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Abstract 

The gut microbiota influences development and control of the immune system. In 

the context of solid organ transplantation, the composition of this microbial community 

affects immune responses that cause rejection. My thesis project has used a mouse 

model of vascular rejection to examine how disruption of the gut microbiota with 

antibiotics early in life exacerbates immune responses that cause acute vascular 

rejection. 

The gut microbiota and its composition were disrupted in murine recipients of 

fully major histocompatibility complex (MHC) mismatched aortic interposition transplants 

using an antibiotic cocktail of ampicillin, metronidazole, neomycin sulphate and 

vancomycin in the drinking water. Initial experiments examined the effect of eliminating 

the gut microbiota by treating aortic transplant recipients with antibiotics for life. 

Transplants were performed at 8 – 12 weeks of age. Antibiotic treatment increased 

immune cell accumulation and medial degradation in aortic allografts, which are features 

of acute vascular rejection. Medial injury was specifically related to increased neutrophil 

accumulation early after transplantation. The effect of early life disruption of the gut 

microbiota on rejection was then assessed by treating mice with antibiotics for only the 

first three weeks of life. Early life disruption of the gut microbiota in this way altered the 

composition of the bacterial population by 8 – 12 weeks of age, as determined by 16S 

sequencing, but the total abundance of bacteria was not changed. This treatment also 

increased neutrophil accumulation and acute rejection of vascular grafts that were 

performed later in life at 8 – 12 weeks of age. ,Although these experiments established a 

role for the gut microbiota in controlling neutrophil responses in transplant rejection, the 

taxonomic and metagenomic changes in the microbiota that could be responsible for this 

effect remained poorly understood. 

Subsequent studies examined the composition of the gut microbiota using both 

16S and metagenomic sequencing of DNA isolated from mouse stool, followed by 

contemporary bioinformatic approaches that permitted the inference and direct 

identification of genes related to metabolic reactions. Antibiotic treatment early in life (for 

only the first three weeks, hereafter referred to as antibiotic treated) resulted in 

persistent changes to the composition of the gut microbiota, including a decrease in the 

bacterial class Bacteroidia, and an increase in Clostridia. Shotgun sequencing 
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determined that Akkermansia muciniphila, Lactobacillus murinus, and L. Johnsonii were 

virtually absent in antibiotic treated mice, all of which are species that produce the 

immunoregulatory metabolite acetate that can inhibit neutrophil activation. Cohousing 

antibiotic treated mice with untreated mice reversed these compositional changes. 

Antibiotic treatment also altered the abundance of genes encoding metabolic pathways, 

including a significant reduction in the abundance of several genes related to the 

metabolism of mucin that produces acetate as a by-product. Specifically, beta-N-

acetylhexosaminidase is an enzyme that is responsible for an initial cleavage of mucin 

carbohydrates and was decreased in antibiotic treated mice, and this was rescued by 

cohousing. These observations suggested a role of acetate and the taxa that produce it 

in regulating neutrophil accumulation in vascular rejection. 

The role of acetate in controlling acute vascular rejection was then 

experimentally examined based on the implication of this metabolite from genomic 

analyses of the microbiome. Artery graft recipients were untreated, treated with 

antibiotics for the first 3 weeks of life, co-housed, or treated with antibiotics and then 

administered acetate. Normalizing the gut microbiota of antibiotic-treated mice by co-

housing and providing exogenous acetate prevented the exacerbation of neutrophil 

responses and acute vascular rejection caused by early life disruption of the gut 

microbiota.  

All together, my findings show that dysbiosis of the gut microbiota caused by its 

disruption early in life may have consequences on rejection of solid organ transplants 

and identify bacterial species and acetate as immune regulatory components of this 

microbial community in this setting. 

Keywords: Immunology; Gut microbiota; Transplantation; Metagenomics 
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Chapter 1. Introduction 

Organ transplant therapy is the most effective treatment for end-stage organ 

failure but its success is limited by immune-mediated rejection and resulting failure of 

most grafts 1. The current therapy for preventing graft rejection is life-long treatment with 

immunosuppressive drugs but this is associated with increased risk of malignancy and 

opportunistic infection. Future advances in preventing or mitigating transplant rejection 

will require a better understanding of how the immune system is activated and regulated 

in response to transplanted organs. Of contemporary interest is how environmental 

factors, such as the symbiotic microbes that colonize the human body, influence 

processes that underly transplant rejection. 

In addition to mounting important responses related to cancer and injury, the 

immune system surveys the environment in order to mount responses against infectious 

agents or to permit the colonization of body surfaces with non-infectious microbes. The 

gut microbiota is a community of bacteria, viruses, and fungi that inhabits the human 

digestive system. There is rapidly increasing evidence that the gut microbiota plays a 

role in many physiological systems, with particularly strong effects in human immune 

regulation 2,3. Understanding the influence of the gut microbiota on immune responses 

that cause transplant rejection is an exciting and nascent field of study. 

1.1. Immunological rejection of organ transplants 

Transplant rejection results from the genetic disparity between the donor and 

recipient. The surgical introduction of a foreign organ into the body is a powerful stimulus 

that causes activation of the host immune system. Early inflammatory and innate 

immune signals are essential for immune activation that causes graft rejection. The 

release of endogenous “danger” signals from surgical injury, such as high-mobility group 

protein 1 (HMGB1) and hyaluronan, leads to their binding to innate immune receptors 4. 

This leads to the secretion of inflammatory cytokines that stimulate the recruitment of 

leukocytes into the transplanted organ 5. This occurs in parallel with the injury caused by 

reintroducing blood to an ischemic, refrigerated organ 6. Neutrophils, macrophages, and 

natural killer (NK) cells infiltrate transplanted organs early after surgery where they are 

directly cytotoxic and increase the production of cytokines that further cause graft 
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dysfunction and activate adaptive immune responses 7–12. Animal studies examining the 

effect of blocking DAMP-related inflammation show some benefit 13. 

Inflammatory signals prime the activation of antigen presenting cells, such as 

dendritic cells (DCs) and macrophages, which results in the activation of T cells towards 

antigens expressed by the donor 14–18. These effector T cells then infiltrate the graft and 

cause rejection via killing of graft cells or cytokine-mediated dysfunction 19–21. Cytotoxic T 

cells express granzymes and perforin 22. A subset of CD4+ T cells express interferon 

gamma (IFNγ) which causes upregulation of major histocompatibility complex (MHC) by 

endothelial cells, which supports immune cell interactions with the graft. Sustained 

expression of IFNγ, such as during the chronic rejection that contributes to cardiac graft 

failure, results in the de-differentiation of vascular smooth muscle cells and their aberrant 

proliferation in the arterial intima 23. Parenchymal cells of the graft are also affected, 

such as myocyte injury in heart transplants or tubule destruction in renal grafts 24,25. 

T cells also support the generation of antibodies generated towards grafts and 

this contributes to transplant rejection 26,27. Antibodies directed towards donor major 

histocompatibility complex (MHC) molecules bind to endothelial cells and cause 

swelling, deposition of complement, and are associated with macrophage accumulation 
28. The consequences of immune cell infiltration, cytotoxicity, and pro-inflammatory 

cytokines can lead to graft dysfunction, such as impaired diastole or ventricular 

hypertrophy in cardiac grafts 29,30. In vascularized transplants, this also results in 

cumulative and permanent damage to the vasculature. 

Immune activation is specifically opposed by the action of regulatory T cells 

(Tregs). These cells develop in the thymus or in peripheral tissues and inhibit immune 

responses by expressing inhibitory surface molecules such as cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4), secreting immune inhibitory cytokines and metabolites, 

and depleting local levels of interleukin-2 (IL-2) 31. In transplantation, depletion of Tregs 

exacerbates rejection of grafts and increasing their numbers increases graft survival 32–

35. In addition to Tregs, other immune regulatory cell types such as plasmacytoid 

dendritic cells and myeloid-derived suppressor cells, also inhibit T cell responses and 

may prevent transplant rejection 36–38. Development of cell therapy approaches utilizing 

these regulatory cell types are in clinical trials for the management of organ transplant 

rejection (ONE Study, NCT02129881). 
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In order to prevent rejection, recipients take life-long immunosuppressive agents. 

Drugs that inhibit calcineurin signaling such as tacrolimus and cyclosporine, are most 

commonly used in combination with steroids 39. These drugs work to inhibit pathways 

important for T cell activation. Cell cycle inhibitors such as azathioprine and 

mycophenolate can also be used to inhibit lymphocyte proliferation. Unfortunately, these 

drugs act broadly as immunosuppressive agents so patients that take them are 

susceptible to bacterial and viral infections. These drugs also have detrimental non-

immunological side effects such as nephrotoxicity, cardiovascular disease and diabetes 
40. 

There is considerable economic and medical value in improving the 

understanding of the immune response that leads to transplant rejection. Short term 

survival of heart transplant recipients is high at 87% surviving the first five years but the 

median survival is only approximately 12 years 1. Due to the decreasing survival after-

retransplantation, it is clear that graft lifespans need to increase in order for 

transplantation to be an effective cure for end-stage organ failure. Solid organ transplant 

rejection can be divided into three broad categories: hyperacute rejection, acute 

rejection, and chronic rejection. 

1.1.1. Hyper-acute rejection.  

Hyperacute rejection occurs rapidly after anastomosis of a transplant via the 

targeting of MHC antigens by pre-formed anti-MHC antibodies in the host 41. This can 

result in rapid necrosis of the graft and graft failure 42. These antibodies can result from 

prior transplantation, blood transfusion, or pregnancy.. Crossmatch testing for pre-

existing anti-donor antibodies before transplant procedures has virtually eliminated this 

complication wherever testing is available. 

1.1.2. Acute rejection 

Acute rejection occurs in transplants due to alloimmune recognition of graft cells 

and the resulting injury. It typically occurs within the first year after transplant but can 

develop at any time. This type of rejection develops in the various tissues of the graft, 

including the parenchyma and vasculature. The initial inflammatory stimulus that primes 

alloimmunity results from the combined surgical injury of host and graft tissue during 
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anastomosis, and the cumulative damage of cold storage and reperfusion of the graft 

with blood. 

Ischemia reperfusion injury 

Ischemia reperfusion injury (IRI) is a process by which there is injury of graft 

tissue due to the return of normothermic circulation to a newly transplanted organ after a 

period of ischemia. Initial reperfusion of the graft with blood after transplant causes a 

burst of reactive oxygen species (ROS) from graft and immune cells which depletes local 

nitric oxide (NO) and is toxic to graft cells 6. The severity of tissue damage from IRI 

worsens with the duration of cold ischemia, as increased cold ischemic time increases 

neutrophil infiltration early and impairs graft cell recovery at later time points 43. IRI also 

directly damages the glycans that line the vasculature, resulting in a cascade of 

interactions that ultimately result in the production of proinflammatory cytokines such as 

IL-1β, IL-6, IL-8, and tumor necrosis factor alpha (TNFα) 44. During IRI, the activation 

and infiltration of innate immune cells also recruits T cells that produce other effector 

molecules. T helper 17 (Th17) cells produce IL-17 early after transplant in response to 

HMGB1 inducing production of IL-6 from DCs, which supports additional neutrophil 

recruitment to the graft 45. A standard approach to mitigate IRI is to replace the blood 

from a collected organ with an organ preservation solution and immediate refrigeration 
46. These solutions are formulated with a range of ion concentrations to mitigate cellular 

edema and also include free radical scavengers and other nutrients and buffers. 

However, grafts that are stored in this way are still vulnerable to cellular swelling, 

acidosis, and the consequences of IRI 47. 

Pathophysiology of acute rejection 

The initial damage, immune cell infiltration, and inflammation caused by IRI and 

surgery creates a microenvironment that drives further activation of host immune cells 

via cytokines and damage-associated molecular patterns (DAMPS). This results in 

allospecific immune cell infiltration to the graft and sets the stage for acute rejection 48. 

Across different organs, there are commonalities in the presentation of acute rejection. It 

is generally characterized by immune infiltrates into the graft made up of CD4 and CD8 

T cells, macrophages, and in extreme cases, neutrophils 28. This causes inflammation 

that can be present in the graft vasculature as arteritis in small vessels and interstitial 

edema and/or in the parenchymal tissues 28,49. Currently, the gold-standard of diagnosis 
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of acute rejection is histology of tissue biopsies 50. In heart transplants, acute rejection 

episodes cause organ injury by inducing apoptosis of cardiac myocytes and disrupting of 

myocyte function 51,52. This can lead to cardiac dysfunction, but it is not consistent 

enough to enable the use of echocardiography as a non-invasive replacement for biopsy 
53. In renal allografts, T cells induce apoptosis and dysfunction of kidney tubules and 

glomeruli which leads to renal dysfunction 54. Severe cases of acute rejection in lung 

transplants feature the formation of hyaline membranes in the alveoli which are made up 

of infiltrating myeloid cells and these impair gas exchange 55. Signs of acute rejection in 

liver transplants include inflammation of the hepatic portals and bile ducts 56. 

Acute rejection is driven by T cell recognition of donor antigens. Patients with an 

increased alloreactive pool of T cells prior to transplant have increased acute cellular 

rejection, and this pool may be related to age 57. T cells receive activating signals from 

antigen presenting cells (APCs) from two main compartments: graft resident APCs, or 

self APCs and this is called direct recognition or indirect recognition, respectively 58,59. In 

direct recognition, graft-resident APCs display peptides on allogeneic MHC molecules 

and migrate to secondary lymphoid tissues, where they contact and activate host T cells, 

which are highlycross-reactive for foreign MHC-peptide. T cell reactivity to donor MHC 

occurs at a high frequency because they are not subjected to negative selection during 

thymic education 17. In indirect recognition, T cells are activated by MHC II presentation 

of allopeptides, generally made from donor MHC molecules 59. MHC that are shed from 

donor cells are internalized by host APCs and presented to host T cell, expands a pool 

of alloreactive T cells and drives rejection via a delayed-type hypersensitivity response 
60,61. Direct recognition decreases with time and indirect recognition becomes 

predominant as recipient APCs arrive at the graft 62. 

In addition to professional APCs, human endothelial cells can support T cell 

activation. Human vascular endothelial cells express MHC Class I and II as well as 

several co-stimulatory molecules 63. This enables the activation of human memory CD8 

T cells that differentiate into cytotoxic lymphocytes (CTLs) and memory CD4 T cells that 

secrete cytokines that alter the biology of vascular cells 64–66. In this way, endothelial cell-

activated memory CD8 T cells injure the graft vasculature by inducing apoptosis of 

vascular cells through the granzyme/perforin pathway 67. IFNγ produced by memory 

CD4 T cells induces chemokines early after transplant which further recruit T cells during 

acute rejection 68. Infiltrating T cells also express inducible nitric oxide synthase (iNOS), 
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which supports T cell proliferation and resistance to cytokine deprivation induced cell 

death 69,70. NO production is also dysregulated, as NO from iNOS is increased in acute 

and chronically rejecting arteries 71. Platelets can also participate in acute rejection by 

expressing chemokines such as IL-8 and stromal cell-derived factor 1 (SDF-1) 72. 

Recognition of the structural glycan hyaluronan via toll-like receptors (TLRs) also 

increases monokine induced by gamma interferon (MIG) and monocyte chemoattractant 

protein 1 (MCP-1) production in rejecting heart grafts 73. 

Antibody mediated rejection 

Antibody mediated rejection (AMR) occurs in some transplant recipients from 

antibodies that recognize donor antigens (termed alloantibodies) on the surface of graft 

endothelial cells. This is separate or concurrent with acute cellular rejection caused by T 

cells that is described above 74. Because of the similarity of donor antigens to the host, 

the majority of alloantibodies target donor MHC proteins, with the majority in humans 

targeting human leukocyte antigen DQ (HLA-DQ) 75. Crosslinking of MHCs on cell 

surfaces causes intracellular signalling events 76. This activates endothelial cells to 

induce expression of inflammatory processes, such as secretion of cytokine and 

chemokines 77. Binding of alloantibodies to endothelial cells also induces activation of 

this vascular cell type and enhances its activation of memory T cells 78. De novo 

alloantibody formation is associated with a significantly worse prognosis in heart 

transplant patients 79.  

AMR has diverse histopathological signs and is more difficult to diagnose by 

histology than T cell-mediated rejection 28. In cardiac transplants AMR is characterized 

by myocardial capillary injury with endothelial cell swelling and macrophage 

accumulation. Complement is also deposited during AMR of endothelial cells and can be 

visualized by staining for C4d; this is proportional to MHC II expression levels 80. In 

addition to anti-MHC antibodies, there are non-MHC alloantibody targets, including 

cardiac myosin, vimentin, or polymorphic endothelial antigens such as angiotensin II 

receptor type 1 (AT1R) 81,82. Macrophages are also observed to accumulate in the 

luminal space during episodes of AMR 83. 
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Acute vascular rejection 

An important component of acute rejection is acute vascular rejection (AVR) that 

involves innate immune-, T cell-, and antibody-mediated injury to blood vessels in 

transplanted organs (Fig. 1). AVR can involve rejection of graft capillaries or arteries. T 

cell and antibody responses that target endothelial cells in graft capillaries can lead to 

killing of these vascular cells or cytokine secretion 84–86. Both processes compromise the 

integrity of these blood vessels and leads to ischemic injury of the affected graft. Similar 

immune processes can target graft arteries in severe cases of acute rejection. 

Endothelial cell killing and cytokine secretion by T cells can trigger a tissue reparative 

process that contributes to transplant arteriosclerosis (see below). Neutrophils, 

macrophages, and T cells also infiltrate the arterial media in severe forms of AVR, a 

process termed arteritis. All these cells can induce apoptosis of medial smooth muscle 

cells and, in this way, compromises arterial function and blood flow that contributes to 

ischemic graft injury and/or failure 10,11,25. AVR can occur in any vascularized transplant, 

but its pathologic features and consequences for graft survival are best described in 

cardiac transplants. 

Acute rejection is also associated with increased coagulation; in heart allografts, 

levels of p-selectin and prothrombin fragments may be correlated with severity of acute 

cellular rejection 87,88. Thrombin can act on protease activated receptors, and other 

coagulation factors promote the release of cytokines from endothelial cells and other 

innate immune cells 89. Elements of the complement cascade, directed by donor specific 

antibodies, can replicate the function of thrombin and lead to coagulation 89.  



8 

 

Figure 1. Pathophysiology of acute vascular rejection and transplant 
arteriosclerosis 

1.1.3. Chronic rejection 

A continuous immunological response towards solid organ transplants results in 

structural changes that are a combination of reparative responses that result from 

immune-mediated injury and continuous expression of cytokines. The resultant effects 

on graft cells leads to tissue remodelling, such as intimal hyperplasia of graft arteries 

and fibrosis of the graft parenchyma, that are collectively termed chronic rejection. 

Chronic rejection is a leading cause of graft failure after the first year post-transplant and 

is poorly controlled with immunosuppression. In heart transplants, the most common 

cause of chronic rejection is transplant arteriosclerosis (TA) (see below) 90. In kidney 

transplants, chronic rejection is characterized by tubular loss and interstitial fibrosis that 

may be independent or dependent on TA. In lung transplants, chronic rejection is most 

often related to the development of bronchiolitis obliterans, which is a pathological 

scarification of the bronchioles and prevents gas exchange 91. 

Transplant arteriosclerosis 

First reported in 1970, TA is a vascular component of chronic rejection that is a 

main driver of late graft failure 92. TA is the deleterious remodeling of allograft arteries, 
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resulting in the formation of a hyperproliferative intimal layer that progressively occludes 

the lumen of blood vessels (Fig. 1). There is also fibrosis of surrounding tissue 93. Acute 

rejection is a strong predictor of TA, and an increased number of acute rejection 

episodes is associated with increased chronic rejection at later time points 94,95. The rate 

of TA has not improved in the contemporary era of transplants despite ongoing 

advancements in the formulation and delivery of immunosuppressive drugs.  

TA develops from the migration of smooth muscle cells from the media into the 

intima and their subsequent proliferation in this inner layer of the artery 96. Early 

endothelial cell injury caused by cytotoxic CD8 T cells leads to the secretion of cytokines 

and growth factors that induces smooth muscle cell migration and proliferation in the 

intima 85. Secretion of IFNγ by infiltrating effector T cells is also a major immune driver of 

TA by exacerbating endothelial cell activation and causing smooth muscle cell 

proliferation 23,97,98. Innate immune cells, such as NK cells and macrophages, also 

contribute to the development of TA by secreting growth factors 99. In addition to cellular 

immune responses, alloantibodies contribute to intimal thickening in TA by causing 

endothelial cell activation that exacerbates the activation of T cells and NK cells 78,100. 

Combined, the resultant intimal thickening prevents blood flow through affected arteries 

and in this way causes ischemic graft failure. 

1.1.4. Neutrophil function and regulation 

Because of the effects of increased frequency or severity of acute rejection on 

graft survival, understanding the cells that participate in this process is an important 

focus of immunologic studies. The highest grades of acute rejection are associated with 

neutrophil involvement. Understanding the regulation of neutrophils and their capacity to 

cause damage is important, as these cells infiltrate solid organ transplants early after 

surgery and may persist in response to acute rejection in some instances. 

Neutrophils are an innate immune myeloid cell characterized by a multi-lobed 

nucleus with cytosolic granules and are the most common leukocyte in human blood 101. 

They are short-lived, normally only surviving for hours to days 102–104. Under normal 

circumstances, a significant proportion of neutrophils remains in the bone marrow, but 

inflammatory stimuli causes them to migrate into the circulation and dramatically 

increase in number 105,106. Granulocyte colony stimulating factor (G-CSF) plays a central 
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role in stimulating the development and release of this cell type from the bone marrow 

into circulation 107. Neutrophils have a variety of effector functions that act together to 

clear bacterial infection. These include phagocytosis of pathogens, production of 

cytotoxic ROS, and formation of extracellular structures called neutrophil extracellular 

traps (NETs) 108. These cells also participate in wound healing 109. 

Neutrophils functions are largely concerned with eliminating extracellular 

pathogens, such as bacteria. These immune cells patrol the vasculature and recognize 

adhesion molecules on endothelial cells in order to slow and eventually exit into 

perivascular space. Initial tethering and rolling adhesion is initiated by endothelial P-

selectins, neutrophil L-selectin, and other molecules that interact with glycosylated 

ligands and related cognate proteins 108. Tight adhesion and crawling is initiated by the 

expression of  intercellular adhesion molecule 1 (ICAM-1) and integrins on endothelial 

cells as the result of inflammatory signals such as TNFα 110. Neutrophils then follow 

gradients of chemokines, such as IL-8 to affected tissue and extravasate by expression 

of matrix metallo-proteases (MMPs) and cooperation from endothelial cells, typically in 

postcapillary venules 111. 

Upon arrival at site of infection, neutrophils recognize and phagocytose antibody 

and/or complement bound targets via Fc and β integrin receptors 101. Phagosomes are 

merged with endocytic granules which contain a variety of antimicrobial peptides and 

proteolytic enzymes 101,112. The specific composition of these granules changes over a 

neutrophil’s lifespan and includes a variety of antimicrobial proteins such as defensins, 

gelatinase, lysozyme, and myeloperoxidase (MPO) 113. Neutrophils also internalize 

apoptotic cells, and this process is enhanced by granulocyte-macrophage colony 

stimulating factor (GM-CSF) 114. An important function of neutrophils is the production of 

ROS via NADPH oxidase and MPO which is cytotoxic 115. Over their lifespan, neutrophils 

‘age’ in response to signalling via TLRs and MyD88, resulting in a progressive increase 

in inflammatory phenotype 116. These CXCR4Hi neutrophils express higher levels of 

lymphocyte function-associated antigen 1 (LFA-1) and TLR4 and display enhanced 

phagocytic ability 117. Another effector process by which neutrophils may clear infectious 

agents and cause tissue damage is NETosis, which produces extracellular structures 

formed by the release and spreading of chromatin from neutrophils into the surrounding 

tissue. NETs contain antimicrobial peptides and histones that are bactericidal and elicit 
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inflammation 118. They are normally released in response to microbial stimuli and their 

release is controlled by Dectin-1 119. 

Neutrophils support the recruitment and activation of other immune cells. Upon 

arrival at the site of inflammation, neutrophils express FasL, which directly kill cells and 

support the infiltration of CD8 T cells 120. They also express MHC II and costimulatory 

molecules and can induce the activation of Th1 and Th17 cells directly and regulate T 

cells via ROS production 121,122. Neutrophil MMPs can generate chemoattractant 

peptides through degradation of extracellular matrix 123. 

Similar to other myeloid cells, neutrophils can exist as different subtypes based 

on their inflammatory phenotype. N1 neutrophils express high levels of cytokines and 

chemokines that are needed for their bactericidal function. Transforming growth factor β 

(TGF-β) or IL-4 induces neutrophils into an N2 phenotype which produce higher levels of 

arginase which inhibits T cells 124,125. These neutrophil subsets were originally observed 

in tumor associated neutrophils but they have since been observed in multiple disease 

models such as systemic lupus erythematosus (SLE), rheumatoid arthritis, psoriasis, 

and asthma 126. In a wound healing environment, such as regeneration after myocardial 

infarction, N1 neutrophils dominate early and are gradually replaced by N2 neutrophils 
125. 

Although they are an important component of immune responses against 

infections, neutrophils also infiltrate and damage transplanted organs through the 

effector processes described above 127. IRI has been shown to be an important stimulus 

for neutrophil recruitment in acute rejection and this may be related to increased IL-8 

production by grafts that have longer cold ischemic times 128. Neutrophils bind ICAM-1 

via LFA-1 to infiltrate transplanted organs in response to inflammatory signals, such as 

CXCL1 and CXCL2 gradients 129–131. Neutrophils infiltrate transplanted organs within 

hours after transplantation, where they support subsequent T cell infiltration and 

contribute injury of the graft parenchyma and blood vessels 132. In allograft arteries, 

neutrophils participate in AVR by the killing of graft endothelial and smooth muscle cells 

via FasL and ROS production 133,134. This leads to a persistent reduction in vascular 

smooth muscle cells (SMCs) and leads to exaggerated TA 10,11. Once in a transplant, 

neutrophils can cause further injury to transplants via NET formation 135. Indeed, 



12 

neutrophil accumulation is associated with the highest grade of acute rejection and 

increased neutrophil activation is correlated with increased severity of acute rejection 136. 

1.2. The gut microbiota 

The investigation of environmental factors that regulate the immune system, such 

as the community of microbes that colonize all surfaces of the human body, may hold 

important insights for how to mitigate or prevent transplant rejection 2. The gut microbiota 

is a community of bacteria, viruses and fungi that colonize the digestive tract. Emerging 

evidence shows that it is an important element of several aspects of human health 137,138. 

Worldwide initiatives, such as the Human Microbiome Project (HMP) and the 

Metagenomics of the Human Intestinal Tract (MetaHIT) project have set out to 

characterize the normal human microbiota in order to inform future studies 139,140. The 

gut microbiota is incredibly diverse, as thousands of different species of microbes can be 

found across humans and these encode millions of different genes 139–141. Recent 

investigations have illuminated how the composition and function of the microbiota is 

influenced by environmental factors and how this affects immune responses in general. 

The gut microbiota exists in symbiosis with the host and has an intimate 

relationship with the development and function of the gastrointestinal tract (GI). The 

microbes contained in each anatomical compartment of the GI tract vary and perform a 

variety of different functions that relate to digestion, development, barrier permeability, 

and immune regulation 142,143. The human gut microbiota is mainly comprised of bacteria 

from the phyla Firmicutes and Bacteroidetes 143. Under normal circumstances, bacteria 

are separated from the colonic epithelium by a layer of mucus is up to 150 μm thick 144. 

The production of mucin by goblet cells is regulated by immune cytokines and, if mucin 

production is impaired, bacteria contact the intestinal epithelium and induce inflammation 
145. In other compartments, such as the small intestine, antimicrobial peptides are 

produced tonically in response to the microbiota. This controls their expansion and 

interaction with the intestinal epithelium 146. 

Deleterious alterations in the composition of the gut microbiota, termed dysbiosis, 

are related to the development of several diseases. In intestinal pathologies such as 

irritable bowel disease (IBD), Crohn’s disease (CD), or ulcerative colitis, the microbiota 

undergoes considerable changes in diversity and composition. NO and oxygen radicals 
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increase in concentration due to their production during inflammation and this causes 

dysbiosis by favouring the growth of taxa that can use these molecules in respiration 
147,148. A common consequence of dysbiosis, such as in IBD, Crohn’s, and necrotizing 

enterocolitis, is the expansion of Enterobacteriaceae 149. Experimental models of colitis 

show that the normal microbiota helps prevent IL-17 and TNFα production in response to 

inflammation, whereas dysbiosis reduces colonic Tregs and increases susceptibility 150–

152. 

In addition to intestinal pathologies, the gut microbiota can affect other organs 

that are distal from the digestive tract. For instance, in a framework described as the gut-

brain axis the microbiota is associated with anxiety and behavioural disorders 153. This 

may be caused by regulation of the neuroactive molecule serotonin by this microbial 

community. Most of the serotonin in circulation is produced from the intestines and the 

gut microbiota enhances its production, potentially by producing acetate and butyrate 154. 

Specific microbes, such as A. muciniphila, have been shown to regulate serotonin 

signalling in the brain 155. Cirrhosis is also associated with intestinal dysbiosis in cases of 

non-alcoholic fatty liver disease and alcoholic liver disease, typically related to an 

increase of Proteobacteria 156. 

The gut microbiota mainly derive their energy from carbohydrate metabolism, but 

their other metabolic capacities produce useful by-products for the host. Bacteria in this 

microbial community expresses a large breadth of carbohydrate metabolizing enzymes 

in order to make use of those that arrive in the colon, mostly in the form of resistant 

starches, cellulose, and mucin 157. The down-stream products of fermentation contribute 

to the normal functioning of the colon as dietary fiber increases the number of goblet 

cells in the colon and this is mediated by the gut microbiota 158. Bile salts that are not 

reabsorbed and arrive at the colon are also metabolized by a variety of bacteria 159. The 

gut microbiota also enhances the bioavailability of polyphenols and produces vitamin 

B12 160,161. 

A major by-product of the metabolism of dietary fiber is short chain fatty acids 

(SCFAs), the most abundant being acetate, butyrate, and propionate (detailed in 1.2.1) 
162. In situ, SCFAs provide a wide variety of functions to the gut such as mobility of 

colonic contents, colonic circulation, and GI pH 163. Butyrate is also a major source of 

energy for colonic epithelial cells and SCFAs induce MUC2 mRNA, the major 
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component of mucin 164,165. Responses against infectious microbes are assisted by 

SCFA-mediated induction of antimicrobial peptides from monocytes 166. In addition to 

acting directly on the intestinal epithelium, SCFAs are absorbed into the circulation 

where they can affect physiological and pathological responses elsewhere in the body. 

The immunologic effects of SCFAs are expanded in 1.2.1. 

1.2.1. Immunological effects of the gut microbiota 

The gut microbiota exists in close contact with the host immune system in 

intestinal tissues, and as a result, local immune regulation is closely tied to the 

composition and behaviour of the gut microbiota. New studies are revealing that this 

influence extends to other tissues and this has implications for understanding many 

immune-mediated processes 167–169. As a protective influence on human health, signals 

from this microbial community increase immune responses against several infections by 

supporting the tonic activation of neutrophils and monocytes 170–173. Mechanistically, this 

may involve the induction of type I interferon responses that disseminate systemically 
174. Microbes that colonize neonates also induce the production of IL-17 and G-CSF, 

which are important for neutrophil mediated protection from sepsis 175. Signals from the 

gut microbiota also increases the lifespan of neutrophils and enhance IgG production in 

response to some vaccines 176,177. 

Innate lymphoid cells are a group of lymphoid cells that do not express antigen 

specific receptors but have important roles in regulating inflammation and immune 

responses, especially in the gut, and interact with the gut microbiota. Innate lymphoid 

cells are grouped into three categories, ILC1, ILC2, and ILC3 that are characterized by 

the production of Th1, Th2, and Th17 cytokines, respectively 178. Despite this subset 

classification, ILC transcriptional activity and behaviour is extremely heterogeneous even 

within the same subcategory and this is regulated by continual exposure to the gut 

microbiota 179. Innate lymphoid cells act on epithelial cells to produce antimicrobial 

peptides and maintain barrier integrity, which keeps bacteria contained to the intestinal 

lumen 180. The extent to which ILCs regulate immune responses distal from the gut is still 

being explored 181. 

The effect of the gut microbiota on host immune responses is mediated by the 

ability of host cells to sense these microbes. Intestinal and immune cells express 
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receptors for microbe associated molecular patterns (MAMPs), including TLRs and Nod-

like receptors (NODs), that are involved in binding bacterial ligands. Sensing of these 

signals by cells in the intestine is essential for immune homeostasis by controlling the 

expansion and composition of gut microbes 182. These signals also affect distal immune 

responses as TLR2 ligands from gut microbiota affect the development of antigen 

specific T cell activation in the spleen via the production of Erd1, a pro-apoptotic factor 

that is inhibited by the gut microbiota 183. 

Signals from the gut microbiota also control the differentiation of immune 

regulatory cells 184. This includes the induction of Tregs and production of immune 

regulatory metabolites. Several species in the genera Clostridia induce Tregs via the 

induction of TGF-β from colonic epithelial cells and providing SCFAs 185–187. This 

appears to also result from antigen-stimulation of Tregs because dendritic cells 

cocultured with heat-inactivated Clostridia are sufficient for this effect 188. These Tregs 

are capable of regulating immunopathologies in vivo as orally feeding mice Clostridium 

leptum decreased eosinophil infiltration in allergic airway mice and through an effect that 

involves increased Tregs 189. Tregs activated by lipopolysaccharide (LPS) can also limit 

the production of ROS and cytokines by neutrophils and induce their apoptosis, 

suggesting that sensing of this bacterial component by Tregs in the intestine may 

enhance immunoregulation 190. The gut microbiota also induces regulatory B cells that 

produce IL-10 via TLR2 and TLR9 ligands 191. IL-10 is important for regulating intestinal 

permeability, mucin production, and preventing inflammation caused by the gut 

microbiota 145,192. Some species of microbes may be also able to inhibit neutrophils 

directly. For example, Lactobacillus rhamnosus inhibits their ROS production and ability 

to form NETs 193. 

Because of its immunological influences, the composition of the gut microbiota 

affects immunopathological responses. The gut microbiota has been shown to 

exacerbate disease in experimental autoimmune encephalomyelitis (EAE), a mouse 

model of MS, by inducing the development of Th17 cells that migrate to the central 

nervous system 194,195. Also, accelerated development of spontaneous EAE in mice is 

associated with an increase in fecal IgM, indicative of gut dysbiosis, suggesting that pro-

inflammatory signals from the gut accelerate some forms of autoimmunity 196. Studies 

have also shown that type 1 diabetes (T1D) in mice is influenced by the composition of 

the gut microbiota and there may be some influence of the MHC haplotype, indicating 
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that microbial antigens are important 197,198. These observations are replicated in clinical 

cases, since mice that received fecal microbiota transplants (FMTs) from patients 

suffering from rheumatoid arthritis and multiple sclerosis (MS) experience increased 

disease severity compared to those that received FMT from healthy controls 199,200. This 

was associated with a relative decrease in several species of Clostridia in MS patients 
201. 

Antimicrobial peptides are a diverse family of short, positively charged peptides 

that are released and exhibit a variety of functions in protecting against infection and 

modulating innate immune responses. In addition to their bactericidal activity, they can 

act as chemoattractants for monocytes and alter the levels of proinflammatory cytokines 

produced in response to LPS 202. LL-37 induces mast cell degranulation and the 

production of ROS in neutrophils. Other functions of antimicrobial peptides include 

alteration of TLR signaling, phacytosis in macrophages, and chemotaxis of neutrophils 
203. These molecules may act as important intermediaries between the gut microbiota 

and host immune responses. 

Immunoregulatory metabolites of the gut microbiota 

One of the main mechanisms by which the gut microbiota influences immune 

function is through by-products of mucin and dietary fiber fermentation. Dietary fiber, 

such as resistant starch and cellulose, and mucin are a major energy sources for enteric 

bacteria and certain species metabolize these carbohydrates 204,205. The SCFAs acetate, 

propionate, and butyrate are the main by-products of this fermentation in the colon. 

These metabolites are absorbed by and through the intestinal epithelium and diffuse into 

the circulation 206. The availability of complex carbohydrates in natural ingredients is 

important for the normal production of SCFAs, as mice raised on a synthetic diet had 

reduced acetate, propionate, and butyrate production and an altered gut microbiota 207. 

Acetate and butyrate have generated the most interest as they have strong effects on a 

variety of cell types. 

SCFAs affect intestinal and immune cells by acting as ligands for receptors or via 

histone deacetylase inhibition 208. The G-protein linked receptors free fatty acid receptor 

2 (FFAR2; or G-protein coupled receptor 43;GPR43), FFAR3 (GPR41), and GPR109a 

bind acetate, propionate, and butyrate, respectively, and signals via Gq/11 209,210. SCFA 

receptors are expressed on neutrophils, intestinal leukocytes, adipose tissue, innate 
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immune cells, and some epithelial cells 211–213. The proper regulation of inflammation in 

the intestine is related to the sensing of SCFAs through their cognate receptors. 

Expression of GPR41 and GPR43 on intestinal epithelial cells is important for inducing 

protective inflammatory responses in the gut because GPR41 and GPR43 knockout 

mice mount delayed responses against Citrobacter rodentium related to decreased 

neutrophils and Th17 cells 214. Paradoxically, SCFAs also inhibit NLP3 mediated gut 

inflammation and improve barrier function 215. The seemingly contradictory effects of 

SCFAs may be concentration and context dependent. 

Butyrate has come under active investigation for its ability to induce regulatory 

immune cells and support anti-inflammatory processes in the gut. Many of these effects 

are related to its ability to act as an histone deacetylase (HDAC) inhibitor 207,216. Butyrate 

induces Tregs extrathymically via HDAC inhibitor activity on the Foxp3 locus 216. Tregs 

can also be induced via GPR43 signalling, as GPR43 KO mice had impaired acetate, 

propionate, and butyrate induction of Tregs in the colons of germ free mice and; these 

Tregs reduces the severity of a T cell mediated colitis model 217. Lamina propria 

macrophages have decreased NO and IL-6 reduction when treated with butyrate, and 

butyrate induces intestinal epithelial cells to induce tolerogenic dendritic cells via 

upregulation of the production of retinoic acid, the active form of vitamin A 207,218. 

Butyrate’s HDAC inhibitor activity also upregulates Fas on T cells, increasing their 

apoptosis to reduce severity of colitis 219. 

Acetate is immunoregulatory through its ability to inhibit neutrophil responses via 

binding to GPR43 as GPR43 knockout mice have exacerbated responses to LPS and 

were less able to resolve gut inflammation 220,221. This is associated with the ability of 

acetate to induce neutrophil apoptosis, which leads to increased TGF-β and IL-10 222. 

However, an immunoregulatory effect of acetate may be concentration or context 

dependent because GPR41 and GPR43 knockout mice recruit fewer neutrophils during 

gut barrier disruption and an experimental model of gout 214,223.  

There is growing interest in investigating the ability of SCFAs to mitigate or 

prevent immune-mediated pathologies. Increasing SCFAs, either by ingestion of high 

fiber diets or by direct administration with SCFAs, reduces the severity of food allergy, 

asthma, and dextran sulfate sodium (DSS) colitis in mouse models 224–226. This is 

associated with the generation of Tregs and the modification of inflammasome signaling 
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224,226. Butyrate has also been shown to have a developmental effect on immune 

regulation as rats born to mothers treated with butyrate while pregnant were resistant to 

developing virally induced T1D 227.  

Other immunologically active metabolites are being actively investigated. 

Polysaccharide A (PSA) produced by Bacteroides fragilis is another immunoregulatory 

bacterial metabolite that induces the development of Tregs via TLR2 signaling and 

increases dendritic cell antigen uptake in mesenteric lymph nodes 228,229. PSA is a 

zwitterionic capsular polysaccharide whose ecologic role is so far not well understood 

but may be related to improving symbiosis. PSA may also have activity as a ligand for 

MHCII as they colocalize on the surface of dendritic cells 230. Tregs induced by PSA 

treated dendritic cells have increased suppressive ability and IL-10 production 231. B. 

fragilis colonization protects against EAE induction in mice only if PSA synthesis is intact 
232. 

Trimethylamine-N-oxide (TMAO) is produced by choline and carnitine 

metabolism by the gut microbiota. Serum carnitine levels are correlated with higher risk 

of cardiovascular disease and production of TMAO is associated with the genus 

Prevotella 233. TMAO promotes cardiovascular disease by inhibiting cholesterol 7a-

hydroxylase, which is the rate-limiting enzyme of bile acid synthesis, and induces the 

generation of macrophage foam cells 234. TMAO also increases platelet Ca2+ signalling 

in response to stimuli, resulting in a pro-thrombotic phenotype in mice 235. TMAO is 

correlated with decreased survival of patients suffering from heart failure 236. This 

metabolite can reach tissues distant from the gut, as TMAO is found in human 

cerebrospinal fluid 169. 

1.2.2.  Composition of the gut microbiota – Host and environmental 
influences 

Coevolution of hosts with the gut microbiota has produced immune structures 

and cell types that are predominantly responsible for its containment. Innate lymphoid 

cells have been shown to have major roles in responses to the gut microbiota, including 

the elicitation of antimicrobial peptides from intestinal epithelial cells 180,237. Tregs can be 

induced in non lymphoid tissue by butyrate or bile acid degradation by-products 216,238. 
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Alongside structural barriers such as mucus and the epithelium, these cells prevent 

deleterious inflammation in the gut 191,239,240. 

The composition of the gut microbiota is shaped by initial exposure to 

environmental components early in life. Colonization of infants, and the effects of 

antibiotics on their microbiota, may actually begin even before birth because some 

studies have shown that there may be a uterine microbiota 241. The meconium, the first 

stool of an infant that is comprised mainly from amniotic fluid, bile, and mucus, is rich in 

Escherichia, Shigella, Lactococcus, Streptococcus, and maternal atopic eczema is 

associated with decreased diversity of this community 242. The dramatic exposure to 

microbes occurs during birth, and vaginal birth results in significant transfer of microbes 

from the birth canal to the infant, including Lactobacilli and Streptococci 243. The gut 

microbiota of cesarian delivered infants is generally lower in diversity and is more similar 

to skin microbiota 244,245. The microbiota of nursing infants quickly shifts to include 

Bifidobacteria and Lactobacillus. Infants raised on formula have overall decreased 

bacteria and also a relative decrease in Bifidobacterium and increased Bacteroides 

compared to breast fed counterparts 246. 

The early stage of gut microbiota development in infants is particularly important 

for health. Events that perturb the gut microbiota or disrupt intestinal permeability early in 

life can lead to loss of resilience against dysbiosis and is related to metabolic and gut 

pathologies later in life 247. There are also an increasing number of studies that show that 

dysbiosis of the infant microbiota results in increased risk for allergy and asthma 248,249. 

With age, the composition of the microbiota becomes more stable. The gut microbiota 

begins to resemble that of an adult at approximately 3 years of age 250. 

Antibiotics are a cornerstone of modern medicine and an essential life-saving tool 

for the treatment of bacterial infections. These drugs are divided into many classes 

based on structure and mechanism of action. Many classes target and inhibit the 30S or 

50S subunit of the bacterial ribosome, such as neomycin, and others inhibit cell wall 

synthesis, such as vancomycin and ampicillin 251. Metronidazole directly binds DNA and 

inhibits protein synthesis in some protozoans and gram-negative and gram-positive 

bacteria.  
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One off-target consequence of antibiotic use is the disruption of the gut 

microbiota. The impact of even short term antibiotic use can last years as is seen with 

the persistence of clindamycin-related decrease in Bacteroides 252. In humans, antibiotic 

exposure early in life delays the normal progression of the gut microbiota and increases 

risk of childhood asthma 249,253. Indeed, many studies have implicated antibiotic use in 

the development of asthma and eczema, both Th2 pathologies 254,255. Antibiotic exposure 

early in life can also alter the gut microbiota’s effect on host metabolism as childhood 

antibiotic use in the first year is correlated with obesity 256,257.  

Experimental models examining disruption of the microbiota early in life have 

given some insight into the mechanism of the increased risk of immune pathology. 

Temporary treatment with antibiotics that disrupts the composition of the gut microbiota 

early in life worsens Th17 mediated psoriasis; this was partially reversed in antibiotic 

treated mice by cohousing with untreated mice that restored Bacteroidetes 258. Mice born 

to mothers treated with antibiotics from pregnancy through life had decreased overall 

colonization of bacteria, including a reduction of Bacteroidetes, Firmicutes, and 

Lactobacillus. These mice had reduced CD8 responses against Vaccinia 259. Also, mice 

that develop in the absence of microbiota or that are exposed to certain antibiotics early 

in life have exacerbated systemic Th2 responses and local pathological Th2 and Th17 

immune responses in the lung 260–262. Non-obese diabetic mice that have had their gut 

microbiota severely disrupted with antibiotics from birth have accelerated development 

of type 1 diabetes 263. 

During normal life, diet is a major environmental factor that influences the gut 

microbiota. Dietary changes can cause rapid and reproducible changes in this microbial 

community. For example, the increased consumption of meat increase Bacteroides and 

decreased Firmicutes as they metabolize bile acids and plant polysaccharides, 

respectively 264. Studies examining rural and urban Zimbabweans showed that increased 

protein consumption and urban lifestyle was associated with an altered microbiota and 

increased acetate and propionate 265. The changing diet of nomadic peoples in Africa is 

also closely related to changes in the composition of their gut microbiota, although this 

community remains consistently dominated by Bacteroidetes and Firmicutes 266,267. The 

reproducible diet/lifestyle-modified compositions of the gut microbiota have led to the 

description of several ‘enterotypes’ which correlate with overall compositional and 

functional trends 268. These enterotypes differ in their abilities to derive energy through 
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fermentation of carbohydrates or mucin-degradation, which may be a response to 

different availability of dietary factors provided by the host. The Bacteroides enterotype 

is associated with diets high in animal protein and fat, whereas a carbohydrate-rich diet 

results in increased Prevotella 269. 

The relationship between biological sex and the composition and effect of the gut 

microbiota is also continually being investigated. In humans, phylum level differences 

can be seen, such as an increase of Firmicutes and Actinobacteria in females, although 

the specific differences may change with geography 270,271. There may also be some 

species level differences, such as increased A. muciniphila in females 272. Sex 

differences in the microbiota do not appear until after puberty and studies correlating sex 

hormones with the gut microbiota show that in humans, estrogen in males and post-

menopausal women correlate with microbial diversity and the abundance of Clostridia in 

the gut 270,273. Animal models have also established that the gut microbiota can alter the 

level of testosterone in both female and male mice 274. This has immunologic 

consequences as male microbiota protects female mice from the development of 

autoimmune diabetes 274. This alteration of autoimmune responses may be mediated by 

the altered availability or response to SCFAs; providing a mixture of SCFAs to rats 

produces different effects on cholesterol and fatty acyl composition based on sex, and 

human females have lower levels of SCFAs 275,276.  

1.2.3. Approaches to modify the gut microbiota 

Given the effect of environmental disruptions on the biological effects of the gut 

microbiota, there is considerable interest in developing effective interventions to restore 

a healthy composition of this microbial community. Strategies aimed at this can involve 

providing substrates that facilitate the growth of one or more taxa of bacteria, termed 

prebiotics, and/or directly providing certain bacterial species that are associated with 

health benefits, termed probiotics. 

Giving prebiotics provides a substrate that is resistant to digestion by the host 

and facilitates the growth of taxa of interest within the gut microbiota 277. This approach 

has been evaluated for decades and has led to many manufactured products 278. Most 

current prebiotics are mainly comprised of fructo-oligosaccharides and galacto-

oligosaccharides but can also includes resistant starches 279. Galacto-oligosaccharide 
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prebiotics have been added to milk formula and increase Bifidobacteria and Lactobacilli 

in pre-term infants to levels comparable to breast-fed infants 280. Providing different 

combinations of dietary fibers in this way changes the amount of SCFAs produced as 

well as the composition of the microbiota, which can improve intestinal health or help 

manage dysbiosis associated with metabolic syndrome 204,281. Resistant starches can 

also be chemically modified to carry additional SCFAs 282. Acetylated or butylated high 

amylose maize starch releases additional acetate or butyrate upon fermentation in the 

gut and have been used to reduce the incidence of autoimmune diabetes in a mouse 

model 283,284. Indeed, providing sufficient dietary fiber for the gut microbiota may help 

protect against dysbiosis and pathogens because a low fiber diet is associated with 

these features 285. 

Directly introducing one or more beneficial bacteria as probiotics is an attractive 

therapy because of the gut microbiota’s ability to influence human physiology. Probiotics 

may form the basis of new treatments for otherwise chronic health conditions. For 

example, Roseomonas mucosa and Lactobacillus rhamnosus have been trialled and 

been shown to treat atopic dermatitis and boost peanut allergy therapy, respectively 
286,287. VSL#3 is a commercially available probiotic that contains four strains of 

Lactobacillus, three strains of Bifidobacterium, and one strain of Streptococcus 288. 

Although the rationale for the original formulation is not available, Lactobacillus and 

Bifidobacterium bacteria closely associate with the intestinal epithelium via pili and may 

improve barrier integrity 289. VSL#3 reduces intestinal damage from DSS colitis and is 

marketed to treat ulcerative colitis and irritable bowel syndrome. 290. The 

immunoregulatory effect of VSL#3 in the intestine involves Treg induction and it can 

prevent Th2 activation associated with food allergy 291. Interestingly, this probiotic may 

also act systemically. It reduces atherosclerotic lesions in the heart and serum 

inflammatory markers in mouse models 292. It may also protect against autoimmune 

disease because it prevents T1D in a mouse model by increasing indolamine 2,3-

deoxygenase (IDO) expression and reducing Th1 and Th17 cells 293.  

Akkermansia muciniphila is a bacteria that produces acetate and propionate from 

its metabolism of mucin and was discovered as an anaerobic bacteria isolated during an 

investigation of mucin degrading bacteria from human stool 294. A. muciniphila is being 

evaluated as a probiotic and has been trialed in overweight and obese patients 295,296. A. 

muciniphila is a major component of the human and mouse gut microbiota and increases 
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in abundance in humans with age 297–299. This symbiont lives in the mucus layer of the 

colon, close to the epithelium and has considerable ties with metabolism 300. While a 

canonical mucin degradation pathway has not been established, A. mucuniphila 

expresses many mucin degrading enzymes and makes use of many of the resulting 

products 301–303. In animal models, A. muciniphila has been shown to improve host 

intestinal barrier function and improve energy metabolism which prevents obesity 304,305. 

Related to host immune responses, A. muciniphila decreases B cell migration to the 

colon, but also induces cognate and anti-commensal IgG1 306,307. These activities may 

be related to a surface protein named Amuc_1100 that can bind TLR2 and TLR4 and 

induces IL-10 308. Additionally, A. muciniphila produces extracellular vesicles which may 

be responsible for its ability to modulate serotonin signalling via the gut-brain axis 155. 

A variation on a probiotic approach to modifying the gut microbiota is fecal 

microbiota transplant (FMT) in which dysbiotic gut microbiota is replaced with the gut 

microbiota from healthy individuals. It is most often used to treat recurrent C difficile 

infections (rCDI). The microbiota of rCDI patients has decreased diversity and an 

outgrowth of Proteobacteria; FMT increases diversity and the abundance of Firmicutes 

and Bacteroidetes 309,310. The resulting microbiota resembles a combination of the donor 

and the recipient 311. This is highly effective at treating rCDI, with a response rate of 

91%, and this intervention is used to treat rCDI in transplant recipients 312,313. There is 

considerable interest in making this intervention more available to treat other intestinal 

pathologies such as Crohn’s disease, and some studies have shown that encapsulating 

the microbiota and delivering them by pill may be a viable replacement for FMT 

delivered by colonoscopy 314,315. Indeed, modifying the gut microbiota by large-scale 

multi-organism interventions may become the standard of care for many gut pathologies. 

1.3. Metagenomic analysis of the gut microbiota 

1.3.1. Main challenges and approaches 

The accurate and robust analysis of the gut microbiota is necessary in order to 

understand its effects on human health and immune responses. Relating the abundance 

or absence of particular species with health conditions or immune phenotypes can 

provide insight into how the gut microbiota contributes to or protects against diseases. It 
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may also inform the development of interventions that modify the microbiota for disease 

treatment and prevention. 

There are many substantial challenges in determining the composition and 

functional characteristics of the gut microbiota. Classical identification of microorganisms 

was done through microscopy, but this method does not scale sufficiently to describe the 

thousands of microbes in the mammalian digestive system. Direct culture experiments of 

some bacteria in the microbiota are successful but the vast majority of bacteria are not 

able to be cultured outside of its host 316. Instead of characterizing the gut microbiota by 

focusing on individual components, the genome of the entire community can be 

analyzed to provide information on the intact community. Termed metagenomics, this 

approach was first developed to study soil ecology 317. The extensive diversity of the gut 

microbiota, covering several kingdoms of life and variations in composition that result 

from environmental exposures, is challenging in its analysis. The molecular approaches 

used in these studies need to be robust to capture a diversity of microbes and allow for 

an accurate subsampling of an entire community. These tools not only have applications 

in studying human health, but also in industrial applications where accurate 

characterization of microbes is essential, such as probiotic manufacturing 318,319. 

Initial approaches to describe a microbial community focused on bacteria by 

analysis of their 16S rRNA genes. The 16S gene comprises the 30S small ribosomal 

subunit and is broken into ten conserved regions that flank nine hyper-variable regions 

and is approximately 1600 bp in total length 320. Denaturing gradient gel electrophoresis 

and terminal restriction fragment length polymorphism are both methods that leverage 

the discriminatory power of 16S sequence variation for identification of bacterial 

taxonomy 321,322. Combining these approaches with probes specific to bacteria of interest 

allows for the interrogation of mixed DNA extracts 323. Unfortunately, identifying specific 

taxa becomes cumbersome when it is scaled to the hundreds to thousands of species 

that may be present in a given community. 

The ability to directly sequence DNA recovered from microbial communities has 

expand the ability of researchers to describe them. Sequencing portions of the 16S gene 

has been used to identify bacterial taxa for decades and this has been adopted for 

sequencing analysis of the gut microbiota 324–326. To date many primer sets have been 

designed for use and range in ability to capture diversity 327. Before sequencing, a DNA 
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library is prepared by extracting the total DNA from a sample that is then used as a 

template for 16S PCR. The resulting amplicons are then sequenced using next-

generation sequencing platforms that allow for the simultaneous sequencing of 

thousands or millions of unique amplicons. The sequencing reads are then used as the 

input to a workflow that uses software to translate them into a description of the bacteria 

present in the sample. Taxa are generally described in terms of relative abundance; 

qPCR of 16S genes can also provide the basis for comparing total bacterial load 

between samples. 

Although specific of bioinformatic workflows may differ, the fundamental steps 

remain consistent across different approaches. There are several software packages 

that group together the most relevant bioinformatic tools and allow the user to develop 

their own pipeline. Mothur and Quantitative Insights into Microbial Ecology (QIIME) are 

widely used platforms that allow for the quality control, comparison, and production of 

graphics from 16S sequencing data 328,329. 

Analysis of 16S sequencing reads begins with filtering to ensure only high-quality 

sequencing reads are used as input. The remaining reads are divided into clusters, 

typically with a 97% sequence similarity cut-off, and these resulting consensus 

sequences are referred to as operational taxonomic units (OTUs) 330. However, this 

threshold may underestimate the diversity of an environmental sample as there is 

considerable homogeneity in 16S rRNA 331. Denoising algorithms such as Dada2 or 

Deblur use machine learning approaches to estimate PCR error rates in sequencing 

data to better resolve clusters 332,333. Dada2 also removes chimeric PCR products. OTUs 

can then be compared to known 16S amplicons and taxonomy is assigned, although 

accuracy depends on the initial 16S primers used 334,335. There are several databases 

that have catalogued 16S sequences, including GreenGenes and SILVA 336,337.  

Although 16S sequencing can identify the bacteria present in a community, it 

does not directly provide information on other genomic features of the bacterial 

community. These additional genomic features can be inferred from 16S data using the 

bioinformatics tool PICRUSt2. This program functions by finding reference genomes for 

taxa found in the input library and infers the remainder of its genome. For taxa not found 

in the database, PICRUSt2 calculates its phylogenetic relationship to its nearest taxa in 

the database and the inferred genome is a combination of these related taxa. Validation 
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studies show that the results of PICRUSt2 are closely comparable to those obtained by 

whole genome shotgun sequencing 338,339.  

The full sequencing of all of the DNA in a microbial community allows more 

detailed analysis than 16S sequencing and can reveal the identity of specific species 

and genes 340. Referred to as shogun sequencing or metagenomic sequencing (MGS), 

this approach can identify microorganisms from all domains of life. Many aspects of the 

data acquisition approaches for shotgun sequencing are similar to 16S sequencing. DNA 

isolates of microbial communities are sequenced to detect a broad diversity of 

community members and the resulting reads are filtered for quality. In contrast to 16S 

sequencing, MGS enables the assembly of partial or complete genomes in a given 

community, and there are multiple programs that use different strategies to do this 341. 

The contigs that result from assembly can then be binned into taxonomic classes using 

similar approaches to 16S sequencing, such as Bayesian classifiers 342. MetaPhlAn3 

uses an assembly-free approach to compare reads to a database of marker genes 

spanning thousands of species in order to identify members of a microbial community 
343–345. This algorithm is also a part of the HUMAnN3 workflow, which uses the taxa 

identified by MetaPhlAn3 to accelerate the matching of a sample’s reads to metabolically 

relevant genes 345,346. Genes that are identified using these methods are compared to 

databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG), Enzyme 

Commission (EC) curated reactions, or MetaCyc to receive annotation based on 

function, substrates etc. 347–351. The resulting dataset of identified microbial species and 

metabolic genes allows for the thorough interrogation of the links between a given 

microbiome and its environment. 

1.3.2. Comparison of microbial communities 

The comparison of data resulting from 16S sequencing or MGS allows for the 

simultaneous high-level description of overall trends, combined with the direct 

comparison of abundances of taxa or genes to test hypotheses. An important use of this 

information is to determine whether a given perturbation has caused a significant overall 

change in the gut microbiota or its genes. This can be done via statistical methods and 

graphical representations to analyze the multidimensional parameters in sequencing 

datasets. Looking for clusters of genes that are altered and overlaying functional 

information may show that the metabolic capacity of the gut microbiota has changed, or 
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there is a likely increase in an immunologically important protein. Determining marker 

genes or taxa that have the greatest ability to discriminate between groups is also 

possible given new statistical tools such as LEfSe 352. However, for anything beyond the 

direct comparison of specific taxa or genes, two concepts in community analysis, called 

alpha and beta diversity, must be understood. Alpha and beta diversity are used in order 

to effectively quantify the composition of a single community or the differences between 

multiple communities, respectively. 

Alpha diversity is the relative abundance of different taxa in a given community, 

and is comprised of richness (the number of different taxa), and evenness (the 

distribution of reads of different taxa) 353. A common metric that accounts for both is the 

Shannon index; a population with a high number of taxa that are evenly abundant will 

have the highest Shannon index, and a sample with few taxa at different abundances 

will have the lowest 354. Phylogenetic distance between taxa present in a library can be 

established using sequencing data by aligning sequences and constructing a 

relationship between them that examines the extent and number of nucleotide 

differences. MAFFT is sequence alignment software and Fasttree establishes a 

phylogenetic relationship between the sequences based on an adapted maximum 

likelihood approach 355,356.  

Beta diversity describes the differences in the compositions of two communities, 

the comparison of which can be done through several different methods. Some 

measures, such as Bray-Curtis distance, quantify the dissimilarity between the total 

number of differences of taxa present and their abundances, but are agnostic to their 

phylogenetic relationship. UniFrac distance is a commonly used measurement which 

incorporates the phylogenetic differences between individual taxa of a sample set to 

quantify beta diversity 357. The resulting dissimilarity matrices can be very complex 

depending on the number of communities, but can be presented using one of several 

dimensional reduction methods such as principal component analysis (PCA), principal 

coordinate analysis (PCoA), and non-metric multidimensional scaling (NMDS) 358. NMDS 

uses a rank-based approach to present all of the variance between inputs in a user-

determined number of dimensions. The result is generally a 3D or 2D graph where the 

distance between points is a measure of similarity; closer points are more similar, and 

the closer the points from a given treatment group cluster together, the more similar they 
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are. The resulting plot is produced with a stress value which decreases the better the 

plot represents the data; 0.1 is generally a cut-off for an accurate NMDS plot. 

Some obstacles remain in interrogating and interpreting these data. The use of 

different PCR primers for 16S sequencing or MGS library preparation that contains 

sequences that are difficult to amplify can bias the resulting data 359. Using PCR free 

library preparation methods may address this for MGS. Identifying taxa accurately is also 

dependent on the quality of the reference databases used. For example, GreenGenes is 

a commonly used 16S reference database, but was last updated in 2012 and since then 

the phylogeny of many bacteria and archaea has changed. For all analyses, similar 

sequencing depth across samples is important because this affects the detection of 

abundant and rare sequences differently. Rarefying reads such that each sample is 

sequenced to the same depth is a common approach, although its use has since 

become controversial 360. Lastly, while data is often expressed as relative abundance in 

order to account for different sequencing depths, this can result in type 1 errors;the 

establishment of a particular taxa as a ‘reference frame’ may be used to address this 361. 

1.4. The gut microbiota in organ transplantation 

The evolving link between immune regulation and the gut microbiota suggests 

that it may be an important consideration when understanding immune response that 

cause transplant rejection (Fig. 2). The most extensive evidence of the involvement of 

the gut microbiota in transplant rejection is in the intestinal inflammation that arises from 

graft-versus-host disease (GVHD) in bone marrow transplant recipients. Studies in mice 

showed that GVHD modifies the composition of the gut microbiota and that germ free or 

antibiotic treated mice have more severe GVHD 362,363. Both the donor and the recipient 

gut microbiota are influential, as decreased donor microbial diversity and increased 

recipient exposure to antibiotics increases the risk for aggravated GVHD and 1 year 

mortality, respectively 364,365. This may be related to SCFA production as butyrate is 

protective against intestinal epithelial cell injury in mice and low butyrate levels post-

bone marrow transplant is predictive of development of GVHD in humans 366,367. The 

effects of the gut microbiota in GVHD are likely a result of combined influences on 

immune activation and the biology of the gut epithelium. 
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In addition to bone marrow transplantation, the gut microbiota may affect solid 

organ transplant rejection. Clinical studies in kidney transplant recipients showed that 

decreases in microbial diversity, Clostridiales, and Bacteroidiales are associated with 

increased post-transplant diarrhea and acute rejection 368,369. However, there is a large 

amount of variability between individuals, which may make it challenging to translate 

observations into a diagnostic method for predicting acute rejection 368. The composition 

of the gut microbiota may also influence immunosuppressive drug action. In kidney 

transplant recipients, increased relative abundance of Faecalibacterium prausnitzii is 

associated with an increase in tacrolimus dose at 1 month post-transplant 370. Also, the 

microbiota of mice that are treated with tacrolimus is protective against skin transplant 

rejection by inducing Tregs 371. These studies suggest that the microbiota influences 

immunosuppressive drug action and may have implications for dosing strategies in the 

future. 

The role of antimicrobial peptides in transplant rejection is so far poorly 

understood, but they may have some involvement. Some antimicrobial peptides can 

inhibit NADPH oxidase function in neutrophils and reduce inflammation caused by IRI 
372. Within the vasculature, LL-37 released by macrophages induced ICAM-1 expression 

in endothelial cells and promoted apoptosis of vascular SMCs 373. Addressing the effect 

of dysbiosis on the expression of antimicrobial peptides and the subsequent effect on 

transplant rejection may be important to understand the full impact of the gut microbiota. 

Experimental studies have also directly examined how the gut microbiota 

influences immune responses that lead to transplant rejection. There is growing 

evidence that in some contexts, these immune responses are improved by the omission 

or depletion of the gut microbiota. Skin grafts are rejected more slowly in germ free mice 

than SPF counterparts because of immune stimulation from Staphylococcus in the 

epidermis of SPF mice 374. Staphylococcus colonization was restricted to the skin by 

providing oral vancomycin. In solid organ transplantation, Lei et al showed that presence 

of the gut microbiota in both the recipient and donor increases immune activation and 

transplant rejection using mouse models of skin and heart transplantation 375. Graft 

lifespans were increased if both the donor and recipient were germ free or treated with 

antibiotics. Elimination of microbes shortly before transplantation was sufficient for this 

effect that was a result of a reduction in type 1 IFN and NFκB pathway activation in 

dendritic cells isolated from the skin of antibiotic treated mice 375. This indicates that 
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microbiota components provide tonic inflammatory signals that amplify immune rejection 

of transplanted organs. This effect varies with the microbiota, as differences in this 

microbial community in mice from different vendors has been implicated distinct rates of 

rejection of skin and lung allografts 376,377. 

In addition to immune-activating effects, the microbiota also has regulatory 

effects that prevent rejection. The gut microbiota of conventional mice, which have a 

higher diversity of microbes than mice reared in specific pathogen free conditions, 

increases the development of transitional B cells that produce IL-10 which prevents 

TNFα production by T cells, increases T-cell derived IL-10 secretion, and prolongs 

allogeneic skin graft survival 378. In one of the first examples establishing a role for 

SCFAs in transplant rejection, Wu et al. showed in a mouse model for renal transplant 

rejection that a high fiber diet or exogenous acetate decrease rejection of kidney graft 

and this was due to GPR43 signalling and Tregs 379. These data show that despite 

providing some inflammatory signals, the gut microbiota can induce a net anti-

inflammatory effect on immune responses that cause rejection. 

The studies described above show that there are complex relationships between 

the gut microbiota and immune responses that effect transplant rejection. Future studies 

are needed to identify ways to precisely target processes that prolong graft survival. 
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Figure 2. The role of the gut microbiota in transplant rejection 

The gut microbiota naturally produces SCFAs which are beneficial in regulating immune cell 
activation. In addition, the gut microbiota may amplify the effect of immunosuppressive drugs. 
However, the gut microbiota also provides innate immune signals which can exacerbate 
transplant rejection. Antibiotic treatment decreases immune activation of the gut microbiota but 
may also ablate the beneficial metabolic processes described above. 

1.4.1. Murine models for studying the gut microbiota and transplant 
rejection. 

Considerable environmental, genetic, and behavioural influences make the study 

of the gut microbiota in humans challenging. Additionally, studying the causative 

influences that underly transplant rejection is difficult in the clinic because of 

comorbidities that accompany the need for transplant therapy and an inability to perform 

interventional studies in patients. In order to control for these factors, mice are an 
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effective platform that allows for the mechanistic investigation of the gut microbiota and 

immune system. The combination of methods that modify the gut microbiota with murine 

models of transplant rejection have led to important insights into how the gut microbiota 

and transplant rejection are linked. 

Murine models for studying the gut microbiota 

The use of mice in studies that investigate the gut microbiota allows for the 

analysis of the consequences of specific and controlled perturbations of this community. 

Common approaches investigating the overall effect of the gut microbiota in mice include 

depletion of it by antibiotics and the use of germ-free mice. Dietary modification by 

replacing natural ingredients with synthetic equivalents, or by modifying the dietary fiber 

content allows the investigation of interventions that may be applicable to humans. 

Lastly, the selective introduction of select microbial taxa or wholesale transfer of 

microbes by FMT can highlight the causative effects of the microbial components. 

Gnotobiotic mice are germ-free mice that have been monocolonized with isolated strains 

or a pre-determined community of bacteria and have been used for years to determine 

causative effects of the microbiota on the immune system, immunity, and beyond. 

The use of mice as a model to study the gut microbiota has several important 

caveats. There are clear differences in the taxonomy of human and mouse microbiota, 

caused by the different diet and anatomical features of the intestines 380. Even compared 

to conventional mice, mice raised in specific pathogen free (SPF) environments have a 

considerably different microbiota 381,382. Further, the taxonomy of gut microbiota in wild 

mice is also considerably different than laboratory mice and there is variation in the 

microbiota of mice from different vendors. These differences are likely a result of the 

microbial content of the housing/living environments or diet and are important 

considerations for the interpretation of any resulting data. One significant advantage in 

mice is that they will naturally transfer bacteria with cage-mates through coprophagy, 

and this cohousing method has been used to demonstrate IgA induction by B. fragilis 383. 

Although the taxonomy of the gut microbiota differs between mice from different sources 

and between mice and humans, the metabolic gene content of the gut microbiota is very 

similar between mice and humans 384. This suggests that there are considerable 

functional similarities between the mouse and human gut microbiota, which is useful for 

the translation of murine studies to human health.  
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A simple intervention that is designed to alter the gut microbiota is the use of 

antibiotics. Gut bacteria can be depleted with a cocktail of ampicillin, vancomycin, 

neomycin sulfate, and metronidazole, which target both gram-positive and negative 

bacteria and anaerobic microbes; this results in their virtually complete elimination 385,386. 

This allows for the examination of immune regulation in absence of many signals that 

the gut microbiota would normally provide and has illuminated aspects of macrophage 

function, Treg development, and other immune processes 216,218. Use of single antibiotics 

to selectively deplete certain groups of bacteria has also been used to examine 

processes underlying allergic asthma, intestinal inflammation, and others 387,388. 

However, there are several limitations to this approach. Administering antibiotics via 

gavage can cause considerable stress in animals and sustained treatment of antibiotics 

can damage mammalian DNA via the generation of ROS from mitochondria 389. Another 

undesirable side-effect is that fungal outgrowth may occur during persistent antibiotic 

treatment 390. The effect of non-parenteral antibiotics in any organism is also not limited 

to the gut, as studies have shown that they can disrupt the microbes on the skin 391.  

As a parallel to antibiotic treatment, the use of germ-free mice has also helped 

illuminate the role of the gut microbiota in immune regulation and different aspects of 

development 185,392. Germ free mice are more susceptible to Th2 mediated pathologies 

such as milk allergy and atopic skin inflammation 393,394. The colons of germ free mice 

are also more vulnerable to inflammation in colitis models and have increased Th17 cells 
150,395. Many studies combine genetic knockout of the TLR adapter protein MyD88 or 

metabolite sensing receptors such as GPR43 to reproduce the phenotype of germ free 

status in SPF mice 221,396. This combination of genetic tools with studies in germ free 

mice has provided information on many roles of the gut microbiota such as reducing the 

severity of colitis, promoting hematopoiesis, and providing peripheral immune activation 
177,221,396. 

Germ free mice also act as a ‘blank canvas’ for approaches that introduce 

individual species of bacteria or transplant whole microbial communities. Experiments 

using this approach have established the role of specific bacterial species in controlling 

the development of ROR+ Tregs in the colon and of Th17 cells 239,397. Other studies 

introduce curated synthetic microbiomes composed of a collection of species of interest 

to examine the ability of the microbiota to degrade host mucin and induce Tregs 185,285. 

Additionally, introducing fecal microbiota from human subjects to germ free mice has 
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been useful for establishing mechanistic relationships between the gut microbiota and 

human diseases such as Parkinson’s 398, MS 200, and also the effectiveness of 

checkpoint blockade immunotherapy 399. The susceptibility of developing allergic asthma 

is also transferrable via the adoptive transfer of microbes from infants with atopy and 

wheeze to germ free mice 249. 

Murine models of solid organ transplantation 

Rodent models of solid organ transplantation allow for the examination of 

immune drivers of transplant rejection. Mice are predominantly used because of the 

diversity of genetic tools that are available. However, surgical operation in mice comes 

with challenges including the need for a world-class level of dexterity in the 

microsurgeon. Before interpreting any of the resulting data from murine models of 

transplantation, it is important to understand the differences in immune cell composition 

and regulation between humans and mice. The composition of circulating cells is 

significantly different, as mice have fewer circulating neutrophils than humans (30% vs 

70%) 101. In mice, Foxp3 is exclusively expressed in regulatory T cells, whereas it is 

expressed in activated human T cells 400. Further, induction of Th17 T cells requires 

TGF-β and IL-6 in mice in contrast to requiring IL-23 in humans 401. Mice that are 

commonly used in transplant studies have very few memory T cells whereas this 

lymphocyte population is abundant in adult humans 402. Related to this, human 

endothelial cells are capable of activating resting memory T cells and this pathogenic 

mechanism is not reflected in mouse models where mice contain few memory T cells 403. 

Lastly, mouse models of transplant rejection do not typically employ immunosuppression 

and these drugs are routinely used in the clinic. Despite these limitations, various mouse 

models analogous to clinical transplantation have been developed in mice and are useful 

for understanding fundamental aspects of immune responses that cause transplant 

rejection.  

The most technically simple model of transplant is the non-vascularized 

allogeneic skin graft. This involves the removal of the dermal layer of skin and the 

replacement with skin taken from an allogeneic strain 404. Monitoring the graft for signs of 

rejection, such as inflammation and necrosis, can be done non-invasively. However, the 

lack of transplanted vasculature prevents the investigation of vascular rejection, although 

a vascularized skin transplant model has been established recently 405.  
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Solid organ transplant models such as kidney, liver and heart transplant have 

been established for nearly 50 years 406–408. Lung transplants can also be performed in 

mice, although the development of this surgery took considerably longer 377,409. The 

murine model of renal allograft rejection displays similar histological signs of acute 

rejection as human counterparts: venulitis, tubulitis, and interstitial infiltration of immune 

cells 410. However, this method is technically challenging and considerable care needs to 

be taken to reduce the chance of thrombus formation during transplant 411. 

The heterotopic heart transplant model is the most extensively used to examine 

causes and potential treatments for heart transplant rejection. In this model, a donor 

heart is ligated to the inferior vena cava. This results in blood flowing in a retrograde 

manner through the coronary vasculature. The assessment of graft lifespan can be 

quantified by palpating the abdomen and recording when a pulse ceases 407. Histological 

examination of failed hearts can provide information on graft injury and related immune 

responses. The development of acute and chronic rejection can be modeled using 

different antigen mismatches. For instance, complete MHC mismatch leads to 

aggressive activation of T cell and antibody responses that cause acute rejection 412. 

Less extensive antigen mismatches, such as Y antigen mismatch by transplanting male 

grafts into female recipients or transplants between different strains of the same 

haplotype, leads to chronic rejection 413. The administration of immunosuppressive drugs 

can also extend life span and permit evaluation of chronic rejection. The rejection that 

takes place is a combination of injury to the vascular and parenchymal tissue 414. 

Interposition grafting of allogeneic aortic segments can be used to evaluate the 

specific development and treatment of vascular rejection (Fig. 3) 415,416. In this model, 

innate and adaptive immune responses, including leukocyte infiltration and alloantibody 

formation, are activated toward the foreign artery segment and injure all components of 

this blood vessel. Early neutrophil and monocyte inflammation causes injury to the 

media 10,11. T cells and antibodies also target the allogeneic endothelium and vascular 

smooth muscle cells, causing cell death and cytokine secretion that compromises 

function of the artery 417. This early acute rejection leads to medial injury that is 

characterized by vascular smooth muscle death, elastic laminae fragmentation, medial 

thinning and eventual fibrosis 418. Early injury to the endothelium also triggers a response 

to injury in the artery that culminates in intimal thickening, which is a feature of transplant 

arteriosclerosis and is a main cause of chronic heart transplant rejection 419. The 
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morphological changes that lead to acute rejection and intimal thickening of aortic grafts 

are similar to the acute arteritis and TA that contribute to acute and chronic heart 

transplant rejection in patients 133. As with all murine models of disease, the aortic 

interposition model has features that are different from acute and chronic vascular 

rejection in patients. This includes T cell and antibody responses that are more 

excessive than in most clinical cases. There are also differences in the immunobiology 

of human and mouse endothelial cells that may affect how T cells are activated in 

arteries from these different mammalian species. Finally, many neointimal cells that 

contribute to intimal thickening in aortic interposition grafts are derived from circulating 

progenitor cells whereas this source of intimal cells is minimal in patients 420. 

 

Figure 3. Murine aortic interposition model of vascular rejection 

Transplantation of a section of infra-renal aorta allows the examination of vascular rejection that 
results from complete MHC mismatch eg. BALB/c and C57BL/6. 

1.5. Rationale, overall objective, and hypothesis 

Studies over the past decade have established an important role for the gut 

microbiota in controlling immune development and activation. It is becoming evident that 

these microbes also affect many immunological processes related to organ transplant 

rejection. Further studies are needed to examine the mechanistic relationship between 

the gut microbiota, its influence on alloimmune responses, and therapeutic interventions 

that can delay or prevent transplant rejection.  

The objective of my studies is to examine how the gut microbiota affects immune 

responses that cause transplant rejection. My overarching hypothesis is that the 
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composition of the gut microbiota influences immune responses that cause 
transplant rejection. 

The Aims are: 

1. To examine whether the gut microbiota affects immune responses that contribute 
transplant rejection. 

The role of the gut microbiota was examined by eliminating it using a 

cocktail of antibiotics (ampicillin, vancomycin, metronidazole, and neomycin) for 

the lifetime of graft recipients or only during early life development (first 3 weeks 

of life). These mice were used as transplant recipients in an aortic interposition 

model of vascular rejection. Rejection of vascular grafts was examined by 

histological analysis and the composition of the gut microbiota queried by 16S 

sequencing and analysis.  

2. Combine in vivo experiments with in-silico analyses of the gut microbiota to 
identify potential causative changes that exacerbate acute rejection. 

Using new bioinformatic tools that became available after completion of 

Aim 1, I analyzed 16S sequencing data in order to determine if any metabolic 

pathways may be altered in antibiotic treated mice that could explain how 

alterations in the gut microbiota affects rejection observed in Aim 1. Whole 

genome shotgun sequencing and analysis was also performed to examine the 

metagenomic composition of the gut microbiome in greater detail. These findings 

identified some bacterial species and the SCFA acetate as potential regulators of 

immune responses that contribute to rejection. 

3. To examine the role of SCFAs in antibiotic-mediated dysregulation of neutrophils 
and exacerbation of acute rejection. 

Based on findings in Aim 2, the role of compositional changes in the gut 

microbiota and of acetate in controlling acute vascular rejection was examined. 

The gut microbiota in untreated and antibiotic-treated mice was normalized by 

co-housing and acetate was orally administered to some antibiotic-treated mice. 

These mice were used as recipients of aortic interposition allografts and acute 

vascular rejection examined by histology. 
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Chapter 2. Characterisation of the effect of the gut 
microbiota on acute vascular rejection 

This chapter is adapted from the following published article: Rey K, Manku S, 

Enns W, Van Rossum T, Bushell K, Morin R, Brinkman F SL, Choy JC (2018) Disruption 

of the Gut Microbiota With Antibiotics Exacerbates Acute Vascular Rejection. 

Transplantation, 7, 1085-1095 

2.1. Contributions 

I led, coordinated, and performed most of the experiments in the research article. 

Winnie Enns performed the aortic transplant surgeries, post-operative care, and 

recovery of tissues at end-point. Sukh Manku performed some of the 

immunohistochemical analyses under my guidance. Dr. Thea Van Rossum performed 

the bioinformatic analysis of the 16S rRNA sequencing data and generated the resulting 

figures. Kevin Bushell provided support during the preparation of samples for 16S 

sequencing.  

2.2. Abstract 

The gut microbiota influences many immunological processes but how its 

disruption affects transplant rejection is poorly understood. Interposition grafting of aortic 

segments was used to examine vascular rejection. The gut microbiota was disrupted in 

graft recipients using an antibiotic cocktail (ampicillin, vancomycin, metronidazole, 

neomycin sulfate) in their drinking water. Treatment of mice with antibiotics severely 

reduced total bacterial content in the intestine and disrupted the bacterial composition. 

Short-term treatment of mice for only the first 3 weeks of life resulted in the population of 

the intestine in mature mice with bacterial communities that were different from 

untreated mice, containing more Clostridia and less Bacteroides. Antibiotic disruption of 

the gut microbiota of graft recipients, either for their entire life or only during the first 3 

weeks of life, resulted in increased medial injury of allograft arteries that is reflective of 

acute vascular rejection but did not affect intimal thickening reflective of transplant 

arteriosclerosis. Exacerbated vascular rejection resulting from disruption of the gut 

microbiota was related to increased infiltration of allograft arteries by neutrophils. 
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Disruption of the gut microbiota early in life results in exacerbation of immune responses 

that cause acute vascular rejection.  

2.3. Introduction 

The rejection of transplanted organs is an immunologically driven process. 

Rejection of allograft blood vessels is a prominent feature of both acute and chronic 

rejection. Leukocyte- and antibody-mediated damage of the microvasculature results in 

edema and thrombosis that are features of acute rejection. Arteritis, another feature of 

acute rejection, is characterized by leukocyte infiltration into the subendothelial and 

medial compartments of allograft arteries 28. In this setting, infiltrating T cells and 

neutrophils injure medial smooth muscle cells via cytotoxic mechanisms, leading 

eventually to medial destruction that compromises vasoreactivity 10,11,421,422. Chronic 

immunologic targeting of allograft arteries by T cells and antibodies causes transplant 

arteriosclerosis (TA), which is characterized by thickening of the arterial intima 133,423. 

Cytokines produced by infiltrating T cells cause the migration and proliferation of 

vascular smooth muscle cells in the intima and increases inflammatory activation of 

endothelial cells that supports further infiltration of leukocytes into the intima 423. Also, T 

cell-mediated cytotoxicity of the luminal endothelium triggers a vascular reparative 

response that results in smooth muscle cell migration and proliferation in the intima 22.  

The gut microbiota is increasingly recognized as an important biological 

component that controls protective and pathologic immune responses by providing 

antigenic, innate sensing, and metabolic signals to immune cells 424. For instance, 

bacterial antigens from species of Clostridia induce Tregs that protect against the 

induction of immunopathology in the intestine and non-intestinal tissues 185. Bacterial 

antigens also induce Th17 cells that can disseminate systemically to non-intestinal 

tissues, such as the brain, and exacerbate immunopathology 229. In addition to antigenic 

signals, stimulation of pattern recognition receptors by microbial components provides 

innate sensing signals that are important for immune homeostasis and protective 

immune responses 385,425,426. Finally, SCFA metabolites regulate immune responses by 

inducing Treg differentiation and opposing neutrophil activation 221,427. Bacteria from the 

phylum Firmicutes produce the SCFA butyrate, which induces the differentiation of T 

regs, and Bacteroidetes produce acetate, which dampens pathological neutrophil 

activation 213,216,221,427. 
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Little is known about how antibiotic disruption of the gut microbiota may regulate 

immune responses that lead to graft rejection. Specifically, the effect of disrupting the 

gut microbiota early in life remains unclear. We addressed this topic using an aortic 

interposition model of vascular rejection in which there is immune-mediated medial injury 

reflective of acute vascular rejection and intimal thickening that resembles TA 428. The 

involvement of the gut microbiota was examined by treating mice with an antibiotic 

cocktail which would deprive them of any immune regulating signals from this microbial 

community. Disruption of the gut microbiota with antibiotics, either for the life of graft 

recipients or only during the first 3 weeks of life, led to increased medial injury but did not 

affect the development of intimal thickening. Exacerbated medial injury was related to 

increased accumulation of neutrophils. These findings show that disruption of the gut 

microbiota early in life alters the regulation of immune responses that impact acute 

vascular rejection. 

2.4. Materials and methods 

2.4.1. Animals 

Breeding pairs of C57Bl/6 (H-2b) and BALB/c (H-2d) mice were originally 

purchased from Jackson Laboratories, and then bred in-house and used for 

experimentation at 8 to 12 weeks of age. All mice were housed in the same room in the 

same animal facility, with up to 5 animals per cage. Antibiotics were administered via 

drinking water. Both male and female mice were used in experiments in equal 

proportions. Protocols used in the study were approved by the Simon Fraser University 

Animal Care Committee. 

2.4.2. Antibiotic treatment 

Mice were treated with ampicillin (0.5 g/L), vancomycin (0.25 g/L), neomycin 

sulfate (0.5g/L), and metronidazole (0.5 g/L) in the drinking water. Pregnant females 

received antibiotic water ad libitum starting one week before giving birth. Pups received 

antibiotic water from weaning through adulthood ad libitum. In experiments examining 

the effect of antibiotic exposure early in life, pups received antibiotics until they were 3 

weeks of age and then were maintained on normal water thereafter. 
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2.4.3. Quantification of bacteria in fecal samples 

Fecal samples were homogenized, mounted in ProLong Gold (Life Technologies, 

Carlsbad, CA) and photomicrographs taken at 400x. DAPI stained area was quantified 

using ImageJ (NIH, USA). 

2.4.4. Quantification of fungal DNA in fecal samples 

 Isolated fecal DNA was used as the template for Taqman qPCR using broadly 

specific primer/probes for the fungal 18S gene 429. Data were acquired on an ABI 

7900HT iCycler. 

2.4.5. 16S sequencing and analysis  

Fecal samples were collected from mice, either before transplantation or at day 7 

after transplantation. Amplification and DNA sequencing of the 16S rRNA gene was 

performed at the Genome Science Centre in Vancouver, British Columbia, Canada and 

at Simon Fraser University. 

Amplification and DNA sequencing of the 16S rRNA gene was performed at the 

Genome Science Centre in Vancouver, British Columbia, Canada. The V3-V4 region of 

the 16S gene was amplified using degenerate primers tailed with linker sequences to 

facilitate nested PCR (Fwd – CGCTCTTCCGATCTCTGCCTACGGGNGGCWGCAG, 

Rev – TGCTCTTCCGATCTGACGACTACHVGGGTATCTAATCC). PCR was performed 

with Phusion DNA polymerase (Fisher Scientific, Boston, MA) and amplicons were 

indexed using a nested PCR and cleaned up with AMPure XP beads. Amplicon libraries 

were evaluated using an Agilent High Sensitivity Bioanalyzer DNA kit (Agilent 

Technologies, Palo Alto, CA) before sequencing on the Illumina MiSeq platform using 

paired-end 250bp reads. Read pairs were quality filtered and stitched together using 

PEAR 430. Stitched reads were discarded if shorter than 300 or if 80% of the nucleotides 

were of low quality (score less than Phred 30). OTUs were created through QIIME 

v1.9431 open-reference clustering using SortMeRNA and SUMACLUST at 97% identity 

clustering. OTUs were taxonomically classified against Greengenes v13.8 336. OTUs with 

less than 0.1% of reads and OTUs classified as coming from chloroplasts were 

removed. OTU abundance tables were subsampled to 2383 reads per sample. All 
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analyses were performed in R v3.3.2, except differential abundance of phyla and classes 

were assessed for significance using LEfSe352 with a LDA cutoff of 4. Boxplots were 

created using ggplot v2.2.1. Principal coordinate analysis (PCoA) was performed based 

on weighted UniFrac 7 distances calculated from subsampled OTU abundances 

calculated using the phyloseq R package 432. 

2.4.6. Flow cytometric analysis 

Splenocytes were stained with antibodies recognizing CD4 (RM4.5, BD 

Biosciences, San Jose, CA), CD8 (53-6.7, BD Biosciences), CD44 (IM7, BD 

Biosciences), and Foxp3 (MF23, BD Biosciences). Peripheral blood cells were stained 

using antibodies recognizing CD11b (M1/70, BD Biosciences) and GR-1 (RB6-8C5, 

eBiosciences). Data were acquired on a BD FACS Jazz (BD Biosciences) and analyzed 

using FlowJo.  

2.4.7. Aortic interposition grafting 

Aortic interposition grafting was performed as described previously 417,433. Briefly, 

a section of infrarenal aorta from BALB/c donors was interposed into the infrarenal aorta 

of C57Bl/6 recipient mice. Aortic segments from C57Bl/6 mice were used as syngraft 

controls. After 7 or 30 days, arteries were perfusion fixed with 4% (v/v) 

paraformaldehyde in PBS, excised, and then frozen in optimal cutting temperature 

medium.  

2.4.8. Histology and immunohistochemistry 

Cross-sections of artery grafts were H&E stained and intimal area, luminal area, 

total cross-sectional area, and medial thickness quantified as described 417. Medial 

thickness was normalized to arterial radius. Immunohistochemistry was performed and 

quantified on sections using antibodies to CD4 (polyclonal, Abnova, Taipei City, Taiwan), 

CD8 ( 4SM15, eBiosciences, San Diego, CA), Mac-3 ( M3/84, BD Biosciences), and 

myeloperoxidase (MPO, polyclonal, Abcam, Cambridge, MA), B cells (PAX5, 

EPR3730(2), Abcam), and NK cells (CD335, 29A1.4, BioLegend, San Diego, CA) as 

described 433. 



43 

2.4.9. Quantification of serum levels of donor-specific antibody 

BALB/c splenocytes were incubated with serum obtained from graft recipients at 

day 30 post-transplant. Donor-specific antibody binding was detected using a PE 

conjugated goat anti-mouse antibody (eBioscience). Splenocytes were co-stained for 

CD3 (BD Biosciences) and the MFI of donor-specific antibody staining of CD3+ cells 

quantified. Data was acquired on a BD FACS Jazz and analyzed using FlowJo software 

(FlowJo, LLC, Ashland, OR).  

2.4.10. Statistical analyses 

Differences between groups were determined using a Student's t test or ANOVA 

followed by a Tukey’s post-hoc test. Significant differences were defined as having an α 

value less than 0.05.  

2.5. Results 

2.5.1. Immune and vascular effects of disrupting the gut microbiota 
with antibiotics 

Consistent with previous reports, treatment of mice with a cocktail of antibiotics 

comprised of ampicillin, vancomycin, neomycin sulfate, and metronidazole significantly 

reduced DNA content in fecal samples (Fig. 4A) 385,434. Fungal outgrowth sometimes 

occurs in experimental models of antibiotic treatment, but this was ruled out via qPCR 

for a nonspecific fungal 18S gene (Fig. 4B). 
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Figure 4. Effect of antibiotic treatment on bacterial and fungal content in fecal 
samples. 

A. Quantification of DNA content in fecal samples by DAPI fluorescence in untreated (UT) and 
antibiotic treated (ABT) mice. Mean ± SEM of fluorescence area. N=3, 5 FOV per replicate. B. 
Cycle threshold of detection of 18S rRNA via FungiQuant qPCR. Mean ± SEM N = 4 *** p<0.001 

To determine the effect of antibiotics on the baseline immune cell profile in graft 

recipients, mice were sacrificed between 8 – 12 weeks of age and the composition of 

immune cells in mice treated with antibiotics was then analyzed. Antibiotic treatment did 

not affect the frequency of splenic CD4 and CD8 T cells or effector/memory T cells but 

Tregs were significantly reduced in antibiotic treated mice (Fig. 5A). There was no effect 

of antibiotic treatment on the number of circulating neutrophils but there was a slight 

reduction in the number of circulating monocytes (Fig. 5B). When structural development 

of the descending aorta was assessed, arteries from antibiotic treated mice were 

structurally similar to those of untreated counterparts (Fig. 5C). There were no vascular 

lesions or arteriosclerotic changes in mice treated with antibiotics. Orientation of smooth 

muscle cells in the media was also normal and medial thickness was not different. 

However, the luminal area and total cross-sectional area of arteries from mice treated 

with antibiotics was smaller than untreated mice (Fig. 5C). Treatment of mice with 

antibiotics did not result in obvious behavioural changes reflective of dehydration, 

gastrointestinal distress, or cognitive impairment. 
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Figure 5. Effect of antibiotic treatment on immune cells and arterial structure.  

A. Splenocytes were isolated from 8- to 12-week-old UT mice or mice treated with antibiotics for 
their entire life (ABT) and flow cytometrically analyzed for CD4, CD8, CD44, and Foxp3. Data are 
the mean ± SEM of the frequency of splenocytes that are CD4 T cells, CD8 T cells, or CD4 and 
CD8 T cells that are CD44-positive as well as CD4 T cells that are Foxp3-positive (N = 6). B. 
Cells in the peripheral blood of mice were stained for CD11b and GR-1 to quantify the abundance 
of neutrophils (CD11b+GR-1+) and monocytes (CD11b+GR-1−). Data are the mean ± SEM of the 
number of cells. UT (n = 3), ABT (n = 5). C. The abdominal aorta was isolated from UT and ABT 
mice, and cross-sections stained with H & E. Luminal and total vessel cross-sectional areas as 

UT

ABT
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well as thickness of the media were quantified (n = 6). Magnification, 100x. Scale bar 0.5 mm. *P 
< 0.05. **P < 0.01. UT, untreated, ABT, antibiotic treated. 

2.5.2. Effect of antibiotics on the gut microbiota 

DNA was then isolated from fecal samples taken prior to aortic interposition 

grafting and 16S rRNA gene sequencing performed. In addition to administering 

antibiotics for the entire life of graft recipients, we also examined the gut microbiota in 

mice that were given antibiotics for only the first 3 weeks of life. In clinical settings, 

alteration of the gut microbiota in childhood affects the development of 

immunopathological conditions in adulthood and treatment of mice for only the first 3 

weeks of life provides information related to this situation 249,254,435. 

In mice that have a very low abundance of gut bacteria, 16S sequencing can 

detect chloroplast genes detected from mouse food. Chloroplast DNA was detected as a 

significant proportion of 16S reads in mice that were treated with antibiotics for their 

entire life, reflective of severely reduced gut bacteria content (data not shown). The 

amount of chloroplast DNA was comparable between untreated mice and those that 

were treated with antibiotics for only the first 3 weeks of life, suggesting that there were 

no gross changes to the overall abundance of bacteria in these groups. Compositional 

analysis of the bacterial community showed that antibiotic treatment for the entire life 

severely altered the taxa of bacteria present (Fig. 6A). In mice that received antibiotics 

for only the first 3 weeks of life, the taxa detected in these mice were comparable to 

untreated mice although there was a reduction in Bacteroidia and increase in Clostridia. 

Principal coordinate analysis of UniFrac distances showed a large difference between 

untreated mice and mice that received antibiotics for their entire life but the composition 

of the gut bacteria in mice that received antibiotics for only the first 3 weeks of life was 

only modestly distinct from untreated mice (Fig. 6B). Finally, the bacterial diversity of the 

gut microbiota is severely reduced in mice that received antibiotic treatment for their 

entire life but was not different in mice that received antibiotics for only the first 3 weeks 

of life when compared to untreated counterparts (Fig. 6C). All together, these 

observations show that the acute effect of the antibiotic cocktail is an extreme alteration 

of the gut microbiota and that the gut bacterial community populates after cessation of 

antibiotics early in life to a composition that is slightly different than untreated mice. 
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Figure 6. Antibiotic treatment severely alters the composition of the microbiota. 

A. Relative abundance of bacterial classes in UT mice (n = 10), mice treated with antibiotics for 
their entire life (ABT, n = 8), and ABT until 3wo (n = 7). B. PCoA plotting similarities among 
samples based on the composition of gut bacterial communities. C. Comparison of bacterial 
community complexities (alpha diversity) measured as Shannon-Weiner Diversity Index. The 
lower and upper box edges correspond to the first and third quartiles, the whiskers extend to the 
highest and lowest values that are within 1.5 times the interquartile range, and data beyond this 
limit are plotted as points. PCoA, principal coordinate analysis; ABT, antibiotic treated, ABT until 
3wo, mice treated with antibiotics for the first 3 weeks of life. 

2.5.3. Transplantation does not alter the gut microbiota 

In clinical settings, composition of the gut microbiota is altered following kidney 

transplantation 368. However, it is not known to what extent the transplantation 

procedure, alloimmune response, or transplant-related drugs contributes to this 

alteration. To provide insight into this, 16S rRNA gene sequencing was performed on 

fecal samples from mice that did not or did receive aortic interposition grafts. Principal 

coordinate analysis indicated that microbial communities in non-transplanted and 

A

B C
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transplanted recipients did not cluster separately (Fig. 7A). The bacterial taxa present in 

transplant recipients were also comparable to mice that did not receive a transplant (Fig. 

7B). Diversity of the gut microbiota was not affected by transplantation (Fig. 7C). This 

indicates that the transplantation procedure itself, and subsequent induction of an 

alloimmune response, does not affect the composition of the gut microbiota. 

 

Figure 7. Transplantation does not affect the composition of the gut microbiota. 

A. PCoA plot of similarities in the composition of the gut microbiota between mice that did not and 
did receive an allograft artery. B. Relative abundance of bacterial classes in mice that did not and 
did receive an allograft artery. C. Comparison of bacterial com- munity complexities (alpha 
diversity) measured as Shannon-Weiner Diversity Index between mice that did not and did 
receive an allograft artery. 

A B

C
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2.5.4. Disruption of the gut microbiota with antibiotics early in life 
increases medial injury of allograft arteries 

The effect of antibiotics on arterial injury and remodeling that leads to acute 

vascular rejection and TA was then examined by performing aortic interposition grafts 

from BALB/c donors into C57Bl/6 recipients that were either untreated or treated with 

antibiotics. In this model, acute vascular rejection leads to medial injury that can be 

assessed by quantification of medial thickness, a reduction of which is indicative of 

increased injury and acute rejection. Intimal hyperplasia is reflective of TA 428. Graft 

recipients were untreated or treated with antibiotics starting as neonates and then either 

maintained on antibiotics for their entire life or antibiotics removed and replaced with 

normal water at 3 weeks of age. In all situations, aortic interposition grafts were 

performed between 8 – 12 weeks of age and grafts harvested at day 30 and 7 post-

transplant (Fig. 8A). Structural alterations, such as medial degradation and intimal 

thickening, are abundant and reproducible at day 30 post-transplantation and immune 

activation is near maximal at day 7 post-transplant 415,417. 
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Figure 8. Disruption of the gut microbiota with antibiotics increases medial injury. 

A. Experimental scheme. Graft recipients were untreated, treated with antibiotics for their entire 
life, or treated with antibiotics for only the first 3 weeks of life. Aortic interposition grafts were 
implanted into 8- to 12-week-old recipients and grafts harvested at days 30 and 7 posttransplant. 

UT ABT ABT until 3woSyn ABT Syn
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B. Representative images of syngrafts (Syn) from recipient mice that were untreated (n = 3) or 
treated with antibiotics for their entire life (ABT, n = 3), and allograft arteries from recipient mice 
that were UT (n = 13), ABT (n = 10), or ABT until 3wo (n = 6) harvested at day 30 post-
transplantation. A mask has been applied to highlight the medial layer. Magnification 100x. Scale 
bar 0.5 mm. Arrows denote external and internal elastic lamina borders of the media. C. 
Quantification of medial thickness of grafts. compared with UT group. D and E, Quantification of 
(D) intimal area and (E) luminal narrowing in grafts placed into UT, ABT, and ABT until 3wo graft 
recipients (mean ± SEM). F. Luminal and total area of syngraft arteries transplanted into UT or 
ABT recipients. Mean ± SEM. *P<0.05 **P< 0.01. ABT, antibiotic treated for life; ABT 3wo, 
antibiotic treated until 3 weeks old; Syn, syngraft; UT, untreated. 

The structure of artery grafts in the absence of immunological rejection was first 

determined by examining size-matched syngeneic aortic grafts. Treatment with 

antibiotics did not affect the size or structure of syngrafted arteries at day 30 after 

transplantation (Fig. 8B&F). The structure and thickness of the media was comparable 

and there was no neointimal formation in either group (Fig. 8B–E). Allograft artery 

segments from graft recipients that were treated with antibiotics for their entire life had 

significantly reduced medial thickness in comparison to untreated controls. Treatment of 

graft recipients with antibiotics for only the first 3 weeks of life was sufficient to 

recapitulate this effect (Fig. 8B&C). When intimal thickening was examined, there was 

no effect of antibiotics on this vascular change reflective of TA (Fig. 8D&E). These 

findings suggest that disruption of the gut microbiota with antibiotics increases acute 

vascular rejection that exacerbates medial injury of allograft arteries and that disruption 

of the gut microbiota early in life is sufficient to cause this effect. 

2.5.5. Disruption of the gut microbiota with antibiotics does not affect 
the induction of donor-specific antibodies 

Leukocyte and antibody responses towards allograft arteries are involved in 

vascular rejection. To examine the latter, the binding of donor-specific antibodies to the 

luminal endothelial surface of allograft arteries and their presence in the circulation was 

examined at day 30 post-transplantation. Treatment of graft recipients with antibiotics, 

either for their entire life or for the first 3 weeks of life, did not affect the abundance of 

donor-specific antibodies on the luminal surface of allograft arteries (Fig. 9A&B, p > 0.26 

for untreated compared to antibiotic-treated for life and p > 0.11 for untreated compared 

to antibiotic-treated for first 3 weeks of life). The levels of donor specific antibodies were 

also measured in serum taken at 30 days post-transplant. Allografts had significantly 

increased levels of donor specific antibodies compared to syngraft controls, but antibiotic 

treatment had no effect (Fig. 9C). 
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Figure 9. Disruption of the gut microbiota with antibiotics does not affect the 
development of donor specific antibodies. 
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A and B. Aortic interposition grafts were harvested at day 30 post-transplantation from recipients 
that were ABT (A) their entire life and (B) ABT until 3wo. Cross-sections of grafts were 
immunohistochemically stained for mouse IgG to detect DSA. Arrows indicate positive staining for 
donor-specific antibodies on the luminal surface. Inset is photomicrograph of syngraft artery. The 
presence of DSA was quantified by calculating the percentage of luminal surface that was 
positive. Mean ± SEM is presented. Magnification, 400x (n = 8). Scale bar 50 μm. *P <0.05 
compared with syngraft recipients. C. DSAs in the serum of graft recipients was quantified. Graph 
is the mean ± SEM of MFI staining in allogeneic CD3+ cells at different dilutions of serum. *P < 
0.05 compared to syngraft recipients. MFI, mean fluorescence intensity; DSA, donor-specific 
antibodies; ABT, antibiotic treated for life; ABT until 3wo, antibiotic treated until 3 weeks old; UT, 
untreated; Syn, syngraft. 

2.5.6. Disruption of the gut microbiota with antibiotics for the entire 
life of graft recipients increases T cell and neutrophil 
accumulation in allograft arteries 

Morphological changes in arteries late after transplantation at day 30 suggest 

that antibiotic disruption of the gut microbiota exacerbates acute vascular rejection that 

damages the media. Because these changes at day 30 after transplantation reflect 

damage and subsequent reparative responses of the artery, we examined the 

accumulation of leukocytes in transplanted aortic segments at day 7 after 

transplantation. No leukocytes were present in syngraft controls, except for 

macrophages that were in the adventitia of all grafts. Treatment of graft recipients with 

antibiotics for their entire life markedly and significantly increased CD4 and CD8 T cell 

accumulation in the media of artery grafts (Fig. 10A & B). Antibiotic treatment of graft 

recipients also appeared to increase macrophage accumulation within the media of 

allograft arteries but this difference was not statistically significant (p=0.16, Fig. 10C). No 

neutrophils were observed in either the media or adventitia of allograft arteries in 

untreated recipients but antibiotic treatment led to a dramatic and significant induction of 

neutrophil accumulation in both regions of the allograft artery (Fig. 10D). Allografts were 

also stained for B and NK cells but none were found in any allograft group (Fig. 11). 

Overall, disruption of the gut microbiota in graft recipients for their entire life resulted in 

increased infiltration of T cells and neutrophils into the media of allograft arteries early 

after transplantation, which is reflective of increased acute rejection. 
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Figure 10. Disruption of the gut microbiota with antibiotics increases immune cell 
accumulation in allograft arteries early after transplantation 

Aortic segments were interposition grafted from BALB/c donors into C57Bl/6 recipients that were 
UT (n = 5) or ABT for their entire life (n = 8). Syngrafts (Syn, N = 3) served as controls. Grafts 
were harvested at day 7 post-transplantation and cross-sections immunohistochemically stained 
for (A) CD4 to visualize CD4 T cells, (B) CD8 to visualize CD8 T cells, (C) Mac-3 to visualize 
macrophages, and (D) myeloperoxidase to visualize neutrophils. Staining was quantified and the 
mean ± SEM is presented. Arrows denote positively stained cells. Insets are photomicrographs of 
isotype staining controls. Magnification 400x. Scale bar 50 μm. *P < 0.05, ***P < 0.001. Syn, 
syngraft; UT, untreated; ABT, antibiotic treated for life. 

 

Figure 11. Analysis of B and NK cells in aortic interposition grafts. 

Aortic interposition grafts were performed from BALB/c donors into C57Bl/6 recipients that were 
untreated (UT, N=7), treated with antibiotics for their entire life (ABT, N=7), or treated with 
antibiotics for the first 3 weeks of life (ABT until 3 wo, N = 6). Syngrafts served as controls. Artery 
segments were harvested at day 7 post-transplantation and immunohistochemically stained for A. 
Pax5 to detect B cells and B. CD335 (NKp46) to detect NK cells. Spleens were stained as 
positive controls and insets are photomicrographs of isotype staining controls. Syn, syngraft; UT, 
untreated; ABT, antibiotic treated for life; ABT until 3wo, antibiotic treated until 3 weeks old. 
Magnification 400x. Scale bar 50 μm. 
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2.5.7. Disruption of the gut microbiota early in life increases 
neutrophil accumulation in allograft arteries 

We also examined the immunological effect of disrupting the microbiota for a 

short period of time after birth. At day 7 post-transplantation, grafts from mice that were 

treated with antibiotics for only the first 3 weeks of life had similar levels of CD4 and CD8 

T cell accumulation as compared to untreated counterparts (Fig. 12A&B). There was a 

slight increase in macrophage accumulation in the adventitia of arteries from mice that 

were treated with antibiotics for only the first 3 weeks of life (Fig. 12C). Strikingly, there 

was a marked and significant increase in neutrophil accumulation in arteries from mice 

that were treated with antibiotics for only the first 3 weeks of life as compared to 

untreated recipients. The magnitude of neutrophil accumulation was similar to that 

observed in graft recipients that were treated with antibiotics for their entire life (Fig. 

12D). Also, similar to animals that were treated with antibiotics for their entire life, 

disruption of the gut microbiota early in life did not increase the abundance of neutrophils 

in the circulation (Fig. 13). This indicates that disruption of the gut microbiota with 

antibiotics early in life leads to a persistent effect in mature mice that exacerbates 

neutrophil responses towards allograft arteries. 
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Figure 12. Disruption of the gut microbiota with antibiotics early in life increases 
neutrophil accumulation in allograft arteries. 

Aortic segments were interposition grafted from BALB/c donors into C57Bl/6 recipients that were 
UT (n = 5) or ABT until 3wo (n = 7). Grafts were harvested at day 7 post-transplantation and 
cross-sections immunohistochemically stained for (A) CD4 to visualize CD4 T cells, (B) CD8 to 
visualize CD8 T cells, (C) Mac-3 to visualize macrophages, and (D) myeloperoxidase to visualize 
neutrophils. Staining was quantified and the mean ± SEM is presented. Arrows denote positively 
stained cells. Magnification 400x. Scale bar 50 μm. *P <0.05, **P <0.01. UT, untreated; ABT until 
3wo, antibiotic treated until 3 weeks old. 

 

Figure 13. Circulating neutrophils in peripheral blood of untreated mice and mice 
treated with antibiotics until 3 weeks old. 

Peripheral blood cells were stained with antibodies to CD11b and GR-1. Quantification of 
neutrophils (CD11b+GR-1+) in peripheral blood by flow cytometry. Mean ± SEM. UT, N=3; ABT 
until 3wo, N=4. UT, untreated; ABT until 3wo, antibiotic treated until 3 weeks old. 

2.6. Discussion 

Our studies show that disruption of the gut microbiota with antibiotics in graft 

recipients leads to immune dysregulation that exacerbates acute vascular rejection. 

Exposure to antibiotics early in life is sufficient to cause this effect. These findings may 

have implications for understanding how environmental exposures that alter the gut 

microbiota could impact the development of immune responses in transplantation.  

Preliminary studies of the gut microbiota in clinical transplantation have 

suggested that it is an important consideration in the care of transplant recipients. The 

composition of the gut microbiota is altered in kidney graft recipients after transplantation 
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368. Also, differences in the composition of the gut microbiota are associated with 

increased acute rejection, post-transplant diarrhea, and dosing of immunosuppressive 

drugs 369,370. However, the causal factors driving these alterations and differences are 

not known. We have found that transplantation in the absence of immunosuppressive 

drugs does not affect the composition of the gut microbiota. As such, the transplant 

procedure itself and/or active induction of an alloimmune response towards non-

intestinal tissues may have limited influence on the composition of this microbial 

community and changes observed in patients could be driven by the actions of 

transplant-related drugs or changes in diet and lifestyle post-transplantation. 

Disruption of the gut microbiota with antibiotics resulted in slight differences in 

baseline immune and vascular features in graft recipients. The reduction in circulating 

monocytes that we observe is consistent with other reports 436. Also, there was a slight 

reduction in lumen size of the aorta in mice given antibiotics for their entire life. The 

reason for this is unclear but SCFAs produced by the microbiota can affect blood 

pressure through effects on the renin-angiotensin system and on vascular smooth 

muscle cell function 437. The gut microbiota also supports maturation of the intestinal 

vasculature. Importantly, antibiotics had no effect on size-matched syngraft controls 

indicating that its exacerbation of vascular rejection was due to effects on immune 

activation. 

Although ablation of the bacterial content in the intestinal tract provides useful 

information on the biological role of these microbes, health implications are likely to be 

more closely related to short-term alterations in the gut bacterial community. Dysbiosis 

of the gut microbiota in children may result from antibiotic treatment of bacterial 

infections; these effects may be associated with the extent of antibiotic treatment, with 

more extreme dysbiosis occurring in high-risk infants that experience complications 

during and after birth. The composition of the gut microbiota is also affected by diet 438. 

These environmental factors may cause changes in the gut microbiota early in life that 

influence immunological events later in life. Indeed, disruption of the gut microbiota early 

in life in experimental models is sufficient to increase disease susceptibility to allergy, 

asthma and inflammatory bowel disease 152,262,387. Also, early changes in the 

composition of the gut microbiota in children are associated with increased susceptibility 

to allergy and asthma later in life 249,254,435. Here, we find that disruption of the gut 

microbiota with antibiotics early in life increases acute vascular rejection. The 
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mechanism by which this occurs may relate to increased infiltration of the vascular grafts 

by neutrophils. Neutrophils are known to contribute to early medial injury of allograft 

arteries as well as acute rejection of heart transplants 10,131,439. Further, production of 

acetate by Bacteroidetes bacteria inhibits neutrophil activation and we observe a 

persistent reduction in bacteria from this phylum in adult mice that were treated with 

antibiotics early in life 221. Exacerbated vascular injury in graft recipients that only 

received antibiotics early in life also suggests that our findings are not a result of off-

target effects of antibiotics since these drugs are cleared from the circulation by the time 

of transplantation in these experiments. 
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Figure 14. The influence of the gut microbiota on neutrophil accumulation and 
acute vascular rejection 

The normal gut microbiota provides inhibitory signals such as SCFAs that prevent the abnormal 
involvement of neutrophils in vascular rejection. However, when the microbiota is depleted or 
temporarily disrupted by antibiotics, these inhibitory signals may be reduced or absent, allowing 
for exacerbated neutrophil accumulation and increased acute vascular rejection. 

Acute vascular rejection was increased by disruption of the gut microbiota but 

there was no effect on intimal thickening, a feature of TA. Although arteritis is associated 

with later development of TA, each condition also has distinct pathological features that 

may lead to a specific effect on acute rejection but not TA 94,133,428. Aortic interposition 



62 

grafting across the strain combinations we have employed provides comprehensive 

information on the immunopathological mechanisms of acute arterial rejection 
428_ENREF_26. Development of intimal thickening in this model results from the intimal 

migration and proliferation of medial smooth muscle cells and circulating vascular 

progenitor cells 440. This differs from intimal thickening in clinical samples of TA, which 

results mostly from the migration and proliferation of medial smooth muscle cells with 

limited contribution of circulating progenitors 441.  

Future experiments will examine immunologically significant components of the 

gut microbiota, including taxa that produce SCFAs, and this will be paired with 

approaches that normalize the gut microbiota or exogenously replace SCFAs. 223 We 

attempted studies to examine neutrophil participation in medial degradation by depleting 

neutrophils in transplant recipients, but the mice did not survive this procedure. This may 

be related to the participation of neutrophils in the wound healing process, which is 

crucial in ligating the newly anastomosed aortic transplant. Studies using mice that lack 

GPR43, the main acetate sensing receptor on neutrophils, would provide insight on 

acetate’s role in the above observations 221. 

The investigation of the association between the gut microbiota and transplant 

rejection is rapidly accelerating and providing insights in different model systems. Lei et 

al. 375 reported that depletion of microbe-derived signals in both graft donors and 

recipients via antibiotics shortly before transplantation attenuates the activation of 

alloreactive T cells by antigen presenting cells and prolongs organ transplant survival. 

On the other hand, Alhabbab et al. 378 showed that microbial signals from the microbiota 

can induce the differentiation of regulatory B cells that prevent skin transplant rejection 

through an IL-10-dependent mechanism. These contradictory effects of the gut 

microbiota illustrate the complexity of its relationship with the host immune system, and 

this may depend on bacterial taxa, as well as immune context and anatomic location. 

We have shown that disruption of the gut microbiota early in life results in persistent 

immune dysregulation later in life that increases acute vascular rejection. Our findings 

have implications for understanding the persistent effect of disrupting the gut microbiota 

in childhood and potentially on how the gut microbiota may impact immunosuppressive 

approaches that involve immune ablation followed by re-development. 
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Chapter 3. Metagenomic characterization of 
microbial communities in mice treated with 
antibiotics 

This chapter comprises data that is a part of a manuscript in preparation to be 

submitted: Rey K, Enns W, Safari K, Guinto E, Van Rossum T, Brinkman FSL, Choy JC 

(2021) Early life disruption of the gut microbiota alters its metagenomic feature that 

diminishes regulation of neutrophil responses by acetate during vascular rejection. In 

preparation. 

3.1. Contributions 

I performed the DNA isolation and bioinformatic analysis of the data in this 

chapter. Drs. Thea van Rossum and Fiona Brinkman provided oversight to the 

bioinformatic analyses. Sequencing was performed at the Michael Smith Genome 

Science Center.  

3.2. Introduction 

In Chapter 2, I showed that disruption of the gut microbiota early in life increases 

neutrophil responses that cause acute vascular rejection. However, we have little 

detailed information on how the gut microbiota is altered in adults after its early life 

disruption with antibiotics. Knowing this may provide insight into the mechanisms by 

which neutrophil responses are dysregulated and inform experimental studies to 

examine this. 

As of the time of writing, the majority of studies examining the gut microbiota and 

its regulation of host immune responses have used 16S sequencing. This method has 

allowed for many studies to determine the bacterial composition of the microbiota, but it 

cannot identify viruses or eukaryotes that may be present in a community and is limited 

in the resolution of bacteria taxa at the species and strain levels. Further, 16S 

sequences cannot directly provide information on the metabolically relevant genes that 

the identified bacteria express. Shotgun sequencing, which indiscriminately sequences 
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all DNA in a sample, overcomes these limitations but has not yet been widely applied to 

understand the gut microbiota in the context of transplant rejection. 

In order to influence immune responses distal to the intestinal tract, metabolites 

produced by the gut microbiota are absorbed through the intestinal epithelium and 

circulate systemically in the blood and lymph. SCFAs are one class of metabolites that 

are produced through the fermentation of the glycans contained in host mucins and 

dietary fibre 442. The most abundant of these SCFAs are acetate, butyrate and 

propionate 213. Mucin contains proteins highly modified with O-linked N-acetyl-

galactosamine and N-linked sulfate-bearing glycans 443,444. Microbes, such as the mucin 

degrader Akkermansia muciniphila, express enzymes that metabolize glycans and these 

reactions contribute to the downstream production of acetate and propionate 303. Dietary 

fiber, such as resistant starch and cellulose, is a major energy source for enteric bacteria 

and certain species ferment this carbohydrate to produce acetate, butyrate and 

propionate 204,205. 

Although SCFAs are difficult to quantify in blood because of their labile nature, 

studies show that acetate is the most abundant SCFA produced and is present at 

approximately 70 µM in the circulation of healthy individuals 445. SCFAs control cell 

biological responses by binding to G-protein linked receptors (FFAR2 binds acetate, 

FFAR3 binds propionate and GPR109a binds butyrate) as well as by HDAC inhibitors 
207,209,210,446. They can control both innate and adaptive immune responses. Acetate 

inhibits the pathologic activation of neutrophils, which attenuates inflammatory diseases 

such as gout 216,222,223. Butyrate acts on T cells through its cognate receptor and also as 

an HDAC inhibitor to increase Tregs 216,427. 

Using a combination of 16S sequencing and shotgun metagenomic sequencing, I 

have examined the gut microbiome in mice that were used as recipients for aortic 

transplants. I employed contemporary bioinformatic tools to examine the results of 16S 

sequencing, which included the inference of metabolically relevant genes. Inferred 

genes that metabolize mucin were found to be decreased in antibiotic treated mice. I 

then used shotgun sequencing to identify changes in bacterial species caused by 

antibiotic treatment and to assess the effectiveness of cohousing mice in restoring the 

gut microbiota to normal. The shotgun results suggested that reduced acetate 

production may be a mechanism by which early disruption of the gut microbiota with 
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antibiotics enhances neutrophil responses because bacterial species that produce 

acetate as by-products of mucin and fiber degradation are substantially reduced in 

antibiotic treated mice. Genes involved in degradation of mucin were also reduced in 

antibiotic treated mice. These studies are among the first to employ shotgun 

metagenomic sequencing in the investigation of the gut microbiota and its role in 

transplant rejection and provide new directions for understanding how the gut microbiota 

may affect immune responses that cause transplant rejection. 

3.3. Methods 

3.3.1. Animals 

Breeding pairs of C57Bl/6 (H-2b) and BALB/c (H-2d) mice were purchased from 

Jackson Laboratories and bred in-house for the duration of the study. All mice were 

housed in the same room, separated by cage based on antibiotic treatment (described 

below). Study protocols were approved by the Simon Fraser University Animal Care 

Committee. 

The gut microbiota was disrupted in mice using an antibiotic cocktail in the 

drinking water that contained ampicillin (0.5 g/L), vancomycin (0.25 g/L), neomycin 

sulfate (0.5 g/L), and metronidazole (0.5 g/L). Pregnant females received antibiotic water 

ad libitum starting 1 week before giving birth and the resulting litters received antibiotic 

water while nursing and until 3 weeks of age. Antibiotic water was changed twice 

weekly. All mice received normal water thereafter until assessment and/or 

transplantation at 8 – 12 weeks of age. These mice are referred to for the rest of the 

document as “antibiotic treated mice” or ABT. In some experiments, untreated and 

antibiotic-treated mice were co-housed starting at weaning to normalize the gut 

microbiota. The gut microbiota was sampled by collecting fecal pellets from mice at 8 – 

12 weeks of age prior to transplantation and snap-freezing them in liquid nitrogen. Only 

microbiota from female mice were investigated in order to determine microbial taxa and 

metabolic processes related to this phenotype. Studies examining if there is a sex-effect 

on the exacerbation of neutrophil accumulation due to antibiotics revealed that the effect 

was much more prevalent in female recipient mice. This is described in Chapter 4.  
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3.3.2. 16S DNA sequencing 

The 16S sequencing data in this chapter was produced in the same run as 

described in Chapter 2. 

3.3.3. Taxonomic classification of 16S sequences. 

Fastq files were checked for quality and base composition using FastQC 447. 

Files were then imported into QIIME2 and denoised/joined using Dada2 332. Resulting 

amplicon sequence variants (ASVs) were placed into a mid-point rooted phylogenetic 

tree using MAFFT and Fasttree plugins, and ASVs not present in the tree were removed 
355,356. ASVs were filtered to a minimum abundance of 0.1% of reads and removed if they 

were only present in 1 sample. Samples were rarefied to 12,000 reads (Fig. 15). 

 

Figure 15. Rarefaction curve for 16S sequencing data. 

Each point is the mean of 5 rarefactions at the given depth per each sample. Vertical line is at x = 
12, 000. After rarefaction, UT N = 3, ABT N = 5 

ASVs were then assigned a taxonomic identity by a Bayesian classifier trained 

on reads extracted from the SILVA 132 database 337. Weighted UniFrac distances were 

calculated using QIIME2’s included plugin. Filtered, rarefied ASVs were used to infer 

genetic content using PICRUSt2 338. The resulting pathways and EC reactions were 

filtered to only include those detected in at least 3 mice across both groups. All 

computations for the data were performed in the Compute Canada supercluster Cedar. 
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3.3.4. Whole genome shotgun sequencing 

Whole genome shotgun sequencing was performed at the Michael Smith 

Genome Sciences Center. Briefly, 500 ng of genomic DNA was arrayed in a 96-well 

microtitre plate and subjected to shearing by sonication (Covaris LE220). Sheared DNA 

was end-repaired and size selected using paramagnetic PCRClean DX beads (C-1003-

450, Aline Biosciences) targeting a 300-400 bp fraction. After 3’ A-tailing, full length 

TruSeq adapters were ligated. Libraries were purified using paramagnetic (Aline 

Biosciences) beads. PCR-free genome library concentrations were quantified using a 

qPCR Library Quantification kit (KAPA, KK4824) prior to pooling and sequencing with 

paired-end 150 base reads on the Illumina HiSeq platform using V2.5 chemistry 

according to manufacturer recommendations. 

3.3.5. Whole Genome shotgun sequencing data processing and 
analysis 

Before analysis, raw reads were filtered for quality and presence of mouse 

sequences using KneadData 345. Resulting data were analyzed using MetaPhlAn3 using 

the included ChocoPhlAn3 pipeline based on UniProt and NCBI repositories 343,345. 

HUMAnN3 was used to determine genetic content. Genes were detected using the 

UniRef90 database and regrouped under MetaCyc pathways and EC reactions 346. Gene 

abundance data was normalized to reads per kilobase (RPK). Pathways and EC 

reactions were filtered to only include those detected in at least 3 mice across all groups. 

All computations for the data were performed in the Compute Canada supercluster 

Cedar. 

3.3.6. Statistical analysis using R 

Taxonomic differences between groups were determined using a Mann-Whitney 

U-test. Volcano plots of metabolic genes display results from Kruskal-Wallis rank-sum 

tests with Benjamin Hochberg correction. Ordination plots were generated using the 

Vegan package in R 448,449. Bray-Curtis or weighted UniFrac distances were used to 

produce two-dimensional non-metric multidimensional scaling (NMDS) plots. Covariance 

ellipses were calculated using Vegan and show 95% confidence interval. Significant 

differences were defined as having a p value less than 0.05. 
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3.4. Results 

3.4.1. Antibiotic treatment early in life causes persistent changes in 
the composition and inferred metagenome of the gut microbiota 
related to acetate production 

In Chapter 2, I described the first analysis of 16S data in the gut microbiota after 

antibiotic treatment. These were done with then-contemporary tools but new tools 

became subsequently available that are able to analyze the data with greater resolution 

and to obtain inferred metagenomic information. When re-evaluating transplant data 

from Chapter 2, we observed that there was a strong trend that female mice exhibited 

more neutrophil accumulation as a result of antibiotic treatment than males (see Chapter 

4). In order to limit variability in the data and establish the mechanism for increased 

neutrophil accumulation, the bioinformatic studies in this Chapter were performed 

exclusively on female mice. In parallel, we expanded our replicates to observe sex-

effects in immune cell accumulation and these findings are described in Chapter 4. 

Data from sequencing the gut microbiota of female mice were imported into 

QIIME2, which integrates various tools common to microbial community analysis. One of 

these is Dada2, a de-noising program which prevents mis-identifying sequencing errors 

and chimeric PCR products as OTUs by removing them from the dataset using a 

machine-learning approach. These newly curated sequences were then classified using 

a Bayesian classifier trained on the 132 release of the SILVA database.  

Mice were untreated or treated with antibiotics for the first 3 weeks of life and 

then maintained on normal water thereafter. Fecal samples were examined from mice at 

8 – 12 weeks of age. Antibiotic treatment early in life resulted in the persistent alteration 

of the gut microbiota of adult mice, including a relative increase of the bacterial classes 

Clostridia and Erysipelotrichia and a decrease of Bacteroidia and an absence of 

Verrucomicrobiae (Fig. 16A). The absence of Verrucomicrobiae is noteworthy because 

the mucin degrading bacteria A. muciniphila is the only species in this class within the 

mammalian gut microbiota. 
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Figure 16. Antibiotic treatment early in life changes the gut microbiota in adult 
female mice. 

16S sequencing was performed on fecal samples in 8 – 12 week old mice. A. Bacterial classes in 
the fecal samples of untreated mice (UT) and mice treated with antibiotics for the first three 
weeks of life (ABT) were identified using QIIME2. B. The difference in bacterial composition of the 
gut microbiota was determined by NMDS plot of weighted UniFrac distances calculated from 
bacterial taxa identified by QIIME2. Covariance ellipses show 95% CI. Stress <0.001 C. The 
diversity of the gut microbiota was assessed by Shannon diversity of UT and ABT mice. 

NMDS analysis of weighted UniFrac distances showed a clear separation 

between untreated and antibiotic treated mice (Fig. 16B). Studies have shown that 

antibiotic treatment can be associated with a decrease in bacterial diversity in the gut, 

but Shannon diversity was similar between untreated and antibiotic treated mice ( Fig. 

16C) 386. 
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In addition to evaluating the composition of taxa in the gut microbiota, the 

abundance of metabolically relevant genes was inferred from 16S reads using the 

bioinformatic tool PICRUSt2.339 This allows the inference of genes in the gut microbiota 

based on a reference set of genomes. As such, it provides information on how 

processes that produce immunoregulatory metabolites, such as SCFAs, may be affected 

by antibiotic treatment. After grouping metabolic genes under MetaCyc pathways, NMDS 

ordination of Bray-Curtis distances showed that the total inferred metabolome of 

antibiotic treated mice was significantly different than untreated counterparts (Fig. 17A). 

When genes were grouped into Enzyme Commission (EC) reactions, untreated and 

antibiotic treated mice clustered separately as well (Fig. 17B). Direct comparison of 

pathways and EC reactions between groups showed that there were alterations in those 

related to nucleotide biosynthesis and amino acid biosynthesis, but these were not 

statistically significant owing to the low number of replicates. These results suggest that 

the microbiota that results from antibiotic disruption early in life may have an altered 

metabolic capacity.  
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Figure 17. Antibiotic treatment early in life alters the abundance of inferred genes 
related to metabolic pathways and enzymatic reactions. 

Genes involved in metabolic pathways were inferred based on 16S sequencing results using 
PICRUSt2. A. The difference in the composition of inferred genes related to metabolic pathways 
was determined by NMDS plot of Bray-Curtis distances. Covariance ellipses show 95% CI. Stress 
< 0.001. B. The difference in the composition of inferred genes related to enzymatic reactions 
was determined by NMDS plot of Bray-Curtis distances. Covariance ellipses show 95% CI. Stress 
< 0.001. C. Inferred genes related to enzymes that degrade mucin. * p < 0.05.  

Due to the role of acetate in regulating neutrophils and the production of this 

metabolite as a by-product of mucin metabolism, we also examined the inferred 

metagenomic landscape for genes involved in reactions that metabolize mucin and could 

potentially affect production of this SCFA. Alteration of mucin structure in antibiotic-

treated patients has been observed for decades; a potential mechanism may be the 

depletion or dysfunction of mucin-degrading bacteria 450. Mucin degradation pathways 

have yet to be curated in the databases we queried as of the time of writing, but several 

studies have established key enzymatic reactions in this process 301. Six enzyme genes 
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were inferred from the 16S rRNA data and, of these, four were significantly reduced in 

antibiotic treated mice, suggesting a potentially reduced capacity to metabolize mucin 

and produce by-products such as acetate (Fig. 17C). In addition to mucin, we also 

queried our data for inferred genes involved in the production of acetate from 

fermentation of fibre but were unable to identify genes specifically related to this 

process. 

3.4.2. Antibiotic treatment reduces bacterial species and genes 
involved in acetate production in the gut microbiota 

My findings using the 16S sequencing data suggest that disruption of the gut 

microbiota with antibiotics early in life reduces its capacity to produce acetate, potentially 

through reduced degradation of mucin. To examine the gut microbiome in greater detail, 

it was examined by whole genome shotgun sequencing and the effect of co-housing also 

determined. Fecal samples were collected at 8 – 12 weeks of age. The data were 

analyzed using MetaPhlAn3 and showed similar trends to 16S analysis in that there was 

an increase in the bacterial class Clostridia and decrease in Bacteroidia in antibiotic 

treated mice compared to untreated counterparts (Fig. 18A). Other taxonomical changes 

included a reduction of Verrucomicrobiae, Bacilli, and Actinomycetia in antibiotic treated 

mice. Notably, co-housing mice normalized the gut microbiota, resulting in a bacterial 

population that was comparable to untreated mice. NMDS analysis of Bray-Curtis 

distances showed a clear separation between the composition of the gut microbiota in 

untreated and antibiotic treated mice (Fig. 18B). The reduction of Verrucomicrobiae and 

Actinomycetia in antibiotic mice suggest a decreased availability of acetate produced by 

the gut microbiota because A. muciniphila in Verrucomicrobiae and Bifidobacteria in 

Actinomycetia produce this SCFA 451. 
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Figure 18. Antibiotic treatment early in life alters the abundance of bacterial 
species. 

Whole genome shotgun sequencing was performed on fecal samples from 8 – 12 week old mice. 
A. Stacked bar chart of bacterial classes identified using MetaPlAn3. B. Difference in composition 
of bacteria in fecal samples was determined by NMDS plot of Bray-Curtis distances of bacterial 
taxa identified by MetaPlAn3. Covariance ellipses show 95% CI. Stress = 0.048. C. Bacterial 
species that are differentially abundant between untreated (UT), antibiotic-treated (ABT) and co-
housed mice. D. Pan-16S and A. muciniphila specific PCR. Quantification is A. muciniphila 
product normalized to 16S product. * p < 0.05. 
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Previous studies examining the ability of the gut microbiota to regulate immune 

responses have shown that individual bacterial species can have a substantial effect.195 

Of the species detected in our samples, eight were significantly different between the 

untreated and antibiotic treated groups (Fig. 18C). A. muciniphila was the most abundant 

species that was completely eliminated by antibiotics and completely restored to normal 

levels after cohousing. Reduction of A. muciniphila in the gut microbiota of antibiotic 

treated mice was also observed by 16S PCR (Fig. 18D). The second and third most 

abundant bacterial species that were reduced by antibiotics and completely rescued by 

co-housing were Lactobacillus murinus and Lactobacillus johnsonii (Fig. 18C). Notably, 

these two Lactobacillus species can increase the production of acetate through 

metabolism of fiber by the gut microbiota (Fig. 168) 452. 

Genes that are potentially involved in the production of acetate by the gut 

microbiota were then examined using HUMAnN3 and clustered into MetaCyc pathways. 

Of these, 103 were significantly different between untreated and antibiotic treated mice 

(Fig. 19A). Significantly different pathways were related to vitamin biosynthesis, amino 

acid biosynthesis, and nucleotide biosynthesis (Appendix A). The NMDS plot of Bray-

Curtis distances showed that mice treated with antibiotics have distinct genomic 

composition of metabolic genes as compared to untreated mice. This was normalized by 

cohousing (Fig. 19B). Under current classifications, there are no pathways that 

specifically examine the metabolism of mucin and production of SCFAs from fiber. 

 

Figure 19. Cohousing normalizes metabolic pathways in antibotic treated mice. 

A B
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MetaCyc pathways were determined using HUMAnN3. A. Volcano plot of MetaCyc pathways 
detected in UT or ABT mice. P values were calculated using a Kruskal-Wallis rank-sum test with 
Benjamin Hochberg correction. Horizontal line is p = 0.05. B. The difference in the composition of 
MetaCyc pathways was determined by NMDS plot of Bray-Curtis distances. Covariance ellipses 
show 95% CI. Stress = 0.009. 

The abundance of genes related to metabolically relevant enzymatic pathways 

was then assessed and 558 of these were significantly different between untreated and 

antibiotic treated mice (Fig. 20A). These reactions were related to enzyme cofactor 

biosynthesis, secondary metabolite degradation, and carbohydrate degradation 

(Appendix B). Antibiotic treated mice clustered separately from untreated mice in the 

NDMS plot (Fig. 20B). Genes encoding enzymes related to metabolic pathways were 

similar in co-housed mice and untreated mice, and these groups clustered distinctly from 

antibiotic-treated mice. We were unable to identify enzymatic reactions that produce 

SCFAs specifically from degradation of mucin or resistant starches and cellulose. 

 

Figure 20. Cohousing normalizes genes related to metabolic enzymatic reactions 
in antibiotic treated mice. 

Genes related to Enzyme Commission reactions were determined using HUMAnN3. A. Volcano 
plot of EC reactions detected in UT or ABT mice. P values were calculated using a Kruskal-Wallis 
rank-sum test with Benjamin Hochberg correction. B. The difference in the composition of EC 
reactions was determined by NMDS plot of Bray-Curtis distances. Covariance ellipses show 95% 
CI. Stress = 0.018. 

Because metabolic pathways and genes involved specifically in mucin and fiber 

metabolism are not curated in the databases we queried, we specifically examined 

genes encoding enzymes related to mucin degradation that I identified in the literature. 

Genes related to four mucin degrading enzyme reactions were detected in our samples. 

A B
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Similar to findings from inferred gene content using 16S analysis, β-N-

acetylhexosaminidase was significantly decreased in antibiotic treated mice as 

compared to untreated counterparts. Co-housing completely restored the gene 

abundance of β-N-acetylhexosaminidase (Fig. 21A). This enzyme catalyzes the 

cleavage of GlcNAc and HexNAc and is an initial step of mucin degradation 303. We then 

used HUMANn3 to determine the source of β-N-acetylhexosaminidase reads. In 

untreated mice, a consistent proportion of identified reads from this gene in the 

microbiome was associated with the genome of A. muciniphila (Fig. 21B). In antibiotic 

treated mice, which lack A. muciniphila, the lower abundance of β-N-

acetylhexosaminidase was disproportionally present from the genome of Flavonifractor 

plautii. Cohousing mice restored the abundance of this gene from A. muciniphila. These 

findings suggest that the deficiency in A. muciniphila caused by antibiotic treatment 

reduces the metagenomic content of a mucin degrading enzyme that may hamper mucin 

metabolism, and potentially the production of downstream acetate as a by-product. 

Genes relating to processes that metabolize fiber were not identified. 
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Figure 21. β-N-acetylhexosaminidase is normalized by cohousing, and is provided 
disproportionately by A. muciniphila 

Reads of genes related to mucin degrading reactions was determined using HUMAnN3. A. EC 
reactions that metabolize mucin. B. Proportion of β-N-acetylhexosaminidase reads from bacterial 
species. ** p < 0.01 

3.5. Discussion 

In this study, we provide new information on how early life disruption of the gut 

microbiota can affect its subsequent composition in adults and how the resulting 

changes relate to immunoregulatory processes. Specifically, dysbiosis of the gut 

microbiota in mice that exacerbates neutrophil responses that cause acute vascular 

rejection is related to taxonomic and metagenomic changes that predict reduced acetate 

production. These findings suggest a role for acetate in controlling immune responses 

that are important in transplant rejection and are among the first to describe how 

changes in the metagenome of the gut microbiota relate to immune responses that 

cause rejection.  

A B
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The initial analysis of 16S sequencing was performed using updated tools 

relevant to providing more accurate taxonomic assignment and inferring the presence of 

metabolic genes in the sample. Specifically, the development of Dada2 as a denoising 

algorithm allows the removal of chimeric PCR products and an increased accuracy in 

determining ASVs 332. Combined with the 132 release of the SILVA database as 

reference, this allowed the description of more bacterial classes in the normal mouse gut 

microbiota when compared to previous analyses using GreenGenes (See Chapter 2). 

The abundance of A. muciniphila has been implicated in intestinal health in 

several clinical scenarios. In humans, A. muciniphila is highly abundant in the colonic 

mucosa where it derives a significant proportion of its energy from the degradation of 

mucin and is inversely correlated with bowel inflammation 294,298,303,453. The precise role 

of A. muciniphila in human health is under active investigation, especially for immune-

mediated conditions. The abundance of this bacteria in inflammatory bowel disease 

(IBD) patients is substantially decreased and several studies show that it is protective 

against immune-mediated intestinal pathologies 297,306,454. There is considerable interest 

in developing A. muciniphila as a probiotic and clinical trials show that administering live 

A. muciniphila is safe 295,296. 

Analysis of microbial gene content showed that mucin degrading genes were 

less abundant in antibiotic treated mice as determined by both inference from 16S 

sequencing and by direct identification using shotgun sequencing. Specifically, β-N-

acetylhexosaminidase catalyzes the cleavage of terminal β-D- GlcNAc and β-D-GalNAc 

residues of oligosaccharides. This reaction is important for bacterial taxa to derive 

resources from mucin 455,456. Once monomers are released from mucin, A. muciniphila is 

capable of degrading them to produce acetate and smaller quantities of propionate 303. 

Recent studies have directly shown that providing mucin or its monomers directly 

increases SCFAs 457. In mice, acetate is increased along with other SCFAs when mice 

are given a diet containing purified mucins 458. 

Differences in the mucin genes inferred by PICRUSt2 compared to those 

identified by HUMAnN3 are expected given the limited dataset from which 16S 

inferences were made. Benchmarking has shown that PICRUSt2 predictions compared 

with shotgun sequencing have a Spearman Correlation Coefficient of approximately 0.87 
338,339. The differences are likely due to strain variation of the microbiota in the 
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community of interest and the decreased accuracy of inferring the genome of a bacteria 

based on a mix of its nearest phylogenetic neighbours. However, it is encouraging that 

A. muciniphila’s class Verrucomicrobiae and β-N-acetylhexosaminidase were decreased 

in both analyses. 

Two species of Lactobacilli were decreased in antibiotic treated mice. 

Lactobacillus bacteria are implicated in many aspects of health and disease. Reduction 

of certain species in this bacterial genus within the gut microbiota is associated with 

development of autoimmune diseases 459. One of the defining features of bacteria within 

the Lactobacillus genus is the production of lactic acid through the fermentation of 

indigestible carbohydrates. Lactic acid can then be converted to SCFAs, including 

acetate, by other bacteria in the gut microbiota 452. In addition, L. johnsonii may be 

capable of directly producing acetate 460. Indeed, increased production of acetate by the 

gut microbiota is associated with increased L. johnsonii in some studies 461. L. johnsonii 

also utilizes acetate as an energy source so this SCFA may also affect other 

immunomodulatory properties of this bacteria in the gut microbiota by increasing its 

survival and/or expansion 460. In patients infected with HIV, reduction in Lactobacillus 

species in the gut microbiota increases neutrophil accumulation in the intestinal mucosa 

through an undefined mechanism, although the role of L. murinus and L. johnsonii were 

not specifically examined 462. Overall, there is considerable evidence that Lactobacillus 

bacteria play beneficial roles in human health and L. johnsonii is one of the most widely 

available probiotics worldwide. 

A limitation of metagenomic sequencing is its inability to describe the levels of 

gene transcription in a given microbiome. Metatranscriptomics, which leverages RNA-

seq techniques and similar analytic approaches is a valuable complement to shotgun 

sequencing reference. However, isolating RNA from microbial samples is difficult 

because they lack a 5’ A tail and mRNA levels do not necessarily correlate with protein 

levels 463. Given that previous challenges related to 16S sequencing and shotgun 

metagenomics are continually being addressed in each passing year, it may be possible 

to utilize metatranscriptomics for analysis of the gut microbiota in transplantation in the 

near future. 

In this chapter, I have established that temporary antibiotic treatment early in life 

persistently alters the gut microbiota of mature mice. These taxonomic changes are 
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associated with a reduction in taxa and metabolic genes that produce acetate, and these 

changes are reversible via cohousing. Specifically, the absence of A. muciniphila and 

reduction of β-N-acetylhexosaminidase in antibiotic treated mice suggest an impaired 

ability to metabolize mucin and a reduced availability of the associated products, 

including acetate. Restoration of A. muciniphila is important for normalizing β-N-

acetylhexosaminidase. These observations form the basis of establishing whether or not 

restoring the normal gut microbiota or providing acetate can reverse the exacerbation in 

acute vascular rejection in antibiotic treated mice. 
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Chapter 4.  Exacerbation of neutrophil responses 
by early life disruption of the gut microbiota is 
prevented by acetate 

This chapter comprises data that is a part of a manuscript in preparation to be 

submitted: Rey K, Enns W, Safari K, Guinto E, Van Rossum T, Brinkman FSL, Choy JC 

(2021) Early life disruption of the gut microbiota alters its metagenomic feature that 

diminishes regulation of neutrophil responses by acetate during vascular rejection. In 

preparation. 

4.1. Contributions 

I performed the immunohistochemistry and flow cytometry in the following 

chapter. Winne Enns performed the aortic transplants. Kwestan Safari performed a 

portion of the immunohistochemistry and flow cytometry under my supervision. 

4.2. Introduction 

The gut microbiota influences transplant rejection. Studies in mouse models have 

shown that eliminating the donor and host microbiota with antibiotics can extend graft 

lifespans and that the composition of the gut microbiota affects rejection of lung 

transplants 375,377. Composition of this microbial community influences rejection by 

inducing development of B cells that produce IL-10 378. Also, antibiotics given peri-

transplant improve cardiac graft survival, possibly by eliminating by eliminating bacteria 

that are cross-reactive to allospecific T cells 464. Clinical studies in kidney transplant 

recipients show that differences in the gut microbiota are associated with diarrhea, acute 

rejection, and diabetes after transplantation 369,465,466. A more recent study has also 

linked the abundance of circulating bacterial DNA with an increased likelihood for 

readmission after liver transplantation 467. Further, studies have linked the composition of 

the gut microbiota with dosing of tacrolimus and demonstrate that the microbiota 

influences the immunosuppressive potency of this drug in animal models 369–371. A recent 

study in a mouse model of renal graft rejection has established the role of acetate in 

preventing allograft rejection 379. 
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Acute vascular rejection, which is characterized by immune infiltration into 

subendothelial compartments of capillaries and arteries, leads to irreversible vascular 

damage and contributes to vascularized graft failure 468. It has recently been recognized 

as a main component of acute heart transplant rejection that can be independent of 

parenchymal immune injury 469. An important component of acute rejection is the early 

infiltration of innate immune cells. Specifically, neutrophils infiltrate heart transplants 

early after the surgical procedure and control the subsequent development of adaptive 

immune responses that cause rejection 23. These innate immune cells also cause acute 

vascular rejection of allograft arteries by directly injuring vascular smooth muscle cells in 

the media 470,471. I showed in Chapters 2 and 3 that early life disruption of the gut 

microbiota with antibiotics exacerbates neutrophil responses toward allograft arteries 

and that this is associated with changes in the gut microbiota that predict reduced 

acetate production. Here, I show that normalizing the gut microbiota via cohousing or 

providing exogenous acetate reverses the effect of antibiotics on neutrophil responses 

that cause acute vascular rejection.  

4.3. Methods 

4.3.1. Animals 

Breeding pairs of C57Bl/6 (H-2b) and BALB/c (H-2d) mice were purchased from 

Jackson Laboratories and bred in-house for the duration of the study. All mice were 

housed in the same room, separated by cage based on antibiotic treatment (described 

below). Study protocols were approved by the Simon Fraser University Animal Care 

Committee. 

The gut microbiota was disrupted in mice using an antibiotic cocktail in the 

drinking water that contained ampicillin (0.5 g/L), vancomycin (0.25 g/L), neomycin 

sulfate (0.5 g/L), and metronidazole (0.5 g/L). Pregnant females received antibiotic water 

ad libitum starting 1 week before giving birth and the resulting litters received antibiotic 

water while nursing and until 3 weeks of age. Antibiotic water was changed twice 

weekly. All mice received normal water thereafter until assessment and/or 

transplantation at 8 – 12 weeks of age. In some experiments, untreated and antibiotic-

treated mice were co-housed starting at weaning to normalize the gut microbiota (Fig. 

22). Acetate was administered by adding 100 mM magnesium acetate in drinking water. 
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Administration of acetate started 14 days prior to transplant and continued until the end 

point. 

 

Figure 22. Experimental design. 

Mice were used as transplant recipients when they were 8-12 weeks old. C57BL/6 mice were 
bred in-house in SPF conditions. For ABT mice, pregnant dams received a cocktail of antibiotics 
in their drinking water starting at one week prior to giving birth. The pups and dam were 
maintained on this until pups were 3 weeks old, then receiving normal water (ABT). For co-
housing experiments, ABT and untreated (UT) mice were co-housed together starting at 3 weeks 
of age (UT CH and ABT CH). For experiments in which acetate was administered to ABT mice, 
100 mM of magnesium acetate was provided in the water starting 2 weeks prior to transplant and 
continuing until endpoint (ABT Ac). 

4.3.2. Aortic interposition grafting 

Aortic transplantation was performed as described previously 416. Briefly, a 

section of infrarenal aorta from BALB/c donors was interposed into the infrarenal aorta of 

C57BL/6 recipient mice. Transplants from C57BL/6 donors were used as syngraft 

controls. 
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4.3.3. Histology and immunohistochemistry 

Aortic transplants were harvested at day 7 post-transplantation and perfusion 

fixed in 4% (v/v) paraformaldehyde in PBS. Artery sections were mounted in OCT 

medium, frozen, and sectioned at 8 μm. Arterial cross-sections were stained in 

hematoxylin and eosin and measurements were performed using ImageJ. 

Immunohistochemistry was performed on arterial cross-sections as described 

previously 472. Briefly, sections of aorta were dehydrated and rehydrated using 

progressive dilutions of xylene and ethanol followed by heat-based antigen retrieval in 

citrate buffer (pH 6) or Tris-EDTA (pH 9). Arteries were stained for myeloperoxidase 

(polyclonal, MPO; Abcam, Cambridge, United Kingdom) to visualize neutrophils, CD4 

(4SM95, eBioscience, Waltham, Massachusetts, United States) to visualize CD4 T cells, 

CD8 (4SM15, eBioscience) to visualize CD8 T cells, Foxp3 (FJK-16S, eBioscience) to 

visualize T regs, and Mac-3 (M3/84. BD Biosciences, Franklin Lakes, New Jersey, 

United States) to visualize macrophages. Staining was visualized by AEC chromagen 

(red; Vector Laboratories, Burlingame, CA) and counterstained with hematoxylin (blue). 

Cell counts are reported per mm2 of media or adventitia cross-section. 

4.3.4. Flow cytometry 

Splenocytes were stained with antibodies recognizing CD4 (RM4.5, 

BDBiosciences), CD8 (53-6.7, BD Biosciences), Foxp3 (MF23, BD Biosciences), Ly6G 

(1A8, BD Biosciences), and CD11b (M1/70, eBioscience). Data were acquired on a BD 

LSRFortessa X-20 (BD Biosciences) and analyzed using FlowJo. 

4.3.5. Statistics 

Differences between groups were determined using a Mann-Whitney U-test. 

Significant differences were defined as having a p value less than 0.05. 
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4.4. Results 

4.4.1. Early life disruption of the gut microbiota with antibiotics 
increases neutrophil responses that cause vascular rejection in 
female mice 

Disruption of the gut microbiota with antibiotics early in life (first 3 weeks only) of 

mice exacerbates acute vascular rejection of transplants performed later in life (8 – 12 

weeks old). The main immune effect related to this disruption of the microbiota is 

exacerbation of neutrophil accumulation in the arterial media and adventitia that leads to 

increased medial injury 386. The effect of this early disruption of the gut microbiota on 

vascular rejection was examined in more detail by studying and comparing both male 

and female graft recipients. Graft recipients were untreated or administered a cocktail of 

antibiotics (ampicillin, vancomycin, neomycin sulfate, and metronidazole) in the drinking 

water for the first 3 weeks of life and then maintained on normal water thereafter. Donors 

and recipients in all experiments were sex-matched. When stratified by sex, antibiotic 

treatment early in life markedly and significantly exacerbated neutrophil accumulation in 

both the media and adventitia of allograft artery transplants in female recipients whereas 

there was minimal effect in males (Fig. 23A). There was no effect of disrupting the gut 

microbiota on accumulation of CD4 T cells, CD8 T cells and T regs in either females or 

males (Fig. 23B – D). There was also no significant effect on accumulation of 

macrophages in any region of allograft arteries (Fig. 23E). In syngraft controls, immune 

cell accumulation was minimal (Fig. 23, Fig. 24A). 
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Figure 23. Antibiotic treatment early in life exacerbates neutrophil accumulation in 
female graft recipients. 
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Mice were left untreated (UT) or treated with antibiotics for the first three weeks of life (ABT). 
Aortic interposition allografts were performed between 8 – 12 weeks in male and female mice. 
Arteries were recovered at 7 days post-transplantation and stained (red) for A. neutrophils, B. 
CD4 T cells, C. Tregs, D. CD8 T cells, and E. macrophages. Cell counts are normalized to 
surface area of media and adventitia. Insets isotype control staining. Mag = 400X, scale bar = 50 
µm. * p < 0.05 

The effect of antibiotics on systemic levels of immune cells in female mice was 

then examined to determine correlates with increased neutrophil infiltration. There was a 

similar proportion of CD4 and CD8 T cells, as well as Tregs in the spleens of antibiotic 

treated mice (Fig. 24B&C). Also, there was a similar number of circulating monocytes 

and neutrophils in antibiotic treated mice compared to untreated counterparts (Fig. 24D). 

 

Figure 24. Leukocyte accumulation in ABT syngrafts and effect of antibiotic 
treatment on circulating immune cells 

Antibiotic treated mice received a cocktail of antibiotics from gestation until 3 weeks old. A. Aortic 
grafts were performed from C57Bl/6 donors into syngeneic C57Bl/6 recipients that had been 
treated with antibiotics for the first 3 weeks of life. Grafts were harvested at day 7 post-
transplantation and stained for neutrophils, CD4 T cells, CD8 T cells, Tregs and macrophages. 
Only macrophages were detected in syngrafts. Mag = 400X, scale bar = 50 μm. B. Proportion of 
systemic CD4 and CD8 T cells determined by flow cytometry of splenocytes. C. Proportion of 
Tregs in CD4 T cells. D. Abundance of monocytes (CD11b+ CD115+) and neutrophils (CD11b+ 
Ly6G+) in peripheral blood. 
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4.4.2. Normalizing the gut microbiota via cohousing reduces 
neutrophil accumulation 

We next directly examined whether the gut microbiota caused by early life 

disruption with antibiotics exacerbates rejection of vascular allografts. Graft recipients 

were untreated or treated with antibiotics for the first 3 weeks of life, and then maintained 

on normal water and food thereafter. Some untreated and antibiotic treated mice were 

co-housed beginning at 3 weeks of life to normalize the gut microbiota, which was 

confirmed by our analysis in Chapter 3. Aortic interposition allografts were performed 

into recipients at 8 – 12 weeks of age. Antibiotic treatment markedly and significantly 

exacerbated neutrophil accumulation in both the arterial media and adventitia of allograft 

arteries (Fig. 25). Accumulation of other immune cells was not affected by antibiotic 

treatment (Fig. 26). Untreated cohoused mice had higher mean CD4 T cell infiltration 

than both untreated and antibiotic treated mice, but this was not statistically significant. 

This may be related to a numerically higher number of Tregs present in the artery (Fig. 

26 A&B). Notably, normalizing the microbiota of antibiotic treated mice to resemble that 

of untreated counterparts via co-housing completely prevented neutrophil accumulation 

in both the arterial media and adventitia (Fig. 25). These findings show that changes in 

the gut microbiota of adult graft recipients caused by early life disruption with antibiotics 

leads to dysregulation of neutrophils, resulting in enhanced targeting of allograft arteries 

by this leukocyte type early after transplantation. 

 

Figure 25. Normalization of the gut microbiota by cohousing and administration of 
acetate reverses exacerbation of neutrophil accumulation caused by 
antibiotic treatment early in life. 
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Aortic interposition allografts were transplanted into untreated (UT) or antibiotic treated (ABT) 
mice. A group of UT mice were cohoused with ABT mice (UT CH) and of ABT mice were 
cohoused with UT mice (ABT CH). Some ABT mice were administered 100 mM magnesium 
acetate in their drinking water for 2 weeks prior to transplant and continuing until end-point (ABT 
Ac). Arteries were recovered at 7 days post-transplantation and stained for neutrophils. Cell 
counts are normalized to surface area of media and adventitia. Inset is isotype control staining. 
Mag = 400X, scale bar = 50 µm. * p < 0.05 

 

Figure 26. Effect of normalizing the gut microbiota or providing acetate on 
leukocyte accumulation in aortic grafts 

Mice were left untreated or treated with antibiotics for the first three weeks of life (ABT). A group 
of untreated mice were cohoused with antibiotic treated mice (UT CH and ABT CH). A group of 
antibiotic treated mice received 100mM magnesium acetate in their drinking water for 14 days 
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prior to transplant and continuing to end point (ABT Ac). Aortic interposition allografts were 
performed between 8 – 12 weeks of age. Arteries were recovered at 7 days post-transplantation 
and stained (red) for A. CD4 T cells, B. Tregs, C. CD8 T cells, and D. macrophages. Cell counts 
are normalized to surface area of media and adventitia. Insets isotype control staining. Mag = 
400X, scale bar = 50 mm. 

4.4.3. Acetate prevents neutrophil accumulation in vascular allografts 
caused by early life disruption of the gut microbiota  

Because the composition of the gut microbiota directly attenuates neutrophil 

responses that cause acute vascular rejection and antibiotic treatment reduces bacterial 

species that produce acetate, we examined the effect of acetate on regulating neutrophil 

accumulation in vascular allografts. A group of antibiotic treated mice were administered 

magnesium acetate (100 mM) in their drinking water for 14 days prior to transplantation 

until end point. Administration of acetate in this manner has been shown to increase 

circulating levels of acetate and inhibit pathological neutrophil responses 221. Aortic 

interposition allografts were performed and artery segments harvested at day 7 post-

transplantation. Administration of acetate significantly and completely prevented the 

exacerbation of neutrophil accumulation caused by early life disruption of the gut 

microbiota by antibiotics (Fig. 25). It did not have an effect on CD4 T cells, CD8 T cells, 

T regs or macrophages (Fig. 26). This establishes that neutrophil dysregulation in graft 

recipients caused by early life disruption of the gut microbiota with antibiotics is inhibited 

by acetate. 

4.5. Discussion 

We showed previously that early life disruption of the gut microbiota enhances 

neutrophil accumulation and related medial injury that contributes to acute vascular 

rejection. In this chapter, we observe a sex-dependent effect. Enhanced neutrophil 

accumulation was apparent in female graft recipients and was much less evident in 

males. The specific reason for this is unknown and the focus of current investigations. It 

may be related to the actions of sex hormones on the gut microbiota. Previous studies 

have shown that female mice are differentially susceptible to immunopathology in some 

models through effects of the gut microbiota 197,473. Further, effects of single antibiotics 

on the murine gut microbiota differ by sex, although the cocktail we used 

comprehensively eliminates virtually all bacteria at the time of administration 385,386,474. 
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Early studies on the effect of antibiotics on neutrophil numbers showed that 

antibiotic treatment reduces circulating leukocytes and granulocytes in bone marrow 
396,475,476. This is also observed in germ free mice and is reversible by introduction of 

bacteria or the serum of colonized mice 477. Additionally, modifying the composition of 

the microbiota alters granulopoiesis as shown by studies examining SPF mice co-

housed with conventionally colonized mice 478. The mechanism of the above may be 

related to the availability of LPS and signaling via TLR4, although it is unclear which 

cells directly participate 479. In Chapter 2 (Fig. 5B), circulating monocytes were increased 

in mice treated with antibiotics for life. However, when examining circulating cells in 

female mice treated with antibiotics until three weeks old, I did not observe an effect of 

disruption of the gut microbiota on circulating levels of any immune cells. The absence of 

an effect on neutrophil numbers suggests that our findings are not caused by LPS or 

TLR4 agonists from the gut microbiota that disseminate systemically in transplant 

recipients. 

Our observation that directly providing acetate to mice reduces neutrophil 

accumulation in allografts indicates that this SCFA is immunoregulatory. This is similar to 

the effect of acetate on other pathologies involving neutrophils, such as gout 222,223. 

Quantification of circulating levels of acetate in blood is challenging because of its labile 

nature but administration of acetate in drinking water is efficacious for attenuating 

neutrophil pathologies 222,480. In mice, this SCFA acts on neutrophils through the receptor 

GPR43 223. In the setting of vascular rejection, neutrophil infiltration is responsible for 

medial smooth muscle cell death in allograft arteries 10,11,43,386. Additionally, neutrophils 

amplify the chemokines that are produced by endothelial cells and are important for 

early T cell infiltration in heart transplants 131. Enhancement of neutrophil accumulation in 

our experiments may be a result of increased infiltration or reduced clearance. In 

addition to specific regulation of neutrophils in vascular rejection, Wu et. al 379 recently 

demonstrated that the provision of acetate either directly or via a high-fiber diet reduced 

rejection of renal transplants. This was reversed in mice deficient for GPR43 and 

illustrates the ability of SCFAs derived from endogenous metabolism to regulate 

alloimmune responses. 
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Chapter 5. Discussion and conclusions 

5.1. Summary 

My studies investigating the role of the microbiota and its metabolites in acute 

vascular rejection have provided insight into the regulation of neutrophil accumulation 

and the potential roles of A. muciniphila, mucin metabolism, and acetate. In my first aim, 

I presented the initial characterization of the effect of the gut microbiota on allogeneic 

immune responses and transplant rejection. Antibiotic treatment of aortic transplant 

recipients for life increased morphological features of acute vascular rejection, increased 

accumulation of neutrophils early after transplant and decreased medial thickness late 

after transplant. This was also observed in mice who received antibiotics only until they 

were three weeks old, and these mice had a microbiota distinct from untreated mice. 

These were among the first studies examining the effect of the microbiota on vascular 

rejection and contrast many studies that only examined the effect of acute antibiotic 

treatment in adulthood. In my second aim, I combined in vivo experiments that 

normalized the gut microbiota with in-silico analyses of the gut microbiota to identify 

potential causative changes that exacerbate acute rejection. I used updated 

bioinformatics tools to analyze 16S sequencing data and this showed that inferred mucin 

degrading genes were decreased in antibiotic treated mice. These were corroborated 

with MGS data, which also showed that cohousing effectively normalized the gut 

microbiota of antibiotic treated mice. A. muciniphila was identified as a major contributor 

of β-N-acetylhexosaminidase, which performs the initial cleavage reaction in mucin 

degradation, and this is decreased in antibiotic treated mice and rescued by cohousing. 

In my third aim, I examined the role of SCFAs in antibiotic-mediated dysregulation of 

neutrophils and exacerbation of acute rejection. We first described sex-differences in 

neutrophil accumulation in antibiotic treated mice, showing that females experienced 

higher levels. We then used cohoused mice as transplant recipients in order to establish 

whether normalizing the microbiota would decrease neutrophil accumulation in antibiotic 

treated mice, which was the case. Because the primary product of mucin metabolism is 

acetate and acetate regulates neutrophils, we established that providing exogenous 

acetate in drinking water was sufficient to prevent increased neutrophil accumulation in 

antibiotic treated mice. 



93 

I believe that the data presented above establish that disruption of the gut 

microbiota with antibiotics leads to dysregulation of immune cells. This immune 

regulation by the gut microbiota is likely to be a result of reduced production of acetate 

by the microbial population that develops after disruption early in life. Reduction in 

specific bacteria including A. muciniphila, L. murinus and L. johnsonii may also be 

important. The findings provide new insight into immune responses that cause transplant 

rejection and the immunoregulatory properties of the gut microbiota.  

5.2. Context and applicability 

My findings add to a growing body of experimental evidence that shows the 

microbiota is an important influence in the development of transplant rejection. These 

effects have been shown in mouse models of skin, heart, lung, and kidney transplant 

rejection 375,377,378. The intersection of the gut microbiota and alloimmune responses will 

continue to be investigated in greater detail and benefit from the ever-improving methods 

by which the gut microbiota is characterized. 

The ability of antibiotic treatment to increase the survival of some grafts and 

accelerate the rejection of others may be dependent on the models of graft rejection. 

Cardiac allografts reject through the infiltration of alloreactive T cells and the production 

of cytokines, especially IFNγ, whereas lung and skin graft rejection may be more related 

to myeloid cell participation due to differences in how epithelial tissue recruits immune 

cells. My studies contrast the above by providing antibiotics temporarily early in life and 

examine the long-term consequences on the gut microbiota. Many studies have 

established that the microbiota of humans is altered for a considerable amount of time 

after the cessation of antibiotics 252,253. However, the majority of studies have provided 

evidence of increased risk for Th2 mediated pathologies. Understanding the effects of 

antibiotic treatment early in life on alloimmunity may be important especially in the case 

of pediatric transplant recipients. 

So far, there is very little evidence of how SCFAs alter alloimmune responses. A 

recent study by Wu et al., showed that renal transplants in mice fed a high fiber diet or 

given acetate had increased Tregs and reduced rejection 379. A mechanism directly 

linking acetate with Treg induction has not yet been described, but it may be due to its 

regulation of neutrophils. Anti-inflammatory N2 neutrophils produce higher levels of 
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arginase, which has been shown to induce Tregs and reduce Th17 cells in mice 124,125,481 

My data showing decreased neutrophil accumulation in acetate treated mice may be due 

in part to this effect, but the phenotype of exacerbated acute rejection more closely 

resembles the elevated neutrophil response to inflammation in germ free mice and the 

control of infiltration by acetate in models of gout 150,222. There was also no increase in 

Tregs seen in acetate treated mice. Together, these studies and my data establish a role 

of SCFAs, especially acetate, in regulating alloimmune responses. 

The above studies involving cohoused mice also provide additional evidence that 

interventions that restore the normal gut microbiota, such as FMT, may be effective 

interventions to correct dysbiosis and suboptimal immune regulation. The most recent 

examples of this have come from immunotherapy, where programmed cell death protein 

1 (PD-1) and CTLA4 blockade treatment of melanoma and renal cell carcinoma is less 

effective if patients receive antibiotics during their course of treatment 482,483. In other 

studies focusing on the composition of the microbiota, non-responders generally had an 

increase in their Bacteroidales to Clostridales ratio 399. Two of these clinical studies have 

implicated abundance of T cell specific immune responses against A. muciniphila as 

protective against cancer progression, possibly owing to its ability to signal through TLRs 

via Amuc_1100 308,482,483. The most recent development in this line of investigation is that 

FMT can rescue the effectiveness of PD-1 blockade in melanoma patients, and this 

intervention increased several Firmicutes families and decreased several families of 

Bacteroides. This shift in the microbiota was related to increased cytokines and CD8 T 

cell infiltration and decreased Tregs and myeloid cell infiltration 484. The above findings 

are analogous to my experimental data, especially described in Chapter 3 and Chapter 

4, where the composition of the microbiota at the time of immune challenge affects the 

strength of the resulting response and this is modifiable by altering the gut microbiota. In 

the studies examining immunotherapy, there were no investigations into the role of 

metabolites produced by the gut microbiota, which given my above findings, may be an 

important aspect of the way the gut microbiota controls the effectiveness of 

immunotherapy. The role that A. muciniphila plays in immunotherapy may be consistent 

with my observations since T cell activation and infiltration is increased in tumors, and 

myeloid cell infiltration is decreased, possibly from a greater availability of acetate to 

inhibit neutrophils. 
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The practice of normalizing the gut microbiota in clinical transplant recipients is 

already well established for the treatment of rCDI 485. Solid organ transplant recipients 

are at considerably higher risk of developing rCDI, likely owing to the exposure of 

prophylactic antibiotics peri-transplant in order to limit the risk of infection. However, 

adverse events caused by FMT such as increased IBD and cytomegalovirus (CMV) 

reactivation are not rare. My studies establish that there may be additional benefits to 

FMT of solid organ transplant recipients other than controlling rCDI but these potential 

outcomes have not been well characterized. Rather than exclusively providing an 

immunomodulatory metabolite, such as acetate, FMT would reproduce the full repertoire 

of metabolites, extracellular vesicles, and antigens that may be important for the 

microbiota to regulate alloimmune responses. By investigating the ability of FMT to 

benefit transplant recipients, there may be opportunities to inform what constitutes an 

‘ideal’ transplant recipient-specific FMT donor. There are multiple studies and initiatives 

underway to establish curated FMT donors or stool banks 486,487. Mouse models of the 

microbiota and transplant rejection have established that the microbiota can be 

conditioned to enhance immunosuppression and clinical studies have linked the 

composition of the gut microbiota with tacrolimus dosing 370,371. There may be an exciting 

opportunity during FMT of transplant recipients to condition their microbiota to enhance 

the effectiveness of immunosuppressive drugs. Less extreme modification of the gut 

microbiota in transplant recipients may also be of benefit, for example probiotic 

supplementation with A. muciniphila to improve gut barrier function, energy metabolism, 

and potentially help inhibit acute rejection.  

5.2.1. Follow-up studies 

The mechanism behind the medial degradation seen in antibiotic treated mice is 

currently unclear. Studies that depleted neutrophils in recipients immediately before 

transplant were unsuccessful due to increased mortality. Inhibiting neutrophil 

accumulation shortly after transplant so as to not interfere with wound healing, may be 

possible using a blocking antibody directed at CD11a. Further, pharmacologically 

inhibiting neutrophil-specific enzymes such as myeloperoxidase would help determine 

the degree to which different aspects of neutrophil activity contribute to medial 

degradation. Other studies have shown that neutrophils are responsible for smooth 

muscle cell death in this model, but establishing the kinetics of neutrophil dysfunction 
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caused by dysbiosis of the gut microbiota may be important 11. Further, although acetate 

treatment ablated the exacerbation in neutrophil accumulation the mechanism for this is 

also unknown; it may be due to GPR43 sensing of acetate. Although acetate can be 

used to synthesize butyrate, the dysregulation of neutrophils is unlikely to be related to 

this process because I did not observe an increase in Tregs in acetate-treated mice. 

Induction of Tregs is the main immunoregulatory process affected by butyrate. Future 

studies could use a GPR43 agonist, such as phenylacetatemide 1, or GPR43 knockout 

mice to examine the effects of this receptor. 

A sex-dependent effect of antibiotic treatment was seen, showing that female 

antibiotic treated mice had higher neutrophil accumulation than males. The mechanism 

for this is currently unknown since characterizing the microbiota of female mice via MGS 

was prioritized at the cost of not characterizing the microbiota of male mice. Comparing 

the microbiota between female and male antibiotic treated mice may reveal sex-

dependent alterations in taxa, although these trends may be specific to this animal care 

facility. In terms of determining a mechanistic link, previous studies have shown that 

transferring the microbiota between sexes can alter the susceptibility to autoimmune 

diabetes 274. Adoptively transferring the microbiota of male mice to females may ablate 

the effect of antibiotic treatment or giving males female microbiota may exacerbate the 

neutrophil accumulation that occurs in their transplants. The effect of sex hormones on 

this phenotype can be investigated by castrating male mice or providing exogenous 

estrogen, as these have both been linked with changes in the composition of the gut 

microbiota 488,489. 

A. muciniphila likely plays an important role in controlling vascular rejection 

because it was the most abundant bacteria that was reduced in antibiotic mice and 

repopulated in cohoused mice. Future studies to administer A. muciniphila to antibiotic 

treated mice will establish if it is sufficient to regulate neutrophil accumulation. The 

anaerobic culture of A. muciniphila has been described and administering it would be 

unlikely to produce deleterious side effects considering it is a major component of the 

normal microbiota. Additionally, providing mucin monomers such as O-GlcNAc to 

antibiotic treated mice may lead to sufficient acetate production since their microbiota 

are only decreased in β-N-acetylhexosaminidase. 
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Due to the role of dietary fiber in production of SCFAs and immune regulation, 

use of a specialized “high fiber” diet in this model of vascular rejection may demonstrate 

the ability to mitigate the consequences of dysbiosis via a non-invasive intervention. 

Specifically, high-amylose maize starch (HAMS) has been used to increase SCFAs in 

several studies; chemical modification of HAMS to convey additional acetate or butyrate 

molecules increases this effect and this intervention has been shown to decrease the 

incidence of type 1 diabetes in a mouse model 283,284. Untreated and antibiotic treated 

mice would receive a control diet containing purified ingredients, or a diet containing an 

increased proportion of HAMS. Evaluating neutrophil accumulation as described above 

would show the effect of HAMS-derived SCFAs on the exacerbation of acute vascular 

rejection seen in antibiotic treated mice. 

5.3. Conclusion 

These studies advance the current knowledge of the ability of the gut microbiota 

to regulate immune responses that lead to transplant rejection. By establishing an 

association with A. muciniphila and mucin metabolism, the above data provide the basis 

for future studies elaborating on their roles in the clinic or in other animal models of 

alloimmunity. Further, the studies examining the effect of cohousing on neutrophil 

regulation suggest that interventions that normalize a dysbiotic gut microbiota may be 

beneficial in regulating the immune responses that cause transplant rejection. 
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Appendices A&B  

Description: 

The accompanying Excel spreadsheet shows MetaCyc pathways(A) and genes 

associated with Enzyme Commission reactions (B) that are significantly different 

between untreated and antibiotic treated mice. 

Filename: 

Rey_Thesis_Appendices.xlsx 
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