
 

 

 

 

 

 

 

 

 

 

PRODUCTION AND SECRETION OF HETEROLOGOUS 

IMMUNOMODULATORS IN BACTEROIDES THETAIOTAOMICRON 

 

JEFFREY TINGLEY 

Bachelor of Science, University of Lethbridge, 2016 

A thesis submitted  

in partial fulfilment of the requirements for the degree of 

 

 

MASTER OF SCIENCE 

 

in 

 

BIOLOGICAL SCIENCES 

Department of Biological Sciences 

University of Lethbridge 

LETHBRIDGE, ALBERTA, CANADA 

 

 

 

 

© Jeffrey Tingley, 2019 



PRODUCTION AND SECRETION OF HETEROLOGOUS IMMUNOMODULATORS 

IN BACTEROIDES THETAIOTAOMICRON 

 

JEFFREY TINGLEY 

 

 

Date of Defence: August 28th 2019  

 

 

Dr. D. Wade Abbott    Research Scientist   Ph.D. 

Thesis Co-Supervisor 

Agriculture and Agri-Food Canada 

Lethbridge, Alberta 

 

 

 

Dr. L. Brent Selinger    Professor    Ph.D. 

Thesis Co-Supervisor 

 

 

 

Dr. G. Douglas Inglis    Research Scientist   Ph.D. 

Thesis Examination Committee Member 

Agriculture and Agri-Food Canada 

Lethbridge, Alberta 

 

 

 

Dr. Dmytro Yevtushenko   Associate Professor   Ph.D. 

Thesis Examination Committee Member 

 

 

 

Dr. Tony Russell    Associate Professor   Ph.D. 

Chair, Thesis Examination Committee 

 



iii 

 

Abstract 

Chronic and acute inflammation in the colon significantly impact human and 

animal health, and productivity in agriculture. Unfortunately, current treatments are not 

very effective for long-term management and treatment is costly. This research project has 

helped address these limitations by engineering a colonic bacterium, Bacteroides 

thetaiotaomicron, to produce tumor necrosis factor receptor 2 (TNFR2), α-1-antitrypsin 

(A1AT) and elafin. These anti-inflammatory proteins were stitched to BtAnchor and 

BvSecrete signal peptides that facilitate their trafficking to the outer surface and external 

environment of the cell, respectively. Protein targets were initially produced and localized 

within the Gram-negative, model organism, Escherichia coli, and elafin demonstrated 

statistically significant inhibition of elastase. Protein targets: A1AT, TNFR2, and elafin 

were successfully produced in a dual-glycan responsive B. theta strain previously 

developed in the Abbott lab. The strains developed as part of this project represent novel 

tools for reducing of inflammation in agricultural livestock and human medicine. 

 

 



iv 

 

Acknowledgements 

I would first like to thank my supervisor, Dr. Wade Abbott, for his continued 

support throughout my degree. Thank you for listening and embracing my endless project 

ideas encouraging my scientific curiosity and inspiring my passion for science. I look 

forward to our future research together during my PhD and beyond. I also want to thank 

my co-supervisor, Dr. Brent Selinger, and my committee members, Dr. Douglas Inglis and 

Dr. Dmytro Yevtushenko. Our conversations have always been insightful and motivating 

whether it be about my scientific research or my professional career. The guidance you 

have provided me will continue to help me throughout my career. Thank you, Dr. Richard 

Uwiera and Paul Moote, for providing insight into target immunomodulatory proteins and 

thought-provoking discussions. 

To all of the postdocs and lab technologists who have mentored me including, Dr. 

Julie Grondin, Dr. Darryl Jones, Dr. Kristin Low, Dr. Mike Xing, Dr. Carolyn Amundsen, 

Adam Smith, and Richard McLean, thank you for your scientific guidance and professional 

advice during experiments, writing, presentations, and career discussions. It has been a 

pleasure to work with you all. Thank you to past and present lab members Stephanie 

Monteith, Leeann Klassen, Marshall Smith, Jaclyn MacMillan, Marissa King, Chris Coté, 

Ben Vuong, Lou Chenivesse, Dr. Meiying Li, Dr. Greta Reintjes, and Marissa Black. My 

degree would not have been the same without you. 

To my family, thank you for your continuous support throughout this degree. You 

have helped me through all of the difficult times and always encouraged me to keep moving 

forward.  



v 

 

This project was funded under the Agriculture and Agri-Food Canada Science and 

Technology Branch, proposal ID 1679 



vi 

 

Table of Contents 

Abstract .............................................................................................................................. iii 

Acknowledgements ............................................................................................................ iv 

List of Tables ..................................................................................................................... ix 

List of Figures ..................................................................................................................... x 

List of Abbreviations ......................................................................................................... xi 

Chapter 1 Literature Review and Introduction ................................................................... 1 

1.1 The gastrointestinal tract (GIT) ................................................................................. 1 

1.1.1 The colonic mucosa ............................................................................................ 1 

1.2 Mucosal immunology ................................................................................................ 3 

1.2.1 Innate immunity .................................................................................................. 4 

1.2.2 Adaptive immunity ............................................................................................. 7 

1.2.3 Signaling molecules ............................................................................................ 9 

1.2.4 Microbe-immune system interaction ................................................................ 10 

1.3 Immune dysfunction ................................................................................................ 11 

1.3.1 Cost of immune dysfunction............................................................................. 13 

1.3.2 Current Solutions .............................................................................................. 14 

1.4 Microbe intervention ............................................................................................... 15 

1.4.1 Prebiotics .......................................................................................................... 15 

1.4.2 Probiotics .......................................................................................................... 16 

1.4.3 Synbiotics ......................................................................................................... 16 

1.5 Bioengineering ........................................................................................................ 17 

1.5.1 E. coli ................................................................................................................ 18 



vii 

 

1.5.2 Lactic acid bacteria (LAB) ............................................................................... 19 

1.5.3 Bacteroides spp................................................................................................. 20 

1.6 Bacterial secretion systems ..................................................................................... 21 

1.7 Candidate immunomodulatory protein targets ........................................................ 22 

1.7.1 Tumor necrosis factor receptor 2 ...................................................................... 22 

1.7.2 Serine protease inhibitors ................................................................................. 24 

1.8 Hypothesis ............................................................................................................... 24 

1.9 Project outline and objectives ................................................................................. 25 

1.10 Objectives .............................................................................................................. 25 

Chapter 2 Materials and Methods ..................................................................................... 27 

2.1 Target and plasmid construction ............................................................................. 27 

2.2 E. coli protein production and localization ............................................................. 28 

2.2.1 Culturing of E. coli and heterologous gene over expression ............................ 28 

2.2.2 Cell Lysis .......................................................................................................... 28 

2.2.3 Protein purification ........................................................................................... 30 

2.2.4 Media fraction collection (BvSecrete localization) .......................................... 30 

2.2.5 Whole cell dot blot (BtAnchor localization) ..................................................... 31 

2.3 Homologous recombination and generation of B. theta strains .............................. 31 

2.4 B. theta protein production and localization ........................................................... 32 

2.4.1 Culturing of B. theta ......................................................................................... 32 

2.4.2 Cell lysis ........................................................................................................... 37 

2.4.3 Media fraction collection (BvSecrete localization) .......................................... 37 

2.4.4 Whole cell dot blot (BtAnchor localization) ..................................................... 37 



viii 

 

2.5 Protein analysis (SDS-PAGE and Western blots) ................................................... 37 

2.6 Elastase activity assay ............................................................................................. 38 

2.7 TNFR2-TNF binding assay ..................................................................................... 38 

Chapter 3 Results .............................................................................................................. 40 

3.1 Designing protein constructs for localization in E. coli and B. theta ...................... 40 

3.2 Protein production in E. coli ................................................................................... 40 

3.3 Activity assay for protease inhibitors A1AT and elafin .......................................... 44 

3.4 TNFR2-TNF binding assay ..................................................................................... 47 

3.5 Construction of engineered B. theta strains for carbohydrate-inducible 

immunomodulator expression ....................................................................................... 47 

3.6 Mammalian immunomodulators can be produced in B. theta ................................ 52 

Chapter 4 Discussion ........................................................................................................ 54 

Chapter 5 Conclusions and Future Directions .................................................................. 63 

References ......................................................................................................................... 68 

  

  



ix 

 

List of Tables 

Table 2.1: Plasmids used in this study .............................................................................. 29 
Table 2.2: Strains used in this study ................................................................................. 33 
 

 



x 

 

List of Figures 

Figure 1.1: Induction of NETosis in neutrophils through TLR activation. ........................ 6 
Figure 1.2: Carbohydrates and fermentation products in the colon. ................................. 12 
Figure 1.3: SEC pathway components homologs in B. theta VPI-5482. .......................... 23 
Figure 3.1: Signal peptide design and trafficking of target proteins. ................................ 41 
Figure 3.2: E. coli production and localization of immunomodulatory proteins. ............. 42 
Figure 3.3: Fluorescence-based serine protease assay of neutrophil elastase activity. ..... 46 
Figure 3.4: BvSecrete-TNFR2 and BtAnchor-TNFR2 TNF-α binding assay. .................. 48 
Figure 3.5: Strategies for plasmid design for homologous recombinant in B. theta. ....... 49 
Figure 3.6: Regulatory B. theta strains used in this study for target gene induction.. ...... 51 
Figure 3.7: Protein production and localization of target immunomdulators in B. theta 

Double Trouble strains. ..................................................................................................... 53 
Figure 4.1: Phylogenetic tree of the SecE component of Bacteroides spp. ...................... 62 
Figure 5.1: Codon optimized sequence of elafin for B. theta. .......................................... 67 
 

 



xi 

 

List of Abbreviations

A1AT α-1-antitrypsin  

AGP antimicrobial growth promoter 

APC antigen presenting cell 

BHI brain heart infusion 

BT_# B. thetaVPI 5482 gene # 

BtAnchor Bt_3698 signal peptide 

BvMPK_# Bacteroides vulatus mpk gene # 

BvSecrete BvMPK_0228 signal peptide 

CT cytotoxic T-cell 

DAMP damage-associated molecular pattern 

DC dendritic cell 

DGM distal gut microbiota 

FUdR 5-Fluoro-2'-deoxyuridine 

GFP green fluorescence protein 

GIT gastrointestinal tract 

IBD inflammatory bowel disease 

IC50 half maximal Inhibitor concentration 

Ig immunoglobulin 

IL-# interleukin  

ILF isolated lymphoid follicle 

IPTG thiogalactopyranoside 

LAB lactic acid bacteria 

LB lysogeny broth 

Lol localization of lipoproteins pathway 

LTi lymphoid tissue inducer cell 

MeOH ethanol 

MHC major histocompatibility complex 

MM Bacteroides minimal media 

mmHg millimeter of mecury 

NET neutrophil elastase trap 

NETosis neutrophil extracellular trap cell death 

Ni-NTA Ni2+-nitrilotriacetic acid  

NK natural killer 

NOD nucleotide-binding domain 

N-SP N-terminal signal peptide 

PAMP pathogen-associated molecular pattern 

pBT_# B. thetaVPI 5482 gene # promoter  

PSA B. fragilis Polysaccharide A  



xii 

 

PUL75 B. theta polysaccharide utilization locus 75 

PVDF polyvinylidene fluoride 

SCFA short-chain fatty acid 

SDS-PAGE sodium dodecyl sulfate–polyacrylamide 

SEC general secretion pathway 

SP# signal peptidase # 

T#SS type # secretion system 

TBS tris-buffered saline 

TBS-T tris-buffered saline + Tween-20 

TCR t-cell receptor 

TDK thymidine kinase 

TGFβ-1 transforming growth factor-β1 

TH helper T-cell 

TLR toll-like receptors 

TNFR tumor necrosis factor receptor 

TNF-α tumor necrosis factor α 

TReg regulatory T-cell 

TYG tryptone yeast extract glucose 

 

  



 

1 

 

Chapter 1 Literature Review and Introduction 

1.1 The gastrointestinal tract (GIT)  

The GIT is a complex organ system that extends from the mouth to the anus 

composed different digestive compartments, including the stomach, small intestines, and 

the colon; and is composed of tissues layers from the mucosa to the serosa [1]. Each of 

these compartments a specific function. Together this organ system is responsible for the 

ingestion of nutrients, mechanical and limited chemical breakdown of food, absorption of 

nutrients and water, excretion of waste, and provides optimal conditions for symbiotic 

microbial growth. 

1.1.1 The colonic mucosa 

The colon’s mucosa is structured around a long tube (lumen) and has crypts that can extend 

down into the submucosa. The mucosa contains a variety of epithelial cell types, including 

enterocytes, endocrine cells, and goblets cells which act as a barriers, participate directly 

in immune functions, and secrete peptides, hormones and mucins into lumen [2-4]. Goblet 

cells are primarily involved with the production of mucus in the colon[5]. The major 

component of colonic mucus in the colon is the heavily glycosylated protein Muc2. Mucins 

are largely composed of O–linked, and in smaller quantities N-linked, oligosaccharide side 

chains. O-linked glycans are attached to mucins through free hydroxyl groups of serine and 

threonine and are composed of N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, L-

fucose, and negatively charged components, such as sialic acid and terminal sulfate groups 

[6]. The interaction of mucins with water and metal ions gives rise to the high viscosity of 

mucus. Multiple factors can affect mucus viscosity including: mucin production and 
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concentration, mucin–mucin di-sulfide interactions, pH, bacterial mucin foraging, metal 

ion concentrations, and sulfation and negative charged monosaccharides [7]. Host and 

bacterial enzymes can proteolytically cleave mucins, expanding the mucus volume up to 

four times which gives rise to the appearance of a mucus bi-layer [7, 8]. 

 The colon is home to the densest population of microorganisms known to interact 

with human tissues (~1011 microbial cells/mL) [9]. This community is referred to as the 

distal gut microbiota (DGM). Bacteria within the DGM are found in much higher 

concentrations in the lumen, which contains the less viscous “outer mucus layer” in 

comparison to colonization levels of the dense “inner mucus layer”  [10]. Horizontal 

(proximal to distal) and vertical (epithelial crypts to lumen - radial) gradients exist within 

the colon, which create unique environments for DGM microorganisms. From the proximal 

colon to the distal colon, mucus viscosity increases [11], while concentrations of 

antimicrobial peptides [12] and oxygen [13] decrease. Oxygen concentrations can 

drastically differ in the vertical gradient as well, as concentrations within the crypts and 

intestinal tissue can reach 40 mmHg [10] while luminal concentrations are as low as 1 

mmHg [10]. This oxygen gradient is well-documented and has been viewed using green 

fluorescence protein (GFP), as binding of GFP with oxygen is necessary for proper folding 

[14]. Facultative anaerobes can use oxygen in the mucus layers for aerobic respiration; 

however, in low oxygen concentrations, fermentation or anaerobic respiration with 

alternative electron acceptors are used for ATP synthesis [15]. As such, oxygen that 

diffuses from epithelial cells is consumed by facultative anaerobes, causing lower oxygen 

concentrations in the lumen [16]. This results in diverse populations of bacteria, partitioned 

on the basis of their oxygen requirements, which include: facultative anaerobes, aero-
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tolerant anaerobes, and obligate anaerobes [17]. Other metabolic phenotypes exist. For 

example: Bacteroides fragilis, a colonizer of colonic crypts [18], is considered a 

“nanaerobe” as it has been shown to consume small amounts of oxygen through the use of 

cytochrome bd complex [17, 19].  

Mucus viscosity between the inner and outer layer drastically affects microbial 

colonization. The inner mucus layer, once thought to be sterile, is now postulated to be a 

reservoir for diverse microbial species for repopulation of the colon following dysbiosis 

[18, 20]. Microheterogeneity in mucus viscosity creates differential chemical environments 

for selection of bacterial morphologies [11], mucus foraging [21] and mucus-binding 

capabilities [22]. Mucin O-glycans are a prominent nutrient source for members of the 

microbiota [22]. For example, Bacteroides thetaiotaomicron (B. theta), a prominent 

saccharolytic commensal bacterium in the colon, is well-studied in its ability to utilize O-

linked oligosaccharides [23] and can produce a variety of mucolytic carbohydrate-active 

enzymes and metallopeptidases for the deconstruction of mucin [23, 24].  

1.2 Mucosal immunology 

Due to its exposure to and constant interaction with the external environment, the 

colon has developed a vast repertoire of defense mechanisms. These cell lineages are 

designed to take up, recognize and respond to antigens, and provide a physico-chemical 

barrier against the external environment. These include cells of the leukocyte lineage: 

dendritic cells, neutrophils, macrophages, T- and B-cells; and colonic epithelial cells 

(colonocytes) [2]. These cells appear in two locations: inductive sites and effector sites. 

Inductive sites compose the gut associated lymphoid tissue, and are sites of antigen 

sampling and corresponding T- and B- cell proliferation [25], and include colonic patches 
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and isolated lymphoid follicles (ILF) [26]. In contrast, effector sites are defined as areas 

where mature cells perform their actions in the lamina propria. All of these cells are 

generally classified as cells of the innate and adaptive immune systems. 

1.2.1 Innate immunity  

 The innate immune system provides protection through chemical and physical 

barriers, incites stimulation/participation of  adaptive immune cells, and induces 

recognition and removal of invading organisms/antigens [27]. Cells of the innate immune 

system delineate from common myeloid progenitors, leading to macrophages, dendritic 

cells (DCs), granulocytes, mast cells; and lymphoid: which include natural killer cells (NK) 

and innate T-cells [28, 29]. DCs and macrophages phagocytize bacteria and antigens and 

are the primary antigen-presenting cells (APC) in the immune system. DCs are primarily 

involved in antigen sampling from the lumen and delivering antigens to inductive sites, 

while macrophages generally do not travel to inductive sites [30]. Antigens are then 

presented to lymphocytes within inductive sites or surrounding immune cells on major 

histocompatibility complexes (MHC). The granulocytes include eosinophils, basophils, 

and neutrophils [31]. Eosinophils, basophils, and mast cells are well studied for their role 

in allergic reactions; however, they are suspected to have a larger role in immune function 

including releasing pro-inflammatory cytokines and histamine [1, 32]. Eosinophils have 

been found to undergo eosinophil extracellular trap cell death, a non-apoptotic cell death 

pathway with the release of DNA and proteases in a process similar to that of neutrophils 

[33]. Neutrophils are highly destructive cells with the ability to release a variety of 

antimicrobial peptides, phagocytize bacteria, and create neutrophil elastase traps (NETs) 

through controlled cell death (NETosis). NETs involve a  
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massive release of chromatin, DNA and proteases from neutrophils. This can result in cell 

death, and this process seems to be a last resort as proteases cause damage to host tissue 

[34]. NETs can be directly induced by activation of Toll-like-receptors (TLRs) and the 

inflammasome (Figure 1.1) [34]. TLRs and nucleotide-binding oligomerization (NOD)-

like receptors allow traditional APCs and a variety of cell lineages to respond to ‘danger’ 

signals including: pathogen-associated molecular patterns (PAMPs) and damage- 

associated molecular pattern (DAMPs), as microorganisms and stress/danger antigens, 

respectively [35]. PAMPs and DAMPs activate an innate immune system signaling 

complex, the inflammasome, which activates caspase. Capase-1 activates pro-

inflammatory cytokines such as tumor necrosis factor α (TNF-α), and can induce cell death 

[36]; these cytokines have intimate relationships with the adaptive immune system. NK 

cells are cytotoxic and recognize non-self-signals; however, they do not have the ability to 

adapt to new antigens. NK immunoglobulin-like receptors recognize infected cells that 

have downregulated self-antigens which targets cells for death using proteases and perforin 

to puncture cell membranes [37].  

Innate T-cells are similar to T-cells of the adaptive immune system in that they have T-cell 

receptors (TCRs), however, they are less specific and are generally considered to straddle 

the line between the innate and adaptive immunity. Examples of innate T-cells include NK 

T-cells, intraepithelial T-cells, and lymphoid tissue inducer cells (LTi). NK T-cells have 

invariant TCRs which target the MHC type protein CD1 and recognize lipid antigens [38]. 

IETs are long-living T-cells which have both pro- and anti-inflammatory properties 

including targeting infected epithelial cells for cell death, and promoting tolerance to food  
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Figure 1.1: Induction of NETosis in neutrophils through TLR activation. (1) 

Neutrophils contain surface receptors called TLRs which interact with antigens, such as 

bacterial LPS. (2) Interaction of TLRs with the appropriate antigen stimulate the production 

of the inflammasome and NETosis. (3) NETosis involves the formation of NETs composed 

of DNA, chromatin, and proteases, including serine proteases, such as neutrophil elastase. 

These proteases induce pro-inflammatory pathways, breakdown epithelial tight junctions, 

and breakdown of bacterial outer membrane proteins.  
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antigens by the release interleukin-10 (IL-10) and transforming growth factor β-1 (TGFβ-

1) [3]. LTi cells are important in the development of lymphoid tissue including ILF and 

cryptopatches in other organisms [39]. The complement system is a major contributor to 

promoting inflammation and pathogen clearance and targeting pathogens for removal [40]. 

Complement proteins are produced by hepatocytes in the liver; however, they are also 

produced by various innate immune cells [40]. 

Although not generally considered immune cells, colonocytes provide a barrier 

between the external environment and the underlying tissue and are the first line of defense 

between foreign antigens and bacteria. Colonocytes can recognize PAMPs and DAMPs 

and participate in the construction of inflammasomes. As well, antimicrobial peptides β-

defensins are produced in small amounts from colonocytes [41]. Specialized colonocytes 

throughout the GI tract can provide chemical and molecular defenses including mucus 

production, secretion of anti-microbial peptides, and cell-signaling molecules [2]. The 

most prevalent specialized colonocytes are goblet cells, primarily known for producing 

mucin proteins. In addition, goblet cells also produce trefoil factor 3 which appears to aid 

in epithelial layer repair and regeneration [42]. Other specialized colonocytes are much 

fewer in number including enteroendocrine cell types [43], tuft cells [44], cup cells [44], 

and M-cells [45] present at inductive sites.  

1.2.2 Adaptive immunity 

The remainder of the lymphocyte progenitor line, including T-cells and B-cells, 

comprise the adaptive immune system. This system is characterized by having the ability 

to adapt and respond to new antigens to provide for more efficient protection when a second 

exposure to a past stimulus occurs, termed immunological memory. T- and B-cells 
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recognize their antigens through T-cell receptors (TCRs) and B-cell receptors (i.e. 

antibodies) which are highly variable due to genetic recombination [46]. TCRs are made 

up of variable α and β gene segments or, in smaller amounts, γ and δ gene segments [47]. 

Naïve T-cells mature into T-cells which have TCRs and other co-receptors, including 

glycoproteins CD4+ and CD8+, and co-stimulatory ligands. These surface glycoproteins 

determine which MHC class to interact with, as CD4+ generally interact with MHC class 

2 and CD8+ with MHC class 1 [48]. The TCR-MHC interaction is generally accompanied 

by both co-stimulatory and co-inhibitory factors [49]. These interactions determine 

whether T-cells mature into either effector cells or anergic, non-responsive cells [49]. Co-

inhibitory receptors appear on T-cells after 1-3 days, inducing an exhaustive state, 

preventing chronic inflammation [50]. There is a variety of CD4+ and CD8+ coated cells 

including Helper T cells (TH), cytotoxic T-cells (CTs), and certain regulatory T-cells (Tregs). 

TH (CD4+CD3+) interact with MHC class 2 complex and generally produce cytokines and 

chemokines that aid in the proliferation of B-cells, aid the phagocytic capacity of 

monocytes, and develop T-cell memory [51]. There is a variety of TH cells including TH1, 

TH2, TH9, TH17, TReg, and TFH (follicular helper) each with their own armory of cytokines 

which can cross-regulate one another, and stimulate pro- and anti-inflammatory responses 

from immune competent cells [50]. CD8+ CT cells are restricted to binding to MHC class 

1 receptors and are destructive cell types. CTs recognize self-antigens on MHC class 1, 

which are distributed across almost all cells, and stimulate apoptosis of the target cell [51]. 

TReg cells express the CD4+ co-receptor and the CD25+ receptor, and develop in the 

thymus instead of the mucosal tissues. TReg cells are immunosuppressive cells which can 

inhibit APC activity and produce inhibitory cytokines, such as TGFβ-1 and IL-10 [52, 53]. 
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Memory T-cells (both CD4+ and CD8+) contain surface glycoproteins from a previous 

immune response. When their antigens reappear they become ‘re-activated’ and migrate to 

the site of infection [54]. 

B-cells are primarily known for their role in adaptive immunity, and production of 

antibodies. antibodies are made up of a heavy chain and a light chain which get their 

receptor diversity through joining variant gene segments together [55]. The heavy chains 

also contain a constant (C) region, which determines its immunoglobulin (Ig) subtype: IgA, 

IgM, IgG, IgE, and IgD. Switching from IgM to IgA subtypes is possible due to 

recombination, occurring after activation of mature B cells. Activation can occur through 

T-cell dependent and independent manners; interaction with gram-negative 

lipopolysaccharides and capsular polysaccharides instigates T-cell independent activation 

of the mature B cells [56]. Mature B cells express IgM however, IgA is the most 

predominant antibody in the colon [25], and results from B-cell differentiation and 

recombination [57]. IgA generally form dimers which can interact with antigens 

specifically and non-specifically [58].  

1.2.3 Signaling molecules  

Immune competent cells produce a vast array of signaling molecules to interact 

with other cells to attenuate cascades, suppress or stimulate inflammation, or signal cellular 

repair. Cytokines are among the most well-known signaling molecules, and can be secreted 

by almost every cell in the body [59]. Cytokines can be functionally pleiotropic, they can 

form synergies and antagonize. Cytokine categories include ILs, interferons (IFNs), TNF 

ligands, growth factors, and chemokines [60]. IL superfamilies are grouped by structural 

similarities and the receptors they share, or their roles in immunity [60]. IFN class 1 are 
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responsible for inhibiting virally infected cells from replication; whereas, class 2 stimulates 

type 1 immune responses, inducing the secretion of more IFNs and TNF subfamilies [61]. 

The TNF family is composed of TNF-α, lymphotoxin, and B-cell activating factors. TNF-

α is a potent pyrogenic immunomodulator that is secreted by various immune cells 

including TH cells, macrophages, DCs, and NK cells, and recognized through tumor 

necrosis factor receptors. It increases the amount of MHC class 1 and 2 expression, leading 

to an increase in T- and B-cell activation, and promotes destruction of tissues [62]. 

Cytokine growth factors include TGFβ-1, a highly pleiotropic cytokine that is generally an 

immunosuppressive cytokine, and is produced by TReg cells among others [63]. 

Chemokines, the largest sub-category of cytokines, are a specialized sub-type of cytokines 

designed to manipulate the localization of cells and regulate immune cell migration [64]. 

Chemokines are important in general immune function and also the development of 

secondary lymphoid organs, such as ILFs, which requires LTi cells to be brought to areas 

of future development [39].  

1.2.4 Microbe-immune system interaction  

The immune system has been tailored to respond to and co-exist with the DGM. 

The DGM contribute largely to a state of colonic immune homeostasis through direct 

interaction with the host immune system. DCs at effector and inductive sites can sample 

commensal bacteria, which can lead to the activation of antigen specific B-cells to produce 

IgA [65]. IgA can then traverse through the mucus layers and regulate the population of 

commensal through antigen specific and non-specific methods [25]. Commensal bacteria, 

also reduce the amount of habitable space for pathogens reducing the risk of infection, 

providing colonization resistance [66]. The disturbance of the normal colon microbiota, 
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dysbiosis, can lead to infection [66]. Microbe-host interactions commonly occur through 

carbohydrate interactions (Figure 1.2). Foreign invaders typically present PAMPs on their 

cell surface that are recognized by various membrane bound TLRs and cytosolic receptors 

like the NOD-like receptors [67, 68]. Although, this is not always the case as Escherichia 

coli lipopolysaccharide can directly activate caspase through a TLR-independent 

mechanism [69]. Capsular polysaccharides from B. fragilis and other Bacteroides spp. 

directly interact with immune cells through their Zwitterionic charge [70]. B. fragilis 

polysaccharide A (PSA) (Figure 1.2) and B are taken up by APCs and can promote both 

abscesses and immunosuppression; however, it is not clear how and when these 

polysaccharides contribute to these outcomes [70]. Short-chain fatty acids (SCFA) 

including butyrate, proprionate, and acetate (Figure 1.2) produced by fermentation of 

dietary fibre which reaches the colon by the microbiota can lead to the activation of TReg 

cells, modulate host immunity, inhibit pathogens, and provide a source of nutrients for 

colonocytes [71, 72].  

1.3 Immune dysfunction 

Due to the complexity of the immune system and the interactions with the surrounding 

environment there is a variety of ways immune dysfunction can occur. Host immune 

systems must differentiate between inert molecules, such as food and ‘danger’ antigens 

such as PAMPs/DAMPs. When these responses are deregulated, autoimmune diseases 

from allergies to chronic intestinal inflammation occur. The exact mechanism of food 

intolerance is not well understood, but there are some known factors. For instance, the 

absence of TReg cells in organisms can lead to allergic reactions towards food [73]. 

Environmental stressors including temperature and flight/fight responses can alter proper  
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Figure 1.2: Carbohydrates and fermentation products in the colon. Carbohydrates play 

important roles in bacterial and human metabolism. Dietary polysaccharides such as 

homogalacturonan, fructooligosaccharides, and arabinogalactan; and exopolysaccharides, 

such as dextran, are utilized by the distal gut microbiota. Fermentation of the carbohydrates 

produces short-chain fatty acids including butyrate, which are utilized by the host 

colonocytes. Lipopolysaccharides and capsular polysaccharides, such as PSA from B. 

fragilis, interact directly with host colonocytes and immune cells to stimulate or suppress 

the immune system. 
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immune function by directly interfering with cell signaling or indirectly reducing the 

amount of energy available for initiating and maintaining immune response [74]. The 

immune system requires a vast amount of energy [75]; therefore, reducing energy 

availability will prevent proper functioning. Likewise, immune stimulation will increase 

energy utilization and reduce the amount of energy readily available for other bodily 

processes, such as growth [75].  

1.3.1 Cost of immune dysfunction 

Intestinal immune dysfunction in humans, both acute and chronic, is costly. 

Chronic enteritis, including inflammatory bowel diseases (IBD), Crohn’s disease, and 

ulcerative colitis, annually cost thousands of dollars per patient, either directly through 

medical expenses or indirectly through loss of productivity on the economy [76, 77]. 

Symptoms can range from abdominal pain and diarrhea to colorectal cancer under extreme 

cases of inflammation. IBD can occur through host-pathogen interactions, genetic 

predisposition, alteration of the normal microenvironment, and other environmental 

stressors [78], although the underlying mechanisms are not completely known and may 

involve a combination of factors [79]. The microbiota may be a key diagnostic for IBD as 

patients have been observed to have a less diverse and more unstable microbiota [80, 81]. 

Conversely, acute inflammatory diseases are an interesting paradigm. Acute inflammation 

is a foundation of the immune system, activating the immune response in response to a 

negative stimulus to remove the stimuli and repair damage. However, diarrhoeal disease is 

responsible for roughly 1.3 million deaths annually [82]. Poor standards of living and 

sanitation in developing countries is correlated with an increase in enterotoxigenic E. coli, 

Shigella spp., and Campylobacter spp. [83]. In agriculture, the energetic cost of 
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inflammation, and the subsequent loss of growth, is a significant concern, as a lack of 

physical growth in livestock directly affects downstream product revenues [84]. 

1.3.2 Current Solutions 

There are a number of promising drugs to treat IBD or IBD symptoms in humans, 

including chemical therapies, immunotherapies, and corticosteroids. Chemical therapies 

including mesalamine and azathioprine, have demonstrated toxic side-effects for the host, 

patients also experience relapse after treatment [85], while immunotherapies such as 

infliximab can be in the thousands per year per patient. While long term corticosteroid use 

runs the risk of bone loss [86]. In addition, the delivery of these compounds to inflamed 

tissues is difficult, which requires higher dosages to be administered. Colon-targeted 

therapies taken orally have to pass through the upper GIT, including the highly acidic 

stomach [87]. In acute inflammation, diagnostics of disease is expensive or technically 

challenging, and although there are promising results using antibiotics, these treatments are 

saved for severe cases as identification of etiology (bacterial or viral) is difficult in 

developing countries [83].  

Antimicrobial growth promoters (AGPs) used in animal production have been used 

historically to improve food safety and increase growth rates and animal weights. As of 

2018, administration of antibiotics require veterinary prescription and claims of growth 

promotion caused by medically important antimicrobials have been removed [88]. This is 

in large part due to public concern and the awareness of antibiotic-resistance genes being 

transferred from bacteria found in animals to bacteria found in humans [89]. Recently 

antibiotic resistance to colistin, a “last-resort” antibiotic in human health, has been found 

in livestock [90]. Complications associated with infections caused by antibiotic-resistant 
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bacteria is predicted to be a leading cause of death by 2050 [91]. Therefore, there is an 

urgent need to find alternatives to AGPs. The growth promoter mechanism of of AGPs, 

however, is still unclear as it may be a combination of microbiota modulation and 

modulating host immune responses [92]. As modulators of the gut microbiota, probiotics 

and prebiotics represent potential alternatives to AGPs.  

1.4 Microbe intervention 

1.4.1 Prebiotics 

 Prebiotics are non-digestible carbohydrates, which promote the proliferation of 

beneficial microorganisms [93]. Diet has long been known to affect both core community 

members and transient microbes of the gut [94]. Dietary fibers and resistant starch that pass 

into the colon is utilized by gut microbes and fermented into alcohols, gases, and organic 

acids including SCFAs such as butyrate (Figure 1.2) [15]. Butyrate administered at 80 mM 

to mice suffering from Citrobacter rodentium-induced inflammation showed increased 

weight gain and host cytokines involved in suppressing the immune response [72]. The use 

of prebiotics to stimulate SCFA production by bacteria, specifically butyrate and lactate, 

or SCFA-producing community members is an active area of research [95]. Popular 

prebiotic substrates in this regard include arabinogalactan [96], fructooligosaccharides 

[95], and lactic acid polysaccharides such as dextran [97] (Figure 1.2). [95]. Recently, the 

butyrate-producing Faecalibacterium prausnitzii was shown to utilize homogalacturonan 

oligosaccharides (Figure 1.2) as well as fructooligosaccharides, [95, 98]. Human milk 

oligosaccharide and similarly structured oligosaccharides represent a promising avenue in 

prebiotics as they promote the growth of certain probiotic Bifidobacterium spp. [99]. 
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1.4.2 Probiotics 

  Probiotics are live microorganisms that provide a benefit when supplied in 

sufficient quantities [100]. In order to be considered a probiotic, the species must be 

known; fecal microbiota transplants, although useful in some situations for treatment of 

infections from Clostridium difficile [101], therefore, are not considered a probiotic 

treatment [100]. This issue was attempted to be resolved using a fecal substitute, RePOOP, 

which is comprised of a known bacterial composition to prevent unforeseeable infections 

seen in fecal microbiota transplants [102]. Probiotics have been shown to benefit numerous 

areas of human health including anxiety and depression [103], obesity [104], and 

inflammation [105]. Probiotics have also shown to benefit animal health, including 

chickens [106] and cattle [107]. Probiotic studies are numerous and health benefits 

surrounding probiotics are emphasized; however, heterogeneity between study design and 

individual effects between study participants make it difficult to make conclusive 

statements about the benefit of certain probiotic strains. Host-specific factors, including 

epithelial barrier integrity may also diminish the benefits of probiotics [108]. With 

sufficient research, probiotics may be used to effectively aid in human and animal health 

and production. 

1.4.3 Synbiotics 

A major issue facing the adoption of probiotics is colonization and engraftment of 

the bacterium within the colon. In large part, ‘synbiotics’, or the combinatorial use of 

prebiotics and probiotics [109], attempts to resolve this issue. Selective growth of a 

probiotic with a prebiotic provides a potential mechanism to overcome colonization 

resistance by supplying a foreign probiotic with a dietary prebiotic [110]. This can be based 
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upon stochastic processes like colonization order [20] or nutrient depletion/preferences 

which prevents community reprograming [111]. Recently, bioengineering of B. theta and 

Bacteroides stercoris to utilize a unique nutrient, porphyran, allowed for successful 

colonization of intestinal crypts [112].  

The benefits of synbiotics compared to individual pro- and prebiotics have not fully 

been elucidated [109]. In preliminary studies, researchers studying ulcerative colitis have 

demonstrated that there is a significant quality of life improvement with patients using 

synbiotics over prebiotics and probiotics [113]. Biomin® IMBO is composed of 

Enterococcus faecium, a prebiotic substrate from chicory, and substances from algal 

populations, and has been shown to efficiently promote growth in broiler chickens [114], 

but similar to human models, all components are not always tested individually. Further 

investigation of the synergism that exist between prebiotic-probiotic regimes will require 

carefully designed factorial experiments with consistent treatments and biological systems. 

1.5 Bioengineering 

 Bioengineering of microorganisms has allowed for diagnostics and therapies in 

diverse environments including the colon [115] and soil [116]. Due to the ever-growing 

convenience and opportunities for bioengineering there has been a growing focus on 

regulatory practices, such as biocontainment and standardization of parts. Engineered 

biological parts that have been studied for their function and have been engineered to a 

specific design can be placed in the Registry of Standardized Parts 

(http://parts.igem.org/Main_Page). Organisms must scrutinized for their potential to 

escape confined ecosystems, i.e. ‘biocontainment’ and engineered organisms or genetic 

elements must be prevented from being transferred to other biological systems. To mitigate 
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risks in using genetically-modified organisms, engineered bacteria that can be removed 

from the environment after would be ideal. As well, genetic stability and the transfer of 

genetic components from the engineered species to native ecosystem members must be 

prevented [117]. Engineering organisms for colonic health has been researched in a number 

of colonic community members including E. coli, Lactococcus spp., and Bacteroides spp. 

[118]. 

1.5.1 E. coli 

 E. coli has been a model laboratory prokaryote due to its quick growth period, 

ability to grow with or without oxygen, and ability to utilize multiple nutrient sources 

[119]. Due to the popularity and genetic tractability the lac operon [120] and techniques 

such as plasmid transformation [121], extensive genetic tools have been developed for E. 

coli. For these reasons, E. coli is thought to be a promising chassis for bioengineering 

therapies for colonic health, and as a result, many studies have been performed using this 

microorganism. Recently, E. coli Nissle 1917 was designed to detect a quorum sensing 

molecule from Pseudomonas aeruginosa, and in response produce both a P. aeruginosa 

toxin and a biofilm-degrading enzyme [122]. In this study, E. coli strains were shown to 

be stable for up to three weeks in mice; however E. coli Nissle 1917 has been shown to be 

stable for up to 6 months in humans [123]. To address issues with biocontainment, E. coli 

C321.ΔA was designed to utilize non-standard amino acid, bipA, for essential genes [124]. 

The escape frequency (frequency of an organism escaping their designed environmental 

conditions) of this strain in the absence of bipA was low at 10-11 escapees per colony 

forming unit, however this strategy requires continuous production and delivery of bipA 

which is costly. 
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 The use of E. coli as a therapeutic chassis does have short-comings. Although a 

prevalent member of the microbiota, the low abundance of E. coli in healthy individuals 

does raise questions for its efficacy as a therapeutic chassis [118]. Furthermore, its inability 

to colonize the inner mucus layer [21] prevents the use of E. coli as long-term therapeutic 

and for diverse niches in the colon, such as near the epithelial cell layer. 

1.5.2 Lactic acid bacteria (LAB) 

 Lactic acid bacteria such as Lactococcus spp. are well studied probiotics, and 

similar to E. coli, have been well studied because of their growth proficiency and useful 

biochemical pathways for industry [125]. Inducible and constitutive promoters, 

chromosomal and plasmid modification, and protein secretion systems have been 

extensively developed for these bacteria [125]. Steidler et al. 2000, engineered a strain of 

Lactococcus lactis producing IL-10 which reduced colitis severity in mice [126]. In 2006, 

a thymine dependency was engineered into this strain, and it was put into phase 1 clinical 

trials [127]. Although this trial was successful with 8 of 10 patients showing reduced 

severity of colitis, many relapsed after treatment was withdrawn and phase 2 trials failed 

to show significant reduction in colitis symptoms [118]. Currently L. lactis strains 

producing trefoil factor 1 [128] and anti TNF-α nanobodies [129] are in clinical trials 

sponsored by ActoGeniX N.V. As with E. coli, the largest concern to date with LAB 

probiotics and engineered strains is the inability to colonize the gut [130]; however, short-

term delivery of products is still a promising avenue. 
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1.5.3 Bacteroides spp. 

 The Bacteroides genus is a prevalent and abundant colonizer of the microbiota. 

Species are generally considered to be part of the ‘core’ DGM and some strains have shown 

to be stable for years within the colon [131]. Although well-studied in humans and mice, 

it is also found in the digestive systems of other mammalian species, including cattle and 

poultry [132]. Within the colon, B. theta and B. fragilis have demonstrated the ability to 

penetrate and colonize the inner mucus layer and even the epithelial crypts in germ free 

mice [20]. Bacteroides spp. are well known as carbohydrate ‘generalists’ as they possess 

the ability to utilize a multitude of complex carbohydrates. The genetic elements within 

Bacteriodetes dedicated to carbohydrate utilization are organized into polysaccharide 

utilization loci (PULs) of which Bacteroides spp. can contain hundreds [133]. PULs are 

composed of at least one pair of a SusC/D-like (TonB-dependent transporter and surface 

glycan binding protein, respectively), a PUL regulatory gene, and a cohort of carbohydrate 

active enzymes [133]. Although the PUL definition was initially coined in 2006 [134], the 

first PUL to be characterized in B. theta was the starch utilization system [135].  

 Due to the abundance of Bacteroides spp. within the colon and its ability to colonize 

intestinal mucus and crypts, Bacteroides spp. have become an attractive target for 

bioengineering to treat colonic diseases. Previously, Bacteroides ovatus has been used to 

produce IL-2, TGFβ-1, keratinocyte growth factor-2 (KGF2) under the control of a xylan-

inducible promoter [136-138]. All three studies produced biologically active proteins and 

were secreted to the media. Optimization of Bacteroides spp. protein production including 

the identification of ribosomal binding site sequences and promoter sequences have been 

shown drastically increased production of a reporter protein [139, 140]. Plasmids for 
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homologous recombination into the chromosome [141] along with constitutive [20] and 

carbohydrate-inducible promoters [142] have been discovered and characterized, which 

provide options for tailored strategies to bioengineer new genetics parts into Bacteroides 

spp. Whitaker et al. used tools to design Bacteroides spp. with adjustable levels of GFP 

and mCherry reporter proteins [20]. In addition, genetic parts were adapted to create a 

strain of B. theta, B. theta ‘Double Trouble’, which contains a carbohydrate-inducible 

feedback loop utilizing dextran and arabinogalactan to increase promoter activation [143]. 

As evidenced by these recent studies, Bacteroides spp. represent promising chassis for 

colonic biological therapeutics and diagnostics, with the added advantages of providing 

long-term solutions for patients. 

1.6 Bacterial secretion systems 

 Bacterial secretion systems are essential for interaction with the external 

environment. Protein secretion systems are divided into nine types (T1SS-T9SS) with 

different subtypes (T6SSi-iii) [144]. Proteins can be targeted to the external environment or 

the outer membrane via a one- or two-step process. Two-step secretion systems, generally 

T2SS and T5SS, require the general secretory (SEC) or twin-arginine pathway to first 

transport proteins from the cytoplasm to the periplasm [145]. Although, the protein 

secretion mechanisms in Bacteroidetes is not well known, bioinformatics analyses 

indicated that T1SS, T6SSiii, and T9SS are present in a number of Bacteroides spp., and 

T5dSS and T4SS components have also been discovered in some members [144, 146, 147]. 

Homologs to T1SS, and the recently discovered T5dSS have been discovered B. theta 

[146]; however, T6SS or T9SS secretion systems have not been identified in B. theta to 

date [148, 149]. KEGG analysis indicates that the B. theta reference genome, B. theta VPI-  
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5482, does have a majority of the SEC pathway components (SecD/F, SecG, SecY, SecA, 

YajC, and YidC) (Figure 1.3) yet annotations are missing for the chaperone protein SecB, 

and SecE transmembrane component [150-153]. Protein export can be achieved in a 

chaperone-independent manner [145], but SecE has been shown to be essential for signal 

peptide transport [154]. B. theta VPI-5482 also contains annotated, homologous sequences 

to components of the localization of lipoproteins pathway (Lol) – Lgt, (BT_3118) and 

LspA (BT_0808). Lipoproteins can be transported into the periplasm using the SEC 

pathway and attached to the outer membrane using the Lol pathway [155].  

1.7 Candidate immunomodulatory protein targets 

1.7.1 Tumor necrosis factor receptor 2  

TNF-α is a pleiotropic cytokine involved in many pro-inflammatory pathways. 

TNF-α secretion and binding can cause increased blood flow in microenvironments, 

activation of macrophages and their production of pro-inflammatory cytokines, and  

survival of T-effector cells [156]. In many IBD patients, TNF-α is overexpressed from a 

variety of both immune and non-immune cell types [157] while in broiler chickens, heat 

stress drastically increases TNF-α production [158]. Therefore, in human and poultry 

models, the increased levels of TNF-α prolong inflammatory conditions and may 

potentially cause collateral damage to surrounding tissues. Two main receptors for TNF-

α, TNFR1 and TNFR2, are present throughout the intestines with TNFR1 being ubiquitous 

and TNFR2 displayed only on immune cells. TNFR2 has a greater binding affinity for 

membrane-bound TNF-α , which has been found to play a larger role in chronic 

inflammation than soluble TNF-α [60, 156]. Receptor shedding naturally occurs, releasing  
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Figure 1.3: SEC pathway components homologs in B. theta VPI-5482. B. theta appear 

to secrete proteins into the periplasm through a chaperone (SecB)-independent mechanism. 

A major transmembrane component, SecE, is also not annotated in B. theta VPI-5482. 

Currently, a secretion mechanism for localization of proteins from the SEC targeted 

proteins from the periplasm to the external environment is unknown. Protein is targeted to 

the SECYEG cytoplasmic membrane complex while the process of membrane transport is 

powered through the ATP motor (SecA) and translocation is enhanced by SecD/F-YajC, 

complex and YidC. Signal peptides targeted to the external environment are cleaved by 

signal peptidase I .  
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soluble TNFR2 competing for binding with membrane-bound TNFR2 [159]. Thus, 

exogenous, soluble, TNF-α -binding targets including TNFR2 could be introduced in order 

to bind to excess TNF-α , and diminish pro-inflammatory signaling [160].  

1.7.2 Serine protease inhibitors  

Serine proteases are generally produced by neutrophils and are used as 

antimicrobials for intracellular and extracellular bacterial degradation, as well as for 

cytokine/chemokine modification to further promote neutrophil migration [161]. As they 

can breakdown immunoglobulins, epithelial tight junctions, and have pro-inflammatory 

effects (Figure 1.1) [162], serine proteases are generally tightly regulated via control of 

their production and secretion, and through the production of serine protease inhibitors. 

Examples of serine protease inhibitors include: the α-1-antitrypsin (A1AT), and the alarm 

inhibitor elafin [161]. The balance of proteases and their inhibitors is skewed towards 

proteases in cases of chronic enteritis, which causes deleterious outcomes for the host 

[163]. This balance however can be manipulated as exogenous elafin secreted by L. lactis 

has been shown to mitigate inflammation [164], and purified A1AT demonstrates anti-

inflammatory properties through a similar mechanism [165].  

1.8 Hypothesis 

 Functional human immunomodulatory proteins, TNFR2, A1AT, and elafin, fused 

to Bacteroides spp. N-terminal signal peptides, BtAnchor and BvSecrete, can be produced 

and trafficked to the outer membrane surface and external environment, respectively, in E. 

coli and B. theta.  
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1.9 Project outline and objectives 

This project will bioengineer strains of B. theta that produce and secrete 

immunomodulators. The pINT plasmid, previously developed in the Abbott lab and 

adapted from pEXCHANGE-tdk [166], will be used to integrate targets into the B. 

thetaΔtdkΔPUL75 strain and the B. theta::P02683091::P30900267∆tdk∆PUL75 strain 

‘Double Trouble’. B. thetaΔtdkΔPUL75 has deletions of PUL75, responsible for utilization 

of homogalacturonan (a major component of pectin), and the thymidine kinase gene. The 

tdk mutation aids in screening for homologous recombination, and the deletion of PUL75 

allows for a genomic locus sufficient for genome insertion without significant enlargement 

of the B. theta genome. The Double Trouble strain contains a feedback loop controlled by 

dextran and arabinogalactan, which increases activity levels of reporter proteins [143]. 

Targets will be induced by the dextran inducible promoter BT_3090 (pBT_3090), and 

targeted for secretion into the media by stitching on the B. vulgatus carbohydrate esterase 

family 8 secretion signal peptide (BvSecrete) or targeted to the outer membrane using the 

B. theta starch utilization system SusG outer membrane signal peptide (BtAnchor).  

1.10 Objectives 

1. Create N-terminal signal peptide tagged immunomodulators: A1AT, TNFR2, 

elafin 

2. Validate the stability, localization, and function of protein targets produced 

within E. coli. 

3. Generate and validate B. theta-Δtdk-ΔPUL75 strains under the control of 

carbohydrate-inducible promoters for the heterologous production and secretion of: 
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A) BvSecrete_A1AT, B) BvSecrete_Elafin, C) BvSecrete_TNFR2, D) 

BtAnchor_A1AT, E) BtAnchor_Elafin, and F) BtAnchor_TNFR2 
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Chapter 2 Materials and Methods 

2.1 Target and plasmid construction 

Gene fragments encoding TNFR2 extracellular domain (Human), A1AT (Murine), 

and elafin (Murine) were commercially synthesized (Bio Basic) and sub-cloned into the 

NheI and XhoI sites of a pET-28a expression plasmid. DNA fragments encoding an N-

terminal signal peptide (N-SP) BvSecrete from BvMPK_0228 (pectinesterase) or BtAnchor 

from BT_3698 (amylase) were fused to the TNFR2, A1AT, and elafin DNA sequence 

using a 5’ forward primer containing the N-SP DNA sequence and a terminal NcoI 

restriction site sequence. The immunomodulator-specific 3’ reverse primer removed the 

native stop codon and added a terminal XhoI restriction site sequence. The removal of the 

native stop codon allowed for addition of a C-terminal hexa-histidine tag encoded by 

plasmids used in this study. 

Targets destined for B. theta expression were either cloned behind pBT_3090 

sequence of pINT, which contains a compatible multiple cloning site using an NcoI 

restriction site, or PCR “stitched” to the sequence. Stitching of targets to pBT_3090 was 

done using overlapping PCR by first adding a C-terminal portion of the pBT_3090 

sequence to the N-terminus of target genes. The pBT_3090 sequence and the modified 

target protein coding sequence was amplified together to create a pBT_3090-target protein 

fusion. The forward primer for pBT_3090 contains the BglII restriction site sequence.  

 Three target variants (untagged, BvSecrete, and BtAnchor) of each 

immunomodulatory target were cloned into the pET-28a expression plasmid. Targets were 

digested with NcoI and XhoI and subsequently cloned into similarly digested pET-28a 

plasmid. Targets were cloned into the pINT_DX plasmid behind the pBT_3090 promoter 
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sequence. Targets stitched to the pBT_3090 DNA sequence were cloned into the pINT_DX 

plasmid using BglII and XhoI cut sites. pINT_DX plasmids contain 5’ and 3’ flanks 

surrounding target proteins which are homologous to the flanking regions of the PUL75 

locus, which allows for chromosomal integration of targets into the ΔPUL75 loci in the B. 

theta genome. All plasmids were validated using PCR and sequence verification. Eighteen 

pINT constructs were developed for this project (Table 2.1) 

2.2 E. coli protein production and localization 

2.2.1 Culturing of E. coli and heterologous gene over expression  

pET-28a plasmids were transformed into chemically competent E. coli BL21 Star 

(DE3) cells for protein overexpression. Transformed bacterial cells were grown in LB 

(1.0% w/v Bacto-tryptone, 0.5% w/v yeast extract, and 171 mM NaCl) medium 

supplemented with 50 µg/mL kanamycin as a selective agent. Once the OD600 nm of the 

culture reached 0.7 protein expression was induced by the addition of IPTG to a final 

concentration of 250 mM. The cell culture was incubated at 16 ºC for 16 h.  

2.2.2 Cell Lysis 

 1 mL of OD600 nm 1.0 cell culture was harvested by centrifugation at 3,000 x g for 

5 min and re-suspended in 50 µL (20X concentrated) BugBuster Primary Amine-Free 

Solution (EMBMillipore #70923). Cell suspensions were incubated for 10 min at room 

temperature to lyse cells, and lysates were centrifuged at 17,000 x g for 5 min. Insoluble 

and soluble fractions were separated and stored at -20 ºC until needed for analysis by SDS-

PAGE and Western blot. 
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Table 2.1: Plasmids used in this study 

Plasmid Notes Source 

pET-28a E. coli expression vector Novagen, Cat.69864-3 

pET-28a_A1AT Contains A1AT under IPTG This study 

pET-28a_BvSecrete-A1AT Contains BvSecreteA1AT under IPTG This study 

pET-28a_BtAnchor-A1AT Contains BtAnchorA1AT under IPTG This study 

pET-28a_Elafin Contains Elafin under IPTG This study 

pET-28a_BvSecrete-Elafin Contains BvSecreteElafin under IPTG This study 

pET-28a_BtAnchor-Elafin Contains BtAnchorElafin under IPTG This study 

pET-28a_TNFR2 Contains TNFR2 under IPTG This study 

pET-28a_BvSecrete-TNFR2 Contains BvSecreteTNFR2 under IPTG This study 

pET-28a_BtAnchor-TNFR2 Contains BtAnchorTNFR2 under IPTG This study 

pINT_3090   Jones et al. 2019 

pINT_DX   Jones et al. 2019 

pINT_3090_A1AT Contains A1AT under DX This study 

pINT_3090_BvSecrete-A1AT Contains BvSecreteA1AT under DX This study 

pINT_3090_BtAnchor-A1AT Contains BtAnchorA1AT under DX This study 

pINT_3090_Elafin Contains Elafin under DX This study 

pINT_3090_BvSecrete-Elafin Contains BvSecreteElafin under DX This study 

pINT_3090_BtAnchor-Elafin Contains BtAnchorElafin under DX This study 

pINT_3090_TNFR2 Contains TNFR2 under DX This study 

pINT_3090_BvSecrete-TNFR2 Contains BvSecreteTNFR2 under DX This study 

pINT_3090_BtAnchor-TNFR2 Contains BtAnchorTNFR2 under DX This study 

pINT_DX_A1AT Contains A1AT under DX This study 

pINT_DX_BvSecrete-A1AT Contains BvSecreteA1AT under DX This study 

pINT_DX_BtAnchor-A1AT Contains BtAnchorA1AT under DX This study 

pINT_DX_Elafin Contains Elafin under DX This study 

pINT_DX_BvSecrete-Elafin Contains BvSecreteElafin under DX This study 

pINT_DX_BtAnchor-Elafin Contains BtAnchorElafin under DX This study 

pINT_DX_TNFR2 Contains TNFR2 under DX This study 

pINT_DX_BvSecrete-TNFR2 Contains BvSecreteTNFR2 under DX This study 

pINT_DX_BtAnchor-TNFR2 Contains BtAnchorTNFR2 under DX This study 
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2.2.3 Protein purification 

Bacterial culture cells were harvested by centrifugation at 3,000 x g for 20 min at 

4 ºC. The cell pellet from 1L of bacterial culture was resuspended in 25 mL of lysis buffer  

 (20 mM Tris pH 8.0, 500 mM NaCl), and cells were homogenized by two passes of 

sonication (1 min on, 1 min off for 2 min total; 30% amplitude; Fisher Scientific). Cellular 

debris was removed by centrifugation at 17,000 x g for 1 hour at 4 ºC. The soluble 

supernatant was loaded onto Ni2+-nitrilotriacetic acid (Ni-NTA) resin and protein was 

eluted using a 10-500 mM imidazole (in 20 mM Tris pH 8.0 and 500 mM NaCl) gradient. 

Proteins were dialyzed into 20 mM Tris pH 8.0, 400 mM NaCl, and subsequently 

concentrated 10X using Amicon™ Bioseparations Stirred Cells and Amicon™ centrifuge 

units, MWCO 10kDa (EMD Millipore). Proteins were quantified with a Nanodrop 2000c 

(Thermo Scientific) using extinction coefficients calculated from Protpram [167]. Protein 

purification was monitored throughout by SDS-PAGE and Western blot. 

2.2.4 Media fraction collection (BvSecrete localization) 

To determine localization of the BvSecrete tagged targets, media samples were 

collected along with cell pellets. After harvesting of bacterial cells as above, spent culture 

media was run through a 0.45 µm filter to further remove bacterial contamination and 

loaded onto Ni-NTA resin as above. Proteins were purified and dialyzed as describe above 

for cell lysates, and purification was monitored throughout by SDS-PAGE and Western 

blot. 
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2.2.5 Whole cell dot blot (BtAnchor localization) 

To determine localization of the BtAnchor tagged targets to the outer membrane of 

E. coli dot blot assays were performed as previously described [168]. Briefly, two 1 mL 

samples of induced OD600 nm 1.0 cultures were harvested by centrifugation at 3,000 x g for 

5 min, washed in Tris-buffered saline (10 mM Tris-HCl pH 7.5, 150 mM NaCl) (TBS) 

three times, and then re-suspended in 100 µL TBS with or without 100 µM proteinase K. 

Cells were incubated at 37 ºC for 16 h under agitation. Cells were washed three times with 

TBS, dotted on an methanol-wetted polyvinylidene difluoride (PVDF) membrane, and 

allowed to dry. Once dry, PVDF membranes were wetted in methanol and blocked in 5% 

(w/v) casein in TBS containing 0.5% (v/v) Tween-20 (TBS-T) at 4 ºC with agitation for 24 

h. Membranes were then incubated with 1:2500 rabbit anti hexa-histidine polyclonal IgG-

HRP conjugated primary antibody (Bethyl in TBS-T with 5% (w/v) casein for 24 h at 4°C 

with gentle agitation. Blots were washed three times in TBS-T buffer and visualized 

colourimetrically using an Opti-4CN™ Substrate Kit (Bethyl Laboratories #A190 114P). 

2.3 Homologous recombination and generation of B. theta strains 

pINT_DX plasmids were transformed into E. coli S17-1λpir cells and positive 

transformants were selected with 100 µg/mL ampicillin. 5 mL of E. coli S17-1λpir cells 

were grown in LB supplemented with ampicillin until OD600 nm 0.6-0.8. Strains of B. theta 

were grown in 5 mL TYG [1% Bacto™ Tryptone (BD; 211705), 0.5% Yeast Extract 

Bacteriological grade (VWR; J850), 4.1 mM L-cysteine, 0.2% glucose, 0.1 M KPO4 pH 

7.2, 2.2 μM vitamin K3, 40 μL/mL TYG Salts (2 mM MgSO4·7H2O, 119 mM NaHCO3, 

and 34.2 mM NaCl), 28.8 μM CaCl2, 1.4 μM FeSO4, 4.4 μM resazurin, 1.0 μL/mL (v/v) 

histidine/hematin (1.9 mM hematin, and 200 mM L-histidine, 1000X stock solution] at 37 
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ºC in anaerobic atmosphere (85% N2, 10% CO2, 5% H2) until OD600nm 0.6-0.8. E. coli S17-

1λpir donor culture and B. theta recipient cultures were pelleted by centrifugation at 3,000 

x g and re-suspended together in 1 mL of TYG before being spread on BHI agar [3.7% 

Bacto™ Brain Heart Infusion (BD; 237500), 8.3 mM L-cysteine, 10 mL/L hemin (0.77 

mM hemin in 0.01 M NaOH), and 0.2% NaHCO3 agar] with no supplemented antibiotic. 

Cultures were grown at 37 ºC aerobically for 16 h, and biomass was scraped off plates and 

suspended in 5 mL TYG, and 200 µL of the resulting cell suspension was spread on BHI 

agar supplemented with 200 µg/mL gentamycin and 25 µg/mL erythromycin for selection 

of successfully mated donor and recipient strains. Cells were re-streaked on BHI agar 

containing gentamycin and erythromycin for further confirmation in selection. 8-10 

isolates were arbitrarily selected and grown overnight in TYG at 37 ºC in anaerobic 

atmosphere overnight and pooled. Once pooled, 100 µL of culture was grown on BHI agar 

supplemented with 200 µg/mL 5-Fluoro-2'-deoxyuridine (FUdR) selection agent to select 

for the removal of the pINT_DX backbone, required to remove resistance to gentamycin 

and erythromycin. Again, 8-10 isolates were re-streaked on BHI-FUdR agar to obtain pure 

isolates. Validation of strains was done by colony PCR and Sanger sequencing using 

primers both internal and external to the ΔPUL75 locus to confirm proper sequence and 

integration into the locus (Table 2.2). 

2.4 B. theta protein production and localization  

2.4.1 Culturing of B. theta 

 B. theta strains were grown in TYG at 37 ºC in a anaerobic atmosphere until OD600 

nm 0.8. Cells were harvested by centrifugation at 3,000 x g for 10 min. Cell pellets were 

washed twice with 2X minimalized medium (MM) [pH 7.2: 200 mL/L (v/v) 10X  
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Table 2.2: Strains used in this study 

Strains Notes Source 

E. coli BL21 Star (DE3) Protein production strain  ThermoFisher, 

Cat.601003 

E. coli S17-1 lambda pir recA pro hsdR RP4-2-Tc::Mu-Km::Tn7 λ-

pir 

PMID_6340113  

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75 

Deletion of Bt4108-Bt4124. FUDr resistant  Jones et al. 2019 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_A1AT 

Contains A1AT under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_BvSecrete-A1AT 

Contains BvSecreteA1AT under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_BtAnchor-A1AT 

Contains BtAnchorA1AT under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_Elafin 

Contains Elafin under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_BvSecrete-Elafin 

Contains BvSecreteElafin under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_BtAnchor-Elafin 

Contains BtAnchorElafin under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_TNFR2 

Contains TNFR2 under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_BvSecrete-TNFR2 

Contains BvSecreteTNFR2 under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::3090_BtAnchor-TNFR2 

Contains BtAnchorTNFR2 under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_A1AT 

Contains A1AT under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BvSecrete-A1AT 

Contains BvSecreteA1AT under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BtAnchor-A1AT 

Contains BtAnchorA1AT under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_Elafin 

Contains Elafin under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BvSecrete-Elafin 

Contains BvSecreteElafin under DX This study 
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B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BtAnchor-Elafin 

Contains BtAnchorElafin under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_TNFR2 

Contains TNFR2 under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BvSecrete-TNFR2 

Contains BvSecreteTNFR2 under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BtAnchor-TNFR2 

Contains BtAnchorTNFR2 under DX This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75, pBt3091::pAG, 

pBt0267::pDX 

Dextran regulator under arabinogalactan 

promoter, and arabinogalactan regulator 

under dextran promoter.  

Jones et al. 2019 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_A1AT, pBt3091::pAG, 

pBt0267::pDX 

Contains A1AT under DX. Double Trouble 

system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BvSecrete-A1AT, 

pBt3091::pAG, pBt0267::pDX 

Contains BvSecreteA1AT under DX. 

Double Trouble system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BtAnchor-A1AT, 

pBt3091::pAG, pBt0267::pDX 

Contains BtAnchorA1AT under DX. 

Double Trouble system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_Elafin, pBt3091::pAG, 

pBt0267::pDX 

Contains Elafin under DX. Double Trouble 

system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BvSecrete-Elafin, 

pBt3091::pAG, pBt0267::pDX 

Contains BvSecreteElafin under DX. 

Double Trouble system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BtAnchor-Elafin, 

pBt3091::pAG, pBt0267::pDX 

Contains BtAnchorElafin under DX. 

Double Trouble system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_TNFR2, pBt3091::pAG, 

pBt0267::pDX 

Contains TNFR2 under DX. Double 

Trouble system. 

This study 

B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BvSecrete-TNFR2, 

pBt3091::pAG, pBt0267::pDX 

Contains BvSecreteTNFR2 under DX. 

Double Trouble system. 

This study 
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B. thetaiotaomicron VPI-5482 Δtdk, 

ΔPUL75::DX_BtAnchor-TNFR2, 

pBt3091::pAG, pBt0267::pDX 

Contains BtAnchorTNFR2 under DX. 

Double Trouble system. 

This study 
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Bacteroides salts solution pH 7.2 (999 mM KH2PO4, 30 mM NaCl, 17 mM (NH4)2SO4), 

20 mL/L (v/v) Balch’s vitamins pH 7.0 (36.5 μM ρ-aminobenzoic acid, 4.5 μM folic acid, 

8.2 μM biotin, 40.6 μM nicotinic acid, 10.5 μM calcium pantothenate, 13.3 μM riboflavin, 

14.8 μM thiamine HCl, 48.6 μM vitamin B6, 73.8 nM vitamin B12, and 24.2 mM thioctic 

acid), 20 mL/L (v/v) amino acid solution (5 mg/mL amino acids: alanine, arginine, 

asparagine, aspartic acid, cysteine, glutamic acid, glutamine, glycine, histidine, isoleucine, 

leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, 

and valine), 20 mL/L (v/v) purine/pyrimidine solution pH 7.0 (1 mg/mL adenine, guanine,  

thymine, cytosine, and uracil), 20 mL/L (v/v) trace mineral solution pH 7.0 (1.7 M 

ethylenediaminetetraacetic acid, 12.2 M MgSO4·7H2O, 3 M MnSO4·H2O, 17.1 M NaCl, 

359.7 mM FeSO4·7H2O, 901.1 mM CaCl2, 347.7 mM ZnSO4·7H2O, 40.1 mM 

CuSO4·5H2O, 161.7 mM H3BO3, 41.3 mM Na2MoO4·2H2O, and 84.1 mM NiCl2·6H2O), 

4.4 μM vitamin K3, 2.9 μM FeSO4·7H2O, 14.4 μM CaCl2, 2 mM MgCl2·6H2O, 7.4 pM 

vitamin B12, 16.5 mM L-cysteine, and 2 μL/mL (v/v) histidine/hematin], and re-suspended 

in MM solutions containing 0.5% select carbohydrate. B. thetaΔtdkΔPUL75 strains were 

grown in MM containing either glucose (control) or dextran from Leuconostoc 

mesenteroides (150,000 MW; Sigma) to induce target gene expression; B. 

thetaΔPUL75Δtdk::pbt3091::pAG, pbt0267::pDX strains were grown in MM containing 

glucose (control), dextran, arabinogalactan from larch wood (Megazyme), or a mixture of 

dextran and arabinogalactan to induce target gene expression. 
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2.4.2 Cell lysis 

Overnight cultures (5 mL) were grown in an anaerobic atmosphere for 16 h at 37 °C. Cells 

were harvested and lysed, and samples of soluble and insoluble protein fractions were taken 

as described above (2.2.3). 

2.4.3 Media fraction collection (BvSecrete localization) 

To determine localization of the BvSecrete-tagged targets, media samples were 

collected along with cell pellets. Proteins were purified from spent media as described 

above (2.2.4). 

2.4.4 Whole cell dot blot (BtAnchor localization) 

To determine the presence of the BtAnchor-tagged targets on the outer membrane 

of B. theta, dot blots were performed as described above (2.2.5) with one minor change; 

cells were harvested by centrifugation at 3,000 x g in 10 min intervals. 

2.5 Protein analysis (SDS-PAGE and Western blots) 

Samples were mixed 1:1 with 2X SDS loading buffer (2 M glycerol, 1.28 M β-

mercaptoethanol, 125 mM Tris pH 6.8, 140 mM SDS, 60 μM bromophenol blue) and 

denatured at 95°C for 5 min. Samples were analyzed by SDS-PAGE, in gels containing 

15% acrylamide. For Western blot analysis, protein was transferred from the SDS-PAGE 

gel to a PVDF membrane by wet blotting (30 V, 16 h, 4 ºC). Membranes were incubated 

with 5% (w/v) casein in TBS-T at 4 ºC with agitation for 24 h. Membranes were then 

incubated with 1:2500 rabbit anti hexa-histidine polyclonal IgG-HRP conjugated primary 

antibody (Bethyl) in TBS-T with 5% (w/v) casein for 24 h at 4°C with gentle agitation. 



 

38 

 

Blots were washed three times in TBS-T buffer and visualized colourimetrically using an 

Opti-4CN™ Substrate Kit (Bethyl Laboratories #A190 114P). 

2.6 Elastase activity assay 

Activity of secreted protease inhibitors was determined using the Enzchek® 

Elastase Assay kit (Molecular Probes). In this assay, bovine elastin substrate labeled with 

green fluorescence BODIPY dye (DQ elastin) at 25 µg/mL is cleaved by elastase from pig 

pancreas (0.2 U/mL), resulting in the release of fluorophore-conjugated peptides and a 

correlated increase in detected fluorescence. Fluorescence was quantified using a Synergy 

HT Multi-detection plate reader (ex = 485 nm, em= 528nm). Protease inhibitors A1AT 

and elafin with the BvSecrete and BtAnchor signal peptides, and the pET-28a vector control 

purified in 2.2.3 were incubated with elastase prior to the addition of elastin substrate. 

Standard concentration curves were generated using 0.2 mM, 0.1 mM, 0.05 mM, 0.01 mM, 

and 0.005 mM protease inhibitors and vector controls. Positive and negative assay controls 

were done using standard kit solutions. Data were collected for three technical replicates 

and analyzed using GraphPad Prism 8.00 (GraphPad software). The linear portion of the 

fluorescence curves were used to calculate Inhibitor Concentration50 (IC50), and the relative 

activity of the elastase assay with 5 µM was plotted. An unpaired t-test was conducted 

between the means of the sample treatments.  

2.7 TNFR2-TNF binding assay 

Binding of BvSecrete-TNFR2 and BtAnchor-TNFR2 to TNF-α was validated using 

native-PAGE electrophoresis. BvSecrete-TNFR2 and BtAnchor-TNFR2 at 100µM or 

10µM of purified protein was incubated with 50µM TNF-α (abcam) for 2 hours at room 
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temperature. The resulting samples were mixed 1:4 with 5X native sample buffer (62.5 

mM Tris pH 6.8, 40% glycerol, 0.01% Bromophenol Blue), and run on 15% native-PAGE 

gels at room temperature for 35 min at 200 V. Gels were visualized using coomassie blue 

staining.  
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Chapter 3 Results 

3.1 Designing protein constructs for localization in E. coli and B. theta 

To target the secretion of TNFR2, elafin, and A1AT, two N-SPs were selected for 

validation in this thesis: BtAnchor, from the B. theta SusG amylase for localization and 

anchoring to the outer-membrane of the bacterium, and BvSecrete from Bacteroides 

vulgatus carbohydrate esterase family 8 (CE8) for secretion into the environment [168].  

BvSecrete is predicted by the online webserver SignalP [169] to contain a SPI sequence 

and be secreted into the medium (99% confidence) (Figure 3.1A ), while BtAnchor is 

predicted to be contain a SPII sequence (99% confidence) (Figure 3.1B), which would be 

lipidated at the N-terminal cysteine and surface-exposed (Figure 3.1C) [170]. Previously, 

V6 and DSB nanobodies targeting C. jejuni were successfully targeted in E. coli using 

these signal peptides [168]. Therefore, it is anticipated that BvSecrete and BtAnchor should 

provide a compatible system for secretion in both E. coli and B. theta. In addition, untagged 

constructs of each enzyme were generated to be used as a control to gauge the level of 

heterologous production within the cell. All of these constructs were developed in the pET-

plasmid system and the pINT-plasmid system for expression in E. coli and B. theta, 

respectively.  

3.2 Protein production in E. coli 

Protein localization in E. coli was monitored by Western blot following induction 

of protein expression, cell lysis, and fractionation of soluble and insoluble cellular 

components (Figure 3.2). In the untagged constructs, bands corresponding to the predicted  
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Figure 3.1: Signal peptide design and trafficking of target proteins. (A) Localization 

of target proteins to the environment using BvSecrete, (B) Localization and anchoring of a 

target protein to the outer membrane by BtAnchor through recognition, SPII processing, 

and N-terminal lipidation. (C) Protein constructs used include (1) untagged, (2) BvSecrete-

tagged, and (3) BtAnchor-tagged. As an example, the mature A1AT polypeptide sequence 

is coloured in black, with the initiating methionine codon in bold and underlined. Blue – 

BvSecrete; red – BtAnchor (3) The N-terminal Cys (black arrow) is required for lipidation, 

while the lipoprotein exposure sequence (LES) (gold) is required for protein translocation 

to the outer face of the membrane.  
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Figure 3.2: E. coli production and localization of immunomodulatory proteins. Protein 

production of untagged and signal peptide-tagged (A) TNFR2, (B) elafin, and (C) A1AT 

were monitored by Western blot using His6-specific antibodies. M: 10X concentrated 

media fraction; I: insoluble fraction; S: soluble fraction. (D) Dot blot of BtAnchor-tagged 

proteins with and without proteinase K (Pk) treatment of cells to remove surface bound 

proteins visualized using His6-specific antibodies.  
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size of elafin, and A1AT are absent from both insoluble and soluble fractions, likely 

indicative that both proteins were either not produced in detectable quantities or the His6- 

tag epitope was not available for binding by the antibody [171]. A significant band at the 

position expected for TNFR2 was observed in the insoluble fraction (Figure 3.2A), which 

suggests the protein is not folding properly or it is unstable. Addition of the N-SPs appeared 

to improve protein production levels and folding. Bands indicating the presence of 

BtAnchor-TNFR2 and BtAnchor-elafin were detected in the soluble and insoluble fraction 

(Figure 3.2A and B); and bands equivalent to all BvSecrete targets were observed in the 

soluble and insoluble fractions (Figure 3.2A, B, and C). However, a band corresponding to 

BtAnchor-A1AT was not observed. Soluble proteins were purified by Ni-NTA affinity 

chromatography and used as positive protein controls in Western blots. 

 To determine if the proteins were being trafficked to different cellular locations in 

E. coli, cells were fractionated. To evaluate if BvSecrete peptides targeted the protein for 

extracellular secretion, media fractions of induced cultures were collected and 

concentrated. BvSecrete-A1AT, BvSecrete-TNFR2, and BvSecrete-elafin were all 

successfully localized to the media fraction (Figure 3.2A, B, and C); although, BvSecrete-

elafin was present in low quantities. Next, to evaluate if BtAnchor could successful target 

protein cargo to the outer membrane surface, dot blots ± proteinase K were conducted. 

Based upon the disappearance of signal in the presence of proteinase K, BtAnchor-TNFR2 

and BtAnchor-Elafin appeared to be successfully targeted to the outside of the cell (Figure 

3.2D). However, no detectable levels of BtAnchor-A1AT appeared on the outer membrane 

of E. coli, which may have resulted from the low levels of overall protein production, that 
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the structure of this protein is not compatible for secretion in E. coli, or that the epitope is 

not accessible when the protein is attached to the cell surface (Figure 3.2D. 

3.3 Activity assay for protease inhibitors A1AT and elafin 

To determine if recombinant protein were functional, BvSecrete-A1AT, BvSecrete-

elafin, BtAnchor-A1AT and BtAnchor-elafin were purified from E. coli and assayed with 

the Enzchek® Elastase Assay kit (Molecular Probes). In this assay, elastase cleaves a 

fluorophore-conjugated substrate resulting in an increase of fluorescence, which can be 

quantified over time (Figure 3.3A-D). Elastase inhibitors are then added in increasing 

concentrations, and if functional, will decrease the relative fluorescence. Non-specific 

proteins purified from an empty pET-28a vector E. coli lysate (undiluted) was included as 

a negative control. BvSecrete-A1AT, BtAnchor-A1AT, and BtAnchor-elafin were found to 

significantly inhibit porcine elastase above the negative control at 200 M (p < 0.001), 

although inhibition at lower concentrations (50 M and less) was not as strong for 

BtAnchor-A1AT, and BtAnchor-elafin when compared to the pET-28a vector control 

(Figure 3.3A, B, and D). This observation suggests that E. coli lysate may contain a protein 

or compound that weakly inhibited the reporter enzyme. In comparison, BvSecrete-elafin 

inhibited porcine elastase at all of the dilutions tested (≥5 µM), suggesting that this protein 

is a specific inhibitor (Figure 3.3C). IC50 values from the linear portion of the reaction 

curve were calculated to determine the inhibition activity of target proteins. (Figure 3E);  
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Figure 3.3: Fluorescence-based serine protease assay of neutrophil elastase activity. 

The rate of cleavage of BODIPY-conjugated substrate (Enzchek® elastase assay) was 

monitored over time (ex = 485 nm, em= 528nm), with the linear portion of the reaction 

shown. The enzymatic assay was performed without (positive and negative controls) or 

with increasing dilutions (200-5 M) of BvSecrete-A1AT (A), BtAnchor-A1AT (B), 

BvSecrete-elafin (C), or BtAnchor-elafin (D). pET-28a vector control was included as a 

recombinant protein expression control to screen for E. coli inhibition. For all panels, error 

bars represent the standard error calculated from duplicate (positive control) or triplicate 

values (all others). The initial rates of substrate cleavage by porcine neutrophil elastase 

were obtained in the presence of 5 M BvSecrete-A1AT (navy), BtAnchor-A1AT (purple), 

BvSecrete-elafin (orange), and BtAnchor-elafin (teal), and concentrated pET-28a 

contaminant (grey). (E) Data from the four inhibitor constructs were fit to a four-parameter 

dose-response curve in GraphPad Prism 8 (GraphPad Software). IC50 values were 

calculated from the fits, with the exception of BvSecrete-elafin (not enough data points). 

For all panels, error bars represent the standard error calculated from duplicate (positive 

control) or triplicate values (all others). (F) Data were normalized to the activity of elastase 

in the absence of inhibitor (black). A significance difference (p < 0.001) is marked above 

the bars, and dilution factors for each target is marked below the graph. 
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however, the affinity of BvSecrete-elafin to porcine elastase was too high to get a confident 

IC50 value (Figure 3.3E). Inhibition of porcine elastase at 5 µM from all inhibitors was 

plotted on a bar graph with the undiluted, pET-28a vector control. (Figure 3.3F).  

3.4 TNFR2-TNF binding assay 

 BvSecrete-TNFR2 and BtAnchor-TNFR2 were investigated for their ability to bind 

to TNF-α (Figure 3.4A). BvSecrete-TNFR2 or BtAnchor-TNFR2 ran as a smear when run 

on native-PAGE electrophoresis, suggesting that they were not adopting a single, compact 

structure. Incubation with soluble TNF-α did not result in a visible band shift for TNF-α 

(100 µM or 10 µM; Figure 3.4B). When 100 µM BtAnchor-TNFR2 and BvSecrete-TNFR2 

were incubated with TNF-α band disappearance was observed, suggesting a potential 

interaction between TNF-α and the TNFR2 samples.  

3.5 Construction of engineered B. theta strains for carbohydrate-inducible 

immunomodulator expression 

To determine if the BtAnchor and BvSecrete peptides improved the stability and / 

or yields of protein production in B. theta and correctly trafficked protein cargo, the 

constructs were engineered for insertion into Bacteroides spp. compatible vectors. Multiple 

cloning- and strain-based strategies have been developed for the introduction of genetic 

material into the B. theta chromosome and for the induction of target genes within B. theta 

[143]. The pINT_DX plasmid is designed for integration of genetic material into the B. 

theta PUL75 locus by double cross over events using 5’ and 3’ sequences homologous to 

regions flanking PUL75 homologous flanking regions, with a dextran-inducible pBT_3090 

promoter (Figure 3.5A). Gentamycin and erythromycin resistance genes allow for  
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Figure 3.4: BvSecrete-TNFR2 and BtAnchor-TNFR2 TNF-α binding assay. (A) 

Depiction of localized BvSecrete and BtAnchor interaction with TNF-α. (B) Native-PAGE 

gel of TNF-α binding to the pET-28a vector control, and N-SP tagged TNFR2 at 100 µM 

and 10 µM. Black arrow represents TNF-α (17 kDa). Red arrows indicate band 

disappearance in the TNFR2-TNF mixture. 
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Figure 3.5: Strategies for plasmid design for homologous recombinant in B. theta. (A) 

Plasmid map of the pINT plasmid used in this study for integration of genetic material into 

the PUL75 locus. (B) Cloning strategies of pINT plasmids. Strategy (1) involves cloning 

the target DNA sequence behind pBT_3090 using a NcoI restriction site, whereas strategy 

(2) fuses the target DNA sequence to the pBT_3090 sequence.  



 

50 

 

 

antibiotic selection, but are excised in the second crossover event, and therefore, are not 

present in the final strain. The tdk protein is responsible for the phosphorylation of FUdR, 

resulting in F-dUMP, which inhibits thymidylate synthase (ThyA) and prevents DNA 

replication. Inclusion of FUdR in culture medium will inhibit growth of strains with an 

intact tdk gene, allowing for selection of only those strains that have had successful 

integration of genetic material. 

Two strategies were conducted to clone the target immunomodulators into pINT_DX 

plasmids (Figure 3.5B). In the first strategy, target DNA sequences were cloned behind the 

pBT_3090 promoter using an NcoI cut site with the addition of an ‘ATG GCC’sequence, 

allowing for direct subcloning from pET-28a with the genes remaining in frame. In the 

second strategy, amplicons were generated with the pBT_3090 sequences directly fused to 

the target proteins, enabling cloning of BvSecrete and BtAnchor protein constructs. 

The pINT integration plasmids were conjugated into two different B. theta recipient 

strains in this study: B. thetaΔtdkΔPUL75 and B. thetaΔtdkΔPUL75 Double Trouble. Gene 

induction in B. thetaΔtdkΔPUL75 is compatible with direct activation of the pBT_3090 

dextran-inducible promoter (Figure 3.6A). In this system, dextran from L. mesenteroides, 

a homopolysaccharide consisting of α1-6-glucose chains with α1-3 glucose side chains, is 

transported into the periplasm through BT_3090 TonB-dependent transporter (SusC-like). 

Derivative dextran oligosaccharide products are predicted to activate BT3091 SusR-like 

[142]. The activation of SusR activates the pBT_3090 promoter, which induces the genes 

in the dextran PUL (PUL48), including BT_3090, and in theory, the target proteins 

controlled by pBT_3090. In comparison, induction of target proteins in the Double Trouble  
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Figure 3.6: Regulatory B. theta strains used in this study for target gene induction. 

(A) Regulation of target proteins in B. thetaΔtdkΔPUL75 VPI-5482 and (B) B. 

theta::P02683091::P30900267∆tdk∆PUL75 Double Trouble in dependent on single 

dextran- and dual dextran/arabinogalactan-inducible promoter systems.   
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been engineered to be activated by arabinogalactan. These mechanisms create a dual-

glycan expression system, which increases the fidelity and potency of transgene expression 

as induction has been observed to be increased thousand-fold over single-promoter systems 

[143]. 

3.6 Mammalian immunomodulators can be produced in B. theta  

 To evaluate the proficiency of protein production in B. theta, a total of 27 strains 

were constructed and sequence-verified (Table 2.2). Analysis by Western blots revealed 

that the single glycan responsive B.thetaΔtdkΔPUL75 strains did not generate any 

detectable protein in the different fractions. A non-specific band corresponding to ~25 kDa 

present on Western blots was observed for all fractions and strains that likely represents a 

non-specific antibody interaction with a native B. theta protein. In contrast, three different 

constructs successfully produced protein in the Double Trouble strains. These included: 

BtAnchor-elafin, BtAnchor-TNFR2, and BvSecrete-A1AT (Figure 3.6A and B). Consistent 

with what was previously reported for the Double Trouble system, protein production was 

only visible in the presence of both dextran or arabinogalactan, but not when the 

carbohydrates provided as sole carbon sources [143]. Notably, protein was only observed 

when the lysate fractions were concentrated 50-fold, which was two-fold more than what 

was required to measure protein production in E. coli. No protein was observed in the 

medium (100X) of BvSecrete-A1AT culture (Figure 3.6 B). likewise, BtAnchor-TNFR2 

nor BtAnchor-elafin appeared to be localized to the outer membrane (Figure 3.6C).  
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Figure 3.7: Protein production and localization of target immunomdulators in B. 

theta Double Trouble strains. (A) Production of BtAnchor-Elafin and BtAnchor-TNFR2. 

Protein signal of the immunomodulatory targets is only present in the “mixture” with both 

dextran and arabinogalactan as a carbon source. (B) Protein production of BvSecrete A1AT 

from the Double Trouble strain. Similar to other results, target protein was visible only in 

the dextran/arabinogalactan mixture. No observable target protein was localized to the  

medium (100X). In A and B the black arrow indicates a ~25kDa band which appears in all 

Double trouble” samples regardless of carbohydrate source. (C) Dot blot of BtAnchor-

elafin Double Trouble and BtAnchor-TNFR2 Double trouble. No observable protein was 

localized to the outer surface of the cell wall. Legend as follows: G- glucose, A- 

arabinogalactan, D - Dextran, M – dextran and arabinogalactan mixture, + - positive control 

purified from Ni-NTA affinity chromatography, Pk – proteinase K. 
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Chapter 4 Discussion 

 Engineering bacteria to produce beneficial proteins is a promising avenue for the 

treatment of human and animal diseases. The use of colonic bacteria, such as E. coli and 

B. theta, to produce immunomodulatory proteins as therapeutics for intestinal 

inflammation expands on this concept. E. coli is a well-studied Gram-negative enteric 

bacterium that can be used for the production and purification of heterologous therapeutic 

proteins in mammals, including proteins of host origin [172]. B. theta is a stable colonizer 

of the colon in humans, chickens, mice, and pigs [139, 173]. Due to its abundance within 

the colon, and the recent surge of available genetic parts for protein production within this 

microorganism [139, 143], B. theta is a promising platform for therapy in the colon. In this 

thesis, the secretion and activity of immunomodulatory proteins A1AT, elafin, and TNFR2 

produced in E. coli and B. theta was investigated.  

Previously, Murine A1AT, Murine elafin, and Human TNFR2 have not been 

produced in E. coli; however, recombinant forms of murine elafin had been purified from 

yeast [174] and human cell lines [175]. Other studies had successfully used E. coli to 

produce human A1AT (63% identity to murine) with variable results [176], and human 

TNFR1, a homolog of TNFR2 [177], from the insoluble fraction. To build upon these 

findings and determine how the differences in sequence relatedness and biological source 

of these proteins impact their production efficiencies in a bacterial expression system 

required further study. In the current study, recombinant murine A1AT and elafin were not 

produced in E. coli at detectable levels, while TNFR2 was produced in low quantities in 

the insoluble fraction (Figure 3.2A-C). Protein production can be affected by a number of 

mechanisms, including disulfide bond formation and post-translational glycosylation 
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[178]. Both elafin [174] and TNFR2 [179] require the thiol side chain of cysteines (SH) to 

form covalent bonds with one another, which stabilizes protein structure; however, in the 

reducing environment of the cytoplasm, these bonds are prevented from forming [180]. To 

circumvent this, unfolded proteins can be secreted into the oxidizing environment of the 

periplasm, which promotes proper disulphide bond formation and protein folding [180]. In 

addition, protein glycosylation can impact protein folding, solubility, stability, and 

function. TNFR2 contains multiple sites of glycosylation, which have been shown to effect 

both its stability and binding [179]. Unfortunately, an unglycosylated control was not 

included to enable a direct comparison with the solubility results in this study. Both A1AT 

orthologues have N-glycosylation sites, although a lack of glycosylation has not been 

shown to affect human A1AT function or stability when produced within E. coli [176]. 

The addition of the N-SPs, BvSecrete and BtAnchor, increased yields of all three 

target immunomodulators in the soluble fraction (Figure 3.2A-C), underpinning that 

Bacteroides spp. derived N-SPs can aid in the production and purification of proteins in E. 

coli. In this regard, addition of N-SPs may represent an approach for increasing the yield 

of soluble protein for other proteins produced in E. coli. Also, all three immunomodulatory 

targets were secreted to the media when fused to BvSecrete (Figure 3.2A-C), while 

BtAnchor-elafin and BtAnchor-TNFR2 were successfully localized to the outer membrane 

(Figure 3.2D). N-SPs target the nascent proteins for secretion into the periplasm where 

folding conditions, including a reducing environment and bacterial chaperones, promote 

proper disulfide bond formation [180]. Previously, leader sequences from the Gram-

negative Erwinia carotovora (PelB) [181] and Gram-positive Bacillus spp. (G1) [182] have 

been included in heterologous protein expression plasmids designed for use in E. coli for 
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localization to the periplasm and/or medium. Recently, N-SPs from Bacteroides spp. were 

shown to be effective when expressing recombinant proteins in E. coli [183]. Recombinant 

production in E. coli does not always result in functional protein,  therefore, it was 

necessary to develop and conduct biochemical assays to determine if A1AT and elafin 

inhibited neutrophil elastase, and if TNFR2 could bind to TNF-α.  

The Enzchek® assay monitors the level of fluorescence that is produced when 

neutrophil elastase cleaves its substrate. In the presence of an inhibitor, a loss of activity is 

represented by a loss of fluorescent signal. Surprisingly, I observed that the pET-28a 

control sample was able to inhibit neutrophil elastase when used as a control (Figure 3.3B); 

however, this interaction appeared to be non-specific and likely resulted from 

contaminating E. coli proteins that eluted from the Ni-NTA affinity resin. E. coli is known 

to possess native bacterial serine protease inhibitors, including ecotin, a 16 kDa serine 

protease inhibitor that has inhibitory activity against trypsin and neutrophil elastase [184]. 

Therefore, protein samples were diluted upwards of 100X to dilute the effect of 

contaminating proteins and to generate dose response curves (Figure 3.3A). IC50 values 

were estimated for BvSecrete-A1AT (21 µM), BtAnchor-A1AT (15 µM), and BtAnchor-

elafin (17 µM). BvSecrete-elafin appeared to have the strongest inhibitory effect on 

protease activity (200 µM-5 µM), which prevented the calculation of accurate IC50 values. 

In the literature, the affinity of elafin for neutrophil elastase is estimated to be sub-

nanomolar [185]. This result suggests that BvSecrete-elafin produced in E. coli may be a 

promising candidate for future design of immunomodulatory bacterial strains or 

recombinant elastase inhibitors. The other proteins examined in this study did not 

demonstrate inhibitory activity above the background. Further efforts to improve their 
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yields and stability may help overcome these challenges and improve their potency. For 

example, A1AT irreversibly binds to elastase via a drastic conformational change in A1AT 

[165]. In this regard, its failure to inhibit neutrophil elastase may have resulted from the 

addition of a N-terminal peptide preventing the required conformational change. 

 To determine if recombinant TNFR2 could interact with TNFα, binding assays 

were conducted in solution and visualized by native gel electrophoresis. Under these 

conditions, the band corresponding to TNFα was not observed to shift when incubated with 

BvSecrete-TNFR2 or BtAnchor-TNFR2 (Figure 3.4B). However, some bands in the 100 

µM BvSecrete-TNFR2 and BtAnchor-TNFR2 disappeared when incubated with TNF-α.  

When visualized by native gel electrophoresis, the TNFR2 sample resolved as a complex 

pattern, which may be a result of protein stability or contamination with E. coli proteins.  

The disappearance of individual bands, however, indicates there may be an interaction with 

proteins in this sample with TNF-α. If interaction with TNFR2 and TNF-α is occurring it 

may be at a low concentration and be difficult to visualize by this method. Alternatively, 

TNFR2 stability and binding have been shown to be affected by glycosylation, 

modifications which would not occur in E. coli [179]. Therefore, proper binding of TNR2 

to TNF-α may be affected. As TNFR2 binds more strongly to trimerized, membrane-bound 

TNFα than soluble TNFα [186], more complex bioassays, such as cell lines expressing 

membrane-bound TNFα, may be required to provide physiological conditions suitable for 

binding. Alternatively, more sensitive techniques such as isothermal titration calorimetry 

(ITC) may be used. ITC is frequently used for the characterization of protein-protein 

interactions, and has previously been shown to elucidate the interaction of TNFR 

components with TNFα [187]. 
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 While protein expression and localization were observed in E. coli, the effect of the 

N-SPs on heterologous protein production in B. theta remained to be determined. The N-

SPs fused to the proteins were native to B. theta, which may provide further benefits for 

the folding process. Also, B. theta colonizes the mammalian gut, which would provide 

long-term and stable delivery of these proteins to inflamed tissues in the colon. Therefore, 

three N-SP variants (BtAnchor, BvSecrete, and untagged) for each immunodulator were 

cloned into the pINT plasmids using two strategies, resulting in a total of eighteen B. theta 

chromosomal integration plasmids. The pINT plasmid was selected over other Bacteroides 

expression systems, such as pNBU2 (one-step chromosome integration) and pEP (episomal 

plasmid) for two main reasons: the pINT system enables the antibiotic resistance genes to 

be eliminated from the genome of B. theta, and chromosomal integration would help 

maintain the stability of exogenous genes throughout the lifecycle of the cell and through 

replication without the use of antibiotic selection. Genes of interest were incorporated into 

the PUL75 locus, which was deleted from strains used within this study to provide a 

recommissioned section of the genome for the expression of foreign genetic material 

without significantly affecting genome size. This approach was previously used to 

demonstrate function a heterologous reporter gene, NanoLuc [140]. Immunomodulatory 

targets were initially cloned behind the pBT_3090 promoter using restricted sites 

engineered into the amplicon and pINT plasmid (Figure 3.5B). This method has the 

advantage of being relatively quick; however, it results in extraneous sequence at the 5’ 

end of the gene. Using this approach, there was not any detected protein in these strains. 

Concurrent studies suggested that the addition of the 5’ ‘ATG G’ site significantly reduced 

gene expression in the reporter gene NanoLuc in the pINT construct (unpublished). 



 

59 

 

Although this result may be gene target specific, it prompted a second engineering strategy 

which was to fuse pBT_3090 directly to each target by overlapping PCR (Figure 3.5B). 

Fused products were integrated into the B.thetaΔtdkΔPUL75 and B.thetaΔtdkΔPUL75-

Double Trouble recipient strains. The second strain was selected because it has previously 

been shown to increase protein levels in B. theta [143]. In this study, NanoLuc activity in 

the B.thetaΔtdkΔPUL75 strain was ~300-fold when strains were grown in dextran over 

glucose and ~1,100-fold when strains were grown in a mixture of dextran and 

arabinogalactan in the B.thetaΔtdkΔPUL75-Double Trouble strain. Additionally, this 

strain also provided greater control in regulating gene expression when induction relies 

upon the presence of two chemically distinct substrates from different biological sources 

[143], a novel feature for Bacteroides spp. expression platforms.  

Of the twenty seven strains generated in this study, protein production was only 

detectable when BtAnchor-TNFR2, BtAnchor-elafin and BvSecrete-A1AT was expressed 

in the B.thetaΔtdkΔPUL75-Double Trouble strain in the presence of dextran and 

arabinogalactan (Figure 3.6A and B). Bands corresponding to purified protein controls 

were visible when cell lysates were 50X concentrated, which was approximately double 

the amount required for visualization in E. coli cell lysate fractions. This result is not 

surprising as E. coli BL21 has been optimized for hyperexpression and stability of 

heterologous proteins, including a viral T7 RNA polymerase/promoter system, and the 

deletion of proteases [188], whereas, B. theta has not. Although, there have been recent 

attempts to optimize protein production in Bacteroides spp. including optimized ribosomal 

binding sites  and report proteins [20, 139]. Importantly, this marks the first-time 

mammalian proteins have been produced in the B. theta. In addition to the expected band, 
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an intrinsic protein band (~25 kDa) was observed in all strains and in all carbohydrate 

sources. This suggested that a constitutively-produced B. theta protein cross-reacts with 

the anti-His6 antibody used in this study (Figure 3.6A and B).  

While protein production was visible in the lysate of B. theta, there was not any 

indication the proteins were being trafficked to the outer membrane or into the media 

(Figure 3.6A-C). Although secretion of IL-2, TGFβ1, and KGF2 have been demonstrated 

in B. ovatus using the B. fragilis metalloprotease fragilysin N-terminal SP (SPII) [136-

138], there has not been a report of secreting a heterologous protein from B. theta. For the 

B. ovatus proteins, secretion was very inefficient, with an estimated to be 300-800 pg/mL. 

The above strains also demonstrated efficacy in vivo indicating that protein concentrations 

around 300-800 pg/ml may be effective for inflammation mitigation. These concentrations 

fall below the detection limit of the α-His antibody used in my study [189]. Therefore, 

strains developed in this study may be producing undetectable, yet therapeutic 

concentrations of target immunomodulators. Alternatively, this may also reflect 

physiological differences in how proteins are trafficked in B. ovatus and B. theta. Recently, 

it was discovered that many lipoproteins from B. theta are released into the medium in 

outer-membrane vesicles which may lead to a novel target N-SPs designed for 

heterologous protein secretion [170]. In addition, annotation of B. theta secretion systems 

are currently incomplete and important components of the secretion system have not been 

identified and may be absent. For example, SecE, an essential membrane component of the 

SEC pathway in E. coli, has not been annotated in B. theta VPI-5482. Interestingly, SecE 

homologous sequences were found in Bacteroides spp., but contain only one of the three 

transmembrane stretches found in E. coli; although, this was found to be sufficient for 
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protein secretion [190]. Upon further analysis using TBLASTN [191], a sequence 

corresponding to a potential SecE component in B. theta VPI-5482 was found and 

compared to other Bacteroides species as well as outgroup sequence from E. coli (Figure 

4.1). More research will be required to determine the differences in protein secretion in 

Bacteroides spp., insights which could be used to engineer systems for improved protein 

stability and trafficking yields.  
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Figure 4.1: Phylogenetic tree of the SecE component of Bacteroides spp. Sequences of 

the SecE component from Bacteroides spp. were collected and the amino acid sequences 

were run against the DNA genome sequence of B. theta VPI-5482 using TBLASTN [191]. 

Sequences were aligned using MUSCLE [192] and the tree was generated using FastTree2 

[193]. 



 

63 

 

 

Chapter 5 Conclusions and Future Directions 

  In this project, nine plasmids were designed for the episomal production and 

secretion of mammalian immunomodulatory proteins from E. coli. Protein production and 

solubility of all three immunomodulatory proteins was increased with the addition of novel 

N-terminal Bacteroides spp. N-SPs. All three targets were secreted into the medium with 

BvSecrete, while elafin and TNFR2 were localized to the outer membrane of E. coli using 

BtAnchor. These N-SPs represent novel tools for the production and purification of 

proteins from E. coli systems. Importantly, BvSecrete-elafin demonstrated activity against 

neutrophil elastase, indicating this construct may be useful for mitigating inflammation. To 

determine if the immunomodulators could be produced in B. theta, twenty-seven strains 

were created. BtAnchor-TNFR2, BtAnchor-elafin, and BvSecrete-A1AT were successfully 

produced in B. theta, although no protein localization was observed. This project has 

demonstrated that the production of mammalian proteins within the colonic microorganism 

B. theta is feasible, and further work may lead to the successful generation of an 

immunomodulatory strain of B. theta. 

5.1 Genetically modified organisms (GMOs) 

 Although this project represents a promising technique for immunotherapy, there 

are clear concerns which need to be addressed. The immune system is essential for 

organism health and some parts of it are in constant interaction with the environment. Acute 

inflammation is required for normal homeostasis of the colon, and there is a fine line 

between acute, self-limiting inflammation and chronic inflammation [194]. Interference 
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with immune regulation for therapeutic applications represents a valid concern, and 

engineered systems will have to be carefully designed and deployed in order to correctly 

stimulate beneficial immune responses. Additionally, developing biocontainment and 

biosecurity measures will be required to control the use of GMOs and mitigate public 

health concerns [124]. Public opinion on GMOs is mixed, with a 2018 Canadian survey 

indicating 37% of Canadians believe GMOs are safe, 34% believe they are unsafe, with 

the remainder unsure [195]. and although 44% of Canadians believe that we do not 

understand the potential health effects, over 50% believe that GMO testing and research is 

sufficient while 30% was unsure [195]. Therefore, that more education on the benefits and 

threats of GMOs is required; however, skepticism and scrutiny over they implementation 

should be on a case-by-case basis. 

5.2 Future Directions 

 This thesis provided several conclusions that will assist in future efforts to produce 

mammalian immunodulator proteins in a bacterial system: 

1. Bacteroides spp. N-SPs increased the production, stability, and trafficking of 

proteins in E. coli  

2. Production of proteins within the B.thetaΔtdkΔPUL75 Double Trouble platform 

represents a key stepping stone for future bioengineering strategies.  

Moving forward, efforts to improve the production of immunomodulators in enteric 

bacteria could by invested in several ways. 

1. Improve the Double Trouble system. New and more potent promoters from B. theta 

or other Bacteroides spp. could be discovered. Tuning expression of these 

promoters could be studied using other dual-glycan approaches. The response of 
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promoters within the host and during different stages of bacterial physiology could 

be studied.  

2.  Niche engineering and strain engraftment. Future work must include methods to 

engraft strains into the healthy microbiota. This be done through engineering the 

ability to compete with a unique nutrient [112]. 

3. Previously, BT_3090 induction has been shown to be increased within a biofilm 

community, which suggests that protein targets should be studied in more 

sophisticated systems, such as chemostats or animal models where bacteria exist 

predominantly in biofilms [196].  

4. Screen other Bacteroides spp. N-SPs to determine their effects on protein 

production and/or localization. With genetic tools and engineering strains now in 

hand, production of other N-SPs and their effect on solubility and localization could 

be studied and ranked. Recently, it was discovered that a sub-set of lipoproteins in 

B. theta are trafficked to outer membrane vesicles as well as to the outer membrane 

surface [170]. The use of SPs that could localize protein targets to outer membrane 

vesicles may greatly increase the opportunity of proteins to interact with the  

colonic epithelium. Therefore, the exploration of novel genetic parts from 

Bacteroides spp. may further enhance protein production and secretion of 

heterologous proteins. 

5. Investigate the secretion potential of other bacterial systems. Lactoccocus spp. are 

Gram-positive microorganisms commonly used for bioengineering applications for 

the intestine. Protein production and secretion systems continue to be optimized in 

these microorganisms [197], they may represent a useful platform for 
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immunomodulator secretion into the GIT, albeit for short-term therapy as 

Lactoccocus spp. have a transient nature in the colon [130].  

6. Bioassay of E. coli BvSecrete-elafin and B. theta Double Trouble BvSecrete-elafin. 

The transient nature of E. coli strains within the colon does represent a potentially 

effective strategy for inflammation mitigation. As well, B. theta Double Trouble 

BvSecrete-elafin concentration may be therapeutic, even if was not detectable in 

this study. Therefore, Bioassays would provide increased verification of the 

therapeutic potential of these strains. 

7. Attempt to codon optimize constructs for the expression host. Codon optimization 

can affect translation speed and errors, and can increase protein production in E. 

coli by up to 70% [198]. For example, elafin has been optimized for B. theta using 

Codon Optimization OnLine (COOL) (Figure 5.1) [199].  

With many potential avenues to explore, including the use of novel Bacteroides N-SPs or 

improved promoter systems and regulatory systems, selection of alternative bacterial 

species, or optimization of coding sequences for bacterial expression systems, 

bioengineering of microorganisms to treating inflammation in the GIT remains a promising 

venture. 
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Figure 5.1: Codon optimized sequence of elafin for B. theta. Optimization was done 

using COOL. Codon changes are highlighted in yellow; 50:98 codons were changed (51%).  

 

  



 

68 

 

References 

 

[1] Mowat AM, Agace WW. Regional specialization within the intestinal immune system. Nat Rev 

Immunol. 2014;14:667-85. 

[2] Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier function and immune 

homeostasis. Nat Rev Immunol. 2014;14:141-53. 

[3] Lutter L, Hoytema van Konijnenburg DP, Brand EC, Oldenburg B, van Wijk F. The elusive 

case of human intraepithelial T cells in gut homeostasis and Inflammation. Nature reviews 

Gastroenterology & hepatology. 2018;15:637-49. 

[4] Allaire JM, Crowley SM, Law HT, Chang SY, Ko HJ, Vallance BA. The Intestinal Epithelium: 

Central Coordinator of Mucosal Immunity. Trends Immunol. 2018;39:677-96. 

[5] Kim JJ, Khan WI. Goblet cells and mucins: role in innate defense in enteric infections. 

Pathogens. 2013;2:55-70. 

[6] Bansil R, Turner BS. Mucin structure, aggregation, physiological functions and biomedical 

applications. Current Opinion in Colloid & Interface Science. 2006;11:164-70. 

[7] Carlson TL, Lock JY, Carrier RL. Engineering the Mucus Barrier. Annu Rev Biomed Eng. 

2018;20:197-220. 

[8] Malin E. V. Johansson MP, Joel Petersson, Anna Velcich, Lena Holm, and Gunnar C. Hansson. 

The inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. Proc Natl 

Acad Sci U S A. 2008;105:15064–9. 

[9] Sender R, Fuchs S, Milo R. Revised Estimates for the Number of Human and Bacteria Cells in 

the Body. PLoS biology. 2016;14:e1002533. 

[10] De Weirdt R, Van de Wiele T. Micromanagement in the gut: microenvironmental factors 

govern colon mucosal biofilm structure and functionality. NPJ Biofilms Microbiomes. 

2015;1:15026. 

[11] Swidsinski A, Sydora BC, Doerffel Y, Loening-Baucke V, Vaneechoutte M, Lupicki M, et al. 

Viscosity gradient within the mucus layer determines the mucosal barrier function and the spatial 

organization of the intestinal microbiota. Inflamm Bowel Dis. 2007;13:963-70. 

[12] Donaldson GP, Lee SM, Mazmanian SK. Gut biogeography of the bacterial microbiota. Nature 

reviews Microbiology. 2016;14:20-32. 

[13] Friedman ES, Bittinger K, Esipova TV, Hou L, Chau L, Jiang J, et al. Microbes vs. chemistry 

in the origin of the anaerobic gut lumen. Proc Natl Acad Sci U S A. 2018;115:4170-5. 

[14] Marteyn B, West NP, Browning DF, Cole JA, Shaw JG, Palm F, et al. Modulation of Shigella 

virulence in response to available oxygen in vivo. Nature. 2010;465:355-8. 



 

69 

 

[15] Fischbach MA, Sonnenburg JL. Eating for two: how metabolism establishes interspecies 

interactions in the gut. Cell Host Microbe. 2011;10:336-47. 

[16] Schmidt TM, Kao JY. A little O2 may go a long way in structuring the GI microbiome. 

Gastroenterology. 2014;147:956-9. 

[17] Morris RL, Schmidt TM. Shallow breathing: bacterial life at low O(2). Nature reviews 

Microbiology. 2013;11:205-12. 

[18] Lee SM, Donaldson GP, Mikulski Z, Boyajian S, Ley K, Mazmanian SK. Bacterial 

colonization factors control specificity and stability of the gut microbiota. Nature. 2013;501:426-

9. 

[19] Malamy ADBaMH. The strict anaerobe Bacteroides fragilis grows in and benefits from 

nanomolar concentrations of oxygen. Nature. 2004;427:441-4. 

[20] Whitaker WR, Shepherd ES, Sonnenburg JL. Tunable Expression Tools Enable Single-Cell 

Strain Distinction in the Gut Microbiome. Cell. 2017;169:538-46 e12. 

[21] Li H, Limenitakis JP, Fuhrer T, Geuking MB, Lawson MA, Wyss M, et al. The outer mucus 

layer hosts a distinct intestinal microbial niche. Nat Commun. 2015;6:8292. 

[22] Sicard JF, Le Bihan G, Vogeleer P, Jacques M, Harel J. Interactions of Intestinal Bacteria with 

Components of the Intestinal Mucus. Front Cell Infect Microbiol. 2017;7:387. 

[23] Martens EC, Chiang HC, Gordon JI. Mucosal glycan foraging enhances fitness and 

transmission of a saccharolytic human gut bacterial symbiont. Cell Host Microbe. 2008;4:447-57. 

[24] Nakjang S, Ndeh DA, Wipat A, Bolam DN, Hirt RP. A novel extracellular metallopeptidase 

domain shared by animal host-associated mutualistic and pathogenic microbes. PloS one. 

2012;7:e30287. 

[25] Macpherson AJ, McCoy KD, Johansen FE, Brandtzaeg P. The immune geography of IgA 

induction and function. Mucosal Immunol. 2008;1:11-22. 

[26] Agace WW, McCoy KD. Regionalized Development and Maintenance of the Intestinal 

Adaptive Immune Landscape. Immunity. 2017;46:532-48. 

[27] Riera Romo M, Perez-Martinez D, Castillo Ferrer C. Innate immunity in vertebrates: an 

overview. Immunology. 2016;148:125-39. 

[28] Silva AL, Peres C, Conniot J, Matos AI, Moura L, Carreira B, et al. Nanoparticle impact on 

innate immune cell pattern-recognition receptors and inflammasomes activation. Semin Immunol. 

2017;34:3-24. 

[29] Sun H, Sun C, Xiao W, Sun R. Tissue-resident lymphocytes: from adaptive to innate 

immunity. Cell Mol Immunol. 2019;16:205-15. 

[30] Kambayashi T, Laufer TM. Atypical MHC class II-expressing antigen-presenting cells: can 

anything replace a dendritic cell? Nat Rev Immunol. 2014;14:719-30. 



 

70 

 

[31] Williams AE. The Innate Immune System.  Immunology: John Wiley & Sons, Ltd; 2011. p. 

20-40. 

[32] Galli SJ, Nakae S, Tsai M. Mast cells in the development of adaptive immune responses. Nat 

Immunol. 2005;6:135-42. 

[33] Ueki S, Melo RC, Ghiran I, Spencer LA, Dvorak AM, Weller PF. Eosinophil extracellular 

DNA trap cell death mediates lytic release of free secretion-competent eosinophil granules in 

humans. Blood. 2013;121:2074-83. 

[34] Papayannopoulos V. Neutrophil extracellular traps in immunity and disease. Nat Rev 

Immunol. 2018;18:134-47. 

[35] Perez-Lopez A, Behnsen J, Nuccio SP, Raffatellu M. Mucosal immunity to pathogenic 

intestinal bacteria. Nat Rev Immunol. 2016;16:135-48. 

[36] Sharma D, Kanneganti TD. The cell biology of inflammasomes: Mechanisms of 

inflammasome activation and regulation. J Cell Biol. 2016;213:617-29. 

[37] Gerner W, Kaser T, Saalmuller A. Porcine T lymphocytes and NK cells--an update. 

Developmental and comparative immunology. 2009;33:310-20. 

[38] Brennan PJ, Brigl M, Brenner MB. Invariant natural killer T cells: an innate activation scheme 

linked to diverse effector functions. Nat Rev Immunol. 2013;13:101-17. 

[39] Strober W. The LTi cell, an immunologic chameleon. Immunity. 2010;33:650-2. 

[40] Lubbers R, van Essen MF, van Kooten C, Trouw LA. Production of complement components 

by cells of the immune system. Clin Exp Immunol. 2017;188:183-94. 

[41] Cobo ER, Chadee K. Antimicrobial Human beta-Defensins in the Colon and Their Role in 

Infectious and Non-Infectious Diseases. Pathogens. 2013;2:177-92. 

[42] Aihara E, Engevik KA, Montrose MH. Trefoil Factor Peptides and Gastrointestinal Function. 

Annu Rev Physiol. 2017;79:357-80. 

[43] Latorre R, Sternini C, De Giorgio R, Greenwood-Van Meerveld B. Enteroendocrine cells: a 

review of their role in brain-gut communication. Neurogastroenterol Motil. 2016;28:620-30. 

[44] Gerbe F, Legraverend C, Jay P. The intestinal epithelium tuft cells: specification and function. 

Cell Mol Life Sci. 2012;69:2907-17. 

[45] Corr SC, Gahan CC, Hill C. M-cells: origin, morphology and role in mucosal immunity and 

microbial pathogenesis. FEMS Immunol Med Microbiol. 2008;52:2-12. 

[46] Williams AE. The Adaptive Immune System.  Immunology: John Wiley & Sons, Ltd; 2011. 

p. 41-67. 

[47] Sharon E, Sibener LV, Battle A, Fraser HB, Garcia KC, Pritchard JK. Genetic variation in 

MHC proteins is associated with T cell receptor expression biases. Nature genetics. 2016;48:995-

1002. 



 

71 

 

[48] Artyomov MN, Lis M, Devadas S, Davis MM, Chakraborty AK. CD4 and CD8 binding to 

MHC molecules primarily acts to enhance Lck delivery. Proc Natl Acad Sci U S A. 

2010;107:16916-21. 

[49] Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat Rev 

Immunol. 2013;13:227-42. 

[50] Owen JA, Punt J, Stranford SA, Jones PP, Kuby J. T-Cell Activation, Differentiation, and 

Memory.  Immunology seventh edition. New York: W.H. Freeman; 2013. 

[51] Golubovskaya V, Wu L. Different Subsets of T Cells, Memory, Effector Functions, and CAR-

T Immunotherapy. Cancers. 2016;8. 

[52] Izcue A, Coombes JL, Powrie F. Regulatory T cells suppress systemic and mucosal immune 

activation to control intestinal inflammation. Immunological reviews. 2006;212:256-71. 

[53] Chen W, Perruche S, Li J. CD4+CD25+ T regulatory cells and TGF-beta in mucosal immune 

system: the good and the bad. Current medicinal chemistry. 2007;14:2245-9. 

[54] van Wijk F, Cheroutre H. Mucosal T cells in gut homeostasis and inflammation. Expert review 

of clinical immunology. 2010;6:559-66. 

[55] Li Z, Woo CJ, Iglesias-Ussel MD, Ronai D, Scharff MD. The generation of antibody diversity 

through somatic hypermutation and class switch recombination. Genes & development. 2004;18:1-

11. 

[56] Nishat S, Andreana PR. Entirely Carbohydrate-Based Vaccines: An Emerging Field for 

Specific and Selective Immune Responses. Vaccines. 2016;4. 

[57] Wang L, Ray A, Jiang X, Wang JY, Basu S, Liu X, et al. T regulatory cells and B cells 

cooperate to form a regulatory loop that maintains gut homeostasis and suppresses dextran sulfate 

sodium-induced colitis. Mucosal Immunol. 2015;8:1297-312. 

[58] Royle L, Roos A, Harvey DJ, Wormald MR, van Gijlswijk-Janssen D, Redwan el RM, et al. 

Secretory IgA N- and O-glycans provide a link between the innate and adaptive immune systems. 

J Biol Chem. 2003;278:20140-53. 

[59] Zhang JM, An J. Cytokines, inflammation, and pain. Int Anesthesiol Clin. 2007;45:27-37. 

[60] Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines: At the crossroads 

of cell signalling and inflammatory disease. Biochimica et biophysica acta. 2014;1843:2563-82. 

[61] Pestka S. The interferons: 50 years after their discovery, there is much more to learn. J Biol 

Chem. 2007;282:20047-51. 

[62] MacEwan DJ. TNF ligands and receptors - a matter of life and death. British Journal of 

Pharmacology. 2002:855 - 75. 

[63] Li MO, Flavell RA. TGF-beta: a master of all T cell trades. Cell. 2008;134:392-404. 



 

72 

 

[64] Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors: positioning cells 

for host defense and immunity. Annu Rev Immunol. 2014;32:659-702. 

[65] Macpherson AJ, Uhr T. Induction of protective IgA by intestinal dendritic cells carrying 

commensal bacteria. Science. 2004;303:1662-5. 

[66] Lawley TD, Walker AW. Intestinal colonization resistance. Immunology. 2013;138:1-11. 

[67] Man SM. Inflammasomes in the gastrointestinal tract: infection, cancer and gut microbiota 

homeostasis. Nature reviews Gastroenterology & hepatology. 2018;15:721-37. 

[68] Romani L. Immunity to fungal infections. Nat Rev Immunol. 2011;11:275-88. 

[69] Kayagaki N, Wong MT, Stowe IB, Ramani SR, Gonzalez LC, Akashi-Takamura S, et al. 

Noncanonical inflammasome activation by intracellular LPS independent of TLR4. Science. 

2013;341:1246-9. 

[70] Neff CP, Rhodes ME, Arnolds KL, Collins CB, Donnelly J, Nusbacher N, et al. Diverse 

Intestinal Bacteria Contain Putative Zwitterionic Capsular Polysaccharides with Anti-inflammatory 

Properties. Cell Host Microbe. 2016;20:535-47. 

[71] Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. 

Nature reviews Microbiology. 2014;12:661-72. 

[72] Jiminez JA, Uwiera TC, Abbott DW, Uwiera RRE, Inglis GD. Butyrate Supplementation at 

High Concentrations Alters Enteric Bacterial Communities and Reduces Intestinal Inflammation 

in Mice Infected with Citrobacter rodentium. mSphere. 2017;2. 

[73] Chinthrajah RS, Hernandez JD, Boyd SD, Galli SJ, Nadeau KC. Molecular and cellular 

mechanisms of food allergy and food tolerance. J Allergy Clin Immunol. 2016;137:984-97. 

[74] Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interactions between 

enteric microbiota, central and enteric nervous systems. Annals of gastroenterology. 2015;28:203-

9. 

[75] Rauw WM. Immune response from a resource allocation perspective. Frontiers in genetics. 

2012;3:267. 

[76] Petryszyn PW, Witczak I. Costs in inflammatory bowel diseases. Przeglad 

gastroenterologiczny. 2016;11:6-13. 

[77] Kawalec P. Indirect costs of inflammatory bowel diseases: Crohn's disease and ulcerative 

colitis. A systematic review. Archives of medical science : AMS. 2016;12:295-302. 

[78] Zhang YZ, Li YY. Inflammatory bowel disease: pathogenesis. World J Gastroenterol. 

2014;20:91-9. 

[79] Lane ER, Zisman TL, Suskind DL. The microbiota in inflammatory bowel disease: current 

and therapeutic insights. J Inflamm Res. 2017;10:63-73. 



 

73 

 

[80] Martinez-Medina M, Aldeguer X, Gonzalez-Huix F, Acero D, Garcia-Gil LJ. Abnormal 

microbiota composition in the ileocolonic mucosa of Crohn's disease patients as revealed by 

polymerase chain reaction-denaturing gradient gel electrophoresis. Inflamm Bowel Dis. 

2006;12:1136-45. 

[81] Martinez C, Antolin M, Santos J, Torrejon A, Casellas F, Borruel N, et al. Unstable 

composition of the fecal microbiota in ulcerative colitis during clinical remission. The American 

journal of gastroenterology. 2008;103:643-8. 

[82] Estimates of global, regional, and national morbidity, mortality, and aetiologies of diarrhoeal 

diseases: a systematic analysis for the Global Burden of Disease Study 2015. The Lancet Infectious 

diseases. 2017;17:909-48. 

[83] Mokomane M, Kasvosve I, de Melo E, Pernica JM, Goldfarb DM. The global problem of 

childhood diarrhoeal diseases: emerging strategies in prevention and management. Ther Adv Infect 

Dis. 2018;5:29-43. 

[84] Jiang Z, Schatzmayr G, Mohnl M, Applegate TJ. Net effect of an acute phase response--partial 

alleviation with probiotic supplementation. Poultry science. 2010;89:28-33. 

[85] Actis GC, Pellicano R, Rosina F. Inflammatory bowel diseases: Current problems and future 

tasks. World journal of gastrointestinal pharmacology and therapeutics. 2014;5:169-74. 

[86] Waljee AK, Wiitala WL, Govani S, Stidham R, Saini S, Hou J, et al. Corticosteroid Use and 

Complications in a US Inflammatory Bowel Disease Cohort. PloS one. 2016;11:e0158017. 

[87] Tiwari G, Tiwari R, Sriwastawa B, Bhati L, Pandey S, Pandey P, et al. Drug delivery systems: 

An updated review. International journal of pharmaceutical investigation. 2012;2:2-11. 

[88] Canada P. Responsible use of Medically Important Antimicrobials in Animals. 2018. 

[89] Park YH, Hamidon F, Rajangan C, Soh KP, Gan CY, Lim TS, et al. Application of Probiotics 

for the Production of Safe and High-quality Poultry Meat. Korean journal for food science of 

animal resources. 2016;36:567-76. 

[90] Liu Y-Y, Wang Y, Walsh TR, Yi L-X, Zhang R, Spencer J, et al. Emergence of plasmid-

mediated colistin resistance mechanism MCR-1 in animals and human beings in China: a 

microbiological and molecular biological study. The Lancet Infectious Diseases. 2016;16:161-8. 

[91] McAllister TA, Wang Y, Diarra MS, Alexander T, Stanford K. Challenges of a one-health 

approach to the development of alternatives to antibiotics. Animal Frontiers. 2018;8:10-20. 

[92] Brown K, Uwiera RRE, Kalmokoff ML, Brooks SPJ, Inglis GD. Antimicrobial growth 

promoter use in livestock: a requirement to understand their modes of action to develop effective 

alternatives. Int J Antimicrob Agents. 2017;49:12-24. 

[93] Agency CFI. Use of the Term "Prebiotic(s)". 2019. 

[94] Shetty SA, Hugenholtz F, Lahti L, Smidt H, de Vos WM. Intestinal microbiome landscaping: 

insight in community assemblage and implications for microbial modulation strategies. FEMS 

Microbiol Rev. 2017;41:182-99. 



 

74 

 

[95] Riviere A, Selak M, Lantin D, Leroy F, De Vuyst L. Bifidobacteria and Butyrate-Producing 

Colon Bacteria: Importance and Strategies for Their Stimulation in the Human Gut. Front 

Microbiol. 2016;7:979. 

[96] Harris S, Powers S, Monteagudo-Mera A, Kosik O, Lovegrove A, Shewry P, et al. 

Determination of the prebiotic activity of wheat arabinogalactan peptide (AGP) using batch culture 

fermentation. European Journal of Nutrition. 2019. 

[97] Sasaki D, Sasaki K, Ikuta N, Yasuda T, Fukuda I, Kondo A, et al. Low amounts of dietary 

fibre increase in vitro production of short-chain fatty acids without changing human colonic 

microbiota structure. Scientific reports. 2018;8:435. 

[98] Chung WSF, Meijerink M, Zeuner B, Holck J, Louis P, Meyer AS, et al. Prebiotic potential 

of pectin and pectic oligosaccharides to promote anti-inflammatory commensal bacteria in the 

human colon. FEMS Microbiol Ecol. 2017;93. 

[99] Barile D, Rastall RA. Human milk and related oligosaccharides as prebiotics. Current Opinion 

in Biotechnology. 2013;24:214-9. 

[100] Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. Expert consensus 

document. The International Scientific Association for Probiotics and Prebiotics consensus 

statement on the scope and appropriate use of the term probiotic. Nature reviews Gastroenterology 

& hepatology. 2014;11:506-14. 

[101] van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos WM, et al. Duodenal 

infusion of donor feces for recurrent Clostridium difficile. N Engl J Med. 2013;368:407-15. 

[102] Petrof E, Gloor GB, Vanner SJ, Weese SJ, Carter D, Daigneault MC, et al. Stool substitute 

transplant therapy for the eradication of Clostridium difficile infection: ‘RePOOPulating’ the gut. 

Microbiome. 2013;1. 

[103] Huang R, Wang K, Hu J. Effect of Probiotics on Depression: A Systematic Review and Meta-

Analysis of Randomized Controlled Trials. Nutrients. 2016;8. 

[104] Kobyliak N, Conte C, Cammarota G, Haley AP, Styriak I, Gaspar L, et al. Probiotics in 

prevention and treatment of obesity: a critical view. Nutr Metab (Lond). 2016;13:14. 

[105] Thomas CM, Versalovic J. Modulation of signaling pathways in the intestine. Gut Microbes. 

2010;1:148-63. 

[106] Gao P, Ma C, Sun Z, Wang L, Huang S, Su X, et al. Feed-additive probiotics accelerate yet 

antibiotics delay intestinal microbiota maturation in broiler chicken. Microbiome. 2017;5:91. 

[107] Adjei-Fremah S, Ekwemalor K, Asiamah EK, Ismail H, Ibrahim S, Worku M. Effect of 

probiotic supplementation on growth and global gene expression in dairy cows. Journal of Applied 

Animal Research. 2017;46:257-63. 

[108] Shin W, Kim HJ. Intestinal barrier dysfunction orchestrates the onset of inflammatory host-

microbiome cross-talk in a human gut inflammation-on-a-chip. Proc Natl Acad Sci U S A. 

2018;115:E10539-E47. 



 

75 

 

[109] Krumbeck JA, Walter J, Hutkins RW. Synbiotics for Improved Human Health: Recent 

Developments, Challenges, and Opportunities. Annu Rev Food Sci Technol. 2018;9:451-79. 

[110] Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes S, et al. 

Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with 

Unique Host and Microbiome Features. Cell. 2018;174:1388-405 e21. 

[111] Goyal A, Dubinkina V, Maslov S. Multiple stable states in microbial communities explained 

by the stable marriage problem. ISME J. 2018;12:2823-34. 

[112] Shepherd ES, DeLoache WC, Pruss KM, Whitaker WR, Sonnenburg JL. An exclusive 

metabolic niche enables strain engraftment in the gut microbiota. Nature. 2018;557:434-8. 

[113] Fujimori S, Gudis K, Mitsui K, Seo T, Yonezawa M, Tanaka S, et al. A randomized controlled 

trial on the efficacy of synbiotic versus probiotic or prebiotic treatment to improve the quality of 

life in patients with ulcerative colitis. Nutrition. 2009;25:520-5. 

[114] Awad WA, Ghareeb K, Abdel-Raheem S, Böhm J. Effects of dietary inclusion of probiotic 

and synbiotic on growth performance, organ weights, and intestinal histomorphology of broiler 

chickens. Poultry science. 2009;88:49-56. 

[115] Ziesack M, Karrenbelt MAP, Bues J, Schaefer E, Silver P, Way J. Escherichia coli NGF-1, 

a Genetically Tractable, Efficiently Colonizing Murine Gut Isolate. Microbiol Resour Announc. 

2018;7. 

[116] Brophy JAN, Triassi AJ, Adams BL, Renberg RL, Stratis-Cullum DN, Grossman AD, et al. 

Engineered integrative and conjugative elements for efficient and inducible DNA transfer to 

undomesticated bacteria. Nat Microbiol. 2018;3:1043-53. 

[117] Pedrolli DB, Ribeiro NV, Squizato PN, de Jesus VN, Cozetto DA, Team AQAUai. 

Engineering Microbial Living Therapeutics: The Synthetic Biology Toolbox. Trends Biotechnol. 

2019;37:100-15. 

[118] Riglar DT, Silver PA. Engineering bacteria for diagnostic and therapeutic applications. 

Nature reviews Microbiology. 2018;16:214-25. 

[119] Blount ZD. The unexhausted potential of E. coli. eLife. 2015;4. 

[120] Jacob F, Monod J. Genetic Regulatory Mechanisms in the Synthesis of Proteins. J Mol Biol. 

1961:318-35G. 

[121] Cohen SN, Chang AC, Boyer HW, Helling RB. Construction of biologically functional 

bacterial plasmids in vitro. Proc Natl Acad Sci U S A. 1973;70:3240-4. 

[122] Hwang IY, Koh E, Wong A, March JC, Bentley WE, Lee YS, et al. Engineered probiotic 

Escherichia coli can eliminate and prevent Pseudomonas aeruginosa gut infection in animal models. 

Nat Commun. 2017;8:15028. 

[123] Joeres-Nguyen-Xuan TH, Boehm SK, Joeres L, Schulze J, Kruis W. Survival of the probiotic 

Escherichia coli Nissle 1917 (EcN) in the gastrointestinal tract given in combination with oral 

mesalamine to healthy volunteers. Inflamm Bowel Dis. 2010;16:256-62. 



 

76 

 

[124] Mandell DJ, Lajoie MJ, Mee MT, Takeuchi R, Kuznetsov G, Norville JE, et al. 

Biocontainment of genetically modified organisms by synthetic protein design. Nature. 

2015;518:55-60. 

[125] Kok J, van Gijtenbeek LA, de Jong A, van der Meulen SB, Solopova A, Kuipers OP. The 

Evolution of gene regulation research in Lactococcus lactis. FEMS Microbiol Rev. 2017;41:S220-

S43. 

[126] Steidler L, Hans W, Schotte L, Neirynck S, Obermeier F, Falk W, et al. Treatment of murine 

colitis by Lactococcus lactis secreting interleukin-10. Science. 2000;289:1352-5. 

[127] Braat H, Rottiers P, Hommes DW, Huyghebaert N, Remaut E, Remon JP, et al. A phase I 

trial with transgenic bacteria expressing interleukin-10 in Crohn's disease. Clinical 

gastroenterology and hepatology : the official clinical practice journal of the American 

Gastroenterological Association. 2006;4:754-9. 

[128] Vandenbroucke K, Hans W, Van Huysse J, Neirynck S, Demetter P, Remaut E, et al. Active 

delivery of trefoil factors by genetically modified Lactococcus lactis prevents and heals acute colitis 

in mice. Gastroenterology. 2004;127:502-13. 

[129] Vandenbroucke K, de Haard H, Beirnaert E, Dreier T, Lauwereys M, Huyck L, et al. Orally 

administered L. lactis secreting an anti-TNF Nanobody demonstrate efficacy in chronic colitis. 

Mucosal Immunol. 2010;3:49-56. 

[130] Kimoto H, Nomura M, Kobayashi M, Mizumachi K, Okamoto T. Survival of lactococci 

during passage through mouse digestive tract. Can J Microbiol. 2003;49:707-11. 

[131] Faith JJ, Guruge JL, Charbonneau M, Subramanian S, Seedorf H, Goodman AL, et al. The 

long-term stability of the human gut microbiota. Science. 2013;341:1237439. 

[132] Atherly T, Ziemer CJ. Bacteroides isolated from four mammalian hosts lack host-specific 

16S rRNA gene phylogeny and carbon and nitrogen utilization patterns. Microbiologyopen. 

2014;3:225-38. 

[133] Grondin JM, Tamura K, Déjean G, Abbott DW, Brumer H. Polysaccharide Utilization Loci: 

Fueling Microbial Communities. Journal of Bacteriology. 2017;199. 

[134] Bjursell MK, Martens EC, Gordon JI. Functional genomic and metabolic studies of the 

adaptations of a prominent adult human gut symbiont, Bacteroides thetaiotaomicron, to the 

suckling period. J Biol Chem. 2006;281:36269-79. 

[135] ANDERSON KL, SALYERS AA. Biochemical Evidence that Starch Breakdown by 

Bacteroides thetaiotaomicron Involves Outer Membrane Starch-Binding Sites and Periplasmic 

Starch-Degrading Enzymes. Journal OF Bacteriology. 1989;171. 

[136] Farrar MD, Whitehead TR, Lan J, Dilger P, Thorpe R, Holland KT, et al. Engineering of the 

gut commensal bacterium Bacteroides ovatus to produce and secrete biologically active murine 

interleukin-2 in response to xylan. Journal of applied microbiology. 2005;98:1191-7. 



 

77 

 

[137] Hamady ZZ, Scott N, Farrar MD, Wadhwa M, Dilger P, Whitehead TR, et al. Treatment of 

colitis with a commensal gut bacterium engineered to secrete human TGF-beta1 under the control 

of dietary xylan 1. Inflamm Bowel Dis. 2011;17:1925-35. 

[138] Hamady ZZ, Scott N, Farrar MD, Lodge JP, Holland KT, Whitehead T, et al. Xylan-regulated 

delivery of human keratinocyte growth factor-2 to the inflamed colon by the human anaerobic 

commensal bacterium Bacteroides ovatus. Gut. 2010;59:461-9. 

[139] Lim B, Zimmermann M, Barry NA, Goodman AL. Engineered Regulatory Systems Modulate 

Gene Expression of Human Commensals in the Gut. Cell. 2017;169:547-58 e15. 

[140] Mimee M, Tucker AC, Voigt CA, Lu TK. Programming a Human Commensal Bacterium, 

Bacteroides thetaiotaomicron, to Sense and Respond to Stimuli in the Murine Gut Microbiota. Cell 

Syst. 2015;1:62-71. 

[141] Smith CJ, Rogers MB, McKee ML. Heterologous gene expression in Bacteroides fragilis. 

Plasmid. 1992;27:141-54. 

[142] Rogers TE, Pudlo NA, Koropatkin NM, Bell JS, Moya Balasch M, Jasker K, et al. Dynamic 

responses of Bacteroides thetaiotaomicron during growth on glycan mixtures. Molecular 

microbiology. 2013;88:876-90. 

[143] Jones D. R., Smith M. B., McLean R., Grondin JM, Amindsen CR, Inglis G. D., et al. 

Engineering dual-glycan responsive expression systems for tunable production of heterologous 

proteins in Bacteroides thetaiotaomicron. Journal of Scientific Reports (Under review). 

[144] Abby SS, Cury J, Guglielmini J, Neron B, Touchon M, Rocha EP. Identification of protein 

secretion systems in bacterial genomes. Scientific reports. 2016;6:23080. 

[145] Tsirigotaki A, De Geyter J, Sostaric N, Economou A, Karamanou S. Protein export through 

the bacterial Sec pathway. Nature reviews Microbiology. 2017;15:21-36. 

[146] Salacha R, Kovacic F, Brochier-Armanet C, Wilhelm S, Tommassen J, Filloux A, et al. The 

Pseudomonas aeruginosa patatin-like protein PlpD is the archetype of a novel Type V secretion 

system. Environmental microbiology. 2010;12:1498-512. 

[147] Zafar H, Saier MH, Jr. Comparative genomics of transport proteins in seven Bacteroides 

species. PloS one. 2018;13:e0208151. 

[148] Veith PD, Glew MD, Gorasia DG, Reynolds EC. Type IX secretion: the generation of 

bacterial cell surface coatings involved in virulence, gliding motility and the degradation of 

complex biopolymers. Molecular microbiology. 2017;106:35-53. 

[149] Coyne MJ, Roelofs KG, Comstock LE. Type VI secretion systems of human gut 

Bacteroidales segregate into three genetic architectures, two of which are contained on mobile 

genetic elements. BMC genomics. 2016;17:58. 

[150] Kanehisa M, Sato Y, Furumichi M, Morishima K, Tanabe M. New approach for 

understanding genome variations in KEGG. Nucleic acids research. 2019;47:D590-D5. 



 

78 

 

[151] Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives on 

genomes, pathways, diseases and drugs. Nucleic acids research. 2017;45:D353-D61. 

[152] Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic acids 

research. 2000;28:27-30. 

[153] Consortium TU. UniProt: a worldwide hub of protein knowledge. Nucleic acids research. 

2018;47:D506-D15. 

[154] Murphy CK, Beckwith J. Residues essential for the function of SecE, a membrane component 

of the Escherichia coli secretion apparatus, are located in a conserved cytoplasmic region. Proc 

Nati Acad Sci USA. 1994;91:2557-61. 

[155] Konovalova A, Silhavy TJ. Outer membrane lipoprotein biogenesis: Lol is not the end. 

Philosophical transactions of the Royal Society of London Series B, Biological sciences. 2015;370. 

[156] Neurath MF. Cytokines in inflammatory bowel disease. Nat Rev Immunol. 2014;14:329-42. 

[157] Ahluwalia JP. Immunotherapy in inflammatory bowel disease. The Medical clinics of North 

America. 2012;96:525-44, x. 

[158] Lan X, Hsieh JC, Schmidt CJ, Zhu Q, Lamont SJ. Liver transcriptome response to 

hyperthermic stress in three distinct chicken lines. BMC genomics. 2016;17:955. 

[159] MacEwan DJ. TNF ligands and receptors ± a matter of life and death. British Journal of 

Pharmacology. 2002;135:855 ± 75. 

[160] Faustman DL, Davis M. TNF Receptor 2 and Disease: Autoimmunity and Regenerative 

Medicine. Frontiers in immunology. 2013;4:478. 

[161] Pham CT. Neutrophil serine proteases: specific regulators of inflammation. Nat Rev 

Immunol. 2006;6:541-50. 

[162] Fitch PM, Roghanian A, Howie SE, Sallenave JM. Human neutrophil elastase inhibitors in 

innate and adaptive immunity. Biochemical Society transactions. 2006;34:279-82. 

[163] Vergnolle N. Protease inhibition as new therapeutic strategy for GI diseases. Gut. 

2016;65:1215-24. 

[164] Bermudez-Humaran LG, Motta JP, Aubry C, Kharrat P, Rous-Martin L, Sallenave JM, et al. 

Serine protease inhibitors protect better than IL-10 and TGF-beta anti-inflammatory cytokines 

against mouse colitis when delivered by recombinant lactococci. Microbial cell factories. 

2015;14:26. 

[165] Bergin DA, Hurley K, McElvaney NG, Reeves EP. Alpha-1 antitrypsin: a potent anti-

inflammatory and potential novel therapeutic agent. Archivum immunologiae et therapiae 

experimentalis. 2012;60:81-97. 

[166] Smith CJ, Rogers MB, McKee ML. Heterologous gene expression in Bacteroides fragilis. 

Plasmid. 1992;27:141-54. 



 

79 

 

[167] Wilkins MR, Gasteiger E, Bairoch A, Sanchez JC, Williams KL, Appel RD, et al. Protein 

identification and analysis tools in the ExPASy server. Methods in molecular biology (Clifton, NJ). 

1999;112:531-52. 

[168] McLean R, Inglis GD, Mosimann SC, Uwiera RRE, Abbott DW. Determining the 

Localization of Carbohydrate Active Enzymes Within Gram-Negative Bacteria. Methods in 

molecular biology (Clifton, NJ). 2017;1588:199-208. 

[169] Almagro Armenteros JJ, Tsirigos KD, Sønderby CK, Petersen TN, Winther O, Brunak S, et 

al. SignalP 5.0 improves signal peptide predictions using deep neural networks. Nature 

biotechnology. 2019;37:420-3. 

[170] Valguarnera E, Scott NE, Azimzadeh P, Feldman MF. Surface Exposure and Packing of 

Lipoproteins into Outer Membrane Vesicles Are Coupled Processes in Bacteroides. mSphere. 

2018;3. 

[171] Bolanos-Garcia VM, Davies OR. Structural analysis and classification of native proteins 

from E. coli commonly co-purified by immobilised metal affinity chromatography. Biochimica et 

biophysica acta. 2006;1760:1304-13. 

[172] Dyson MR, Shadbolt SP, Vincent KJ, Perera RL, McCafferty J. Production of soluble 

mammalian proteins in Escherichia coli: identification of protein features that correlate with 

successful expression. BMC biotechnology. 2004;4:32. 

[173] Leser TD, Amenuvor JZ, Jensen TK, Lindecrona RH, Boye M, Møller K. Culture-

Independent Analysis of Gut Bacteria: the Pig Gastrointestinal Tract Microbiota Revisited. 

2002;68:673-90. 

[174] Bourbonnais Y, Larouche C, Tremblay GM. Production of full-length human pre-elafin, an 

elastase specific inhibitor, from yeast requires the absence of a functional yapsin 1 (Yps1p) 

endoprotease. Protein Expr Purif. 2000;20:485-91. 

[175] Sallenave JM, Shulmann J, Crossley J, Jordana M, Gauldie J. Regulation of secretory 

leukocyte proteinase inhibitor (SLPI) and elastase-specific inhibitor (ESI/elafin) in human airway 

epithelial cells by cytokines and neutrophilic enzymes. American journal of respiratory cell and 

molecular biology. 1994;11:733-41. 

[176] Krishnan B, Hedstrom L, Hebert DN, Gierasch LM, Gershenson A. Expression and 

Purification of Active Recombinant Human Alpha-1 Antitrypsin (AAT) from Escherichia coli. 

Methods in molecular biology (Clifton, NJ). 2017;1639:195-209. 

[177] Zhang C, Li A, Wang R, Cao Y, Jiang H, Ouyang S, et al. Recombinant expression, 

purification and bioactivity characterization of extracellular domain of human tumor necrosis factor 

receptor 1. Protein Expr Purif. 2019;155:21-6. 

[178] Khow O, Suntrarachun S. Strategies for production of active eukaryotic proteins in bacterial 

expression system. Asian Pacific Journal of Tropical Biomedicine. 2012;2:159-62. 

[179] Liu L, Gomathinayagam S, Hamuro L, Prueksaritanont T, Wang W, Stadheim TA, et al. The 

impact of glycosylation on the pharmacokinetics of a TNFR2:Fc fusion protein expressed in 

Glycoengineered Pichia Pastoris. Pharm Res. 2013;30:803-12. 



 

80 

 

[180] Goemans C, Denoncin K, Collet JF. Folding mechanisms of periplasmic proteins. Biochimica 

et biophysica acta. 2014;1843:1517-28. 

[181] Han S, Machhi S, Berge M, Xi G, Linke T, Schoner R. Novel signal peptides improve the 

secretion of recombinant Staphylococcus aureus Alpha toxin(H35L) in Escherichia coli. AMB 

Express. 2017;7:93. 

[182] Low KO, Jonet MA, Ismail NF, Illias RM. Optimization of a Bacillus sp signal peptide for 

improved recombinant protein secretion and cell viability in Escherichia coli: Is there an optimal 

signal peptide design? Bioengineered. 2012;3:334-8. 

[183] R. M. Heterologous expression and secretion of nanobodies targeting Campylobacter jejuni 

for intestinal health applications. Lethbridge, AB, Canada: University of Lethbridge; 2016. 

[184] Eggers CT, Murray IA, Delmar VA, Day AG, Craik CS. The periplasmic serine protease 

inhibitor ecotin protects bacteria against neutrophil elastase. The Biochemical journal. 

2004;379:107-18. 

[185] Ying QL, Simon SR. Kinetics of the inhibition of human leukocyte elastase by elafin, a 6-

kilodalton elastase-specific inhibitor from human skin. Biochemistry. 1993;32:1866-74. 

[186] Faustman D, Davis M. TNF receptor 2 pathway: drug target for autoimmune diseases. Nature 

reviews Drug discovery. 2010;9:482-93. 

[187] Ye H, Wu H. Thermodynamic characterization of the interaction between TRAF2 and tumor 

necrosis factor receptor peptides by isothermal titration calorimetry. Proc Natl Acad Sci U S A. 

2000;97:8961-6. 

[188] Structural Genomics C, China Structural Genomics C, Northeast Structural Genomics C, 

Graslund S, Nordlund P, Weigelt J, et al. Protein production and purification. Nat Methods. 

2008;5:135-46. 

[189] Bass JJ, Wilkinson DJ, Rankin D, Phillips BE, Szewczyk NJ, Smith K, et al. An overview of 

technical considerations for Western blotting applications to physiological research. Scand J Med 

Sci Sports. 2017;27:4-25. 

[190] Schatz PJ, Bieker KL, Ottemann KM, Silhavy TJ, Beckwith J. One of three transmembrane 

stretches is sufficient for the functioning of the SecE protein, a membrane component of the E. coli 

secretion machinery. The EMBO journal. 1991;10:1749-57. 

[191] Database resources of the National Center for Biotechnology Information. Nucleic acids 

research. 2018;46:D8-d13. 

[192] Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. 

Nucleic acids research. 2004;32:1792-7. 

[193] Price MN, Dehal PS, Arkin AP. FastTree 2 – Approximately Maximum-Likelihood Trees for 

Large Alignments. PloS one. 2010;5:e9490. 

[194] Dundas SA, Dutton J, Skipworth P. Reliability of rectal biopsy in distinguishing between 

chronic inflammatory bowel disease and acute self-limiting colitis. Histopathology. 1997;31:60-6. 



 

81 

 

[195] Charlebois, S., et al., Biotechnology in food: Canadian attitudes towards genetic engineering 

in both plant- and animal-based foods 2018, Dalhousie University. 

[196] TerAvest MA, He Z, Rosenbaum MA, Martens EC, Cotta MA, Gordon JI, et al. Regulated 

expression of polysaccharide utilization and capsular biosynthesis loci in biofilm and planktonic 

Bacteroides thetaiotaomicron during growth in chemostats. Biotechnology and bioengineering. 

2014;111:165-73. 

[197] Ng DT, Sarkar CA. Engineering signal peptides for enhanced protein secretion from 

Lactococcus lactis. Appl Environ Microbiol. 2013;79:347-56. 

[198] Menzella HG. Comparison of two codon optimization strategies to enhance recombinant 

protein production in Escherichia coli. Microbial cell factories. 2011;10:15. 

[199] Chin JX, Chung BK-S, Lee D-Y. Codon Optimization OnLine (COOL): a web-based multi-

objective optimization platform for synthetic gene design. Bioinformatics. 2014;30:2210-2. 

 


