.2 mM IPTG. E. coli S17-1 Apir as routinely cultured in LB broth (Difco)
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supplemented with 100 pg carbenicillin where appropriate.

Outer Membrane Vesicle Preparations

Outer membrane vesicles were purified as previously described (Chutkan et al.,
2013). Overnight cultures of Bacteroides spp. were subcultured 1:100 in 80mL of
pre-reduced TYG in 100mL glass bottles and grown for 16-20h anaerobically at 37°C.
Cultures were centrifuged at 10,000 x g for 15 minutes to pellet bacterial cells. Su-
pernatants were filtered through 0.45 pm PVDF membranes (Millipore) to remove
residual cells and cellular debris. The filtrate was subsequently ultracentrifuged at
100,000 x g for 2 hours in a 70Ti rotor (Beckman Coulter) to pellet OMVs. The
pellets were washed once in equal volumes of cold PBS. The final pellets were resus-
pended in 0.5mL of sterile PBS. OMV yield was quantified by total protein content
as measured by Bradford assay (BioRad).

Mass Spectroscopy Analysis

Purified OMVs were submitted for LC-MS/MS by the Koch Institute Biopolymers
& Proteomics Core. The procedure was performed on three preparations of OMVs
isolated from separate cultures. Samples were reduced with 10mM dithiothreitol
(Sigma) for 1h at 56°C and then alkylated with 55mM iodoacetamide (Sigma) for 1h
at 25°C in the dark. Proteins were then digested with modified trypsin (Promega)
at an enzyme/substrate ratio of 1;50 in 100mM ammonium acetate, pH 8.9 at 25°C
overnight. Trypsin activity was halted by addition of acetic acid (99.9%, Sigma) to
a final concentration of 5%. Peptides were desalted using C18 SpinTips (Protea,
Morgantown, WV) then vacuum centrifuged and stored at -80 °C.

Peptides were separated by reverse phase HPLC (Thermo Easy nLC1000) using
a precolumn (made in house, 6 cm of 10 pm C18) and a self-pack 5 pm tip analyti-
cal column (12 cm of 5 um C18, New Objective) over a 140 minute gradient before
nanoelectrospray using a QExactive mass spectrometer (Thermo). Solvent A was

0.1% formic acid and solvent B was 80% MeCN/0.1% formic acid. The gradient
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conditions were 2-10% B (0-3 min), 10-30% B (3-107 min), 30-40% B (107-121 min),
40-60% B (121-126 min), 60-100% B (126-127 min), 100% B (127-137 min), 100-
0% B (137-138 min), 0% B (138-140 min), and the mass spectrometer was operated
in a data-dependent mode. The parameters for the full scan MS were: resolution
of 70,000 across 350-2000 m/z, AGC 3e6, and maximum IT 50 ms. The full MS
scan was followed by MS/MS for the top 10 precursor ions in each cycle with a
NCE of 28 and dynamic exclusion of 30 s. Raw mass spectral data files (.raw) were
searched using Proteome Discoverer (Thermo) and Mascot version 2.4.1 (Matrix Sci-
ence). Mascot search parameters were: 10 ppm mass tolerance for precursor ions; 15
mmu for fragment ion mass tolerance; 2 missed cleavages of trypsin; fixed modifica-
tion was carbamidomethylation of cysteine; variable modifications were methionine
oxidation. Only peptides with ‘a Mascot score greater than or equal to 25 and an
isolation interference less than or equal to 30 were included in the data analysis.
Identified peptide sequences were mapped to the B. thetaiotaomicron reference
genome to discern the proteins present in OMV fractions. Proteins identified in all
samples that were mapped with at least 18 total peptides and 3 unique peptides were

considered to be OMV proteins.

Lipoprotein Bioinformatic Analysis

Sequence analysis was performed in Geneious 8.1 and Matlab R2017a. Coding re-
gions from the B. thetaiotaomicron and B. fragilis reference genomes were extracted
and translated into corresponding amino acid sequences. Protein sequences were
analyzed by LipoP1.0 and SignalP2.0 to identify the presence of Spl, Spll or trans-
membrane domains. Proteins with computationally-predicted Spll cleavage sites were
considered as Bacteroides lipoproteins (n=1069). Proteins identified in mass spec-
trometry analysis as well as those identified in a previous proteomics screen [275]
were labeled as OMYV lipoproteins (n=100) and the remaining lipoproteins were con-
sidered to be cellular lipoproteins. The amino acid frequency at residues relative to

the conserved cysteine residue were calculated in each group. The weight difference
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in amino acid frequency at a given position was determined by the following formula:

F
WeightedDif ference = Foumy (logg( OMV)

Feeu

Where Fpv is the amino acid frequency at a given position of OMYV lipoproteins and
Feey is the amino acid frequency at a given position of cellular lipoproteins. Sequence

logos were constructed using WebLogo (https://weblogo.berkeley.edu/logo.cgi).

Genetic Parts and Plasmids

All plasmids were constructed using PCR, Dpnl digest, Gibson assembly [148],
and transformation into E. coli S17 Apir (as described in Chapter 3, Experimen-
tal Details). BVITs were amplified from purified B. thetaiotaomicron or B. fragilis
genomes using Kapa Hifi Polymerase. Genes encoding mlIL-10, mIL-22 and OVA
were synthesized by Integrated DNA Technologies as Geneblocks. Conjugation of
constructs in Bacteroides spp. were performed as described in Chapter 3, Experi-
mental Details. All protein coding genes were cloned into an IPTG-inducible pNBU1

expression vector.

Luminescence Assays

Overnight cultures of Bacteroides strains were subcultured 1:100 in pre-reduced
TYG media and grown at 37 °C until an ODggo of ~0.6-0.8 (~6h). Samples were
centrifuged at 5,000 x g for 5 minutes. Supernatant was removed and saved for later
analysis. In some cases, supernatant samples were concentrated using ultrafiltration
columns (Amicon, MWCO 10kDa) as per manufacturer’s instructions. Pellets were
washed twice in PBS and finally resuspended in an equal volume of PBS.

Supernatants, pellets and OMVs were assayed for luminescence activity using the
Nano-Glo Luciferase Assay System (Promega) as per manufacturer’s instructions.
Samples were not lysed before assaying, as the NanoLuc enzyme buffer contains de-

tergents.
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Proteinase K Digestion

Suspensions of 5 ug of OMVs in PBS were treated with 0.1 mg/mL proteinase K
for various times between 9 h at 37°C in the presence or absence of 1% Triton-X100.
Following the incubation, all samples were placed on ice and proteolysis was stopped
by addition of 1mM phenylmethanesulfonyl fluoride (PMSF). The effects of proteinase

K and detergents treatments were determined by luciferase assay, as above.

Western Blots

Protein samples were analyzed by Western blot using the Bio-Rad Mini-
PROTEAN System. Bacteroides cell pellets (equivalent of 0.075 ODggo units),
Bacteroides culture supernatants (equivalent of 0.5mL concentrated using Amicon
columns), HT-29 cell lysates (10 ug), or purified OMVs (1-5 ug) WereAmixed with
4x Laemmli Sample Buffer (Bio-Rad) with 10% f-mecaptoethanol and boiled for 10
minutes. Protein samples were separated on 4-15% Mini-PROTEAN TGX gels in a
Tris-SDS-glycine buffer system for 30 minutes at 200V. Proteins were transferred to
nitrocellulose membrane using a Tris-glycine-methanol buffer for 60 minutes at 60V.
Samples were blocked overnight in 5% milk in PBS with 0.05% Tween 20 (PBST) for
anti-His blots, overnight in 2.5% milk in PBST for anti-FLAG blots, and for 2 hours
in 10% BSA Blocking Solution (SeraCare) for anti-P-STAT3 blots. Primary anti-
body incubations were conducted in appropriate blocking reagent as follows; 1:5000
dilution of Ms anti-His (HIS.H8, Abcam ab18184) for 4 hours at room temperature;
1:2500 dilution of Ms anti-FLAG (M2, Sigma F3165) for 4 hours at room temper-
ature; 1:2000 Rb anti-Phospho-Stat3 (Tyr705) XP (Cell Signaling Technologies, #
9145) overnight at 4°C. Secondary antibody incubations were conducted in blocking
reagent at room temperature as follows: 1:5000 Rabbit anti-Ms IgG-HRP (Abcam,
ab6728) for 1 hour; and, 1:5000 Anti-Rb IgG-HRP (Cell Signaling Technologies, #
7074) for 1 hour. Following primary and secondary antibody incubations, blots were
washed four times in PBST for at least 5 minutes per wash. Blots were developed

using SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific)
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for 5 minutes and images were acquired using a Bio-Rad Gel Doc XR+ Gel Docu-
mentation System. Image analysis and annotation was performed using ImageLab

(Bio-Rad) and Adobe Illustrator for layout.

IL-22 Bioactivity Assay

HT-29 cells were routinely cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibceo) supplemented with 10% fetal bovine serum (Gibco) and Pen-Strep
(Gibco) in 10 cm plates in a 5% CO2 incubator at 37°C. One day prior to the assay,
90% confluent monolayers were trypsinized and seeded in 6-well plates at a concen-
tration of 5210° cells per well. The following morning, cells were washed with PBS
and cultured for 4-6 hours in DMEM without serum supplementation. To prepare
Bacteroides culture supernatant, strains were cultured for 6 hours at 37°C and cen-
trifuged to isolate supernatant. 0.5mL of culture supernatant (equivalent of ~5-10 ng
of mIL-22 as detected by ELISA) was concentrated to ~50 pL using ultrafiltration
columns. HT-29 cells were then treated with serum-free DMEM supplemented with
recombinant murine IL-22 (Peprotech) or Bacteroides culture supernatant for 15 min-
utes at 37°C. Monolayers were placed on ice, washed with cold PBS and lysed in RIPA
buffer containing PMSF (Sigma), cOmplete protease inhibitor cocktail (Roche), and
HALT phosphatase inhibitor cocktail (Thermo Fisher) for 20 minutes on ice. Cells
were scraped into microcentrifuge tubes and subsequenﬂy centrifuged at 15,000 x g
for 10 minutes to pellet cell debris. The supernatant was transferred to a new tube

and protein concentration was measured using a BCA assay (Thermo Fisher).

Antigen Presentation Assays

Dendritic cells were purified with the PanDendritic Cell Isolation Kit (Miltenyi
Biotec) from spleens and mesenteric lymph nodes of WT C57BL/6 mice injected with
1x10% B16-FLT3L cells. T cells were purified with the Naive CD4+ T Cell Isolation
Kit (Miltenyi Biotec) from the spleens and mesenteric lymph nodes of OT-II mice
and labeled with CellTrace Violet (Thermo Fisher). Purity was always greater than
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98% for both dendritic cells and T cells. Dendritic cells (1x10%) were incubated with
purified OMVs (1 pg/ml), or 100nM OT-II peptide for 2 hours before the addition
of 1x10° CD4+ T cells. Cell division was assessed by violet trace dilution and an-
alyzed by flow cytometry after 3.5 days of co-culture. Cytokine profiles of culture
supernatants were determined by ELISA.

ELISA Assays

Concentrations of murine IL-4, IL-10, IL-17, IL-22, IFNy, and TGF/S3 were mea-
sured as per manufacturer’s instructions (R & D Systems, DuoSet ELISA).
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Chapter 5

Bacterial-Electronic Device to

Monitor Gastrointestinal Health

The following chapter is adapted from the 2018 manuscript to which Phillip Nadeau

and I contributed equally as first authors.

Abstract

Biomolecular monitoring in the gastrointestinal tract could offer rapid, precise dis-
ease detection and management, but is impeded by access to the remote and complex
environment. Here, we present an Ingestible Micro-Bio-Electronic Device (IMBED)
for in situ biomolecular detection based on environmentally-resilient biosensor bac-
teria and miniaturized luminescence readout electronics that wirelessly communicate
with an external device. As a proof-of-concept, we engineer heme-sensitive probi-
otic biosensors and demonstrate accurate diagnosis of gastrointestinal bleeding in
swine in as little as 52 minutes. Additionally, we integrate alternative biosensors to
demonstrate modularity and extensibility of the detection platform. IMBEDs enable
new opportunities for gastrointestinal biomarker discovery and could transform the

management and diagnosis of gastrointestinal disease.
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5.1 Introduction

Microorganisms living on and in the human body constantly interrogate their bio-
chemical surroundings and alter gene expression to adapt to changing environments.
Synthetic biology enables the robust engineering of living cells with increasingly com-
plex genetic circuits to sense multiple biological inputs and control gene expression
[205]. Whole-cell biosensors harness this sensing ability to detect analytes associated
with human health [301] or environmental contamination [302]. Due to their innate
robust functionality in complex physiological environments, biosensors have been de-
veloped to sense clinically relevant biomarkers in serum or urine ez vivo [108] as well
as gut biomolecules supplemented in diet {109, 196, 303] or generated during disease
[110, 111, 304]. However, despite their promise as non-invasive diagnostics, biosensors
have yet to be employed for clinically compatible testing in an unobtrusive, real-time,
and user-friendly way. Current research applications of ingestible biosensors in ani-
mal models rely on cumbersome analysis of bacterial gene expression or DNA in stool
samples [109-111, 196, 303, 304], rather than real-time reporting from within the
body. Furthermore, the scalability of simultancous detection of multiple biomarkers
is limited by the bounds of genetic circuit complexity, cellular burden of synthetic
constructs, and orthogonal gene expression outputs {305].

In contrast, the impressive scaling of semiconductor microelectronics over the past
few decades has delivered sophisticated, highly miniaturized platforms for ultra-low
power sensing, computation, and wireless communication [306-308]. In the gastroin-
testinal tract, electronic capsules have been deployed for taking visual images [309],
delivering drugs while measuring temperature and pH [310], sensing intestinal gases
[311] and recording patient compliance [312]. While electronics provide a versatile
interface for collecting, processing, and sharing information, their ability to directly
sense biomolecules in vivo has been limited due to their dependence on labile bio-
chemical transducers that necessitate large, power-demanding circuits for sensitive
detection.

Here, we describe an Ingestible Micro-Bio-Electronic Device (IMBED) that com-
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bines probiotic bacteria engineered with biosensor genetic circuits together with ultra-
low power microelectronics to enable in situ detection of gastrointestinal biomolecules
associated with health or disease (Fig. 5-1). By partitioning sensing to biological sys-
tems, and computation and communication to electrical devices, IMBEDs leverage
the natural advantages of each approach to enable a novel class of ingestible gas-
trointestinal diagnostics. In our IMBED, biosensor probiotics lie adjacent to readout
electronics in individual wells separated from the outside environment by a semi-
permeable membrane that confines cells in the device and allows for diffusion of small
molecules. Sensing of target biomarkers by the bacteria generates light, which is then
detected by photodetectors embedded in the electronics. These electrical signals are
processed by a integrated bioluminescence detection circuit [313] and are transmit-
ted wirelessly from the device to an external radio or cellular phone for convenient

readout.

Analyte molecule

Semi-permeable barrier
Synthetic bacterial sensors

Wireless luminescence
readout electronics

Figure 5-1: Capsule for sensing biomarkers i¢n vivo with whole-cell bacterial
sensors and wireless electronic readout.

5.2 Blood Biosensor Design and Validation

We developed a biosensor for gastrointestinal bleeding as a proof-of-concept
IMBED for a clinically relevant biomarker. Bleeding in the gastrointestinal tract can

be a result of a wide range of causes, including inflammation, cancer, peptic ulcers,
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non-steroidal anti-inflammatory drug use, portal vein hypertension, among others
[314]. While cost-effective fecal occult-blood testing exists [315], rapid diagnosis of
acute bleeding in the upper gastrointestinal tract requires endoscopic observation or
aspiration of gastric fluid [316]. Importantly, early diagnosis and appropriate treat-
ment of individuals with upper gastrointestinal bleeding has been found to reduce
hospital stays and overall medical costs [317]. Blood sensing IMBEDs could offer an
additional means of diagnosing upper gastrointestinal bleeds or monitoring patients
at high risk for re-bleeding following endoscopic therapy [318] to aid in the triage of

individuals who may require further endoscopic or surgical intervention.
5.2.1 Gene Circuit Design
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Figure 5-2: Probiotic E. coli can be engineered to sense blood in vitro:
(A) Schematic of the blood sensor gene circuit. Extracellular heme is internalized
through the outer membrane transporter ChuA and interacts with the transcriptional
repressor HtrR to allow for transcription of the bacterial luciferase operon luzCDABE.
(B) Dose-response curves of prototype (V1) and optimized (V2) heme sensing genetic
circuits in laboratory (MG1655) and probiotic (Nissle) strains of E. coli. Error bars
represent SEM of three independent biological replicates.

As a bleeding event leads to an accumulation of free heme liberated from lysed red
blood cells, we examined the literature for bacterial transcription factors responsive
to heme. Lactococcus lactis encodes a heme-regulated TetR-family transcriptional re-
pressor, HrtR, which naturally controls expression of an efflux pump to control intra-
cellular heme-mediated toxicity [319]. In the absence of heme, HrtR binds to cognate

HrtO operator sequences in the Pyyrap promoter, repressing promoter activity (Fig.
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5-2A). Conformational changes in HrtR upon heme binding abrogate DNA binding
and lead to downstream gene expression [320]. To adapt the native Pntrap promoter
to an Escherichia coli chassis, we created a synthetic promoter, Pr,mrt0), based on the
strong late promoter of bacteriophage lambda with HrtO operator sequences directly
upstream of the -35 and -10 boxes (Fig. 5-3A). Although photon flux is lower than eu-
karyotic luciferases, the Photorhabdus luminescens lurtCDABE luciferase operon was
used as the output of Prmro0) as it functions at body temperature and encodes all
components necessary for intracellular substrate production, thus obviating the need
for exogenous substrate [321]. Co-transformation of PLurt0)- lurCDABE with a con-
stitutively expressing HrtR construct in F. coli MG1655 led to a 4.4-fold reduction in
luminescence, indicating HrtR-mediated repression of Prmr0) (Fig. 5-3B). However,
luminescence levels remained constant irrespective of heme concentration, suggesting
that heme could not penetrate the Gram-negative cell envelope. Pathogenic strains
of E. coli have evolved heme scavenging systems to acquire scarcely available iron
during infection [322]. We hypothesized that introducing the ChuA heme transporter
from E. coli O157:H7 into the gene circuit would allow for the transit of extracellu-
lar heme into the periplasm, where it could subsequently interact with other cellular
components to enter the cytoplasm and finally complex with HrtR (Fig. 5-2A) [323].
Expression of both HrtR and ChuA yielded a biosensor (MG1655 V1) that responded
to increasing heme input with luminescence output with a signal-to-noise ratio (SNR)
of 5.9 and a Kp of 1uM heme (Fig. 5-3B). Luminescence production was also induced
by whole horse blood (Fig. 5-3C) and lysis of red blood cells in simulated gastric fluid
greatly improved the sensitivity of detection by liberating heme (Kp=115ppm blood)
(Fig. 5-2B; Fig. 5-3D).

Next, the prototype genetic circuit was iteratively optimized with the goal of im-
proving SNR without compromising maximum luminescence output. Genetic com-
ponents were combined onto a single high-copy plasmid to minimize plasmid burden
as well as the risk of plasmid loss. Increasing the translation initiation strength of
HrtR using computationally designed ribosome binding site (RBS) sequences [241]
decreased baseline luminescence and improved SNR to 132 (MG1655 V2; Fig. 5-2B;
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Figure 5-3: Design and in vitro evaluation of prototype heme sensing genetic
circuit: (A) Promoter design of heme-responsive promoter. The TetR operator sites
of a synthetic promoter based on the left promoter of bacteriophage lambda (Py(et0))
[160] were replaced with the operator DNA sequences to which HrtR binds. Spacing
between the -10 and -35 sites was preserved. (B-D) Dose-response curves of prototype
genetic circuits in E. coli MG1655 in various concentrations of hemin (B), whole horse
blood (C), and blood lysed in simulated gastric fluid (D). The genetic circuit contains
Prur0)-luzCDABE alone (Lux), Pvo)-lurCDABE with the HrtR transcriptional
repressor (HrtR+Lux), or Pyuro)-lurCDABE, HrtR and the ChuA heme transporter
(ChuA+HrtR+Lux). Luminescence values are measured 2 hours post-exposure to
inducer and normalized to the optical density of the culture. Error bars represent

SEM of three independent biological replicates.

Fig. 5-4A-D). Variations in promoter sequence, number and position of HrtO op-
erator sites in Prc0), as well as ChuA RBS strength did not lead to appreciable
improvements in gene circuit performance. The final gene circuit was transferred to
the probiotic E. coli Nissle 1917 strain (Nissle V2) and retained similar performance
characteristics compared to the laboratory strain in response to lysed horse blood
(SNR=310; Kp=95ppm) (Fig. 5-2B) as well as human blood (Fig. 5-4F). Lumines-
cence was induced rapidly, reaching half-maximal levels within 45 minutes of exposure

to heme or lysed blood (Fig. 5-4E).
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Figure 5-4: Optimization and Characterization of Heme-Sensing Gene Cir-
cuit: Dose-response curves of heme-sensing genetic circuits in E. coli MG1655 in
various concentrations of hemin (A), whole horse blood (B), and blood lysed in simu-
lated gastric fluid (C). The translational initiation strength of HrtR was varied using
different computationally-designed ribosome binding sites (RBS) (241, 324]. Pre-
dicted RBS strengths are listed in D. Luminescence values are measured 2 hours
post-exposure to inducer and normalized to the optical density of the culture. (E)
E. coli Nissle blood biosensors (Nissle V2 from Fig. 5-2B) were treated with 10 uM
hemin (brown), 1000 ppm blood (red) or PBS (black) and luminescence response was
measured in a plate reader every 5 minutes for 2 hours. Luminescence values are
normalized to the optical density of the bacterial culture. (F) E. coli Nissle blood
sensor strains (Nissle V2 from Figure 1B) were treated with various concentrations
of human or horse blood lysed in simulated gastric fluid. Luminescence values are
measured 2 hours post-exposure to inducer and normalized to the optical density of
the culture. Error bars represent SEM of three independent biological replicates.

5.2.2 Blood Sensor Performance in Mice

To examine functionality of the bacterial blood sensor in wvivo, we employed a
murine model of indomethacin-induced gastrointestinal bleeding. Gastroduodenal ul-
ceration is a common adverse effect of non-steroidal anti-inflammatory drug use, as
decreased prostaglandin production leads to a thinning of the gastric mucosa and
acidification of gastric contents [325]. Upper gastrointestinal bleeding elicited by oral
indomethacin administration could be detected by bacterial blood sensors passing

through the gut and measured by observing luminescence activity in fecal pellets
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(Fig. 1C). Bacterial transit to stool was maximal 6 hours post-inoculation and the
blood sensor bacteria could not be recovered from mouse stool 24 hours after ad-
ministration, suggesting that the engineered strains did not appreciably colonize the
murine gut (fig. S6). At baseline, administration of blood sensor bacteria did not
lead to detectable luminescence activity in stool, indicating that the basal heme levels
in the murine gut are insufficient to activate the gene circuit (fig. S7). Oral adminis-
tration of indomethacin generated overt gastrointestinal bleeding overnight as noted
by black, tarry stool and positive guaiac tests. Mice subsequently inoculated with
blood sensor bacteria demonstrated 18-fold higher luminescence values in fecal pellets
as compared to controls (Fig. 1C). Biosensor detection events were fully concordant
with guaiac tests and could perfectly discriminate between indomethacin treated and
untreated animals. Our designed biosensor can thus effectively detect the presence of

gastrointestinal bleeding in vivo.

5.3 Integration with Electronic Readout Capsule

5.3.1 Electronic Capsule Design

We next sought to integrate our bacterial biosensor with an electronic sensor and
wireless transmission platform. Interrogation of cellular bioluminescence is typically
performed by power and area-expensive lab equipment that is ill-suited for in situ
measurements in the body. Prior demonstrations of custom sensitive biolumines-
cence detection electronics have required external wiring and have been limited to
bench-top assays [313, 326, 327]. For this reason, we developed a miniaturized, fully-
integrated, wireless readout capsule for targeted in vivo sensing of small molecules in
the gastrointestinal tract (Fig. 5-6). The system encapsulates our prior nanowatt-
level time-based luminometer [313], with a microprocessor and wireless transmitter,
and provides containment for engineered cells for molecular sensing. Our IMBED
consists of two parts: (1) a molded capsule containing the electronic components,

and (2) a plastic carrier for containing cells in one of four cavities. Bioluminescence
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Figure 5-5: Heme biosensors can detect blood in an ¢n vivo murine model of
indomethacin-induced gastrointestinal bleeding: (A) Experimental design. (B)
C57BL/6J mice were inoculated with approximately 2x10®° CFU of blood biosensors
by oral gavage (n=4). Fecal pellets were collected from mice prior to gavage and at
2, 4, 6, 8 and 24 hours post-gavage and plated to determine CFU counts. All mice
contained biosensor bacteria in their stool 6 hours post-gavage and no colonization
was observed. Dotted line indicates the limit of detection (LOD) of the assay. (C)
Mice were inoculated with approximately 2x108 CFU of E. coli Nissle blood sensors 6
hours prior to (Day 0) or 16 hours after (Day 1) administration of indomethacin (10
mg/kg) or PBS buffer as a negative control. Induction of bleeding was confirmed by
guaiac test (indicated by red color). Fecal pellets were collected from animals 6 hours
post-gavage, homogenized and analyzed for luminescence production as well as plated
to enumerate colony forming units (CFU). Luminescence values were normalized to
cell number in fecal pellets (N = 10). *P<0.05, Student’s t-test. (D) CFU counts in
fecal pellets 6 hours post-gavage.

from activated cells is detected by phototransistors located below each cavity and
converted to a digital code using the low-power luminometer chip. In each IMBED,
one channel acts as a reference to calibrate for background light and temperature-
induced dark current variation, while the remaining three are used for independent

measurements. Incident photocurrent is supplied to an on-board microcontroller and
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900 MHz wireless radio for transmission outside the body. A small button-cell battery
(5 mAh) powers the device and the extrapolated IMBED power consumption suggest
a nominal device shelf-life of over 9 months and active operation time of 1.5 months on
a full charge. The low power consumption achieved also could allow for battery-free
operation in the gastrointestinal tract using energy harvested from gastric acid [328].
In addition, two 220 pF ceramic capacitors supplied the instantaneous peak energy
required by the radio transmitter. Electronic components were coated in Parylene-C
to provide necessary humidity resilience for the sensitive picoampere-level photocur-
rent measurements. Devices were subsequently encapsulated with a rigid epoxy for
mechanical robustness, followed by a molded PMDS capsule for biological compati-
bility. This multi-layered electronics packaging strategy allows for the creation of a
robust cm-scale wireless capsule that, when paired with biosensor cells, can perform

continuous, minimally-invasive sensing in vivo.
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Figure 5-6: Design of IMBED for miniaturized wireless sensing with cellular
biosensors: Cross section, electrical system diagram, and front and back-side photos
of the device.
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The electronic system is highly sensitive and captured photon flux down to 5x
10* photons/s incident on the 0.29 mm? area of the detectors (white-noise limited
coefficient of variation 13%;ms, Fig. 5-7TA-B). The mean channel mismatch was less
than 6%;ms (Fig. 5-7B) and mean temperature-induced drift across 5°C variation

was less than 2 pA (Fig. 5-7C). In addition, the electronic system was stable in
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simulated gastric fluid for up to 36 h (fig. 5-7D), providing sufficient time to perform

an ingestible measurement during gastrointestinal transit.
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Figure 5-7: Capsule readout variation was characterized across optical input
power, temperature change and fluid submersion: (A) System photocurrent
response measured without cells. The incident photon flux was supplied by green
LED (XA = 525nm) and calibrated with an optical power meter (individual traces
shown for N = 3 devices). (B) The coefficient of variation between measurements
on three channels within a single device, characterized across input light intensity (N
= 3 devices). At low signal levels, the measurement standard deviation is limited
by white noise (13%;ms noise at 1.3pA). At higher signal levels, it is limited by
mismatch between the channels (< 6%;,s above 3pA). (C) Residual variation induced
by temperature change, post-calibration. The temperature was stepped from 35°C
to 40°C (temperature change 5°C) and the standard deviation across three sensor
channels was measured (N = 3 devices). (D) Stability of the measurements from
IMBED devices in Simulated Gastric Fluid (SGF) for 72 hours (N = 3). For two
devices, current values were stable for the duration of measurement. The third system
operated for 36 hours before corruption by humidity became evident.
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Figure 5-8: In vitro evaluation of IMBEDs with blood biosensors: (A) Kinetic
response of blood sensor IMBED in bacterial growth media supplemented with 0 ppm
and 500 ppm blood. (B) Dose-response of blood sensor IMBEDs in bacterial growth
media containing different blood concentrations 2 hours post-exposure. The left-
most data point represents the background response in the absence of blood. Error

bars denote the SEM for 3 independent biological replicates conducted with different
IMBEDs.

5.3.2 In wvitro Validation of IMBED Functionality

To demonstrate integration of the ingestible luminometer capsule and engineered
biosensors, we tested the probiotic blood sensor strains in an IMBED in vitro. Upon
exposure to 500 ppm blood, induced bioluminescence could be observed as soon as 30
minutes (Fig 2C). This slight delay as compared to plate-reader measurements (fig.
S5) likely owes to diffusion time of heme into the cell cavities. The dose-response
curve of blood sensor IMBEDs was similar to plate-reader measurements (SNR=76;
Kp=135 ppm; compare Fig. 2D and fig. S9), with saturation achieved at 250 ppm and
significant detection down to 32.5 ppm blood (Student’s t-test; p=0.03). Together,
IMBEDs serve as a flexible platform for sensitive detection of bleeding in fluidic
environments.

The sensing functionality of IMBEDs can be readily adapted to alternative
biomarkers. To illustrate this, we modified thiosulfate and acyl-homoserine lactone
(AHL) sensors in bacteria to act as bioluminescent reporters. Thiosulfate could serve
as a biomarker of gut inflammation as it is elevated in murine models of colitis [110].
AHLs are molecular signatures of particular bacteria used to coordinate gene expres-

sion across populations and their detection in the context of the gut microbiota can
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indicate the presence of commensal or infectious agents in the gut [92, 329, 330].
Thiosulfate- and AHL-inducible genetic circuits were introduced into E. coli Nissle
and exposure to increasing concentrations of inducer led to increasing levels of bio-
luminescence (Fig. 5-9A-B). When integrated with IMBEDs, biosensing of different
analytes was readily detectable in a fluidic environment (Fig. 5-9C). As synthetic biol-
ogists continue to develop additional biosensors of clinically-relevant gut biomarkers,
we anticipate that the breadth of potential analytes of the IMBED platform will

continue to grow.
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Figure 5-9: Design and characterization of acyl-homoserine lactone (AHL)
and thiosulfate-responsive biosensors: (A) AHL binds to the transcriptional
activator LuxR that activates transcription of the lurCDABE operon downstream
of the Py, promoter. Titrating increasing amounts of AHL yields high levels of
luminescence. (B) The ThsRS two-component system mediated thiosulfate-inducible
expression of the lurtCDABE operon from the Ppysa promoter. Thiosulfate binds to
the membrane bound ThsS histidine kinase that, in turn, phosphorylates the ThsR
response regulator such that it can activate transcription from Ppysa. (C) Detection
of multiple gut-relevant small molecules with IMBEDs. HrtR-, LuxR- and ThsRS-
containing E. coli Nissle strains in IMBEDs were exposed to 500 ppm blood, 100 nM
acyl-homoserine lactone (AHL) or 10mM thiosulfate for 2 hours.Error bars indicate
SEM from three independent biological replicates. *P<0.05, *P<0.01, Student’s
t-test.
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5.4 IMBED Performance in Pigs

2
Time (hr)

Figure 5-10: Kinetic response of blood biosensor strains at various pHs: E.
coli Nissle blood biosensors (Nissle V2 from Fig. 3-2B) were treated with 500 ppm
blood or PBS in citrate-buffered LB at various pHs. Luminescence response was mea-
sured in a plate reader every hour for 4 hours. The signal-to-noise ratio (SNR) of each
sample at each timepoint was calculated by dividing the ODggp-normalized lumines-
cence values of induced by the ODgg-normalized luminescence values of uninduced
samples. The integrity of the genetic circuit degrades with decreasing pH and is non-
functional below pH4.0. Error bars represent SEM of three independent biological
experiments.

To examine wireless in situ detection of biomolecules with biosensors, we deployed
blood sensor IMBEDs in a porcine model of gastrointestinal bleeding. Prior to device
deposition, pigs were administered a bicarbonate-glucose neutralization solution with
or without 0.25mL of blood (Fig. 5-11A). The neutralization solution helped buffer
the low pH of the porcine gastric fluid as acidic environments degrade the functional-
ity of the biosensor (Fig. 5-10). The blood sensor IMBED was subsequently deposited
into the stomach via orogastric tube and remained resident and stable in the gastric
cavity for the entire duration of the experiment (Fig. 5-11 B and 5-11C). Photocur-
rent data was wirelessly transmitted from the stomach over the course of 2 hours and
logged by both a laptop computer and an Android phone equipped with a custom
application for real-time data processing and visualization. The presence of blood
in the porciné gastric environment could be observed as early as 52 minutes (Stu-
dent’s t-test; p<0.05) and led to a 5-fold increase in photocurrent after 120 minutes

as compared to animals given buffer alone (Fig. 5-11D). Luminescence production
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was not detected in biosensors lacking the ChuA heme transporter or the luciferase
operon, indicating that observed light production was dependent on a functional ge-
netic circuit activated in the presence of heme (Fig. 5-11E). The receiver operating
characteristic of the blood sensing IMBED improved over time, with a sensitivity and
specificity of 83.3% at 60 minutes and 100% at 120 minutes (Fig. 5-11F). IMBEDs
can thus detect low-levels of analyte in the harsh gastric environmental with high

specificity and sensitivity.
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Figure 5-11: IMBEDs can rapidly detect porcine gastric bleeding. (A)
Schematic of experiment flow which consisted of blood administration in neutraliza-
tion solution, capsule deposition, and wireless transmission to a commercial receiver
connected to a laptop or a cellular phone. Devices were deposited in the stomach of
animals administered neutralization solution spiked with blood or with buffer alone.
IMBED readings were wirelessly collected for 120 minutes post-device deposition.
Representative endoscopic (B) and X-ray (C) images illustrate the location of the de-
vice in the stomach at the conclusion of our 2 hour experiments, just prior to device
removal (scale bar for C = 5 cm). (D) Kinetic response of blood sensor IMBED in
porcine model of gastric bleeding. IMBEDs deposited in gastric cavity can rapidly dis-
criminate between pigs administered blood versus buffer control. *P<0.05, Student’s
t-test. (E) E. coli Nissle strains containing a functional biosensor circuit (Sensor),
a circuit lacking the luciferase output (Alux), and a circuit lacking the heme trans-
porter ChuA (AchuA) were loaded into a IMBED. Error bars denote SEM for six
IMBED experiments (3 animals on different days, 2 capsules per animal). (F) Re-
ceiver operating characteristic (ROC) of IMBED sensing over time. Perfect detection
is achieved at t = 120 minutes.

5.5 Discussion

By combining the environmental resilience and natural sensing properties of bac-
terial cells with the complex data processing and wireless transmission afforded by
ultra-low power microelectronics, we developed a device capable of in vivo biosens-
ing in harsh, difficult-to-access environments. Using gastrointestinal bleeding as a
proof-of-concept model system, we demonstrate strategies for genetic circuit design
and optimization, fabrication of an ingestible low-power, wireless luminometer, and
validation of integrated system functionality both in vitro and in a large animal
model. As the field of whole-cell biosensors matures, newly developed sensors of
clinically-relevant biomarkers could be rapidly integrated into an IMBED to perform
minimally-invasive detection in the gastrointestinal tract. With a test panel of can-
didate biomolecules, IMBEDs could enable studies of the biochemistry of anatomical
regions that are traditionally difficult to access and could lead to the discovery of novel
clinical biomarkers associated with health or disease. The in situ detection afforded
by IMBEDs could also allow sensing of labile gut or microbiota-derived biomolecules
that would otherwise be degraded before excretion in stool. Further integration of

electronic modules, such as photodetectors, microprocessor, and transmitter, in a
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single integrated circuit could allow for further miniaturization of IMBEDs as well
as lower power consumption. Additional measurement channels would also enable
more precise biochemical readings, as the response of replicate biosensors within the
same device could be averaged to mitigate the inherent variance of biological sensors
as well as the heterogeneity of the complex gastrointestinal environment. Improved
preparation of bacterial cultures for long-term storage, such as lyophilisation, could
be implemented to extend the shelf-life of fully assembled IMBEDs. Furthermore,
the devices could be equipped with new orally-delivered encapsulation technologies
to enable long-term residency, monitoring and anatomic localization in the gastroin-
testinal tract [331, 332]. This integration of biological engineering and semiconductor
electronics offers opportunities to transform diagnosis, management, and monitoring

of health and disease.

5.6 Experimental Details

Bacterial Strains and Culture Conditions

Routine-cloning and plasmid propagation was performed in E. coli DH5a. Gene
circuits were initially prototyped in E. coli MG1655 and were transferred into pro-
biotic E. coli Nissle 1917 for capsule and in vivo experiments. Cells were routinely
cultured at 37°C in Luria-Bertani (LB) media (Difco). Where appropriate, growth
media was supplemented with antibiotics at the following concentrations: 30 pug/mL
kanamycin, 100 pg/mL carbenicillin, 25 pg/mL chloramphenicol and 100 pg/mL

spectinomycin.

Genetic Part and Plasmid Construction

Genetics parts and plasmids used in this study are listed in Table S2 and Table S3
and will be available from Addgene upon publication. All plasmids were constructed
by combining PCR fragments generated by Kapa HiFi Polymerase using Gibson As-

sembly [188]. Assembly products were transformed into chemically competent E. coli
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DH5a [191] and sequences were confirmed using Sanger sequencing. Ribosome bind-
ing sites (RBSs) of variable strengths were computationally designed using the Salis

lab RBS calculator [241, 324].

Growth and Induction

For genetic circuit characterization, overnight cultures were diluted 1:100 in fresh
LB and incubated with shaking at 37°C for 2 hours. Cultures were removed from the
incubator and 200 pL of culture was transferred to a 96-well plate containing various
concentrations of inducer. The plate was returned to a shaking incubator at 37°C.
Following 2 hours of incubation, luminescence was read using a BioTek Synergy H1
Hybrid Reader using a 1s integration time and a sensitivity of 135. Luminescence val-
ues, measured in relative luminescence units (RLUs), were normalized by the optical
density of the culture measured at 600 nm. For in vitro kinetic studies, subcultured
cells were mixed with inducer in a 96-well plate and immediately placed in the plate
reader set at 37°C without shaking. Luminescence and absorbance was read at 5
minute intervals. For pH sensitivity studies, citrate-buffered LB at various pHs was
made by supplementing LB media with appropriate volumes of 0.2M sodium phos-
phate dibasic (Sigma) and 0.1M citric acid (Sigma) and adjusted to the desired pH
with HClL. A stock solution of hemin (Sigma) was prepared by dissolving hemin pow-
der in 1M NaOH (Sigma) to a concentration of 25 mM, diluting with double distilled
water to a final concentration of 500 uM and sterilizing with a 0.2 ym polyether-
sulfone (PES) filter. Defibrinated horse blood (Hemostat) was used as the source
of blood for most experiments. Blood was lysed by first diluting 1:10 in simulated
gastric fluid (SGF) (0.2% NaCl, 0.32% pepsin, 84 mM HC], pH 1.2) before further
dilution in culture media. Stock solutions of sodium thiosulfate (Sigma) and 3-O-C6-
HSL (referred to as acyl homoserine lactone (AHL)) (Cayman Chemical) were made

in double distilled water.
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Indomethacin Mouse Experiments

All mouse experiments were approved by the Committee on Animal Care at the
Massachusetts Institute of Technology. Specific-pathogen free (SPF), male C57BL/6J
mice (8-10 weeks of age) were purchased from Jackson Labs and were housed and
handled under conventional conditions. Mice were acclimated to the animal facility 1
week prior to the commencement of experiments. Animals were randomly allocated
to experimental groups. Researchers were not blinded to group assignments. Prior to
indomethacin experiments, a pilot experiment was conducted to determine the tran-
sit rate of bacteria through the mouse gastrointestinal tract (Figure S6A). Overnight
cultures of E. coli Nissle were centrifuged at 5000g for 5 minutes and resuspended in
an equal volume of 20% sucrose. Animals were inoculated with 200 uL of bacteria
culture (approximately 2x108 CFU) by oral gavage. Fecal pellets were collected 2, 4,
6, 8, and 24 hours post-gavage, weighed, and homogenized in 1mL of PBS with a 5
mm stainless steel bead using a TissueLyser II (Qiagen) at 25 Hz for 2 minutes. Sam-
ples were centrifuged at 500xg for 30 seconds to pellet large fecal debris. Supernatant
was serially diluted in sterile PBS and spot plated on MacConkey agar supplemented
with kanamycin. Colonies were enumerated following overnight incubation at 37°C.
For luminescence assays, luminescence in fecal homogenate was measured in a Biotek
Synergy H1 Hybrid Reader with an integration time of 1 second and a sensitivity of
150. Luminescence values were normalized to stool weight normalized CFU values
and reported in RLU/CFU. For indomethacin experiments, animals were inoculated
with blood sensor bacteria and fecal pellets were collected 6 hours later for lumines-
cence analysis and CFU enumeration. Indomethacin (Sigma) solution was prepared
by dissolving the compound in absolute ethanol to a concentration of 20 mg/mL.
Immediately prior to mouse gavage, the indomethacin stock solution was diluted to
1.25 mg/mL in PBS and 0.2 mL of dilute indomethacin solution was administered
to each animal (10 mg/kg). Preparation of indomethacin solution using this method
was essential to ensure reliable and reproducible induction of gastrointestinal bleed-

ing. The following morning, gastrointestinal bleeding was confirmed by performing a
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guaiac test (Hemoccult, Beckman Coulter) on fecal pellets from each animal. All mice
administered indomethacin were guaiac positive, whereas those administered a PBS
control were uniformly guaiac negative. Subsequently, mice were again administered
blood sensor bacteria and fecal pellets were collected 6 hours later for luminescence

analysis and CFU enumeration.

Preparation of capsules

The electronics in the capsules consisted of four phototransistor detectors
(SFH3710, Osram Opto Semiconductors GmbH), a custom bioluminescence detec-
tor chip fabricated in a TSMC 65 nm process [313], a microcontroller and radio chip
(PIC12LF1840T39A, Microchip Technology Inc.), 22 MHz crystal resonator (7M-
22.000MEEQ-T, TXC Corporation), 915 MHz chip antenna (0915AT43A0026, Jo-
hanson Technology Inc.), two 220 uF ceramic capacitors (CL32A227TMQVNNNE,
Samsung Electro-Mechanics America, Inc.), and a 5 mAh lithium manganese button-
cell battery (MS621FE-FL11E, Seiko Instruments Inc.). The electronics were sol-
dered onto custom four-layer printed circuit boards (Advanced Circuits Inc.) and
two screws were epoxied into mounting holes for later attachment of the plastic cell
carriers. The assembly was coated with 4-15 um of Parylene C to act as a moisture
barrier (additional methods describing Parylene C deposition described below). A
clear rectangular polycarbonate window (500 pm thickness, Rowland Technologies
Inc.) was epoxied above the four phototransistor detectors to provide a flat optical
interface. The boards were coated with 1-3 mm of epoxy (20845, Devcon) for me-
chanical stability and then casted into PDMS capsules 13mm in diameter (Sylgard
184, Dow Corning).

Parylene C deposition

Electronic components were coated in Parylene-C to provide necessary humidity
resilience for the sensitive picoampere-level photocurrent measurements. Di-chloro-

di-p-xylylene (brand name: diX C) dimer was purchased from Daisan Kasei Co. (now
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a KISCO partner company). Thin film Parylene C coating was preformed using an
in-house pyrolysis CVD coating tool. After loading the capsules, 10 grams of dimer
was loaded into a thermal evaporation heater and the system was evacuated to 1.3
ubar. The pyrolysis furnace and all other vacuum components were pre-heated prior
to deposition. During deposition the dimer was evaporated between 105°C to 120°C
in order to maintain a constant deposition rate of around 3 A/s. Upon reaching the
desired thickness the deposition chamber was isolated, the system was cooled, the

deposition chamber was vented, and the capsules were removed.

Preparation of cell carriers

Cell carriers were machined or injection-molded in ABS plastic (Protolabs Inc.).
Semipermeable membranes (0.22 um pore size, EIMF22205, Millipore Sigma) were
affixed to one side of the cell carriers via heat sealing for 35-45 seconds at 230°C
with a stainless steel die. Rubber gaskets for fluidic sealing were die-cut from 380
pm silicone rubber (86435K13, McMaster-Carr) and epoxied to the opposite side of
the cell carriers to provide a seal between the carrier and the optical window during

experiments.

System operation, packet transmission and reception

The NPN phototransistor detectors were operated in a charge-integration mode
using each device’s intrinsic capacitance as the charge storage mechanism (measured
capacitance, C, = 8.7 nF). The collector of each detector was connected to the supply
rail of the system and the emitters were connected to the system ground through
independent low-leakage switches (one per detector) in the custom integrated circuit.
At the beginning of a measurement, the emitters were shorted to the system ground
via the switches and device capacitances were charged to the system voltage. Then,
switches were opened and emitter voltages would start to increase independently
in response to the dark currents and photo currents in each detector. The custom

integrated circuit contained a low-power voltage reference (Vg = 0.625 V) and local
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oscillator counter (oscillator period, TOSC = 5 ms). In each oscillator cycle, the
detector voltages for each channel were compared to the reference voltage and, if
the reference was exceeded, a count value was saved corresponding to the number
of oscillator cycles required the charge the channel. The on-board microprocessor
polled the custom circuit once every 8 seconds to determine whether all four channels
had exceeded the reference voltage. Once all were exceeded, the microprocessor read
the four counter values through a serial peripheral interface and transmitted a short
wireless packet at +10 dBm with count data using an on-board transmitter. Two
220 pF ceramic capacitors included in the capsule supplied the instantaneous peak
energy required by the radio transmitter. The data were received externally by a 900
MHz wireless radio (CC1120 Evaluation Kit, Texas Instruments Inc.) attached to a

laptop and processed offline in Matlab (The Mathworks, Inc.).

Photocurrent estimation with temperature and offset calibra-
tion

In each IMBED, one channel acts as a reference to calibrate for background light
and temperature-induced dark current variation, while the remaining three are used
for independent measurements. The photocurrent detected by the system was esti-
mated from the measured capsule data using an algorithm for temperature drift and
offset calibration, which is described as follows:

Let there be three potentially luminescing sensor channels with counts denoted
by N; :i=1,2,3. The time required for the photocurrent stimulated by luminescing
cells (Ipp;) and the dark background current intrinsic to the photodetectors (Ip;) to
charge the channel capacitance (C,) of a channel (i) to the threshold voltage (V) was
quantized using the number of cycles (V;) counted by the internal oscillator (period,
Tosc)- The measured cycles were then used to estimate the photocurrent level. The

number of cycles required to charge a sensor channel is given by:

v~ (T o)
‘ Tosc) {Ipi+ Ipmil|
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Let there be one reference channel containing no luminescing cells (Ipg = 0) with a

count denoted by IV,. The number of cycles required to charge the reference is given

by:
N, = .
( Tosc) |Ipyr

The desired photocurrent signal on a channel (Ipg;) is corrupted by the channel’s

dark current, which we have modelled as:

ID,T = ID,OS,i . f(T)a

by separating a temperature-independent, channel-specific dark current offset (Ip os.)
from a temperature dependent scaling function [f(T)].
To calibrate the temperature and offset, the counts from each sensor channel were

first compared to the reference channel by calculating a relative signal R;:

_1/N;—1/N, _ (ID,OS,i'f(T) B 1> N { 1

= ~ \Uposr- f(T) Iposy - f(T)

(1™, [ o

In the first term of R;, the temperature dependence is cancelled, leaving only a depen-
dence on the relative offsets between channels. We can denote this term as R; os. We
used early segments of the count data for each experiment, prior to induction of lumi-
nescence from the whole-cell biosensors (Ipg; = 0) to estimate R; og for each channel.
For all experiments, the samples between 0.2 and 0.3 hours (12 to 18 minutes) were
used to estimate R; os. By substituting the measured offset (R;os), as well as the
expression for N,, we obtained the final expression for the estimated photocurrent in

terms of known and measured quantities.

_ (CoVr
IPH,z = (TSN,« ) [Rl - Rq,os] .

This calibration procedure was performed using Matlab software (R2017a, The Math-

works, Inc.).
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Optical Calibration

A green LED (A = 525nm, WP7083ZGD/G, Kingbright) was first calibrated
across four orders of magnitude of input current using an optical power meter located
30 cm away (PM100D and S130C, Thor Labs Inc.). Three capsules were then placed
at the same distance as the power meter and measured across the same LED current
conditions. The optical power readings were scaled by the ratio of the area of the
phototransistor detectors (0.29 mm?) to the area of the S130C sensor (70.9 mm?) in

order to estimate the optical power incident on the detectors.

Mobile phone “app” for real-time reception and visualization

of results

A 900 MHz USB dongle (CC1111 USB Evaluation Module Kit, Texas Instru-
ments, Inc.) was attached to an Android mobile phone (Galaxy SIII, SCH-1535,
Samsung Electronics Co. Ltd.) running a custom application created in Android
Studio (Google, Inc.). Temperature and offset calibration was performed on the
phone after receiving the first 18 minutes of data to enable offset calibration and the
photocurrent estimate was displayed to the user. The raw data was simultaneously

uploaded to a cloud service for later analysis.

In vitro IMBED Experiments

LB culture media supplemented with or without inducer (500 ppm lysed blood
(unless otherwise noted), 10mM thiosulfate, or 100 nM AHL) was pre-warmed for
at least 2 hours prior to the start of experiments. For blood sensor experiments,
overnight cultures were diluted 1:10 in 2xYTPG (20g tryptone, 5g NaCl, 10g yeast
extract, 22 mL of 1 M potassium phosphate monobasic, 40 mL of 1 M potassium
phosphate dibasic, 0.2% glucose, pH 7.2) and 15 pL of diluted culture was added to
wells in the cell carrier (approximately 108 cells per well). Wild-type E. coli Nissle
1917 was added in the reference channel for all experiments. Blood sensor bacteria

were added in triplicates to three wells in a single device and values from these three
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channels were averaged to obtain a single replicate plotted in Figures 2C-E. Technical
replicates are depicted in Figure S8. For thiosulfate and AHL experiments, overnight
cultures of ThsRS or LuxR containing cells were subcultured for 2 hours in LB prior
to addition to cell carriers. Once all four channels were loaded, the cell carrier was
fastened to the capsule and fully submerged in pre-warmed media. Cultures were
wrapped several times in thick black fabric to block external light, placed in an
incubator at 37°C and data was collected wirelessly for 2 hours. At the end of the
experiment, devices were dissembled and cell carriers were discarded. Capsules were
sterilized with 70% ethanol and thoroughly washed with distilled water. Capsules

were left to air-dry and re-used for future experiments.

Pig Experiments

All pig experiments were approved by the Committee on Animal Care at the Mas-
sachusetts Institute of Technology. Female Yorkshire pigs (50-95kg) were obtained
from Tufts University and housed under conventional conditions. Animals were ran-
domly selected for the experiments. The animals were placed on a clear liquid diet
for 24 hours prior to the experiment with the morning feed held on the day of the
experiment. At the time of the experiment, the pigs were sedated with Telazol (tile-
tamine/zolazepam 5 mg/kg), xylazine (2 mg/kg) and atropine (0.04 mg/kg). An
endoscopic overtube (US endoscopy) was placed in the esophagus under endoscopic
(Pentax) visual guidance during esophageal intubation. Prior to deposition of devices,
250 mL of neutralization solution (1% sodium bicarbonate and 0.2% glucose) with or
without 0.25mL of pig blood was administered directly to the stomach through the
endoscope. Overnight bacterial cultures were diluted 1:10 in 2xYTPG and 15 pL of
diluted culture was added to wells in the cell carriers. Devices were assembled and
deposited in the pig gastric cavity via endoscopic overtube. Full submersion in gastric
fluid was confirmed by endoscopic observation. For 2 hours, data from deposited cap-
sules was acquired via a 900 mHz radio attached to a laptop or the Android cellular
phone. Endoscopic videos and radiographs of capsules inside the pig stomach were

acquired. Devices were retrieved from the gastric cavity using a hexagonal snare. A
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total of 6 animals were included in the experiments; 3 were administered neutraliza-
tion solution containing blood and 3 served as negative controls. Two devices were

deposited per pig, such that each group has a sample size of 6.

Data Analysis, Statistics and Computational Methods

All data were analyzed using GraphPad Prism version 7.03 (Graph Software, San
Diego, CA, USA, http://www.graphpad.com). Sequence analysis was performed us-
ing Geneious version 9.1.8 (http://www.geneious.com) [333]. As noted, error bars
represent the SEM of at least three independent experiments carried out on differ-
ent days. Significance between groups was determined using an unpaired, two-tailed
Student’s t-test assuming unequal variance. Fold change or signal-to-noise ratio was
determined by dividing the normalized luminescence values (RLU/CFU) of samples
treated with the maximal inducer concentration with uninduced samples. Response
curves were fit to a Hill function: Y=(BpaxX")/(K"+X") + C, where X is the inducer
concentration, Y is the normalized luminescence output, Bmax is the maximum lu-
minescence, K is the threshold constant, n is the Hill coefficient and C is the baseline

luminescence.
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Chapter 6

Conclusion

6.1 Overview

The profound impact that microbial communities have on human health is provid-
ing new diagnostic and therapeutic avenues for treating disease. However, existing
therapeutic approaches for modulating microbiomes in the clinic remain relatively
crude. Exciting research into additive, subtractive or modulatory strategies to affect
the human microbiota and, in turn, human health, are progressing towards the clinic,
powered by advancements in synthetic biology and microbial ecology. In this thesis, I
contributed to the field of microbiome engineering through the development of novel
subtractive and additive approaches to manipulating microbial communities.

Text and concepts in the following coclusion have been adapted from the 2016
Advanced Drug Delivery review entitled ‘Microbiome therapeutics — Advances and

Challenges’ to which I contributed as a first author [2].

6.2 Major Contributions

The various works elaborated in this thesis have made strides in the field of mi-

crobiome engineering:
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6.2.1 Subtractive Approach: Engineering Bacteriophage for

Sequence Specific Antimicrobials

Precision editing of microbial communities could enable reductionist studies to elu-
cidate the role of specific microbes in community composition and in host physiology.
However, the majority of current techniques to remove bacteria from communities are
broad spectrum in nature and remove large swaths of unrelated bacteria. In Chap-
ter 2, I described an approach of using bacteriophage equipped with CRIPSR-Cas
machinery to selectively eliminate strains from a bacterial population based on the
presence of target DNA sequences. CRIPSR-Cas was programmed to cause lethal
double stranded breaks in antibiotic resistance and virulence genes. The engineered
phage particles could discriminate between closely related strains in a model bacterial
consortium. The work demonstrates the potential utility of engineered bacteriophage
to act as selective antimicrobials in the context of host-associated microbial commu-

nities.

6.2.2 Additive Approach: Genetic Toolset to Domesticate
Commensal Bacteroides spp. to Modulate Host Im-

munity

Engineering commensal microbes for in situ sensing and production of therapeutic
agents could provide much needed, cost-effective therapies for chronic diseases. Com-
mensals can be engineered to sense biomarkers associated with a disease state and
produce therapeutic molecules in response to restore homeostasis. However, engineer-
ing commensal organisms is challenging as there are few genetic tools to modify their
genomes. In Chapter 3, I described efforts to domesticate commensal Bacteroides
spp. with a suite of synthetic biology tools that facilitate organism engineering.
First, we developed the highly efficient and specific pNBU1 vector system for inte-
gration of genetic circuits. Next, we created a library of constitutive and inducible

promoters and RBSs for precision gene expression in B. thetaiotaomicron. We then
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use these genetic parts to build recombinase-based genetic memory switches and re-
programmable CRIPSRi-based repression systems. Finally, we validate functionality
of these engineered strains in the context of the murine microbiota. The work de-
scribed in this chapter are a valuable resource for Bacteroides engineering and have
been implemented in later works by other groups [303, 334]. In addition, the work
serves as a blueprint that one may follow to domesticate intractable commensals.

In Chapter 4, the engineering toolset described in Chapter 3 was extended to
protein secretion in Bacteroides spp. Outer membrane vesicles (OMVs) produced
by Bacteroides are secreted proteoliposomal complexes that can directly interact
with the host immune system. Rational modification of OMVs could therefore be
a powerful approach to engineer immune responses in the gut. Using proteomic
and bioinformatics approaches, we found that Bacteroides OMVs were enriched in
membrane-anchored lipoproteins. Translational fusion to both full-length lipopro-
teins and lipoprotein secretion signal sequences was sufficient to tether heterologous
proteins to OMVs derived from several species in the Bacteroides genus. Using Bac-
terotdes Vesicle Incorporation Tags (BVITs), we packaged mammalian cytokines and
model antigens in OMVs with the goal of modulating gut immune responses. Antigen-
loaded OMVs could be recognized by antigen presenting cells and induce T cell pro-
liferation and high levels of IL-10 secretion. Antigen-loaded OMVs could thus be
an effective tool to manipulate antigen-specific immune responses in autoimmune or

“allergic diseases. The development and characterization of a prominent secretion
mechanism in Bacteroides could also serve as a resource for heterologous protein

secretion from these commensal organisms.

6.2.3 Additive Approach: Engineered Biosensors to Measure
Gastrointestinal Biomarkers in situ
Commensal organisms naturally respond to changes in environmental changes

with alterations in gene expression. Capturing this dynamic response to perturba-

tions could be an effective means to detect biomarkers associated with disease states.
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However, real-world applications of cellular biosensors are hampered by difficulties in
gene expression analysis, which requires biological sampling, proéessing and expen-
sive laboratory techniques. In Chapter 4, I described collaborative efforts between the
domains of biological and electrical engineering that yielded a hybrid bio-electronic
medical device for in situ detection of gastrointestinal biomarkers. As a proof-of-
concept, we developed a probiotic F. coli heme biosensor that could sense bleeding in
the murine gastrointestinal tract. When combined with a custom-designed miniatur-
ized luminometer, we demonstrated in vitro detection of blood in fluidic samples as
well as detection in the porcine gastric cavity. Integration of biosensors for alternative
biomarkers could be readily integrated into the device, demonstrating broad utility
for in situ biomarker detection. This work progresses the use of cellular biosensors

towards clinical management of gastrointestinal diseases.

6.3 Future Directions

The works described herein reflect contributions that push microbiome engineering
forward and hopefully capture the potential and excitement surrounding the field.
However, it should be evident that the goal of precision editing of the microbiota
has yet to be achieved. Further work in multiple areas of research are necessary to
push the promise of microbiota engineering to clinical applications. I have previously
defined and elaborated on these major challenges in greater detail in [2]. Fundamental
understanding of the forces that shape host-associated microbial communities and
mediate host-bacterial interactions is essential for the rational design of microbiome
therapeutics. The development of clinically relevant biosensors and stable, robust
genetic circuits would help realize the vision of fully autonomous cellular therapies.
Finally, cognisance of regulatory, biocontainment and safety issues during research of

novel therapeutics should help hasten translation of basic research into the clinic.
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6.3.1 Subtractive Challenges: Engineering Bacteriophage
Host-Range

While the CRISPR-based antimicrobial approach in Chapter 2 could serve as a
powerful tool to edit bacterial communities, it is currently restricted by the lim-
ited host range of bacteriophage. In natural settings, phage host range is generally
restricted to a subset of strains within a single species, although there are some
descriptions of phages that can cross the species, genus, and even family barriers
[335] . Synthetic biology, however, has rendered the manipulation of bacteriophage
genomes more accessible [138, 336] and biological engineering strategies may be able
to overcome host range limitations. Rational or random modifications of host range
determinants on a malleable phage scaffold could broaden or shift host range [138].
Using broad host range bacteriophages as scaffolds for engineering may also prove
to yield a more versatile platform for gene delivery. Incorporation of components
that inhibit bacterial phage defense systems, such as anti-CRISPRs [337] and anti-
restriction strategies [338], may also be employed to improve the efficacy of phage in
a wider range of bacteria.

Despite the promise of bacteriophage as therapeutics, there are currently few ex-
amples of successful therapy in large scale clinical trials. Our unpublished personal
experience with bacteriophage in mouse models of gut decolonization also suggests
that in vitro phage performance poorly predicts success in vivo. There are currently
few studies that detail the differences between phage replication in vivo vs in vitro.
Differences in biogeography of phages and their prey, the growth state of infected
bacteria, the chemical composition of body sites, infection on non-clonal bacterial
populations, bacterial host evolution, and phage bioavailability may affect the viabil-
ity of phage therapy. Some studies have suggested an integral role of the host immune
system in aiding bacteriophage in pathogen clearance in lung models of infection
[339], implying in vivo phage infection should be viewed through an interkingdom
lens. Characterization of in vivo phage replication will no doubt be instrumental in

informing engineering strategies to improve therapeutic phage preparations.
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6.3.2 Additive Challenges: Stable Engraftment of Engi-

neered Organisms

A comprehensive understanding of the rules which govern invasion, resilience and
succession in a host-associated microbial ecosystem is crucial for the development of
long-term cell-based therapies. Indeed, for some applications, stable colonization of
recombinant microbes or microbial communities may not be necessary for treatment
of disease if cells can exert their intended function during transit through the intes-
tine. For instance, many current efforts for recombinant therapies have employed L.
lactis, a bacterium which does not colonize the mammalian intestine, as a chassis
for therapeutic protein production [95-97, 99, 103]. However, stable engraftment of
cell-based therapies into the endogenous microbiota may increase the efficacy of treat-
ment and enable the development of long-term, fully autonomous, disease-responsive
therapies.

Further studies into the ecological principles that underpin the human microbiome
are necessary for rational manipulation of microbial communities. Importantly, pair-
ing additive approaches with subtractive or modulatory ones could yield more reliable
and stable engraftment into the microbiome. Targeted antimicrobials, such as bacte-
riophage, or dietary supplementation with prebiotics could open niches for therapeutic
microbes to occupy. As the gut microbiota is a complex ecological community, as-
similating these biological findings into predictive systems biology models [340, 341]
will greatly facilitate the creation of microbiota-based therapeutics.

Different therapeutic applications should demand different chassis organisms for
cell-based therapies. To date, E. coli Nissle 1917 [91, 104], L. lactis [95-97, 99, 103],
Lactobacillus spp. [93, 101, 105] and Bacteroides spp. [100, 196] have served as
vectors for cell-based therapies. While L. lactis cannot colonize the intestine, E. coli
and Lactobacillus spp. tend to be enriched in the small intestine, whereas Bacteroides
spp. reside in the cecum and colon [342]. Some species tend to colonize the mucosal
layer, whereas others prefer the intestinal lumen [343-345]. Some strains may also

colonize some hosts better than others [109]. The biogeography of disease should
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thus dictate the best suited organism for therapy. The natural health benefits of
bacteria can also serve as an adjuvant for engineered therapeutics. For example, B.
fragilis, Faecalibacterium prausnitzii and those from Clostridium clusters IV and XIVa
naturally protect against inflammatory disease [58, 61, 346] and may serve as prime
candidates for anti-inflammatory therapies compared to E. coli, which are enriched in
an inflamed gut [347]. Finally, organisms that are naturally abundant and resilient to
environmental perturbations should be preferred for long-term therapies. To this end,
the choice of microbial chassis should be paired with thorough characterization of its
relative benefits for the target disease. The development of methods for engineering
currently intractable organisms would also enable additional possibilities for cell-based
therapies. While ample genctic tools exist for E. coli and lactic acid bacteria and our
recent work has extended these to Bacteroides spp. [196], new and efficient genetic
techniques for the manipulation of intractable group IV and XIVa Clostridia and F.
prausnitzii are needed to accelerate the development of future therapies that utilize
these organisms.

The robustness of engineered functions to time and changing environments is a
major challenge to long-term cellular therapies. Currently, prototyping the complex
genetic circuits required for sense-and-respond cellular therapeutics most often occurs
in optimal in vitro growth conditions that may not accurately replicate the intended
environment. As work in synthetic biology progresses towards animal models and
clinical applications, new, more sophisticated in vitro systems should be developed
to better emulate the variable conditions faced by the endogenous microbiota. Both
single [348, 349] and multi-stage [350] chemostats have been used to support culture
of fecal samples and could provide a testbed to understand how interbacterial in-
teractions impact functionality of genetic circuits. Additionally, organoid [351], 3-D
intestinal scaffolds [352] and gut-on-a-chip [353] models have also been employed to
predict interactions between probiotics and the host.

Genetic circuits described in synthetic biology often fail to report the evolutionary
stability of engineered functions. Assessment of gene circuit function is generally

made on short timescales (<24 hours). However, cellular therapies may neced to
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retain function for weeks or months to achieve significant efficacy. The numerous
genetic parts required to maintain a complex gene circuit are energetically taxing
on cells [354]. In witro evolution experiments revealed this strong fitness cost can
lead to a rapid loss of function in engineered bacteriophages [355, 356]. Efforts to
quantify and minimize the burden placed on recombinant cellular therapies [354]
should help maintain long-term function of therapeutics in the competitive context

of the microbiota.

6.3.3 Additive Challenges: Development of Clinically Rele- |

vant Sensors

The creation of fully autonomous cell-based therapies demands a well-
characterized library of biosensors that would allow dynamic responses to environ-
mental perturbations. Synthetic biologz has engendered a plethora of genetic parts
for sensing and integrating environmental signals into changes in gene expression. Lu-
minescent, fluorescent or colorimetric readouts are common outputs of biosensors and
can be designed to be transient if transcriptionally regulated or permanent if coupled
to genomic alterations [196, 216, 218, 220] or a bistable toggle switch [109, 357]. Some
of these genetic circuits have been implemented in vivo for sensing a small-molecule
inducer [109], dietary carbohydrates [196, 304], markers of inflammation [110, 111],
or cancer [358]. The blood sensor developed in this thesis add to that body of work.
To date, the development of biosensors has relied on genome mining and previous
descriptions of systems in scientific literature. Our efforts in Chapter 5 adopted
this ad hoc approach. Directed evolution has been successfully applied to change
substrate specificity of enzymes [359] and promoter specificity of RNA polymerases
[360] and similar strategies could be applied for the development of novel biosen-
sors. Moreover, hybrid transcription factors composed of distinct DNA-binding and
ligand-binding domains has expanded the collection of available sensors [361-363]. A
generalized approach for de novo discovery of sensors of clinically relevant molecules

is greatly needed, as well as fluid dialogue between synthetic biologist and clinicians
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to identify relevant candidate disease biomarkers. By pairing metabolomic studies
with streamlined strategies for biosensor discovery, engineered microbes could offer
a new class of diagnostics by assaying concentrations of biomarkers inside the body
instead of in ez vivo samples. These sensors could be used to trigger the expression
of therapeutic molecules to enable on-demand and localized production of medicines

only during active disease.

6.3.4 Regulation, Safety and Biocontainment

As cell-based therapies constitute a novel paradigm in drug development, a regula-
tory framework that addresses safety and biocontainment issues should be established
to minimize adverse events and environmental release of engineered organisms. Many
of the bacterial chassis used for recombinant therapies are generally recognized as
safe (GRAS) organisms as listed by the U.S. Food and Drug Administration. These
organisms are largely probiotics or bacteria employed in the production of food prod-
ucts. However, as natural commensals, such as Clostridial or Bacteroides species,
may be prime candidates for microbiota-based therapies, the safety of these organ-
isms should be evaluated. The ability of these organisms to stably colonize their
target environments may enable greater therapeutic efficacy, but may raise questions
about the pharmacology and control of such therapies. The spread of genetically
modified DNA from recombinant organisms to endogenous members of the micro-
biota may also be a concern as natural horizontal gene transfer is prevalent in the
human microbiome [364]. The escape of engineered organisms into the environment
that may lead to unintentional colonization of others may be of similar concern, even
though most genetically modified organisms developed in the lab seem to be less fit
than wild-type [354]. Conditional kill switches that eliminate engineered microbes
[361, 365] or destroy genetic circuits [366] have been created for biocontainment.
Generating auxotrophic microbes that cannot replicate in or outside of the gut has
also proved a successful strategy in limiting the spread of recombinant cells [202].
Indeed, auxotrophy was employed as the sole biocontainment strategy in early clini-

cal trials involving recombinant microbes [95, 103]. Further, physical containment of
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engineered microbes in polymer shells could provide an extra level of safety to mini-
mize unwanted escape of engineered organisms. Moving forward, a dialogue between
regulators and researchers should help shape the creation of technologies necessary

for the safe implementation of cellular therapies.
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Appendix A

B. thetaiotaomicron OMYV Proteins Identified by Mass Spectrometry

G.ene ] Found in Av F}v Secretion Gene Ontology Description
Designation| Elhenawy 2014| Tot Pep| UniPep| Tags
BT0177 X 25 3 Spl NigD-like protein
BT1486 X 128 15 N DUF5074 domain-containing protein
BT1487 X 189 22 Spll DUF5074 domain-containing protein
BT1488 X 54 9 N cell surface protein
BT1491 X 112 15 Spll DUF4465 domain-containing protein
BT1792 20 14 Spil cell surface protein
BT1895 X 21 3 Spll Uncharacterised protein
BT18396 X 15 4 N cell surface protein
BT1938 15 7 N putative lipoprotein
BT1954 X 14 7 N putative surface layer protein
BT1955 X 562 34 Spll glycoside hydrolase xylanase family
BT1956 X 73 17 Spll cell surface protein
BT2263 X 24 10 Spll SusD/RagB family nutrient-binding outer membrane lipoprotein
BT2365 X 27 11 N hypothetical protein
BT2479 29 13 Spll peptidase M75
BT3066 53 22 Spll Uncharacterised protein
BT3067 29 10 Spll Uncharacterised protein
BT3147 X 187 19 N GLUG domain-containing protein
BT3148 X 29 10 N conserved domain protein
BT3222 X 29 8 Spll DUF4848 domain-containing protein
BT3236 X 34 10 Spll DUF4302 domain-containing protein
BT3237 20 9 Spli Uncharacterised protein
BT3238 X 45 17 Spli RagB/SusD family nutrient uptake outer membrane protein
BT3241 X 41 15 Spll RagB/SusD family nutrient uptake outer membrane protein
BT3312 15 8 Splt glucosylceramidase
BT3413 X 26 11 Spl Uncharacterised protein
BT3561 X 26 10 Spll Uncharacterised protein
BT3562 X 37 20 Splt carbohydrate binding domain protein
BT3727 16 4 Splt Uncharacterised protein
BT3740 X 44 16 Spll major paralogous domain-containing protein
BT3741 43 15 Spll Uncharacterised protein
BT3742 X 347 28 Spll Calycin-like beta-barrel domain-containing protein
BT3743 127 19 Spll DUF5018 domain-containing protein
BT3745 24 2 Spll Putative carbohydrate metabolism domain-containing protein
BT3960 28 10 Splt Calpain family cysteine protease
BT4005 X 14 7 Sphl NigD-like protein
BT4306 X 15 9 Spli DUF4270 domain-containing protein
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