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ABSTRACT 
 

MICROBES IN THE MUCOSA: IMPACTS OF THE MUCOSAL IMMUNE SYSTEM AND ORAL 

VACCINATION WITH LACTOBACILLUS ACIDOPHILUS ON THE GUT MICROBIOME 

  

The mucosal immune system is constantly balancing between the clearance of pathogens, 

tolerance of self-antigen and food, and maintenance of homeostasis within the microbiota. Vaccination 

via mucosal routes is advantageous because it provides protection at local mucosal sites and systemically. 

However, induction of efficacious responses are often difficult due to the inherent barriers of the mucosal 

tissues. We have developed a probiotic-based mucosal vaccination platform that utilizes recombinant 

Lactobacillus acidophilus (rLA) to overcome these obstacles presented in oral vaccination. 

Here, we sought to determine whether repeated administration of rLA alters the intestinal 

microbiome as a result of L. acidophilus probiotic activity (direct competition and selective exclusion) or 

from the host’s mucosal immune response against the rLA vaccine. To address the latter, IgA-seq was 

employed to characterize shifts in IgA-bound bacterial populations. Additionally, we determined whether 

using rice bran as a prebiotic would influence the immunogenicity of the vaccine and/or IgA bound 

bacterial populations. Our results show that the prebiotic influenced the kinetics of rLA antibody 

induction, and that the rLA platform does not cause lasting disturbances to the microbiome. 

Nucleotide-binding oligomerization domain containing 2 (NOD2) has presented itself as an 

essential regulator of immune responses within the gastrointestinal tract. This innate immune receptor is 

expressed by several cell types, including both hematopoietic and nonhematopoietic cells within the 

gastrointestinal tract. Mice harboring knockouts of NOD2 only in CD11c+ cells were used to better 

characterize NOD2 signaling during mucosal vaccination with rLA. We show that NOD2 signaling in 

CD11c+ cells is critical for mounting a humoral immune response against rLA. Additionally, disruption 

of NOD2 signaling in CD11c+ cells results in an altered bacterial microbiome profile in both vaccinated 

and unvaccinated mice. 
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CHAPTER 1: Overview of the Literature  
 

1.1: Introduction 

 Pathogens commonly enter the body through mucosal tissues, yet the vast majority of vaccines 

against these mucosal pathogens are delivered parenterally. These vaccines therefore only target the 

systemic immune system instead of local mucosal immune responses. Mucosal vaccination presents several 

obstacles, but lactic acid bacteria, such as Lactobacillus acidophilus, have shown great promise as a 

platform for delivering antigens to mucosal tissues. An additional safety concern unique to orally delivered 

mucosal vaccines is the possible risk to the resident microbiome. Here, we review the current literature 

regarding the bacterial microbiome, the mucosal immune system, and mucosal vaccination. In the following 

chapters, we also present our findings from studies that utilize L. acidophilus as a vaccine platform, with 

results that describe impacts on the microbiome and critical mechanisms of immune induction. 

 

1.2: The Bacterial Microbiome 

In 2007, the National Institutes of Health (NIH) launched the Human Microbiome Project (HMP), 

one of the first large-scale initiatives to characterize the role of the human microbiome in health and disease 

[1]. The term “human microbiome” refers to the collective genomic community of bacteria, archaea, fungi, 

and viruses living within our intestinal tract, on our skin, and on other mucosal surfaces [2]. In the first 

phase of this project, a reference set of over three-thousand microbial genomes were sequenced, the 

complexity of the microbiome was evaluated for several body sites, and new tools for analysis were 

developed. The second phase, the Integrative Human Microbiome Project, focused on impacts from three 

specific conditions: pregnancy, inflammatory bowel diseases (IBD), and stressors that affect those with 

prediabetes [3]. The impact of this initiative opened doors for multiple avenues of microbiome research. 

Driven by the optimization of Next Generation Sequencing (NGS) technology, there has been an 

exponential increase of microbiome research in the past decade. This also resulted in an appreciation of the 

complexity of the microbiome and its role in numerous aspects of human health and disease. For example, 
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the gut microbiome was found to be a critical stimulator of the immune system, participates in host 

metabolism, protects against invasive pathogens, and has recently been linked to neurodevelopmental, 

cognitive, and emotional health outcomes [4].  

Today, it is known that the microbiota profiles change over time as they are exposed to different 

external factors, including antibiotics and an array of dietary components. In a healthy adult human on a 

typical western diet, the microbiome is dominated by the Firmicutes and Bacteroidetes phyla, followed by 

members of Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia [5]. Efforts focusing on 

how exposures early in life can have long-term impacts on health and disease are beginning to reveal how 

impressionable the developing microbiome is during the first several years of life [6, 7]. In adulthood, the 

microbiome stabilizes, but is still prone to alterations in diversity caused by changes in diet, lifestyle, 

antibiotics, gastrointestinal infections and others [4]. In what follows we introduce sequencing methods 

used to evaluate changes in the microbiome, followed with further explanation to how diet and antibiotics 

impact the gut microbiome and associated health outcomes. 

 

1.2.1: Methods of Microbiome Sequencing   

The use of 16S ribosomal RNA (rRNA) to classify bacteria started in the 1970’s, when Carl Woese 

characterized the 16S rRNA of 10 methanogenic bacteria, and thereupon established the field of molecular 

phylogenetics [8]. In the early 2000’s, high-throughput NGS methods were developed and led to an increase 

in microbiome research. These new NGS techniques allowed for by the higher sensitivity of detection of 

microbes compared to culture-based methods. This was driven by the fact that >90% of the microbiota 

could not be cultured [9]. 16S rRNA amplicon sequencing approaches have been very popular for 

investigating the bacterial microbiome due to their ability to simultaneously sequence multiple samples at 

once with sufficient depth to answer relevant biological questions [10]. Although very useful, variations in 

protocols may lead to dramatic differences in results [11]. For example, primers targeting different variable 

regions, thermocycler settings, choice of sequencing platform, alignment to reference databases, and 

filtering and clustering parameters can all influence outcomes [12–16]. However, the inclusion of synthetic 
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mock communities allows for the determination of optimal parameters for filtering, assessing 

contamination, and evaluating biases between sequencing runs [17]. Furthermore, inclusion of both cellular 

and extracted DNA mock communities can provide insight into the efficiency of DNA extractions. Another 

drawback to 16S rRNA amplicon sequencing is the low resolution between closely related species and 

biases related to primer selection [17]. Shotgun sequencing approaches and new long read third generation 

(i.e. Nanopore and PacBIO sequencing) have aimed to overcome these limitations. As these technologies 

improve, their application in the clinical field may increase as well.  

Currently, there are many logistical hurdles to permit the use of sequencing technologies in clinical 

setting. The high costs, intensive bioinformatics processing and analysis, high levels of human 

contamination, and suboptimal differentiation between pathogens and commensals make it difficult for the 

regular use of 16S rRNA sequencing, for example, in clinical and diagnostic applications [18]. On the other 

hand, long read and shotgun metagenomic approaches can characterize both microbial and host 

transcriptional changes without having to PCR amplification of specific genomic regions [19]. While it’s 

application in complex microbiome studies may be years off, the capability to sequence RNA directly 

provides a platform for highly accurate microbiome and metatranscriptome analysis in the clinical setting 

[19, 20]. These meta-omics approaches would open the doors for personalized treatments and microbe-

targeted therapies. 

 

1.2.2: Alterations to the Gastrointestinal Microbiome 

The composition of the gut microbiome can be influenced by a range of factors, including change 

in diet, exposure to antibiotics, and onset of immune mediated diseases, among others [21–25]. These 

factors can ultimately induce dysbiosis of the microbiome, which can be classified into three types: (1) loss 

of beneficial microorganisms, (2) expansion of pathobionts, and (3) loss of microbial diversity [26]. If 

prolonged, dysbiosis can result in a myriad of diseases, including IBD, obesity, diabetes, colorectal cancer, 

and even neurological diseases [26–29]. Often, changes in the microbiota are reported in terms of 

differences in abundances of the major phyla. Recent efforts have focused on using multi-omics approaches 
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to characterize relationships between microbial metabolites, functional capabilities of the microbiome, and 

immune profile for a deeper understanding of how the activity, rather than species abundances, of the 

microbiome is correlated with health and disease [30, 31]. Although the gastrointestinal microbiome is 

constantly influence by environmental and genetic factors, diet and antibiotic usage remain as some of the 

most powerful drivers of microbiota diversity and function [32, 33]. Below, we describe how diet and 

antibiotics influences the composition of the microbiome and the associated impacts to human health. 

 

1.2.2.1 Diet  

Diet has a substantial influence on the function and composition of the gut microbiome. Diets that 

are high in fats have been linked to a decrease in Bacteroidetes and an increase in Firmicutes and 

Proteobacteria [34–36]. Importantly, this change in microbiota composition has been identified as a 

causative agent in the development of obesity. One hypothesis is that high-fat diets leads to the 

establishment of a microbiome with a higher abundance of Firmicutes, and hence an increased ability to 

break down otherwise indigestible food into short chain fatty acids (SCFAs) [37, 38]. Although SCFA 

provide benefits to the host through inhibition of histone deacetylases and activation of G-coupled protein 

receptors to regulate metabolism and inflammation, an overabundance of SCFA production in the gut leads 

to increased energy extraction from a given diet [39, 40]. The elevated levels of free SCFAs are absorbed 

and metabolized into lipids by the liver, and then stored in adipose tissue. This was shown by an increase 

in gene expression of pathways involving metabolism of non-absorbed carbohydrates in mice fed a high-

fat diet [37]. A study in humans also found elevated levels of SCFAs in overweight or obese participants 

compared to lean participants, as well as a negative correlation between SCFA and Bacteroides/Prevotella 

abundances [37]. The increase in gram-negative bacteria, especially within the gamma-Proteobacteria class, 

following consumption of a high fat diet leads to an increase in LPS, which ultimately impairs barrier 

function, increases permeability, and decreases the thickness of the mucus layer [41]. The resulting 

increased intestinal inflammation has been associated with obesity-induced cancers, cardiovascular disease, 
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and diabetes, all accompanying disorders stemming from metabolic endotoxemia due to circulating LPS 

[29, 42–44]. Importantly, LPS concentrations were found to be elevated after a single high-fat meal [45]. 

In addition to being high in fats, the western diet is also hallmarked by an elevated level of sugar 

intake. Do et al. (2018) explored alterations in the gut microbiota associated with high glucose or fructose 

intake [46]. A marked decrease in Bacteroidetes and increase in Proteobacteria abundances were found 

following high-sugar diets in mice [46]. Protobacteria are equipped to utilize simple carbohydrates and can 

proliferate rapidly with the excess of simple monosaccharides compared to other commensals designed to 

degrade complex carbohydrates [47]. Although data are conflicting regarding associations between 

abundances of specific taxa and sugar intake, there is a common trend of decreased abundances of 

Bacteroidetes following high sugar intake [48–50]. Investigations into different prediabetic fat-to-sugar 

ratio diets revealed distinct microbial compositions between the diets, but further analyses revealed 

similarities in metabolite and metagenomic profiles [51]. These results suggest there may be redundancy 

between the altered microbial communities found in high-fat and high-sugar diets. The metabolites 

produced from these diets often resemble pre-diabetic profiles, providing further evidence for the 

microbiota’s role in the onset of diabetes [51]. 

The rate at which the microbiome is affected by a change in diet has also become a recent concern, 

especially as we begin to question whether the high-sugar and high-fat Western diets may have irreversible 

implications. While murine models have shown a shift in the microbiota profile within a day of switching 

from a low-fat plant-rich diet to a Western diet (high-fat, high-sugar) [35, 52], results from human cohorts 

are inconsistent in the duration needed to observe changes [53–56]. However, strategic swapping of diets 

between high-fat, low-fiber and low-fat, high-fiber within individuals in the same geographical region in 

Africa showed that changes in the microbiome and metabolome can be seen within two weeks [57]. 

Notably, the low-fat, high-fiber diet resulted in decreased biomarkers of intestinal inflammation and 

epithelial proliferation that are correlated with increased colon cancer risk [57]. 

Together with a high-fat and high-sugar intake, the Western diet is also associated with a deficiency 

in fiber. Fiber can be broadly defined as plant-based carbohydrates that cannot be digested by human-
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encoded enzymes [58]. Fibers are also classified based on their solubility, viscosity, and degree of 

fermentability [59]. Most soluble fibers can be fermented by the gut microbiome to produce SCFAs, mainly 

butyric, acetic, and propionic acids, which in turn positively regulate lipid and glucose metabolism [40]. 

Higher levels of SCFA-producing bacteria (Actinobatceria, Bacteroidetes, and Prevotella) were found in 

children in Burkina Faso compared to children in Italy, where abundances of protein and lipid metabolizers 

(Firmicutes and Proteobacteria) were dominant [60]. A follow up study attributed the different microbiota 

profiles to the decreased consumption of fiber in European children [61]. Numerous studies have come to 

similar conclusions when comparing cultures who have incorporated a Western diet and industrialized 

lifestyles to those of non-industrialized populations [61–63]. Additionally, microbiome profiles of vegans 

and vegetarians in Western cultures are found to be similar to those in non-industrialized countries that 

consume similar plant-rich diets [56]. Studies involving high-fiber diet consistently present Prevotella as a 

key member of the microbiome associated with high-fiber intake (vegan, vegetarian, and low-animal 

product diets) [35, 60–65]. Health effects observed by Prevotella are likely strain dependent, as there are 

studies showing both beneficial and adverse health outcomes linked with the presence of Prevotella. 

Prevotella has been associated with an increase glucose metabolism, SCFA production, and overall anti-

inflammatory responses in the gut [66–69]. Conversely, Prevotella classification as a pathobiont has 

emerged through association with rheumatoid arthritis, low-grade systemic inflammation, insulin 

resistance, and glucose intolerance [70, 66, 71]. Multi-omics approaches may aid in understanding the 

functional capabilities of Prevotella and other microbes with conflicting health outcomes [30]. 

Given the appreciation for the microbiome’s essential role in health, diet-based strategies to 

modulate its metabolic function have emerged [46, 72, 73]. Prebiotics are non-digestible food ingredients 

or substances that increase the growth and activity of certain beneficial microbes [74]. Common prebiotics 

include oligosaccharide fructans (fructooligosaccharides and insulin) and galactans, that often enrich 

Lactobacillus and Bifidobacterium sp. in the gut [75]. In 2016, the International Scientific Association for 

Probiotics and Prebiotics (ISAPP) officially broadened the definition of prebiotics to include “non-

carbohydrate substances, applications to body sites other than the gastrointestinal tract, and diverse 
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categories other than food” [75]. However, the hallmark characteristic that prebiotics cannot be digested by 

host enzymes but instead selectively utilized by host microorganisms remains a key factor. In mice, intake 

of prebiotics has been linked to a decrease in Firmicutes and increase in Bacteroidetes [76]. Importantly, 

the increased growth of Bacteroidetes, especially Bifidobacterium, restricts the activity of proinflammatory 

microbes such as Escherichia coli and Clostridium sp. [77]. Evidence shows that prebiotics prompt a 

functional change of the microbiome resulting in a profound effect on human health. Respondek et al. 

(2013) described how intake of prebiotic short-chain fructo-oligosaccharides resulted in decreased levels 

of plasma leptin and insulin [78]. Prebiotic treatment has also been linked to a decrease in the severity of 

inflammatory bowel disease symptoms, decreased concentrations of circulating C-reactive protein, increase 

in serum levels of the anti-inflammatory cytokine IL-10, and increased blood-brain barrier integrity [72, 

73, 79]. 

Fermented foods, such as yogurt, kefir, kimchi, sauerkraut, and kombucha, have long been 

consumed by populations around the world, and on average make up one-third of food intake [80]. The 

majority of dairy products are fermented by lactic acid bacteria (Lactobacilllus sp. and Streptococcus 

thermophilus), and Bifidobacteria sp. and Saccharomyces yeasts contributing to fermentation of beverages 

and cereals [80]. Human studies analyzing how consumption of fermented food alters the gut microbiome 

indicates their potential role in alleviating dysbiosis (systematically reviewed in [81]). Wastyk et al. (2021) 

recently reported their findings from a longitudinal randomized human study comparing high-fiber and 

high-fermented food diets based on the microbial diversity, human and microbe metabolomes, and immune 

profiling [82]. Results showed the high-fiber diet did not influence diversity of the microbiome, but it did 

lead to an increase in abundance of microbial proteins per gram of stool and increased relative abundances 

of carbohydrate-active enzymes. The high fermented foods diet did show an increase in alpha-diversity and 

abundances of the Firmicutes phylum (nearly half of which were members of the Lachnospiraceae family) 

[82]. These results show that while fiber may increase overall bacterial concentration, fermented foods 

achieved increased diversity through shifts in abundances of the resident microbial community. Another 

multi-omics study comparing consumers and nonconsumers of fermented foods (self-reported) found 
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significant differences in their gut communities [83]. Specific microbiomes that were associated with 

consumption of fermented foods included Bacteroides, Pseudomonas, Lachnospiraceae, Prevotella, 

Oscillospira, Enterobacteriaceae, Fusobacterium, Alistipes putredinis, Lactobacillus acidophilus, 

Lactobacillus brevis, Lactobacillus kefiranofaciens, Lactobacillus parabuchneri, Lactobacillus helveticus, 

and Lactobacillus sakei [83].  

Together, studies presented above provide evidence for the profound impact diet has on the 

microbiome, which subsequently impacts overall health. Decreases in high-fat and high-sugar diets, as well 

as consumption of fermented foods may be key to reducing non-communicable diseases associated with 

decreased bacterial diversity and alterations to the metabolome.  

 

1.2.2.2 Antibiotics  

Exposure to antibiotics can have profound implications on both short- and long-term function of 

the gastrointestinal microbiome. Aside from reduced species diversity, antibiotics can alter the metabolic 

activity of microorganisms and lead to increased presence of antibiotic-resistant bacteria [22]. One well 

documented result of antibiotic exposure is recurrent Clostridium difficile infection. Many antibiotics have 

been associated with the onset of C. difficile infection, including clindamycin, lincomycin, ampicillin, and 

cephalosporins (including cefoperazone) [84]. Even a single dose of clindamycin increases the 

susceptibility to C. difficile associated diarrhea and colitis and reduces bacterial diversity by 90% [85]. The 

broad-spectrum antibiotic tigecycline has also been associated with reduced levels of Bacteroidetes drastic 

increases in Proteobacteria directly after tigecycline exposure in mice [86]. A subsequent challenge with 

C. difficile spores left animals susceptible to colonization and displayed clinical signs of infection [86].  

Antibiotic exposure can have long term impacts when taken during the critical window of 

microbiota development and immune system maturation in a child’s infancy [33]. Premature infants are 

often prescribed empirical antibiotic treatment within the first few days of life based on perceived risk of 

infection, even though broad-spectrum antibiotic use has been linked to drug-resistant sepsis, invasive 

fungal infections, significant alterations to the intestinal microbiome, necrotizing enterocolitis, and overall 
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mortality [87]. Antibiotic exposure early in life has also been shown as an independent risk factor for 

increased childhood obesity and body weight through a dose-dependent relationship [6]. In mice, early-life 

exposure to antibiotics exhibited an increased risk to pathogen challenge 80-days after exposure [88]. 

Additionally, the antibiotic-perturbed microbiome was transferred into germ-free mice and resulted in 

worsened colitis and susceptibility compared to transfer of a healthy microbiome during challenge [88]. 

Recent results for studying early life exposure to penicillin in a murine model linked low-dose exposure to 

substantial effects on the frontal cortex of the brain, providing evidence that the gut-brain axis can be 

affected by exposures to antibiotics starting at birth [89]. Other outcomes associated with early antibiotic 

exposure includes asthma, allergic rhinitis, atopic dermatitis, celiac disease, attention deficit hyperactivity 

disorder, and development of inflammatory bowel diseases [90–92].  

In adults, past exposure to certain antibiotics, including penicillin, cephalosporins, macrolides, and 

quinolones correlated with an increased risk of developing type 1 and type 2 diabetes [23, 93]. In type 2 

diabetes, an increased use of antibiotics up to 15 years prior to diagnosis was found [93]. Similar to 

exposures in children, antibiotic treatment can lead to weight gain in adults [94, 95]. This could be a result 

of decreased populations of SCFA producing bacteria, especially Firmicutes, after antibiotic exposure. 

Zaura et al. (2015) reported how a single dose of clindamycin and ciprofloxacin resulted in decreased 

abundances of butyrate-producing bacteria for several months after treatment [96]. Additionally, exposure 

to antibiotics can lead to lasting shifts in the microbiota, where Bacteroides communities especially never 

recover to their original composition [97].  

In addition to the decreased diversity in the microbiome and long-term persistence of resistant 

species, antibiotics can also have profound effects on the gut metabolome. Disruption of the competitive 

ecosystem caused by antibiotics results in increased levels of carbohydrates available in the gut [98, 99]. 

The free carbohydrates, specifically sialic acids and fucose, allow for pathogens like Salmonella sp. and C. 

difficile to rapidly colonize the gut [98]. Furthermore, bacterial metabolism of bile acid, hormones, and 

cholesterol and synthesis of key vitamins is impaired during antibiotic therapy [31].  
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Efforts in active reconstitution of the microbiome following antibiotic administration have 

emerged. Analogous fecal microbiome transplantation and even spontaneous microbiota reconstitution are 

more effective than probiotic administration, where a delayed repopulation of the microbiome was observed 

[100]. Suez et al. (2018) suggested the inhibition of microbiome recovery following probiotic 

administration in humans and mice was due to soluble factors secreted by Lactobacillus and blooming 

abundances of Lactobacillus, Bifidobacterium, and Streptococcus [100].  

Collectively, these studies provide ample evidence that antibiotics have a profound effect on the 

resident microbiome and include long-term consequences. Further investigation into the advantages and 

limitations of probiotics in therapeutic approaches are required before making accurate recommendation to 

patients after antibiotic exposures.  

 

1.3: Mucosal Immune System 

 The mucosal immune system is comprised of various mucosa-associated lymphoid tissues 

(MALTs) and represents one of the largest mammalian organs. Examples of these tissues in mammals 

include the gut-associated lymphoid tissue (GALT), nasopharynx-associated lymphoid tissue (NALT), and 

inducible bronchus-associated lymphoid tissue (iBALT) [101]. Although MALT sites are anatomically 

distant, activated B cells from one tissue can migrate to other mucosal effector sites as part of the “common 

mucosal immune system” [102]. These systems are designed to protect the mucosal tissues from 

colonization and damage from pathogens while activating tolerance mechanisms to prevent pro-

inflammatory immune responses against food and commensal antigens [103]. Secretory IgA is the 

predominate immunoglobin in the GALT, and its complex role in maintenance of the microbiota is still 

being discovered [104]. In the next sections, we will further describe the characteristics of induction and 

homing unique to the musical immune system, and the critical roles of IgA in maintenance of the gut 

microbiota.  
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1.3.1: Induction and Homing of the GALT 

 Induction of the mucosal humoral immune response is a central tenant in the development of 

efficacious vaccines. Oral vaccines are designed to specifically target the inductive sites within the GALT. 

These include Peyer’s patches (PP), cecal patches, colonic patches, isolated lymphoid follicles (ILF), and 

gut-draining mesenteric lymph nodes (MLNs) [101]. PPs are composed of B cell follicles surrounded by 

interfollicular region rich with T cells [105]. Mice have eight to ten PPs, while humans have upwards of 

300 that are overlayed by follicle-associated epithelium and Microfold cells (M cells) [105]. M cells 

specialize in transferring antigens from intestinal lumen to PPs, and the high abundance of DCs in PPs 

allows for immediate presentation of processed antigens to T cells [103]. Antigen-primed T follicular helper 

cells then support IgA-class switching and somatic hypermutation through CD40/CD40 ligand integrations 

and cytokine expression of TGF-β, IL-4, and IL-2, resulting in high-affinity IgA secreting plasma cells 

[106]. In contrast, T cell-independent pathways of B cell activation do not induce somatic hypermutation 

for affinity maturation, thus leading to secretion of low-affinity polyreactive IgA, further described in 1.3.2. 

 Migratory DCs are commonly found in MLN, which form a chain-like structure of draining lymph 

nodes from the gastrointestinal tract [107]. The continuous migration from intestinal tissues to MLNs allows 

for DCs to present antigen to T cells. Previously, it was thought that lymphatics from both the small intestine 

and colon drain as a continuous flow to all nodes of the MLN. However, it is now understood that 

lymphatics of the different regions of the intestine drain into distinct MLN nodes, and the activity of DCs 

within these nodes vary. Importantly, small intestine MLNs harbor DCs with higher retinal dehydrogenase 

activity that is required for upregulation of homing receptors on T and B cells [107]. 

 One characteristic of the mucosal immune system is the high degree of compartmentalization of 

different anatomical mucosal sites. Efforts to understand how antibody secreting cells (ASCs) migrate 

between MALTs have revealed specific chemokines and receptors are needed for efficient migration [108]. 

Expression of the integrin α4β7 on B cells, that binds to the MAdCAM-1 receptor on intestinal epithelial 

cells, is required for homing to the intestinal mucosa [109]. General trafficking of IgA-ASCs to most 

mucosal tissues is dependent on expression of CCR10 by IgA-secreting cells and secretion of the chemokine 
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CCL28/MEC by epithelial cells in salivary glands, stomach, and colon [110]. Furthermore, specific 

migration to the small intestine is mediated secretion of CCL25 by epithelial cells and the expression of the 

chemokine receptor CCR9 by ASCs [111].  

 Expression of these chemokine receptors, especially α4β7 and CCR9, on T and B cells have been 

shown to be induced by DCs from PPs and MLN [112]. The increase in α4β7 and CCR9 expression has 

been attributed to retinoic acid (RA) produced by DCs via retinaldehyde dehydrogenases (RALDH: 

aladh1a1 and aladh1a2) from vitamin A [108]. This role of RA from GALT-DCs has further been shown 

through studies with vitamin A deficiencies, where animals showed significant decreases in ASCs and T-

cells in the gut [113]. The TLR2 ligand has also been proven to be a significant inducer of CCR9 and 

CCR10 on circulating B cells [114]. Studies further identifying adjuvants that lead to activation of these 

induction and homing pathways will be crucial for engineering vaccines that elicit specific immune 

responses. 

 

1.3.2: Function of IgA 

IgA plays a complex role in host health by simultaneously excluding harmful microorganisms and 

maintaining the presence of symbiotic bacteria. IgA is most abundant at mucosal surfaces, where most 

adults secrete several grams per day into the lumen [115]. IgA is found in its monomeric form in the serum 

of humans, and is produced by plasma cells in the bone marrow and marginal zone B cells [116]. Serum 

IgA has been shown to have both proinflammatory and anti-inflammatory properties, and intestinal dimeric 

IgA plays a definitive role in selection and maintenance of the gut microbiome [117, 118].  

Humans, along with chimpanzees, gorillas, and gibbons, have two subtypes of IgA, IgA1 and IgA2, 

which differ by the number of glycosylation sites and length of their hinge region [119]. IgA1 has more of 

a “T” shape compared to the conventional “Y” shape of immunoglobins [119]. The greater separation 

between the Fab regions is advantageous for binding two antigen fragments, and allows for the increased 

avidity of immunoglobins that recognize repeated structures on the surface of microorganisms [120]. IgA1 

is the predominant subtype found in the serum and comprises 90% of circulating IgA molecules. IgA1 is 
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also more heavily glycosylated compared to IgA2 [121]. Recent studies have reported that IgA1 may be 

important for immune homeostasis, where IgA2 often aids in inflammatory responses [121]. IgA2, with its 

shorter hinge region, is more resistant to the protease activity of bacterial pathogens and may be the 

evolutionary reason for its high prevalence in mucosal secretions [119]. 

Although IgA is the second highest immunoglobin in the serum, behind IgG, its participation in 

systemic immune responses is limited, especially compared to its definitive role at mucosal sites. Under 

homeostatic conditions, anti-inflammatory effects can be regulated through covalent bonding between the 

C-terminal of IgA and serum proteins, including albumin, α1-antitrypsin, HC-protein, and fibronectin, to 

reduce chemotaxis of neutrophils and leukocytes [122, 123]. IgA can also down-regulate IgG-mediated 

phagocytosis, bactericidal activity, chemotaxis, and pro-inflammatory cytokines in the serum by 

polymorphonuclear leukocytes (PMNs) and peripheral blood monocular cells (PBMCs) [117, 124]. 

However, IgA also drives proinflammatory responses. Cross-linking of the Fc alpha receptor (FcRI, or 

CD89) on neutrophils by IgA complexes in both serum and the mucosa can lead to an increased release of 

the neutrophil chemoattractant leukotriene B4, which induces migration of monocyte derived DCs [125, 

126]. The FcRI is also expressed on monocytes, eosinophils, and some macrophages and dendritic cells. 

Binding FcRI on these cells to the interdomain of the Fc region of IgA can also cause long distance 

conformational changes along IgA, possibly from the hinge up to the Fab region [127, 128]. These changes 

may act as an anti-inflammatory mechanism by impairing IgA’s ability to bind antigen.  

In both humans and murine models, IgA producing PCs are created via T cell-dependent (TD) and 

T cell-independent (TI) mechanisms. TD maturation of IgA-secreting B cells requires CD40-CD40L 

interactions with follicular helper T cells (TFH) within Peyer’s patches, which promotes class-switch 

recombination and eventual proliferation [129]. Conversely, TI-IgA is generated when the transmembrane 

activator and CAML (calcium modulator and cyclophilin ligand) interactor (TACI) receptor on B cells bind 

DC-secreted factors, including B cell activating factor (BAFF), a proliferation inducing ligand (APRIL), 

retinoic acid (RA), and TGF-β [106, 130]. It is believed that TI-B cell maturation results in a pool of 
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polyreactive IgA that often recognize broader range species within the microbiota, and TD-IgA has high-

affinity for specific antigens since B cells undergo somatic hypermutation for affinity maturation [130]. 

Studies in mice with a genetic loss of T cells has proved inconsistent, due to varying findings in the 

reduction or even increase of IgA-coated bacteria relying on TI-pathways of IgA induction (reviewed in 

Huus et al., 2021) [130]. IgA-seq methods, where bacteria are sorted by bound IgA and then sequenced by 

16S rRNA, could reveal biological differences in the bacteria coated by TI and TD IgA. 

Since IgA can be translocated across the epithelial layer into mucosal compartments, it plays a 

principal role in defense against pathogens and foreign antigens along the gastrointestinal tract. Plasma 

cells in the lamina propria produce dimeric IgA, which are then taken up by the polymeric Ig receptor 

(pIgR) on epithelial cells and excreted into the lumen. This process of transcytosis through epithelial cells 

results in secretory IgA (SIgA), due to the secretory component of pIgR remaining covalently linked to IgA 

[131]. SIgA primarily prevents colonization of microorganisms through immune exclusion by preventing 

attachment to epithelial cell receptors (Figure 1.1) [104]. Toxins are similarly neutralized by IgA and 

facilitates their excretion (Figure 1.1) [104]. One example of IgA’s prevention of epithelial attachment is 

its activity against cholera toxin (CT). Protection was markedly decreased in mice with a J-chain deficiency, 

which restricted transport of IgA into the lumen and prevented IgA’s ability to block epithelial binding 

[132]. Another method of protection utilized by IgA is agglutination and entrapment within the mucus to 

prevent interaction between the epithelium and microbial pathogens or toxins (Figure 1.1). The resulting 

macroscopic clumps are cleared via peristalsis or uptake via M cells and DCs (Figure 1.1) [133].  

 SIgA also plays a distinct role in maintaining intestinal homeostasis, as demonstrated with 

activation-induced cytidine deaminase deficient mice [134]. These mice lack the ability to class switch from 

IgM to IgA, and have significant increases in the number of non-pathogenic commensals and enlargement 

of isolated lymphoid follicles [134]. In humans, IgA-deficiencies are often asymptomatic, but lead to 

dysbiosis marked by increased abundances of pathobionts and decreased abundances of SIgA-targeted 

commensals (specifically the Lachnospiraceae family) [130]. IgA-deficiencies in humans are also 

associated with enhanced susceptibility to celiac disease, autoimmunity, and respiratory infections [135]. 
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 It is believed that some commensal bacteria utilize IgA to enhance colonization [130]. Slow 

growing commensal bacteria can exploit SIgA to form small aggregates that are less susceptible to clearance 

by peristaltic flow and immune exclusion (Figure 1.1). This has been demonstrated with Bacteroides 

fragilis, where IgA binding was required for colonization due to the ability to form dense aggregates of B. 

fragilis [136]. Similar colonization was found in vitro with Bifidobacterium lactis, Lactobacillus ramnosus, 

and non-pathogenic E. coli [136]. Fast growing pathogenic bacteria form larger more dense aggregates that 

are more susceptible to clearance [130].  

 Binding of IgA on bacterial surfaces can also have direct impact on their transcriptional profiles 

[133]. Early studies involving Shigella flexneri revealed IgA entrapped the bacterium in a thin mucosal 

layer as a method of immune exclusion [137]. Current sequencing technologies have also revealed the 

additional activity of IgA on changes to gene expression [138]. Binding of murine monoclonal IgA specific 

for the O-antigen of S. flexneri results in suppressed activity of the type 3 secretion system, thus decreasing 

its virulence [138]. IgA binding to flagella can also limit motility and decrease the expression of flagellar 

genes (Figure 1.1) [138, 139]. When SIgA binds to the flagella and O-antigen of S. Typhimurium, a 

confirmational change in the surface of the bacterium impairs motility within 15 minutes of binding [140]. 

Similar outcomes of decreased motility and flagellar expression were observed in commensal 

Proteobacteria and Firmicutes following TLR5 signaling and anti-flagellar SIgA [139]. Monocolonization 

of Bacteroides thetaiotaomicron in mice resulted in decreased bacterial and expression of specific IgA-

binding epitopes following IgA binding [141].  

 In summary, IgA has a complicated purpose within the intestinal system, as demonstrated by its 

ability to clear pathogens, modulate microbial activity, and encourage commensal colonization. While 

important progress regarding understanding of IgA and microbe interactions has been made, many aspects 

of how IgA shapes the microbiota remain poorly understood.  
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Figure 1.1. Functions of IgA in response to microbiota. Potential functions of IgA in response to the 
microbiota and exogenous antigens, inuding immune exclusion, neutralization of toxins, decrease motility, 
alterations in gene expression (specifically surface epitopes and flagellin), agglutination for clearance and 
biofilm-like colonization, and improved uptake. These functions are further described in 1.3.2. Created with 
BioRender.com. 
 

1.4: Mucosal Vaccination 

 As described above, the mucosal immune system and related tissues collectively represent the 

largest mammalian immune organ. The majority of pathogens enter the body through mucosal tissues, 

including the gastrointestinal, intranasal, respiratory, and urogenital tracts. However, the vast majority of 

current approved vaccines are delivered systemically (parenteral injection), and may not be optimal for 

eliciting local immune responses at mucosal tissues [142]. Currently, only nine mucosal vaccines are 

approved for human use, which target Salmonella typhimurium, Vibrio cholerae, Influenza, Poliovirus, and 

Rotavirus [143]. Of these, eight are delivered orally and one (targeting Influenza) is delivered nasally [143]. 

Notably, all approved vaccines constructs are either live-attenuated or live-reassorted (Vibrio cholerae: 

Vaxchora, Salmonella typhimurium: Vivotif, Poliovirus: Biopolio and mOPV/tOPV, Rotavirus: Rotateq 

and Rotarix, and Influenza: FluMist/Fluenz) or whole-cell inactivated (Vibrio cholerae: Dukoral, Euvichol, 

and ShanChol) [143, 144].  

 There are many advantages associated with mucosal vaccination. For example, needleless 

administration eliminates need for specialized personnel, and noninvasive administration often improves 

https://biorender.com/
https://biorender.com/
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patient compliance. In addition, oral vaccination is ideal for achieving mass immunizations quickly, 

distribution to rural areas without need for cold-chain, and they are often inexpensive to manufacture [142, 

143, 145]. Aside from these advantages in human populations, oral administration is highly favorable for 

vaccination of agricultural animals and baiting in wildlife vaccination [144]. In addition, mucosally 

delivered vaccines elicit both IgA and IgG antigen-specific responses to provide protection at local and 

distal mucosal sites as well as systemically [145–149]. 

Mucosal vaccine efficacy and immunogenicity is greatly influenced by the route of vaccination, 

selected adjuvants or modulators, and immunization schedule [150–153]. Additionally, targeting of the 

mucosal immune system presents a myriad of challenges for vaccine development, as further described 

below. We also review strategies used to overcome these obstacles, current findings about the microbiome’s 

influence on vaccine efficacy, and inversely, the potential influences of mucosal vaccination on the 

composition of the microbiome.  

 

1.4.1: Challenges 

 A principal challenge to eliciting a strong efficacious immune response with orally administrated 

mucosal vaccination is overcoming biological barriers in the mucosa [151]. Vaccine antigens must be able 

to traverse the epithelial layer into immune-inductive lymphoid structures to stimulate an adaptive immune 

response [154]. Activity of nucleases and proteases, removal through mucosal secretions, highly acidic 

conditions of the stomach and GI tract, and bile salts all act to digest food material, invading pathogens, 

and vaccine antigens alike [155]. Therefore, soluble protein or synthetic peptide vaccines that are highly 

immunogenic when delivered parenterally often do not elicit the mucosal immune response before being 

denatured or degraded [156]. Additionally, the thick mucosal layer, ranging from 100-800µM, is difficult 

to penetrate and designed to trap foreign antigens and particles to quickly clear them [155]. To combat these 

chemical barriers and penetrate through the mucosal barrier, oral vaccines need to be administered at much 

higher concentrations compared to parenteral vaccines [156]. The increased concentration of antigen 
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needed in orally delivered vaccines also increases the risk of developing tolerance instead of inducing 

protective immunity [154]. 

 Evading mechanisms of immune tolerance remains a major concern while designing novel mucosal 

vaccines. Oral tolerance actively suppresses inflammatory responses against antigens encountered in the 

gastrointestinal tract, and is primarily initiated by a subset of CD103+ DCs [157]. These DCs deliver antigen 

to the MLN to prime naïve T cells into Foxp3+ regulatory T cells [157, 158]. Impaired oral tolerance to 

food or microbes results in allergies or inflammatory bowel diseases [157], while development of oral 

tolerance against vaccine antigens leads to dampened immune response [159]. To combat the induction of 

tolerance, the addition of adjuvants to oral vaccines have shown great promise. Historically, the cholera 

toxin was the first adjuvant shown to not only prevent oral tolerance, but also reverse oral tolerance induced 

by the keyhole limpet hemocyanin antigen in a murine model [160]. Currently, cholera toxin B subunit is 

the only licensed subunit adjuvant being used in oral vaccinations [144]. Further investigations into 

mechanisms of adjuvanticity is required to circumvent the tolerogenic responses against subunit vaccines.  

 Development of oral vaccines that achieve high efficacy globally has also proved to be problematic. 

Given that enteric pathogens cause approximately 800,000 deaths annually, with the vast majority of 

mortalities occurring in low-income countries, the need for efficacious vaccines against these pathogens 

cannot be denied [161]. Of these enteric pathogens, Rotavirus was the leading cause of death resulting from 

diarrheal associated deaths in children [162]. While there are currently two vaccines approved for 

Rotavirus, there are major discrepancies between efficacy rates in European children (>95%) and children 

in low-income countries (50% in Malawi, 40% in Sub-Sahara Africa, and 50% in developing countries in 

Asia) [162]. Average titers of IgA produced from oral poliovirus vaccinations were four-fold lower in 

infants from lower-middle income countries compared to infants in high-income countries [163]. These 

differences in efficacy of oral vaccines are attributed to malnutrition, pro-inflammatory skewed gut 

microbiome, high rates of enteric infections, genetic factors, and pre-vaccination exposures [164]. 

Therefore, strategies to produce efficacious mucosal vaccines globally may require additional interventions, 

such as prebiotic, probiotic, or antibiotic treatment. 
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1.4.2: Strategies 

 Approaches to overcome the challenges facing mucosal vaccines and improve immune responses 

include choice of administration route, platform, and addition of adjuvants [165]. Mucosal vaccines can be 

administered by several routes, which result in varying immune responses [150, 166]. Oral and nasal routes 

are used most frequently for mucosal vaccination, followed by ocular, sublingual, vaginal, and rectal routes 

[144]. Consideration for the pathogen type and target mucosal tissue is critical for the rational design of 

novel vaccines. For example, systemic immunization is sufficient for neutralizing influenza since serum 

IgG antigen-specific antibodies can penetrate into nasopharyungeal secretions more efficiently than the 

gastrointestinal tract, and parenteral vaccination still induces a strong protective T cell response [167, 168]. 

However, systemic administration of the vaccine does not protect against influenza infection itself, just 

lessens associated symptoms [168]. Route of mucosal vaccination impacting vaccine efficacy has also been 

shown in chickens given live-attenuated Mycoplasma gallisepitcum vaccines via ocular, nasal, and oral 

routes [169]. Results indicated that eye drop vaccination lead to significantly higher protection against 

respiratory infection from M. gallisepitcum [169]. A study in rhesus macaques revealed a marked difference 

in antigen-specific antibodies between intramuscular or aerosol immunization against SIV [170]. While 

both routes provided some level of protection, a combination strategy may further protect the host against 

initial infection at mucosal sites and systemic distribution of the pathogen. 

 Recent advances in oral delivery mechanisms have provided strategies to overcome the harsh 

conditions of the gastrointestinal tract. Nanoparticles coated in pH-sensitive polymers, such as alginate, 

cellulose derivatives, or polyethylene glycol are able to resist degradation by enzymes and low pH to 

eventually penetrate the mucosa and release antigenic cargo to M cells or other target cells [165, 171]. For 

synthetic particles to reach the epithelial layer, they must have a neutral charge and be small enough to pass 

through the cross-linked negatively charged structure created by mucins [172]. For example, mice orally 

administered 100 nm thiolorganosilica particles had significantly higher levels of IgA+ cells in Peyer’s 

Patches compared to larger sized particles [173].  
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 On the other hand, utilizing live lactic acid bacteria (LAB) that are inherently equipped to persist 

in the gastrointestinal tract has shown great potential [174]. Most commonly, species in the Lactococcus, 

Lactobacillus, and Streptococcus genera have been used as vaccine platforms [175]. Compared to efforts 

using attenuated pathogenic bacteria as vaccine platforms, the lack of LPS on LAB removes the risk for 

developing endotoxic shock, and there is no possibility of reverting back to a virulent status [174]. Instead, 

LAB are Gram-positive bacteria that are generally recognized as safe (GRAS). The cell wall components 

of LABs (peptidoglycan, lipoproteins, and lipoteichoic acids) are capable of activating pattern recognition 

receptors, including Toll-like receptor 2 (TLR2), nucleotide-binding oligomerization domain (NOD)-like 

receptors (NLR, especially NOD2), and C-type lectins [175]. Evidence for strain-dependent activation of 

TLR3, TLR6, TLR9, and interferon production has also been demonstrated [176]. Strain-variability has 

also been demonstrated in DC activation, where IL-12 and TNF-α cytokine production was highly variable 

depending on the LAB strain and DC phenotype [177]. 

Genetic modification of LAB allows for expression of antigen either on the cell surface, anchored 

to the cell wall, or in the cytoplasm [178]. Display methods largely depend on properties of the antigen 

(size, net charge, importance of confirmational modifications, etc.) and concentration of expression needed 

[178]. In Lactobacillus species, expression of antigen can be modulated through either constitutive (surface 

layer protein A [slpA], phosphoglycerate mutase, or the lactate dehydrogenase) or inducible (α-amylase, 

sakacin-P, and p-coumaric acid decarboxylase, among others) [175, 179, 180]. The understanding of how 

selected promoters alter antigen expression is critical when designing efficacious LAB vaccines.  

 One method to increase immunogenicity of LAB platforms and other mucosal vaccines has been 

the addition of adjuvants [176]. However, most adjuvants have been studied in the context of parenteral 

immunization, and their activity in mucosal vaccines are not fully defined. The influenza vaccine Nasalflu 

incorporating the heat-labile toxin (LT) from E. coli was the only licensed mucosal vaccine with a mucosal 

adjuvant, but it is no longer on the market due to unintended side-affects [181]. Cholera toxin (CT) subunits 

have also been incorporated into mucosal vaccines, and resulted in Th1 polarized immune responses [182]. 

Other adjuvant strategies include LAB secreting cytokines to attract immune cells or achieve a desired 
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immune response. IL-1β, IL-2, and IL-12 have all been evaluated in murine studies for their ability to 

enhance oral and intranasal vaccines [176, 183]. Expression of DC-peptides or anti-CD205 has been used 

to specifically target DC uptake and activation [176]. Strategies employing surface expression or co-

administration of bacterial derived adjuvants with LAB have shown promise in animal models but have yet 

to be studied in humans. These adjuvants include Salmonella flagellin, PorA from Neisseria meningitidis, 

Internalin A from Listeria monocytogenes, Fibronectic-Binding Protein A from Staphylococcus aureus, 

among others [176]. 

 These advances in mucosal vaccine delivery and immunogenicity have moved mucosal vaccine 

platforms closer to being commercially available. However, their use in human models and biological 

protection during natural infections remains to be investigated. Moreover, potential off-target impacts on 

the commensal microbiome form bacterial derived adjuvants need to be characterized. 

 

1.4.3: Modulation of the microbiome to increase efficacy 

 There is increasing support from both animal studies and human cohorts that indicate the gut 

microbiome is a major modulator of immune responses against vaccination [184]. Results from germ-free 

mice provide compelling evidence, where vaccine-specific antibodies are significantly reduced in germ-

free mice compared to specific-pathogen-free mice following systemic influenza vaccination [185]. 

Pregnant mice administered a combination of broad-spectrum antibiotics gave birth to infant mice with an 

altered microbiota resembling that of the mother, and the infant mice were vaccinated with ovalbumin and 

complete Freund’s adjuvant at 7 days old [186]. Importantly, antibiotic exposed mice had significantly 

decreased titers of ovalbumin specific IgG compared to control mice. The same study also compared germ-

free mice vaccinated between 3-12 weeks of age, and again found significantly decreased levels of 

ovalbumin-specific IgG compared to control mice [186]. Lynn et al. (2018) demonstrated the long-term 

impairment of vaccine responses in mice with early exposure to antibiotics [187]. Pregnant mice were also 

administered antibiotics, and antibiotics were continuously given via drinking water post-weaning until 1 

week prior to vaccination. Six vaccines that are commonly administered to infants were tested (Bacillus 
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Calmette-Guerin (BCG), Pneumococcal Conjugate Vaccine, Meningococcal serogroup B vaccine, 

Meningococcal serogroup C vaccine, INFANRIX hexa combination vaccine, and the seasonal influenza 

vaccine), and only the seasonal influenza vaccine showed no difference of antigen-specific IgG titers 

between antibiotic treated and control mice. All other vaccines had significantly decreased titers of IgG in 

antibiotic exposed mice throughout the 12-weeks mice were followed post-immunization and booster [187]. 

A different approach was used by Oh et al. (2014) to demonstrate the adjuvant activity of the resident 

microbiota: adult Tlr5–/–, germ-free, and antibiotic-treated mice were all had significantly impaired 

antibody responses against the seasonal influenza vaccine compared with littermate controls [185].  

 Several human cohort studies have provided evidence for the microbiota’s role in vaccine efficacy. 

In human cohort and randomized control studies, oral rotavirus vaccines have shown significant 

associations between the microbiome of infants in low-income countries that respond to the vaccine and 

the microbiome composition of age-matched infants in Norther European countries compared to non-

responders [188, 189]. A study in China showed high titers of poliovirus-specific IgA were positively 

correlated with abundances of Bifidobacterium [190]. In adults, administration of broad-spectrum, narrow-

spectrum, or no antibiotics before rotavirus vaccination all resulted in different levels of anti-rotavirus IgA 

boosting and rotavirus shedding [191]. While both broad spectrum and narrow-spectrum antibiotic 

administration resulted in higher levels of fecal shedding, administration of Vancomycin alone led to a 

significant increase of anti-rotavirus IgA [191]. Adults with low levels of pre-existing immunity against 

influenza also showed markedly decreased influenza-specific IgG and IgA following antibiotic treatment 

and influenza vaccination [192]. These results indicate that the microbiome can be manipulated with 

narrow-spectrum antibiotics to selectively decrease the abundance of certain species as a means to achieve 

higher vaccine efficacy. 

 As noted above, diet can have an immense impact on the composition of the microbiome as well, 

and therefore can provide an avenue for enhancing vaccine efficacy. A gnotobiotic pig model was used to 

show that protein deficiency may be impairing rotavirus vaccine responses in infants with protein 

malnutrition [193]. Gnotobiotic pigs were inoculated with infant fecal microbiota and fed a protein-
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deficient or protein-sufficient bovine milk diets prior to oral vaccination with attenuated human rotavirus 

vaccine. Subsequent challenge with rotavirus revealed that protein malnutrition leads to higher titers of 

fecal viral shedding and lower protection rates against diarrheal symptoms [193]. The authors hypothesized 

that this outcome was due to the dual impacts of the altered gut microbiota and impaired innate, T cell, and 

cytokine responses [193, 194]. Alternatively, including certain dietary compounds may increase vaccine 

efficacy. Administration of a prebiotic mixture of fructooligosaccharides was shown to increase Salmonella 

vaccine efficacy in mice by providing greater protection following challenge with virulent S. typhimurium 

[195]. The enumeration methods used in this study severely limited observations to changes in the 

microbiota. Current high throughput, culture independent methods in microbiome analysis and 

transcriptomics could reveal a more precise reciprocal effect of diet on the microbiome and subsequent the 

enhanced immune responses. 

 Collectively, the above provides evidence that the microbiota plays a critical role in vaccine 

responses through adjuvant activity. The above also indicates that modulation of the gut microbiota via diet 

and select antibiotics is a practicable approach to achieve greater efficacy for mucosal vaccines globally. 

 

1.4.4: Impact of vaccination on the microbiome 

 While there have been great advances in research identifying how the microbiome influences 

vaccine efficacy, minimal efforts have focused on how vaccination might impact the composition and 

function of the microbiome. Evidence so far presents conflicting results, likely due to the various vaccine 

delivery methods and targets which result in multifarious effects on the resident microbiome. Recently, 

Leite et al. (2018 and 2021) investigated how an oral live vaccine and challenge with Lawsonia 

intracellularis changes the microbiome composition at several anatomical locations along the 

gastrointestinal tract in pigs [196, 197]. Originally, they concluded vaccination with a single dose of a live 

attenuated vaccine against L. intracellularis resulted in altered microbiota only after co-challenge with 

Salmonella enterica serovar Typhimurium and L. intracellularis. Their results also showed that co-infection 

without vaccination had a greater impact on beta-diversity compared to animals receiving vaccination with 
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or without challenge [196]. Specifically, vaccinated pigs had decreased abundances of Collinsella and 

Prevotella during co-infection compared to unvaccinated co-infected animals. However, direct changes to 

the microbiome from vaccination without challenge were not shown. In a follow up study, oral vaccination 

and challenge with L. intracellularis were again evaluated, but focused on microbiome changes in select 

locations of the intestinal tract (ileal mucosa, ileal digesta, cecal digesta, and feces) [197]. Vaccination 

alone (prior to any challenge) was shown to have a significant effect on the community structure within the 

intestines. In fecal samples, 73 genera had significantly different abundances between vaccinated and 

unvaccinated pigs. During L. intracellularis infection, non-vaccinated animals had a marked increase of 

several pathobionts (Campylobacter, Chlamydia, Fusobacterium, and Collinsella) within the small and 

large intestine [197]. 

 In humans, oral vaccination using live-attenuated typhoid Ty21 had no significant impact on the 

gut microbiome, but differences in the microbiome of individuals who displayed multiphasic cell-mediated 

immunological responses compared to later responders were observed. Given the small sample size, these 

findings weakly showed an increase in diversity for multiphasic responders, but no temporal differences in 

the microbiome were observed between vaccinated and unvaccinated individuals [198]. In infants, it is 

important to identify alterations to the microbiome due to vaccination since disturbances to the developing 

microbiome may result in complications later in life [7]. While this is important for all vaccines, it is 

especially crucial for vaccines with the potential for off-target effects on species related to the vaccine 

target. As described above, the mucosal immune system delicately balances between clearance of pathogens 

and maintenance of commensal microbes, and we cannot yet predict how administration of specific 

vaccines may impact this balance. 

Studies that looked at temporal changes to the microbiome during mucosal vaccination have found 

various degrees of impact to the microbiome, from none at all to vast changes in diversity [152, 199–202]. 

Salgado et al. (2020) provided evidence that the pneumococcal conjugate vaccine (PCV10) that targets 10 

different serovars of Streptococcus pneumoniae did not lead to significant alterations to the nasopharyngeal 

microbiome of children [199]. However, correlation network analysis revealed that vaccinated children had 
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a higher degree of microbial community (or network) complexity compared to the unvaccinated group, 

indicating that the increased complexity of the upper respiratory tract after vaccination could be a result of 

increased commensals that provide resistance against pathogen colonization. For the mucosal pathogen 

human immunodeficiency virus (HIV), vaccine efforts have primarily targeted systemic immunization even 

though HIV infections primarily occur at the rectal/genital mucosa. Vaccine approaches that target the 

mucosal immune system have shown promise for increased vaccine-mediated protection [200]. However, 

targeting the mucosal immune system also possess a great risk for altering the microbiome. Recently, a 

combined mucosal and systemic approach using Ad5hr-SIV recombinant immunizations resulted in distinct 

shifts in bacterial profiles within the rectal microbiota of female and male Rhesus macaques [152]. In 

females, four out of the five predominant phyla exhibited significant changes after two priming mucosal 

immunizations, with Bacteroidetes and Cyanobacteria dropping significantly and Proteobacteria and 

Spirochaetae increasing compared to the preimmunization timepoint. However, males only showed a slight 

increase in Proteobacteria and a modest decrease in Cyanobacteria [152]. The intramuscular systemic 

boost using either recombinant protein or DNA from SIV/HIV envelope proteins also resulted in distinct 

shifts in beta-diversity compared to pre-vaccination microbiome and post-mucosal priming in both males 

and females [152]. Investigations into the immunological response also provided evidence for mechanisms 

into the sex-difference that was seen between viral loads after SIV-vaccination, mainly attributing to the 

pre-vaccination difference of the rectal microbiome between males and females. Again, this provides 

further evidence that the microbiome influences vaccine efficacy.  

Harnessing the inherent properties of probiotics as a vaccine platform also possess a greater risk to 

altering homeostasis within the gut microbiome. The bacterium Lactobacillus acidophilus was engineered 

to express the membrane proximal external region (MPER) epitope of HIV-1, along with the adjuvants FliC 

or murine IL-1. While mice were administered live doses of recombinant L. acidophilus over twelve 

weeks, changes to the microbiome were also monitored [201]. The impact to the microbiome, shown 

through reduced richness and shifts in beta diversity, was dependent on the adjuvants expressed by L. 

acidophilus: FliC had a minimal impact while major shifts were seen with expression of IL-1 and MPER 
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alone [201]. Redweik et al. (2020) revealed that chickens orally administered commercial probiotics and/or 

the recombinant attenuated Salmonella vaccine (RASV) χ9373 resulted in significant shifts in beta diversity 

in fecal and cecal samples [202]. RASV administration, either alone or with prior probiotic treatment, 

resulted in a decrease of SCFA producing bacteria (Clostridium and Weisella). Probiotic administration 

resulted in an increase in Proteobacteria, and RASV vaccination without probiotics saw an increase in 

Verrucomicrobia. A broader investigation into off-target effects to the resident taxa following oral 

administration of probiotics as a platform or co-administered with other oral vaccines, and the addition of 

adjuvant, is still required. 

These studies provide evidence that various mucosal vaccines result in varying influences on the 

composition of the microbiome. However, these studies are limited to analysis utilizing 16S rRNA 

amplicon sequencing, often using different sequencing platforms and methods of analysis. Therefore, 

findings so far are limited to analyzing the presence, absences, and abundances of bacteria and not 

differentiating between active and inactive bacteria. There is evidence of prominent transcriptional changes 

of the commensal microbiota following acute immune responses to administration of flagellin and the anti-

CD3 antibody [203]. These changes were detected six hours following administration without any 

significant changes in abundances of bacterial taxa, suggesting different bacterial species may react 

similarly to changes in host responses. Therefore, how the immediate and long-term functional diversity in 

the microbiome may be impacted by vaccination remains to be elucidated.  
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CHAPTER 2: Influence of Oral Immunization with Lactobacillus acidophilus and Modulation of Diet on 
the Bacterial Microbiome 

 

2.1: Introduction  

 There is an ongoing need for the development of oral vaccine platforms that can be used to 

immunize under-served populations against mucosally transmitted pathogens. It is well known that the 

route of vaccination determines the nature and distribution of the immune response [150]. Vaccination via 

mucosal routes is attractive because it provides both mucosal and systemic immunity, whereas parenterally 

delivered vaccines often do not provide protection at mucosal surfaces [204]. An important feature of the 

mucosal immune system is that lymphocytes exposed to antigen at one mucosal site can migrate to other 

mucosal sites, thus providing widespread protection against a pathogen [145]. However, the advantages of 

mucosal vaccines also come with a set of challenges. The inherent physical defense mechanisms of the 

gastrointestinal tract, such as the low pH of gastric acid, digestive enzymes, and the antimicrobial peptide 

rich mucus, prevent many antigens from reaching immune inductive sites [205]. Vaccine strategies to 

overcome these obstacles harness either natural or artificial delivery vehicles, including nanocarriers such 

as liposomes, virus-like particles, plant-based expression systems, and probiotics [175, 206, 207]. 

 We have developed a probiotic-based mucosal vaccination platform that utilizes the bacterium 

Lactobacillus acidophilus. Lactobacillus species express several microbe-associated molecular patterns 

that are recognized by host pattern recognition receptors [208, 209]. L. acidophilus expresses natural ligands 

for toll-like receptor 2 (TLR2: peptidoglycans, lipoteichoic acid), nucleotide-binding oligomerization 

domain 2 (NOD2: muramyl dipeptide), and C-type lectin receptors (surface layer proteins) [210–212]. 

Furthermore, L. acidophilus is bile-acid tolerant, allowing the bacterium to survive throughout the 

gastrointestinal tract [213, 214]. Oral vaccination via L. acidophilus provides an attractive and easy delivery 

system with several logistic benefits: cold-chain is not required for distribution or storage, medical training 

is not required for the needleless administration, and large-scale production is inexpensive [207, 215]. These 

characteristics are particularly critical in low- and middle-income countries. Using L. acidophilus as a 

vaccine platform is also appealing due to the availability of genetic manipulation methods [216, 217]. 
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Previously, we have reported on the construction of several recombinant rLA vaccine strains and 

characterized their immunogenic properties [214, 217, 218]. Recombinant L. acidophilus (rLA) strains can 

achieve massive surface expression of selected antigens when embedded in the surface layer protein A 

(slpA) [217]. Furthermore, adjuvants can be added to these rLA constructs, enhancing the immune 

responses and to avoid the induction of tolerance [151]. Thus, the rLA vaccine platform could be useful 

against a variety of important pathogens of humans and animals including rotavirus, coronaviruses, 

influenza, and HIV-1. 

 An important consideration unique to mucosal vaccination compared to parenteral vaccination is 

the reciprocal influence of the microbiome and mucosal immune responses. The immune system is 

constantly balancing between the clearance of pathogens and the tolerance of self-antigen, food, and the 

microbiota [219, 220]. The mucosal immune system has evolved not only to defend against pathogens 

through physical barriers and immune responses, but also to tolerate and possibly promote colonization of 

the microbiome in the gastrointestinal tract [104, 131, 221–223]. Indeed, the mucosal immune system 

directs the immunoselection of a “healthy” microbiome through the production of a diverse repertoire of 

IgA [222, 224–226]. There is additional evidence that the host microbiome plays an essential role during 

both oral and parenteral vaccination, as bacterial cells provide natural adjuvants necessary for promoting 

vaccine-induced immunity [185, 227]. For example, the variable flagellin structures in Proteobacteria, 

muramyl dipeptides found in bacterial cell walls, and short chain fatty acids produced by many bacterial 

species all aid in stimulating the mucosal immune response during vaccination [153, 228–230]. To date, 

research has primarily focused on the differences in the pre-vaccination composition of the microbiome 

and vaccine efficacy [153, 164, 227, 229, 231, 232], but has rarely addressed potential safety concerns 

related to lasting effects of vaccination on the resident microbiome [152, 202, 233]. 

 We previously reported that co-expression of a model peptide antigen with different adjuvants by 

rLA resulted in strain-dependent shifts of the microbiome [201]. Three strains were tested that expressed 

the membrane proximal external region (MPER) from human immunodeficiency virus type 1 (HIV-1) and 

either no exogenous adjuvant, the Toll like receptor 5 ligand flagellar filament structural protein (FliC), or 
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soluble mouse interleukin-1 (IL-1). The MPER peptide is a very weak antigen that allows comparison 

of different adjuvant effects. Our results showed that MPER alone and MPER + IL-1 (strain GAD19) 

resulted in microbiome shifts while no such shift was observed with the MPER + FliC strain. Furthermore, 

no clear associations were observed between total or MPER-specific IgA and the microbiome suggesting a 

role for other immune mechanisms including alterations in IgA-bound, resident microbiota. 

 It is known that secretory IgA plays a major role in maintaining the homeostasis of a healthy gut 

microbiome [131, 225, 226]. Several studies have revealed that natural polyreactive IgA often coats 

members of the commensal microbiome population to aid in their colonization, while high-affinity specific 

IgA binds to pathogens resulting in their clearance [104, 118, 234]. The rLA platform poses the potential 

to influence this balance in IgA coating through its combined function as a probiotic and activation of high-

affinity antibodies against the vaccine antigen through a T-cell dependent response. Therefore, identifying 

changes in bacterial communities bound and not bound by IgA after repeated vaccination might reveal 

whether stimulating the mucosal immune system by oral vaccination with a probiotic vaccine platform 

might shift the IgA-bound microbiome in either a beneficial or detrimental way. 

 Another important contributor to gut microbiome composition is diet [235–237]. Singh et al. (2017) 

has demonstrated that consumption of particular foods leads to predictable changes in the abundance of 

specific bacterial genera [21]. Of interest, is how diet may lead to a favorable environment for the rLA 

vaccine. It has previously been demonstrated that the incorporation of the prebiotic rice bran into the diet 

of both animals and humans leads to increased abundances of Lactobacillus and increased titers of secretory 

IgA in fecal samples [238, 239]. Our preliminary studies showed that adding rice bran to the standard mouse 

chow diet did result in a significant change in intestinal microbial community structure but did not increase 

the immunogenicity of rLA expressing MPER [201]. To further investigate the potential of rice bran as a 

prebiotic, rice bran was incorporated into the diet in this study to assess the possible increase in MPER-

specific antibody titers from oral vaccination with GAD19 that includes both antigen and exogenous 

adjuvant.  
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 In this study, we sought to determine whether repeated administration of rLA alters the host 

intestinal microbial community as a result of the probiotic, due to direct competition and selective 

exclusion, or as a result of the host mucosal immune response against the rLA vaccine. To address the latter, 

IgA-seq was employed to characterize shifts in IgA-bound bacterial populations. Additionally, we 

determined whether using rice bran as a prebiotic would influence the immunogenicity of the GAD19 

vaccine and/or IgA bound bacterial populations. Our results show that diet influenced the kinetics of rLA 

antibody induction, and that the rLA platform does not cause lasting disturbances to the microbiome (whole, 

IgA-bound or unbound). Diet played a primary role in modifications to the microbiome, while the L. 

acidophilus vector had a greater intermediate impact on the IgA-bound microbiome. 

 

2.2: Materials and Method 

2.2.1: Ethics Statement 

 This study was carried out with strict accordance to relevant guidelines and regulations, including 

ARRIVE guidelines (https://arriveguidelines.org), the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health, and the Association for the Assessment of Laboratory Animal Care 

standard with approval from the Institutional Animal Care and Use Committee of Colorado State University 

(protocol number 14-5332A). Animals were monitored daily for clinical signs of illness or stress, and 

humanely euthanized at the study endpoint via carbon dioxide inhalation and thoracotomy.  

 

2.2.2: Experimental Design 

 The experimental unit was classified as each individual animal throughout the study. Sample size 

was n=8, except for the Buffer_SC (Buffer Standard Chow) group, where one animal was not included in 

data analysis due to the development of splenomegaly. This number was determined based on power 

calculation in R using ELISA results from previous studies, and no other animals or data points were 

excluded from analysis except for the one mentioned. Experimental groups with respective diet and vaccine 

https://arriveguidelines.org/
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treatment are shown in Table 2.1. Throughout analysis, the dosing buffer groups were used as the negative 

control to compare the GAD19 and NCK1895 results, and randomization for sample processing are 

described in microbiome methods below.  

 

Table 2.1 Experimental groups with assigned vaccine treatment and diet. N=8 mice for each group, 
except Buffer_SC where 7 mice were used. All mice received the same number of treatment doses. 
 

Group N Treatment Diet 

Buffer_SC 7 Carrier Buffer only Standard chow 

NCK1895_SC 8 NCK1895 Standard chow 

GAD19_SC 8 GAD19 Standard chow 

Buffer_RB 8 Carrier Buffer only 10% Rice Bran 

NCK1895_RB 8 NCK1895 10% Rice Bran 

GAD19_RB 8 GAD19 10% Rice Bran 

 

 

2.2.3: Bacterial Strains and Culture Conditions 

 Wild-type Lactobacillus acidophilus strain NCK1895 [240] (harboring plasmid pTRK882) and 

GAD19 [214] (L. acidophilus strain NCK2208 with plasmid pGAD17) were grown in MRS broth (BD 

Diagnostics, Sparks, MD) with 5 μg/ml of erythromycin (Em). Cultures were incubated overnight at 37C 

under static conditions. Expression of the membrane proximal external region (MPER) derived from human 

immunodeficiency virus type 1 (HIV-1) in the surface layer of our GAD19 strain was confirmed using flow 

cytometry. Bacterial cells were first incubated with the anti-Human Immunodeficiency Virus (HIV)-1 gp41 

Monoclonal Antibody (2F5) in a 1% BSA PBS buffer, and then incubated with goat anti-human IgG 

conjugated with Alexa Fluor 488 (Biolegend, San Diego, CA). NCK1895 showed minimal background 

fluorescence, while GAD19 had high (>90%) fluorescence. Data was analyzed in FlowJo version 10.4 and 

gated on forward scatter (FSC), side scatter (SSC) to eliminate doublets and debris, and then FL1 to identify 
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FITC positive events to indicate MPER-positive cells. Secretion of mouse IL-1 in GAD19 was confirmed 

using an ELISA-based detection kit. 

 

2.2.4: Mouse Immunization and Housing 

 Female Balb/c mice from the Jackson Laboratory (Bar Harbor, Maine) were used, and all mice had 

ad libitum water and standard chow (Envigo, Teklad Rodent Diet) for two weeks at CSU’s Lab Animal 

Resources (LAR). After this two-week acclimatization period, mice were 8-weeks of age at the start of the 

study, and half of the mice were switched to a Teklad custom 10% rice bran diet (Envigo, Madison, WI). 

Mice were housed in specific pathogen free conditions, with n=4 per cage and a continuous 12h light/12h 

dark cycle. Live-bacterial vaccines were prepared using freshly grown overnight bacterial cultures. 

NCK1895 and GAD19 bacterial cells were washed twice in PBS (Corning, Corning, NY) and resuspended 

in a dosing buffer containing soybean trypsin inhibitor (STI, Sigma) and sodium bicarbonate (NaHCO3). 

Mice were given 5x109 CFU of either NCK1895 or GAD19 in 200ul of dosing buffer, or dosing buffer 

alone. Vaccines were delivered intragastrically three days in a row during weeks 0, 2, 4, 6, 8, and 10. Mice 

were housed in groups of four and provided ad lib water and food throughout the study. Two weeks after 

the last dosing timepoint, mice were euthanized, and tissues were processed to obtain single-cell 

suspensions. 

 

2.2.5: Sample Collection and Processing 

 Blood, fecal, and vaginal samples were collected from each animal prior to administration of 

vaccination for investigation of antibody titers. Fecal samples were collected and homogenized with PBS 

supplemented with ProteaseArrest at a 10x weight to volume ratio. Homogenates were spun at 9,390 

Relative Centrifugal Force (RCF), for 10 minutes to pellet particulates and bacteria. Clear supernatants 

were aliquoted and stored at -80C for long term storage. Fecal samples for microbiome analysis were 

collected directly from the anus of the animal into a sterile PCR tube and placed immediately on ice and 
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transferred to -80C freezer for long term storage. Serum samples were collected via tail bleeds. Blood was 

collected with a microvette (Sarstedt, Nümbrecht, Germany) and processed according to manufacturer’s 

protocols for serum isolation. Serum was aliquoted and stored at -80C. Vaginal lavage samples were 

collected by gently washing the vagina of mice with 100ul of PBS. The collected sample was immediately 

placed on ice, spun at 9,000 RCF to pellet any debris, and then aliquoted and stored at -80C.  

 

2.2.6: Preparation of Single Cell Suspensions 

 Two weeks after the last immunization, mice were euthanized via carbon dioxide inhalation and 

thoracotomy. Tissues collected included the spleen (Sp), mesenteric lymph nodes (MLN), Peyer’s patches 

(PP), large intestine (LI), and female reproductive tract (FRT), as previously described [241]. Briefly, Sp 

and PP were prepared using a GentleMACS dissociator. Sp red blood cells were lysed with ACK 

(ammonium chloride potassium) lysis buffer and washed with complete media. The Sp and PP suspensions 

were filtered through cell strainers to obtain single cell suspensions. Mucus and epithelium were removed 

from LI and FRT in PBS containing 1 mM dithiothreitol and 5 mM EDTA. LI and FRT tissues were cut 

into smaller sections and placed in digestion media, containing Liberase TM and DNAse I (Roche, Basel, 

Switzerland), with agitation for 30 minutes at 37oC. LI and FRT lymphocytes were isolated using a Percol 

(GE Healthcare) underlay step. LI and FRT cells were washed and filtered once more to obtain single cells. 

The MLNs were isolated via physical dissociation, washed, and filtered for a single cell suspension. 

Viability and concentration of cells was determined using cell staining with the Cellometer Auto 2000 Cell 

Viability Counter (Nexcelom Biosciences). Purity of B cells was determined using flow cytometry. Cells 

were stained with anti-mouse CD45-FITC, CD19-Pacific Blue, and 7-ADD, and gated based on single cells, 

live cells, CD45+, and CD19+. 
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2.2.7: MPER-Specific ELISA and ELISpot Assays 

 An enzyme-linked immunosorbent assay (ELISA) was developed for the detection of MPER-

specific and SlpA-specific murine antibodies from serum, fecal, and vaginal samples. Plates (Maxisorp; 

Nunc, Rochester, NY) were coated with either MPER peptide (Bio-Synthesis Inc, Lewisville, TX) at 1 

μg/ml or SlpA protein (isolated from NCK1895) in carbonate coating buffer and incubated overnight at 

4C. Plates were washed five times with PBS containing 0.05% Tween-20 (PBST) and blocked with 1% 

bovine serum albumin (BSA) in PBS for one hour at room temperature (RT). Plates were washed five times 

again with PBST. Samples were serially diluted in 1% BSA, 0.1% Kathon in PBS and incubated for 2 hours 

RT. Plates were washed five times with PBST and incubated with either anti-mouse IgG (Cell Signaling 

Technology, 20ng/mL) for serum samples, or IgA (Bethyl Laboratories, 40ng/mL) for vaginal wash and 

fecal samples. Both anti-mouse IgG and IgA antibody were conjugated with horseradish peroxidase (HRP) 

and incubated for 1 hour at RT. Plates were washed six times with PBST. 3,3’,5,5’-Tetramethylbenzidine 

(TMB) peroxidase (SeraCar, Milford, MA) was filtered with a 40uM syringe-filter and acclimated to RT 

before adding to each well. The reaction was stopped with an equal volume of 1N HCl. The absorbance 

was read with a plate reader (BioTek, Winooski, VT), with both 450nm and 570nm recorded (to remove 

any background noise with 570nm reading). The week -2 and 0 time points were used in calculations for 

the mean baseline value for each group. This mean was then added to the standard deviation for each group 

times the standard deviation cutoff multiplier based on n=8 and 95% confidence level [242]. This value 

was used as the cutoff value to determine the reported endpoint titers used in statistical analysis.  

 IgA secreting cells and MPER-specific IgA secreting cells were quantified using the enzyme-linked 

immunosorbent spot (ELISpot) assay, similar to what has been described previously. Ninety-six-well 

MultiScreenHTS IP filter plates (Millipore Sigma) were treated with 35% ethanol and washed with sterile 

distilled water. Plates were coated with 15 μg/ml anti-mouse IgA (Mabtech) in PBS and incubated overnight 

at 4C. Plates were washed five times with PBS and blocked with CTL medium for 1 hour at 37C. Cells 

from single cell suspensions were added in duplicate at a concentration of 2.5 X 105 for MPER-specific 
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detection and 1 X 104 for total IgA. Plates were incubated for 20 hours at 37C. Plates were then washed 

with PBST six times to remove cells. For total IgA, 1 μg/ml of biotinylated polyclonal goat anti-mouse IgA 

(Mabtech) in PBS with 1% FBS was added to each well. For MPER-specific IgA, 1 μg/ml of biotinylated 

MPER peptide was used in the same buffer. Plates were incubated for 2 hours at RT and washed six times. 

Streptavidin conjugated with horseradish peroxidase (HRP) was added to wells in PBS with 1% FBS and 

incubated for 1-hour RT. Plates were washed three times with PBST, and three times with PBS. TMB was 

filtered with 0.44μM filter and added to wells for either two minutes for total IgA or 10 minutes for MPER-

specific IgA. Plates were washed with distilled water ten times and air dried. Spots were counted with an 

ImmunoSpot analyzer (Cellular Technology Limited). 

 

2.2.8: Statistical Methods for ELISA and ELISpot Data 

 Statistical analyses were performed in R version 3.6.1. A Kruskal-Wallis test of analysis of variance 

was used with a Dunn’s multiple comparison post-hoc test for each timepoint in ELISA analysis, as data 

was not normally distributed. Multiple testing was corrected using the Benjamini-Hochberg method to 

obtain adjusted p-values and are listed in Table 2.2. Endpoint titer means and standard error for each 

timepoint were plotted, with asterisks (*) representing significance (P < 0.05). ELISpot data was analyzed 

in a similar manor since data were also not normally distributed. The Kruskal-Wallis test of analysis of 

variance with Dunn’s multiple comparison post-hoc test and P-values were corrected using the Benjamini-

Hochberg method for each spot (MPER-specific or total IgA) and tissue type. Resulting P-values are listed 

in Table 2.3, with (P < 0.05) highlighted in green, correlating to significance (*) plotted in Figure 2.4. 

 

Table 2.2. Adjusted P-values from pairwise comparisons of ELISA endpoint titers. To determine 
significance of ELISA endpoint titers between experimental groups for each timepoint, the Kruskal-Wallis 
test of analysis of variance was followed by Dunn’s multiple comparison post-hoc test, since data was not 
normally distributed. The Benjamini-Hochberg method was used for multiple testing adjustment. 
 

Source Comparison-1 Comparison-2 Week_2 Week_4 Week_6 Week_8 Week_10 Week_12 

Fecal Buffer_RB Buffer_SC 0.3001 0.3650 0.5000 0.3938 0.4316 0.3928 

Fecal Buffer_RB Gad19_RB 0.1057 0.0017 0.0004 0.0023 0.0003 0.0003 
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Fecal Buffer_SC Gad19_RB 0.0184 0.0002 0.0005 0.0008 0.0004 0.0008 

Fecal Buffer_RB Gad19_SC 0.3143 0.5702 0.0489 0.0015 0.0003 0.0004 

Fecal Buffer_SC Gad19_SC 0.1600 0.4362 0.0559 0.0008 0.0007 0.0015 

Fecal Gad19_RB Gad19_SC 0.2022 0.0020 0.0619 0.4643 0.4906 0.4440 

Fecal Buffer_RB NCK1895_RB 0.3301 0.4015 0.5357 0.4091 0.4709 0.3347 

Fecal Buffer_SC NCK1895_RB 0.5000 0.5000 0.5769 0.2630 0.5000 0.4506 

Fecal Gad19_RB NCK1895_RB 0.0276 0.0003 0.0007 0.0090 0.0005 0.0016 

Fecal Gad19_SC NCK1895_RB 0.1866 0.4986 0.0652 0.0062 0.0008 0.0029 

Fecal Buffer_RB NCK1895_SC 0.3668 0.4461 0.6250 0.4266 0.5357 0.5000 

Fecal Buffer_SC NCK1895_SC 0.5357 0.5357 0.6818 0.5000 0.5179 0.4286 

Fecal Gad19_RB NCK1895_SC 0.0552 0.0006 0.0015 0.0011 0.0005 0.0006 

Fecal Gad19_SC NCK1895_SC 0.2240 0.5817 0.0782 0.0017 0.0004 0.0005 

Fecal NCK1895_RB NCK1895_SC 0.5769 0.5769 0.7500 0.2922 0.5755 0.3719 

Serum Buffer_RB Buffer_SC 0.1249 0.2790 0.5000 0.3306 0.5000 0.3851 

Serum Buffer_RB Gad19_RB 0.1561 0.1759 0.0920 0.0286 0.0104 0.0009 

Serum Buffer_SC Gad19_RB 0.5000 0.0419 0.1226 0.0056 0.0119 0.0029 

Serum Buffer_RB Gad19_SC 0.2082 0.5000 0.1321 0.1656 0.0008 0.0019 

Serum Buffer_SC Gad19_SC 0.5357 0.3069 0.2641 0.0510 0.0011 0.0057 

Serum Gad19_RB Gad19_SC 0.5769 0.2199 0.5138 0.2351 0.2720 0.3998 

Serum Buffer_RB NCK1895_RB 0.3122 0.3410 0.3405 0.3606 0.3778 0.3124 

Serum Buffer_SC NCK1895_RB 0.6250 0.5357 0.3714 0.5000 0.4093 0.2012 

Serum Gad19_RB NCK1895_RB 0.6818 0.0629 0.1622 0.0084 0.0035 0.0002 

Serum Gad19_SC NCK1895_RB 0.7500 0.3836 0.1669 0.0595 0.0003 0.0003 

Serum Buffer_RB NCK1895_SC 0.6245 0.4385 0.4086 0.3967 0.4465 0.4172 

Serum Buffer_SC NCK1895_SC 0.8333 0.5769 0.4540 0.5357 0.4911 0.2928 

Serum Gad19_RB NCK1895_SC 0.9375 0.1258 0.1854 0.0168 0.0042 0.0003 

Serum Gad19_SC NCK1895_SC 1.0000 0.5115 0.2003 0.0714 0.0005 0.0006 

Serum NCK1895_RB NCK1895_SC 1.0000 0.6250 0.5357 0.5769 0.5357 0.4043 

Vaginal Buffer_RB Buffer_SC 0.2022 0.2920 0.3445 0.5000 0.4096 0.3785 

Vaginal Buffer_RB Gad19_RB 0.5000 0.4080 0.1719 0.2248 0.0467 0.0068 

Vaginal Buffer_SC Gad19_RB 0.2311 0.2380 0.0826 0.2698 0.0172 0.0028 

Vaginal Buffer_RB Gad19_SC 0.2697 0.3212 0.0992 0.0753 0.0010 0.0010 

Vaginal Buffer_SC Gad19_SC 0.5357 0.5000 0.0674 0.1506 0.0002 0.0007 

Vaginal Gad19_RB Gad19_SC 0.3236 0.3570 0.3881 0.3486 0.1106 0.3455 

Vaginal Buffer_RB NCK1895_RB 0.4045 0.3569 0.3732 0.3639 0.4468 0.5000 

Vaginal Buffer_SC NCK1895_RB 0.5769 0.5357 0.5000 0.3942 0.5000 0.4076 

Vaginal Gad19_RB NCK1895_RB 0.5393 0.7139 0.1101 0.3245 0.0200 0.0079 

Vaginal Gad19_SC NCK1895_RB 0.6250 0.5769 0.1348 0.1222 0.0003 0.0015 

Vaginal Buffer_RB NCK1895_SC 0.8090 0.4015 0.3721 0.4301 0.4915 0.4416 

Vaginal Buffer_SC NCK1895_SC 0.6818 0.1414 0.2144 0.4731 0.5357 0.3386 

Vaginal Gad19_RB NCK1895_SC 1.0000 0.5830 0.2837 0.3651 0.0241 0.0175 

Vaginal Gad19_SC NCK1895_SC 0.7500 0.1697 0.2329 0.1629 0.0007 0.0029 

Vaginal NCK1895_RB NCK1895_SC 0.8333 0.2121 0.2412 0.5357 0.5769 0.4817 
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Table 2.3. Adjusted P-values for multiple comparisons of ELISpot data. The Kruskal-Wallis test of 
analysis of variance was followed by Dunn’s multiple comparison post-hoc test with Benjamini-Hochberg 
adjusted p-values for multiple testing was used for significance of ELISpot counts between experimental 
groups for each tissue type in the study. Analysis was conducted independently for each spot type too. 
Green shading indicates (P < 0.05), and correlates to significance represented by (*) in Figure 2.4. FRT: 
female reproductive tract, LI: large intestine, MLN: mesenteric lymph nodes, PP: Peyer’s patches, Sp: 
spleen.  
 

Spot-Type Comparison_1 Comparison_2 FRT LI MLN PP Sp 

MPER-Specific Buffer_RB Buffer_SC 0.5000 0.5000 0.2161 0.5000 0.5000 

MPER-Specific Buffer_RB GAD19_RB 0.1202 0.1616 0.5000 0.1249 0.2741 

MPER-Specific Buffer_SC GAD19_RB 0.1402 0.2424 0.2470 0.1561 0.3015 

MPER-Specific Buffer_RB GAD19_SC 0.0259 0.3199 0.3135 0.5357 0.3388 

MPER-Specific Buffer_SC GAD19_SC 0.0389 0.3733 0.6863 0.5769 0.3873 

MPER-Specific GAD19_RB GAD19_SC 0.2747 0.2856 0.4179 0.2082 0.5879 

MPER-Specific Buffer_RB NCK1895_RB 0.5357 0.3141 0.5357 0.6250 0.5357 

MPER-Specific Buffer_SC NCK1895_RB 0.5769 0.3490 0.2882 0.6818 0.5769 

MPER-Specific GAD19_RB NCK1895_RB 0.1683 0.4479 0.5769 0.3122 0.3350 

MPER-Specific GAD19_SC NCK1895_RB 0.0778 0.5108 0.6269 0.7500 0.4518 

MPER-Specific Buffer_RB NCK1895_SC 0.6250 0.5357 0.6250 0.8333 0.1699 

MPER-Specific Buffer_SC NCK1895_SC 0.6818 0.5769 0.3458 0.9375 0.2549 

MPER-Specific GAD19_RB NCK1895_SC 0.1326 0.4847 0.6818 0.6245 0.6067 

MPER-Specific GAD19_SC NCK1895_SC 0.0689 0.5599 1.0000 1.0000 0.5422 

MPER-Specific NCK1895_RB NCK1895_SC 0.7500 0.3927 0.7500 1.0000 0.5097 

Total_IgA Buffer_RB Buffer_SC 0.1502 0.2085 0.4809 0.0017 0.3473 

Total_IgA Buffer_RB GAD19_RB 0.4404 0.0804 0.4598 0.1421 0.4353 

Total_IgA Buffer_SC GAD19_RB 0.1436 0.0202 0.5186 0.0004 0.4075 

Total_IgA Buffer_RB GAD19_SC 0.1514 0.1253 0.4632 0.0066 0.3548 

Total_IgA Buffer_SC GAD19_SC 0.4508 0.0201 0.6196 0.3622 0.3268 

Total_IgA GAD19_RB GAD19_SC 0.1337 0.4190 0.4581 0.0002 0.2011 

Total_IgA Buffer_RB NCK1895_RB 0.2544 0.2333 0.4581 0.3645 0.3883 

Total_IgA Buffer_SC NCK1895_RB 0.3868 0.4508 0.5149 0.0044 0.4315 

Total_IgA GAD19_RB NCK1895_RB 0.2264 0.0192 0.5466 0.0815 0.3816 

Total_IgA GAD19_SC NCK1895_RB 0.4079 0.0268 0.4551 0.0152 0.3007 

Total_IgA Buffer_RB NCK1895_SC 0.1514 0.4801 0.5007 0.0175 0.4145 

Total_IgA Buffer_SC NCK1895_SC 0.4409 0.2035 0.7530 0.2087 0.4644 

Total_IgA GAD19_RB NCK1895_SC 0.2086 0.0861 0.4362 0.0008 0.3487 

Total_IgA GAD19_SC NCK1895_SC 0.4207 0.1298 0.4716 0.3496 0.3494 

Total_IgA NCK1895_RB NCK1895_SC 0.2851 0.2301 0.5227 0.0374 0.4374 
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2.2.9: IgA-Bound Bacterial Sorting  

 Fecal pellets collected from animals from each timepoint were processed at the same time. Block 

randomization was used so that weekly timepoints and animal groups were evenly distributed between 

plates to avoid batch bias in extraction, library generation, and sequencing. Additionally, samples were 

labeled with an assigned randomized number for all downstream work to blind investigators of sample 

origin during library preparation and initial data processing. Fecal samples were first homogenized with 

PBS containing ProteaseArrest. Homogenates containing bacteria were placed on ice for 10 minutes to 

allow large particulates to fall out of suspension. The remaining suspension was washed twice with PBS. 

One third of the suspension was saved for direct microbiome processing (whole microbiome), while the 

remaining two-thirds were further processed for IgA-sorting. Samples were stained with an IgG rat anti-

mouse IgA antibody conjugated with FITC (Clone C10-3, BD Biosciences San Jose, CA) in a PBS staining 

buffer containing 0.01% bovine serum albumin (Sigma-Aldrich) and 1mM EDTA. Samples were washed 

with staining buffer and filtered using 40uM filter cap Falcon tubes before sorting with a fluorescence 

activated cell sorter (FACS) Aria III at the CSU Flow Cytometry Facility. Sorting gates were set using both 

unstained samples and an isotype control with FACSDiva version 6.1.3 and FlowJo version 10.4. Side 

scatter (SSC) threshold was set to 250 to account for the small bacterial cells, and a 100M nozzle was 

used. Fresh CS&T beads (BD Biosciences) were run each day to ensure the machine was consistent in 

sensitivity detection throughout the sorting process. The gating strategy for sorting included selecting for 

intact cells based on FCS and SSC, then single cells to avoid clumps of heterogenous bacterial cells, then 

gated on fluorescens in the FL-1 FITC channel to sort IgA-positive and IgA-negative cells (Fig. 2.1). 

Samples from droplet stream were collected before and after sorting for negative controls. Several sorted 

samples were resorted to assess the accuracy of IgA-positive and IgA-negative streams, with purity ranging 

from 95-100%. Both IgA-positive and IgA-negative fractions were collected into sterile tubes and saved 

for 16S-library preparation. Sorting parameters were set to collect at least 100,000 cells in each fraction 

and stopped after 1million cells were collected in either fraction so collection tubes would not overflow. 
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Samples were stored on ice throughout the sorting process until they were pelleted and frozen at -80C for 

later DNA extraction. 

 

 

Figure 2.1 Gating of fecal samples to obtain IgA-positive and IgA-negative fractions. First, cells were 
gated based on SSC and FSC, the FSC-H and FSC-A to gate for single cells. IgA-negative and IgA-positive 
populations were selected based on intensity of FITC fluorescence and collected into sterile tubes. FITC 
and PE graphs were analyzed to observe spill over into the PE channel. Panel A shows unstained cells, and 
panel B shows cells stained with anti-mouse IgA with a FITC tag from the randomized sample 347. 
 

2.2.10: Microbiome Library Preparation  

 Each of the three fractions (whole microbiome, IgA-positive, and IgA-negative) were randomized 

into a 96-well plate format. Each plate received either three or six controls, which included no-template 

controls from either FACS sorting, extractions, PCR, or magnetic separation to track any contamination. 

Positive controls included ZymoBIOMICS Microbial Community Standards in the extraction (bacterial 

a 

b 



40 
 

cells D6300), and in PCR (DNA D3605). DNA was extracted using the MagAttract PowerSoil DNA KF 

Kit (Qiagen) in conjugation with the KingFisher Flex (ThermoFisher Scientific). Extracted DNA was used 

to create Illumina library molecules from the hyper variable region 4 (V4) of the 16S rDNA gene as 

described previously [201]. Briefly, primers with multiplexed barcodes were used, and also included an 

Illumina adapter, pad and linker, and V4-16S primer sequence. Dual indexed libraries were purified using 

magnetic Mag-Bind TotalPure NGS beads (Omega Bio-Tek) to select for DNA fragments greater than 300 

bp to remove primers and any other unwanted PCR products. Library molecules in each sample were 

estimated using the AccuBlue dsDNA Quantitation Kit (Biotim). An equimolar amount of each sample was 

added to one of four pools. Each of the four pools were quality controlled and sequenced on an Illumina 

MiSeq at Colorado State University’s Next Generation Sequencing Core Facility (Fort Collins, CO). 

Illumina MiSeq v2 500-cycle kits were used to sequence the 2 x 250 paired end reads. Raw data are 

available on National Center for Biotechnology Information’s (NCBI) Sequence Read Archive (SRA) 

under BioProject PRJNA723356, https://www.ncbi.nlm.nih.gov/bioproject/PRJNA723356. 

 

2.2.11: Microbiome Data Processing 

 We used the software fastqc [243] (version v0.11.5) to evaluate the quality of demultiplexed fastq 

reads obtained from the MiSeq runs, totaling 56,460,071 reads. The software trimmomatic [244] (version 

0.39) was used to filter and trim data using a sliding window of four and a cutoff quality of PHRED 25 in 

order to select for high quality reads for downstream analysis. Only reads 150 base-pairs or longer were 

used to ensure overlap between forward and reverse reads for assembling contigs in downstream processing, 

resulting in 25,387,655 reads. Filtered data were processed using mothur [245] (version 1.44.2), using the 

developers’ standard operating procedure to further clean and process files, resulting in 24,748,343 

sequences with 848,893 being unique. The output of this pipeline included an operational taxonomic unit 

(OTU)-based data-table and taxonomic classification. The SILVA database [246] version 132 was used for 

alignment and classification. The microbial community standards (mock community) from ZymoBIOMICS 

were used to assess both sequencing error rate and DNA extraction efficiency from different microbial taxa 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA723356
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between extraction plates and sequencing batches. Negative controls were used to gauge the potential 

contamination introduced throughout library preparation. These controls were also used to establish the 

cutoff for removing OTUs. Here, we removed OTUs with less than seven reads. Samples with lower than 

5000 reads were also removed. This cutoff also allowed for the convergence of non-metric 

multidimensional scaling plots (NMDS). This process of data cleaning from the original mothur OTU table 

reduced the number from 4567 to 417 OTUs. Rarefaction curves were generated with the package vegan in 

R (version 3.6.1) to check that the depth of coverage for each sample allowed for adequate discovery of 

OTUs (Fig. 2.2).  

 

 

a 

b 

c 
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Figure 2.2 Rarefaction curves of each sample. Samples divided by (a) whole microbiome, (b) IgA-
positive, and (c) IgA-negative fractions. Samples are each represented by a colored line, with OTU counts 
per sample on the X-axis and number of reads per sample on the y-axis. Horizontal lines indicate a low 
chance for the discovery of more OTUs based on the number of reads. 
 

2.2.12: Diversity and Correlation Analysis 

 Alpha diversity was assessed using the Shannon diversity index and rarified richness. Shannon 

diversity was estimated with the phyloseq package [247] on non-normalized data. Richness was calculated 

based on the rarified data through the package vegan [248]. The R package lme4 was used to create a linear 

mixed effects model in order to account for random effects from sampling the same mice over time. This 

model specified individual mice as subject-specific random effects, and experimental group as fixed 

variables. Autocorrelation was not used as the AIC values between models with autocorrelation component 

and those without were comparable (within 2 for all models). Predicted values were plotted as means with 

standard error using ggplot2 and the sjPlot package. 

 Beta-diversity was analyzed via Nonmetric Multidimensional Scaling (NMDS) at the OTU level 

after normalization using Cumulative Sum Scaling [249]. The full dataset was used for ordination through 

the vegan package and applying Bray-Curtis dissimilarity. 95% confidence ellipsoids were plotted for each 

timepoint, group, and microbiome fractions, depending on the graph. Plotting was also conducted for each 

sequencing pool to identify possible batch bias. Venn Diagrams were constructed using the VennDiagram 

package in R based on both OTU and genus level taxa counts. Data was separated either by IgA-fraction, 

or IgA-fraction and treatment group to show similarities and differences between the various groupings.  

 Spearman’s correlation coefficient was used to assess the association between the microbiome and 

MPER-specific IgA. The top 20 taxa identified as the most important for classification into treatment groups 

in Random Forests (described below) were used in this correlation analysis.  
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2.2.13: Random Forest 

 To create a list of taxa that had the most influence on the prediction of the treatment-groups (Table 

2.1) associated with vaccination and diet from the study, we used Random Forests (RF) [250], which was 

calculated by the R package randomForest (version 4.6-14) [251]. IgA-fractions were analyzed 

independently to find the most important taxa from each fraction. The optimal number of features was 

identified with an iterative approach and used in constructing trees. We used the tuneRF function to iterate 

over 100 random forests with different mtry values, and ntreeTry was set to 200. The mtry value, 

representing the number of features to use in sampling when creating regression trees in the RF model, with 

the lowest median out-of-bag (OOB) error was selected (whole microbiome =46, IgA-positive microbiome 

= 98, IgA-negative microbiome = 60, Fig. S2.1). The confusion matrices showing group and class errors 

and overall error rate for each of the microbiome fractions is shown in Table 2.4. We used ntree = 1000 and 

importance = TRUE to create the RF model to identify features that were most important in classification 

to the experimental groups. All OTUs, sample collection time points (week), and sequencing pool were 

included in this analysis. Sequencing pool was included as a feature to assess any bias based on sequencing 

batch, and no bias was detected. Additional RF models classified samples based on vaccine treatment and 

diet were created, and confusion matrix for each model are shown in tables S2.1 and S2.2. The features and 

their importance are represented by mean decrease in Gini [252], using a cutoff of 0.2 when plotting. 

 

Table 2.4 Confusion matrices for Random Forest models. The classification and associated error for 
each experimental group are shown for each model that was created for the three microbiome fractions. 
The overall error rate for each model is also shown by “OOB estimate of error rate”. 
 

Whole Microbiome 

Type of Random Forest: classification 

Number of trees: 1000 

Number of variables tried a teach split: 46 

OOB estimate of error rate: 28.09% 
 

Buffer 

RB 

NCK1895 

RB 

Gad19 

RB 

Buffer 

SC 

NCK1895 

SC 

Gad19 

SC 

Class 

error 

Buffer RB 37 1 2 12 3 0 0.327272 

NCK1895 RB 1 56 2 1 2 1 0.111111 
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Gad19 RB 2 4 43 0 1 12 0.306451 

Buffer SC 4 2 0 34 8 4 0.346153 

NCK1895 SC 4 1 0 7 34 15 0.442623 

Gad19 SC 0 4 5 0 2 52 0.174603 
        

IgA-Positive Microbiome 

Type of Random Forest: classification 

Number of trees: 1000 

Number of variables tried a teach split: 98 

OOB estimate of error rate: 51.04% 
 

Buffer 

RB 

NCK1895 

RB 

Gad19 

RB 

Buffer 

SC 

NCK1895 

SC 

Gad19 

SC 

Class 

error 

Buffer RB 26 2 5 7 6 6 0.500000 

NCK1895 RB 5 34 8 4 2 6 0.423728 

Gad19 RB 7 9 30 2 1 11 0.500000 

Buffer SC 3 3 0 28 9 7 0.440000 

NCK1895 SC 7 7 2 12 17 13 0.706896 

Gad19 SC 3 6 6 5 8 30 0.482758 

 

IgA-Negative Microbiome 

Type of Random Forest: classification 

Number of trees: 1000 

Number of variables tried a teach split: 60 

OOB estimate of error rate: 42.56% 
 

Buffer 

RB 

NCK1895 

RB 

Gad19 

RB 

Buffer 

SC 

NCK1895 

SC 

Gad19 

SC 

Class 

error 

Buffer RB 20 3 5 6 8 6 0.583333 

NCK1895 RB 2 32 12 7 3 2 0.448275 

Gad19 RB 2 3 39 1 4 10 0.338983 

Buffer SC 2 3 3 31 11 2 0.403846 

NCK1895 SC 2 2 3 11 28 13 0.525423 

Gad19 SC 3 5 4 2 3 43 0.283333 

 

2.3: Results 

2.3.1: Rice Bran Diet Enhancement of MPER-Specific Antibody Responses 

 To investigate the kinetics and magnitude of the antigen-specific immune response induced by the 

recombinant L. acidophilus vaccine platform, mice were orally dosed with L. acidophilus expressing MPER 

and secreting IL-1 (GAD19), control strain L. acidophilus (NCK1895), or the carrier buffer alone (Buffer). 

For each treatment type, mice were fed either standard chow diet (SC), or SC supplemented with 10% rice 

bran (RB) (Table 2.1). Fecal and vaginal wash MPER-specific IgA and serum IgG showed a pattern of 
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increasing titers with each vaccine boost, reaching a maximum titer after the 6th immunization with GAD19 

(Fig. 2.3, adjusted P-values for pairwise comparisons shown in Table 2.2). Notably, mice fed the RB diet 

showed significantly higher antibody titers in feces and serum after two immunizations with GAD19 (week 

4) as compared to all other treatment groups (Fig. 2.3A and 2.3C). This trend continued for the GAD19_RB 

group that had significantly higher titers of serum IgG after the 4th immunization as well (Fig. 2.3C). These 

results show GAD19 vaccinated groups produced significant levels of MPER-specific antibodies in all three 

sample types (fecal, vaginal and serum), but rice bran can improve the early mucosal and systemic humoral 

responses to rLA vaccination. 

 

 

Figure 2.3 Diet improves antigen-specific antibody response to vaccination. Mice were fed either a 
standard chow (SC) or SC supplemented with 10% rice bran (RB) diet throughout the study and samples 
were taken every 2 weeks, prior to the next vaccine boost. MPER-specific antibodies were detected with 
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colorimetric ELISAs. (a) Fecal IgA, (b) vaginal IgA, and (c) serum IgG endpoint titers from ELISAs are 
reported for each group, with samples having no detection being assigned a value of 1. For all graphs, 
asterisks (*) indicated significance (P < 0.05) when compared to Buffer groups. Adjusted significant P-
values are listed in Table 2.2 for all comparisons.  
 
 
 The immune response to GAD19 and the impact a rice bran diet has on the humoral immune 

response was also assessed via ELISpot. This method allowed for direct quantification of both MPER-

specific antibody secreting cells (ASCs) and total non-specific IgA ASCs. Figure 2.4 shows the mean spot 

counts for each group with error bars representing the standard error for MPER-specific IgA (2.4A) and 

non-specific IgA (2.4B) ASCs. Although MPER-specific ASCs were detected in all tissue types from either 

GAD19_RB or GAD19_SC, only the female reproductive tract (FRT) in the GAD19_SC had significantly 

higher counts compared to the buffer groups (Fig 2.4A and Table 2.3).  

 Importantly, the RB diet had a significant increase in the number of IgA secreting cells in the 

Peyer’s Patches (2.4B). All RB groups had significantly higher IgA ASCs counts compared to all other SC 

groups (Table 2.3) from pairwise comparisons. The large intestine (LI) also had significantly higher levels 

of IgA producing cells in both GAD19_RB and GAD19_SC compared to the Buffer_SC and NCK1895_RB 

groups (Fig. 2.4B and Table 2.3). These data indicate the RB diet can increase the overall production of 

IgA in the small intestine due to the increase IgA ASCs in Peyer’s patches.  
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Figure 2.4 MPER-specific and total IgA producing cells. Cells producing either (A) MPER-specific IgA 
or (B) unspecific IgA was determined using ELISpot from single cell suspensions obtained from each 
designated tissue. Spot counts were normalized to 1 million antibody secreting cells (ASCs). ASCs were 
defined as live CD19+CD45+ cells via flow cytometry as cells were simultaneously plated. Bars represent 
mean MPER or IgA spots in each group, per million ASC, with error bars indicating standard error. Asterisk 
(*) indicates significance (P < 0.05) between treatment and buffer group and additional groups shown in 
Table 2.3. FRT: female reproductive tract, LI: large intestine, MLN: mesenteric lymph nodes, PP: Peyer’s 
patches, Sp: spleen.  
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2.3.2: Vaccination and Diet Did Not Impact Alpha Diversity  

 We used linear mixed effects (LME) models to fit both the Shannon diversity index and expected 

richness. Each model was fitted separately for the different microbiome fractions (IgA-positive, IgA-

negative, and whole). Figure 2.5 shows alpha diversity indices for each microbiome fraction. Although no 

significant differences were observed between any of the timepoints or groups in the whole microbiome 

(Fig. 2.5A), the trajectory of the means of Shannon diversity for most groups increased overtime. There 

was less variability in the confidence intervals for the whole microbiome compared to the IgA-positive and 

IgA-negative populations (Fig. 2.5B and 2.5C). The means and confidence intervals for both of these 

fractions did not follow a linear trend. Figure 2.5C also indicates that prior to vaccination (week 0), a 

significant impact on the Shannon diversity of the IgA-negative microbiome was associated with the RB 

treatment. However, these impacts recovered quickly after that time point. 

 The predicted values of expected richness also show a non-linear trend over time for each 

microbiome fraction (Fig 2.5D-F). No significant differences were found between treatment groups at any 

timepoint or between IgA-positive and IgA-negative fractions (Fig 2.5E and 2.5F). The sample collection 

timepoint, which occurred two-weeks post-vaccination, also provides time for recovery from a short-term 

perturbation caused by vaccination. Therefore, these results indicate that our live-bacterial vaccine platform 

does not lead to lasting effects on alpha diversity of the intestinal microbiome.  
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Figure 2.5 Alpha diversity is not affected by diet or vaccination. (a) Predicted values of Shannon 
diversity index for the whole microbiome from each timepoint (weeks -2, 0, 2, 4, 6, 8, 10, 12) taken from 
each group are represented by the 95% credibility intervals. (b) IgA-positive and (c) IgA-negative 
microbiome fractions are also represented by the 95% credibility intervals for Shannon. Richness 
predictions are shown for (d) whole microbiome, (e) IgA-positive, and (f) IgA-negative fractions. Linear 
mixed effects models were used to determine predicted values for each microbiome type (whole, IgA-
positive, and IgA-negative) and diversity index (Shannon and observed richness).  
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2.3.3: Temporal Changes in Beta Diversity Influenced by Diet  

 A clear separation of whole microbial communities based on diet is demonstrated in Figures 2.6. 

Beta diversity is presented based on the nonmetric multidimensional scaling (NMDS) ordination using the 

Bray-Curtis distance matrix utilizing the full dataset. The 3-D representation of these data (Fig. 2.6A) 

highlights the separation of the microbial communities based on diet and partially on immunization type, 

where the 95% confidence ellipsoids represent the community structure for each group from all three 

microbiome fractions. The overlapping ellipsoids from GAD19_SC and NCK1895_SC indicates the 

microbiome communities of these two groups were not significantly different. These treatment groups were 

administered the same species but different strains of L. acidophilus, indicating shifts in the microbiome 

may be caused by the administration of the live L. acidophilus vector itself. The close proximity between 

GAD19_RB and NCK1895_RB also supports this possibility. In addition, the control buffer group is distant 

from the L. acidophilus groups for both diets (Fig. 2.6A). The 2D projections clearly show the separation 

of the groups based on diet along NMDS1 (Fig 2.6B and 2.6C).  
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Figure 2.6 Separation of beta-diversity based on experimental groups. Nonmetric multidimensional 
scaling (NMDS) using the Bray-Curtis distance matrix was used to determine differences in microbiome 
community structure between groups. (a) the three-dimensional plot represents the three NMDS axes, while 
the two-dimensional projections NMDS1 and NMDS2 are shown in (b), and NMDS1 and NMDS3 are 
shown in (c). Data is represented by the 95% confidence ellipsoids and includes all samples from all 
timepoint from each experimental group. 
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 Figure 2.7 reveals the temporal changes in the microbial community throughout the duration of the 

study. Differences in microbial communities caused by diet alone are highlighted in the control buffer group 

(Fig. 2.7A and 2.7B). The centroids for all IgA fractions in the Buffer_SC group shifted downwards 

overtime, with the microbiome seeming to stabilize between weeks 8-12. Conversely, the microbiome in 

the RB buffer group shifted from week -2 to 0 for all IgA fractions (Fig. 2.7A), again emphasizing diet as 

a primary driver of changes to the microbiome. The whole microbiome samples for this group had two main 

clusters, one with the -2, 2, 4, and 6-week timepoints and another cluster containing the 0, 8, 10, and 12-

week time points. A similar clustering pattern was seen in the IgA-negative and IgA-positive communities, 

but the overlapping ellipsoids at many of the timepoints indicates the difference is not significant, whereas 

differences in the whole microbiome are.  
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Figure 2.7 Temporal changes in beta-diversity. NMDS ordinations for each experimental group is 
shown in sections a-f, with data separated into plots for IgA-negative, IgA-positive, and whole 
microbiome communities, respectively, as indicated by title above each plot. Each 95% confidence 
ellipsoid represents the samples taken at that timepoint, with number at the end of the label corresponding 
with the week of the sample collection. 
 

 A comparable pattern was seen in the NCK1895 groups, with the SC diet mice showing little 

change in community structure over time, while the RB diet group showed significant changes and similar 

clustering patterns (Fig. 2.7C and 2.7D). The IgA-negative and positive microbiome fractions for the 

NCK1895 group on the SC diet showed no significant changes over time, while the only significant 

differences in the whole microbiome appeared between week -2 and 12 (Fig. 2.7D). Animals on the RB 

diet in the NCK1895 group did show significant changes in the microbiome over time, but this is likely 

attributed to a change in diet (Fig. 2.7C). The whole microbiome community showed clusters between 

weeks 4, 6, and 8, and 0, 2, 10, and 12. Because the 0 time point overlaps with the 10 and 12-week 

timepoints, we conclude that the microbiome recovered to its pre-probiotic state. These results indicate that 

repeated dosing with the probiotic bacterium L. acidophilus does not significantly alter the microbiome as 

a whole or the subset of the microbiome that is recognized by the mucosal immune system. 

 Mice immunized with the GAD19 strain again showed differences during the switch from SC diet 

at week -2 to the RB diet at week 0 (Fig. 2.7F). This shift is clearly seen in both the whole microbiome and 

IgA-positive microbiome. The centroids for each timepoint also followed a similar trajectory between the 

two sample types (whole microbiome and IgA-positive) in the GAD19 RB group. Animals in the GAD19 

and SC diet did not show a significant difference between the community structure at weeks 0 and 12 for 

any of the microbiome fractions (Fig. 2.7E). The IgA-negative microbiome fraction for the GAD19 animals 

on both diets showed a similar pattern, as seen by the overlapping ellipsoids for the majority of the 

timepoints. The shifts in community structure earlier in the study shows that the perturbations caused by 

vaccination were resolved and return to the starting homeostasis by the conclusion of the study, highlighted 

by the similarities in the week 0 and week 12 timepoints.  
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 These data show the large role diet plays in inducing changes to the microbiome. However, the 

impact from diet is mainly observed in the whole microbiome samples and partially observed in the IgA-

positive fractions. Additionally, the administration of our L. acidophilus strains did not induce long-lasting 

effects on the microbiome, as shown by the overlapping ellipsoids representing the community structure 

between early and late timepoints. The similarities across the IgA-negative fractions between treatment 

groups shows that neither the rLA vaccine nor RB diet cause a major disturbance in the IgA-negative 

bacterial community. The similar temporal clustering patterns of the GAD19 and NCK1895 IgA-positive 

and whole microbiome samples also indicates that the intermediate shifts seen in the whole microbiome 

samples are attributed to changes in the IgA-positive bacterial communities. 

 

2.3.4: IgA Fractions Uncover Low Abundant Taxa 

 In order to quantify the shared and unique taxa between the different microbiome fractions, Venn 

diagrams were generated at both the OTU and genus levels (Fig. 2.8). 293 OTUs were shared between all 

microbiome fractions, and the whole microbiome community had 26 unique OTUs, IgA-positive had 38, 

and IgA-negative had 28, as shown in Figure 2.8A. Without sorting IgA-positive and IgA-negative fraction, 

83 OTUs would not have been identified. At the genus level, there was only one unique taxon in the whole 

microbiome community, while the IgA-positive community had 24 unique taxa and IgA-negative had 15 

(Fig. 2.8B). Although 73 genera were shared between all the microbiome fractions, 51 genera were found 

between the IgA-positive and IgA-negative fractions and not in the whole microbiome. These 51 genera 

found in IgA-fractions account for 40.5% of the total identified genera in the study, while the IgA-fractions 

discovered 19.9% of the total OTUs. The majority of OTUs found in the IgA-fractions that are absent in 

whole microbiome samples are represented by less than 50 reads. These taxa were often present in at least 

half of the experimental groups, and many OTUs were from the Proteobacteria phylum (Fig. 2.9). These 

lowly abundant bacteria may not have been detected in whole microbiome samples due to limitations in 

sequencing depth and the inherent nature of random sampling during library generation.  
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 Venn diagrams for each experimental group show a similar pattern, with 60-68 genera shared 

between all microbiome fractions, and 5-13 unique genera in IgA-positive and IgA-negative fractions (Fig 

2.10). Research shows that rare bacteria can account for up to 20% of the diversity within the bacterial 

microbiome and often remain undetected [253, 254], and it is necessary to investigate the impact that 

vaccination with rLA has on diversity of lowly abundant taxa.  

 

Figure 2.8 Shared and unique bacteria in different microbiome fractions. Venn diagrams represent 
the number of (a) OTUs or (b) genera found in the three microbiome types (whole, IgA-positive, and IgA-
negative). Data is based on the Cumulative Sum Scaling normalized counts for each OTU. 
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Figure 2.9 Normalized abundances of OTUs found only in IgA-positive or IgA-negative fractions. 
Each OTU is labeled with the phylum and genus it belongs to, and the relative abundance for each 
experimental group. Normalized abundances were calculated by Cumulative Sum Scaling as described in 
the Methods.  
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Figure 2.10 Unique and shared genera between microbiome fractions for each experimental group. 
Each Venn diagram represents genera found in each mouse group used in this study. 
 

2.3.5: Random Forest Predictions of Important Taxa  

 The Random Forests (RF) [250] machine learning approach was used to classify samples into the 

designated treatment groups (Table 2.1) and important taxonomic drivers of differences between these 

treatment-groups were identified. Figure 2.11 shows the Mean Decreasing Gini (MDG) coefficients for the 

most important drivers in each microbiome fraction, calculated from OTU counts and identified by their 

genus classification. These MDG coefficients were calculated based on the original RF model which uses 

the treatment-group as the classifier, and OTUs with MDG greater than 0.2 were plotted. 

Lachnospiraceae_UCG−001 was identified as the most important driver for classification within the whole 

microbiome samples, with uncultured bacteria and Ruminococcaceae_UCG−005 also in the top three (Fig 

2.11A). The top 77 OTUs all belong to the Firmicute phylum, except for OTU0073, which is an 

Anaeroplasma in the Tenericutes phylum. The majority of these Firmicutes are classified in either the 
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family Ruminococcaceae or Lachnospiraceae, both of which belong to the Clostridia family. Similar 

patterns were seen in both the IgA-positive and IgA-negative fractions (Fig. 2.11B and 2.11C, respectively). 

Similar to whole microbiome samples, members of the Firmicutes phylum made up the vast majority of the 

important taxa. OTU0023 and OTU00109 were the most important variables in both the whole microbiome 

and IgA-negative models, with OTU0023 (of the Lachnospiraceae_UCG-001 genus) being the second 

important variable in the IgA-positive microbiome.  

 

 

Figure 2.11 Mean Decreasing Gini (MDG) coefficients plot shows important OTUs. The MDG value 
represents the importance of the OTU, labeled by assigned genera, in Random Forest classification for each 
microbiome fraction. Cutoff was set to greater than 0.2. 
 

 The overall out-of-bag (OOB) misclassification error rates for whole microbiome, IgA-positive, 

and IgA-negative were 28.09%, 51.04%, and 42.56%, respectively (Table 2.4). The highest 

misclassification error rates were consistently found in NCK1895_SC diet classification (44.26% in whole, 

70.69% in IgA-positive, and 52.54% in IgA-negative), with misclassification often occurring in the other 

SC groups. Treatment-group error rates for the whole microbiome ranged from 11.11% to 44.26%, with 

NCK1895_RB having the lowest error rate and NCK1895_SC having the highest. Within NCK1895_SC 

classification for whole microbiome, 34 samples were identified correctly, 7 were misclassified as 

a c b 
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Buffer_SC, 15 were misclassified as GAD19_SC, and 5 samples were misclassified into the RB groups (4 

as Buffer_RB and 1 as NCK1895_RB, Table 2.4). The error rates in the IgA-positive RF model were high 

for all treatment-groups, ranging from 42.37% to 70.69%. Because of these high error rates, RF models 

were also generated using vaccine type (buffer, NCK1895, or GAD19, Supplementary Table S2.1), or diet 

type (SC or RB, Supplementary Table S2.2). For these RF models, the whole microbiome again had the 

lowest misclassification error rates, with vaccine classification model showing a 16.6% error rate, and the 

diet classification model having 14.6% error rate. The IgA-positive models had 41.8% and 38.1% error 

rates for vaccine and diet models. The IgA-negative models showed 24.1% and 25.9% error rates also for 

vaccine and diet models. These results indicate that some of the treatments overlap, and error rates are 

improved when diet or vaccination is used separately in classification. 

 

2.3.6: Lactobacilli Importance and Abundance Over Time 

 Since four out of our six animal groups received a strain of Lactobacillus acidophilus (NCK1985 

or GAD19), we investigated the importance that the Lactobacillus genus had on RF classification and 

abundances throughout the study. Results from RF show that Lactobacillus was the 15th most impactful 

taxon in the IgA-positive model, 64th in whole microbiome, and 112th in IgA-negative (Supplementary 

Tables S2.3, S2.4, and S2.5, each showing the top 150 OTUs). The most important Lactobacillus OTUs 

observed in both the whole microbiome and IgA-positive tables were represented by OTU0017, while the 

Lactobacillus in the IgA-negative table was OTU0004. Due to the limitations of 16S-sequencing, we were 

unable to identify the species of the Lactobacillus OTU’s that were observed. Importantly, timepoint and 

sequencing pool (to identify any batch bias) were both included as features in the RF, neither of which were 

highly important for classifying the microbiome samples into treatment group. 

 We also investigated changes in the normalized abundances of these Lactobacillus OTUs between 

the different microbiome fractions overtime (Fig. 2.12). The greatest changes between microbiome 

fractions can be observed in the GAD19_SC group. The abundance of Lactobacillus within this group was 

greatest in the IgA-negative fraction until week 10, where abundances of Lactobacillus were higher in the 
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IgA-positive fraction. This pattern was not observed in the GAD19_RB group, where Lactobacillus levels 

were consistently higher in either the IgA-positive group or whole microbiome. Alternatively, the 

NCK1895_RB group had high levels of Lactobacillus abundance in the IgA-positive and whole 

microbiome fractions. OTU0017 also appeared to be more prevalent in the IgA-positive and whole 

microbiome communities compared to the IgA-negative fraction, especially within RB groups, while 

OTU0004 accounted for the majority of the detected Lactobacillus in the IgA-negative samples. These data 

indicate that Lactobacillus was most impactful in the RF classification of experimental groups for IgA-

positive samples, which could be attributed to the high abundance of OTU0017 in the IgA-positive fraction 

of NCK1895_RB samples. 
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Figure 2.12 Normalized abundances of Lactobacillus over time. The normalized abundances of the 
most abundant OTUs in the Lactobacillus genus are shown for the whole microbiome (top row), IgA-
positive microbiome (middle row), and IgA-negative microbiome (bottom row). Values displayed are 
based on the normalized abundances calculated using Cumulative Sum Scaling as described in the 
methods. Bars represent the mean count for each group at each timepoint, with error bars showing the 
standard error. 
 



63 
 

2.3.7: Correlation Between Antigen-specific IgA and Microbial Taxa 

 Data from MPER-specific fecal ELISAs (Fig. 2.3) was used in Spearman’s correlation to highlight 

associations between specific taxa and increased MPER-specific antibodies. Only GAD19 vaccinated 

groups were included in correlation to the 20 most important taxa from the whole microbiome at the OTU 

level, found using RF. Figure 2.13 shows significant positive (red) and negative (blue) correlations between 

MPER-specific IgA and OTUs, without correction for multiple testing. Antigen-specific IgA associated 

with the RB group displayed negative correlation with several Lachnospiraceae taxa in weeks 2 and 4, but 

no negative correlations with any other taxa were found after week 4 (Fig. 2.13A). Positive correlations 

associated with the RB group included Acetatifactor and Lachnospiraceae_NK4A136_group at week 2, 

Anaerotruncus at week 10, and Lachnospiraceae_NK4A136_group again at week 12. 

 Conversely, antigen-specific IgA within the SC diet group displayed both positive and negative 

correlations with several different taxa during weeks 10 and 12 (Fig. 2.13B). Significant negative 

correlations include Acetifactor, Lachnospiraceae_UCG−001, and an uncultured bacterium in the 

Lachnospiraceae family. Only Lachnospiraceae_UCG−001 continued with a negative correlation during 

week 12. Week 10 had two taxa that were positively correlated with antigen-specific IgA in the GAD19_SC 

group: Ruminococcaceae_ge and Lactococcus. However, during week 12, there were four taxa with 

positive correlations, including Lachnospiraceae_UCG−006, Erysipelatoclostridium, Anaeroplasma, and 

Anaerotruncus. These results follow patterns with MPER-specific antibodies between the two diet groups, 

with more correlations found in earlier timepoints for RB groups and most correlations for SC groups found 

in weeks 10 and 12.  

 

 

 

 



64 
 

Figure 2.13 Spearman’s correlation between important taxa and MPER-specific IgA. Plots show 
Spearman’s correlation between the 20 most impactful taxa from the whole microbiome and MPER-specific 
IgA production in fecal samples. Positive correlations are represented in red, and negative correlations in 
blue. No correction for multiple testing was applied, and significance was set to P< 0.1. 
 

2.4: Discussion 

 In this study, we addressed two key questions regarding the use of recombinant Lactobacillus 

acidophilus (rLA) as a vaccine platform. Firstly, we asked whether use of a prebiotic would enhance the 

immune response against antigens orally delivered utilizing rLA. We determined that using rice bran as a 

prebiotic resulted in a quicker induction of mucosal and systemic humoral responses and increased the 

number of IgA-secreting cells within Peyer’s patches. Secondly, we evaluated the microbiome to determine 

whether repeated administration of rLA might alter the microbial community directly due to the presence 

and activity of the probiotic itself through competition and selective exclusion, or indirectly by inducing a 

host mucosal immune response against rLA. IgA-seq was used to further identify if the combined effects 

from rLA vaccination and the activated mucosal immune response impacted the IgA-bound bacterial 

population of the microbiome. Neither L. acidophilus itself (NCK1895) nor the rLA vaccine (GAD19) 

resulted in long-term alterations of the intestinal microbial community diversity. As would be expected, 
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differences in diet as a result of the prebiotic did alter the microbiome. It remains to be determined whether 

the observed more rapid immune response was due to shifts in the microbiome or to a direct influence of 

the rice bran on the performance of the rLA platform. 

 The rLA vaccine platform offers several logistical and immunological advantages over parenterally 

delivered vaccines. Immunological results from this study highlight the ability of orally delivered vaccines 

to induce both mucosal and systemic humoral immune responses. The presence of MPER-specific IgG 

indicates that a systemic immune response was mounted, while MPER-specific IgA detected in both fecal 

and vaginal samples highlight the ability of the GAD19 vaccine to stimulate the gut-associated lymphoid 

tissues leading to the migration of effector cells to distant mucosal tissues. This property of oral vaccination 

allows for both local control of mucosally-transmitted pathogens as well as surveillance of systemic spread 

[204, 255, 256].  

 L. acidophilus as a vaccine platform is advantageous due to the ease of genetic manipulation to 

achieve massive surface expression of desired antigens. The GAD19 strain co-expresses the 16-mer MPER 

peptide and mature mouse-IL-1 [214]. The MPER peptide, although weakly immunogenic, is highly 

conserved among HIV-1 and is a known target of broadly neutralizing antibodies [257]. Due to this low 

immunogenicity, GAD19 was engineered to secrete the adjuvant IL-1 to increase the humoral immune 

response. IL-1 is a pro-inflammatory cytokine and known mucosal adjuvant [183, 258, 259]. This 

combination of a poorly immunogenetic peptide and successful mucosal adjuvant resulted in the activation 

of the humoral immune response without inducing tolerance. The induction of mucosal tolerance instead 

of protective immunity is often attributed to direct administration of purified antigens or overdosage of the 

vaccine but can be avoided by inclusion of adjuvants in a carrier system to deliver antigens [260]. In this 

case, the strengthening of the inflammatory response with IL-1 in combination with innate LA adjuvants 

that stimulate TLR2, NOD2 and DC-SIGN, likely tip the balance toward an adaptive immune response. 

TLR2 activation, in particular, has also been associated with inhibition of regulatory T-cells [261]. The 
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results presented here show no signs of mucosal tolerance against the MPER peptide, but further studies 

are needed to confirm these findings through challenge with the vaccine target or re-exposure to the antigen. 

 The present study shows the possibility of improving the humoral immune response through the 

use of the prebiotic rice bran. Previous studies showed a 10% rice bran diet increased abundance of 

Lactobacillus populations and increased levels of secretory IgA in animals and humans [238, 239, 262]. 

The use of prebiotics, indigestible food components that promote the activity of probiotics in the host [239], 

is a practical opportunity to increase vaccine efficacy. Rice bran is especially attractive as it is globally 

accessible and an abundant grain byproduct [238]. The use of prebiotics could be a solution to the known 

variation in vaccine efficacy between high-income and low or middle income countries [162], where 

Rotavirus vaccines, for example, are 30-50% less efficacious, possibly due to poor sanitation, malnutrition 

of mothers and their children, and chronic intestinal inflammation [162, 164, 254, 263, 264]. Because this 

study did not recapitulate a state of malnutrition in mice, the full potential of rice bran as a prebiotic could 

not be assessed. Future studies using animal models of malnutrition and/or dysbiosis would better simulate 

conditions of populations in developing countries. The accelerated antibody induction and significant 

increase in IgA-secreting cells within the Peyer’s patches of rice bran supplemented animals in this study 

justifies continued investigation of prebiotics as a means to enhance the immune response to rLA in 

individuals with compromised mucosal immunity. 

 The use of a commensal organism as a vaccine platform raises concerns of potential off-target 

effects of vaccine-induced IgA on the microbiome. Several recent theories on the role of secretory mucosal 

IgA include maintaining a core microbiome, both promotion and restriction of colonization, and regulating 

the function of the microbiome [265, 266, 104, 253, 225]. To address this concern, we used IgA-seq to 

further investigate potential disturbance of the microbiome fraction that is recognized by the mucosal 

immune system. We showed that the IgA-positive and IgA-negative fractions account for 40% of the 

diversity within identified genera and 20% of OTUs. This is in concordance with results using a similar 

technique of bacterial sorting reported by D’Auria et al. (2013) where 20% of total diversity was attributed 

to rare bacteria [253]. This occurrence is hypothesized to be due to traditional sequencing methods that may 
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not recover these rare taxa or data processing that filters out rare taxa. In agreement with the literature [253], 

we show that these lowly abundant bacteria have a greater likelihood of being sequenced as a result of IgA-

sorting. Additionally, many of the taxa absent from the whole microbiome group but present in IgA-

fractions are members of the Proteobacteria phylum, which has also been observed by others [253, 267]. 

Due to the pathogenic nature of many members of the Proteobacteria phylum, including Escherichia, 

Shigella, Salmonella, Brucella, and Helicobacter, high abundance of these species is often not found in 

healthy individuals . It has also been proposed that rare species provide a pool of genetic resources that are 

utilized when necessary [269, 270]. For example, a higher diversity of lowly-abundant bacteria was 

associated with reduced severity of bacterial infections in patients with cystic fibrosis [271]. Another 

proposed function of the lowly abundant taxa is the continuous competition with closely related species. 

Specifically, the presence of endogenous non-pathogenic Enterobacterales aid in the resistance of 

colonization from pathogenic Salmonella serovars in several animal models [272].  

 Significant changes in predicted alpha diversity were not found throughout the study, but beta-

diversity was altered with diet as a primary driver and the L. acidophilus platform contributing to 

intermediate shifts. This pattern of a change in diet leading to alterations in beta diversity but not alpha 

diversity has been documented previously [273], but to date, the diversity of IgA-positive and negative 

fractions have not been evaluated. We show that IgA-positive communities had a closer resemblance to 

trends observed in beta-diversity of whole microbiome samples compared to IgA-negative communities, 

especially regarding longitudinal shifts from the initial change in diet. Previously, we have shown the 

impact of rLA on the whole microbiome, and found IL-1 secretion from rLA to have the greatest impact 

on variation in beta-diversity [201]. However, the results presented here demonstrate that rice bran leads to 

the greatest changes in beta-diversity. These results also indicate that separation between the negative 

control groups (Buffer) and L. acidophilus vaccinated groups (GAD19 and NCK1895) was likely due to 

the probiotic itself, and not a result from the rLA vaccine construct alone. The impacts on the resident 

microbiome from probiotics have been documented, with main conclusions being that alterations to 

community structure are short-lived, at least in the fecal microbiome [153, 274–277]. Further studies are 



68 
 

needed to investigate any possible alterations the rLA vaccine has on specific niches within the 

gastrointestinal tract, as fecal samples used in this study best represent microbial changes found in the lower 

colon. 

 The influence of Lactobacillus and Lachnospiraceae were also observed during Random Forests 

classification of experimental groups. While Lactobacillus, specifically OTU0004, was classified as the 

15th most impactful taxon in the IgA-positive fractions based on the Gini coefficient, Lactobacillus was 64th 

in the whole microbiome and 112th in the IgA-negative fractions, both represented by OTU0017. These 

results suggest IgA-positive samples rely more on the presence of Lactobacillus to identify the experimental 

group to which they belong compared to IgA-negative and whole microbiome samples. OTU0017 had a 

higher abundance in the NCK1895_RB and GAD19_SC groups for both whole and IgA-positive 

microbiomes, while OTU0004 was often the most abundant Lactobacillus OTU in the other experimental 

groups. The Gini coefficient highlighted several Lachnospiraceae taxa as being highly important for 

classification, especially the genus Lachnospiraceae_NK4A136_group. Correlation analysis also shows the 

importance of Lachnospiraceae abundance with antigen-specific IgA production. The function of many of 

members of the Lachnospiraceae family and the Erysipelatoclostridium genus have an associated role in 

obesity, diabetes, or intestinal inflammation, although findings are often strain dependent [278, 279]. 

However, Lachnospiraceae are also among the main producers of short chain fatty acids in the gut. 

Lachnospiraceae_NK4A136_group and Ruminococcaceae are both known butyrate producers and are 

correlated with enhanced gut barrier function and lower long-term weight gain when a high fiber diet was 

consumed [64, 280]. Others have shown how a change in diet, including salt, walnuts, and processed foods 

can alter the abundances of members of the Clostridia class, specifically Lachnospiraceae and 

Ruminococcaceae [281–283]. Our results show an overall negative correlation between Lachnospiraceae 

and antigen-specific IgA production for mice on the RB diet early in the study, and both positive and 

negative correlations between several taxa in the Lachnospiraceae family in the SC diet at the end of the 

study. Together, these results suggest Lachnospiraceae may play a dual role, based on the strain and 

environment within the gut, in both instigating and resolving inflammation. 
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2.5: Conclusion 

 While we have shown the rLA vaccine platform does not lead to long-term shifts in the bacterial 

microbiome, the immediate impacts on diversity and transcriptional profile remains to be investigated. 

Becattini et al. (2021) has demonstrated a rapid shift in gene transcription and metabolite production from 

the microbiome within 6 hours of activation of the host’s immune system [203]. These findings emphasize 

that activation of the mucosal immune response through the MPER antigen and other adjuvants associated 

with rLA may be altering the function of the bacterial community, but it may not be in the conventional 

idea of changes in abundance. Correlation results here provide evidence that members of the 

Lachonspiraceae family may play an important role in this rapid response to immune activation. Since L. 

acidophilus does not colonize the gut and only persist for two to three days [284], taking a series of samples 

between primary vaccination and booster immunizations would provide insight into how long it takes the 

microbiome to recover from the sudden high abundance of L. acidophilus. 
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CHAPTER 3: NOD2 Signaling in Antigen Presenting Cells During Oral Vaccination is Critical for 
Eliciting a Humoral Immune Response and Maintaining the Gut Microbiome 

 

3.1: Introduction 

 Addressing the ongoing global threat of mucosally transmitted pathogens will require novel 

mucosal vaccine platforms to compliment or replace existing parenteral vaccines. Rational development of 

mucosal vaccines requires a comprehensive understanding of how, where, and through what cell types a 

candidate vaccine engages the host immune system. Lactic acid bacteria (LAB) such as Lactobacillus 

acidophilus provide an attractive platform to deliver selected antigens to mucosal immune inductive sites 

[174, 175]. L. acidophilus persists but does not colonize the digestive tract, is generally regarded as safe by 

the FDA, and offers practical and logistical benefits as a vaccine platform including inexpensive 

manufacturing, room temperature storage, and oral delivery [211, 216, 240]. L. acidophilus expresses 

microbial associated molecular patterns that are recognized by the innate immune system and serve as 

endogenous adjuvants. Importantly, L. acidophilus can also be readily engineered to express high levels of 

exogenous antigens and adjuvants [176, 285, 286]. We have previously reported on the immunogenicity of 

recombinant Lactobacillus acidophilus (rLA) expressing several antigens [149, 287]. However, a 

mechanistic understanding of mucosal immune activation by rLA, in vivo, is needed to further optimize this 

potentially powerful vaccine platform.  

 Nucleotide-binding oligomerization domain containing 2 (NOD2) is a cytoplasmic pattern 

recognition receptor in the NOD-like receptor (NLR) family that recognizes the peptidoglycan breakdown 

product, muramyl dipeptide (MDP), from many bacterial species including L. acidophilus [288]. Ligation 

of NOD2 results in a pro-inflammatory response mediated by NF-κB, caspase-1, and mitogen-activated 

protein kinase-signaling (MAPK) cascades [212]. NOD2 is expressed by a variety of cells in the intestinal 

tract, including hematopoietic (dendritic cells, macrophages, and T and B cells) and nonhematopoietic cells 

(Paneth cells, goblet cells, and enterocytes) [289]. It has previously been demonstrated that NOD2 signaling 

in antigen presenting cells (APCs), and specifically dendritic cells (DCs), is essential for initiating a TH2-

type and innate TH17 immune responses, while NOD2-signaling in Paneth cells leads to the increased 
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production of antimicrobial peptides and a TH1 driven response [288, 290–292]. Additionally, NOD2 

Studies have shown that NOD2-signaling is required for the recognition and clearance of pathogens and 

toxins including Streptococcus pneumoniae, Citrobacter rodentium, Salmonella typhimurium, Bacillus 

anthracis, and cholera toxin (CT), among others [290, 293–296]. 

 NOD2 signaling also provides an excellent opportunity for targeting the innate immune response 

to increase the adaptive immune response against rLA to achieve higher antigen-specific antibody titers 

[297]. NOD2-signaling during rLA vaccination allows for a transient increase in inflammation through the 

adjuvant activity of MDP from the Gram positive rLA, ultimately leading to activation of the NF-κB 

pathway [294]. Since L. acidophilus is not detected in the intestines after three days of administration, this 

inflammatory response is short-lived and unlikely to cause the lasting responses associated with 

inflammatory bowel disease (IBD )[284]. Recently, NOD2 has been the target for enhancement of several 

vaccines. Specifically, the novel antigen Inarigivir was added to the Bacille Calmette-Guérin (BCG) 

vaccine to increase its immunogenicity in mice [298]. Confirming the critical role of NOD2 signaling in 

CD11c+ cells during rLA immunization will allow for similar optimization of rLA.  

 Additionally, there is a strong correlation between NOD2 deficiency and IBD, including Crohn’s 

disease, colorectal cancer, and early-onset sarcoidosis [299–303]. Although these inflammatory diseases 

are likely multifactorial with influences from environment, early antibiotic exposure, mutations in NOD2, 

and the individuals’ mucosal immune response all contributing to the development of disease, the 

composition of the gut microbiome has proven to be a significant factor [300, 301, 304]. Several studies 

have compared the microbiome of Nod2-/- and Nod2+/+ mice with conflicting results on the direct role of 

NOD2 regarding dysbiosis [305–308], likely due to different marker-gene sequencing methods, 

microbiome analysis, and institutional differences in vivarium management (location and housing of mice) 

[309]. Ongoing improvements in microbiome protocols and standards might help to address these 

discrepancies. Furthermore, how specific NOD2-expressing cell types influence the microbiome under 

various conditions of health and disease is only partially understood.  
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 Previously, we investigated the roles of TLR2, NOD2, and capsase-1 in macrophage phagocytosis 

and activation in response to co-culture with rLA in vitro and found NOD2 is required for a 

proinflammatory response against rLA. In vivo studies indicated that NOD2 is also critical for antigen-

specific mucosal IgA and systemic IgG responses against rLA, but the specific NOD2-expressing cell 

type(s) responsible were not determined [218]. Here, we utilized Cre-Lox recombination to selectively 

disrupt NOD2 signaling in CD11c-expressing cells to investigate the role of NOD2 in DCs, upon 

vaccination with rLaOVA, a construct expressing the major histocompatibility complex (MHC) class II 

epitope from chicken egg ovalbumin (peptide 323-339) [310]. We show that NOD2 signaling in CD11c+ 

DCs is essential for rLA immunogenicity in both mucosal tissues and systemically. In addition, we 

determined the influence of CD11c-NOD2 signaling by L. acidophilus on the composition of the intestinal 

microbiome and identified several associated key taxa. These results will inform the rationale design of 

rLA vaccine constructs and provide insight into the mechanism and application of L. acidophilus as a 

probiotic. 

 

3.2: Materials and Method 

3.2.1: Ethics Statement and Study Design  

 This study was carried out under strict accordance with recommendations in the Guide for the Care 

and Use of Laboratory Animals of the National Institutes of Health and ARRIVE guidelines 

(https://arriveguidelines.org). Protocol 17-7495A was approved by the Colorado State University 

Institutional Animal Care and Use Committee (IACUC). Animal welfare and health was monitored daily, 

and in instances where medical intervention was not effective, animals were humanely euthanized, and 

every effort was made to minimize animal suffering. Four to eight mice were assigned to experimental 

groups (described in Table 3.1), depending on the availability of mice with the correct genotype for each 

group during breeding for a total of 45 mice. Experimental groups with respective genotype and vaccine 

treatment are shown in Table 3.1. Throughout analysis, the dosing buffer groups were used as the negative 

https://arriveguidelines.org/
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control to compare the GAD19 and NCK1895 results, and randomization strategy for library preparation is 

described in microbiome methods below. 

 

3.2.2: Bacterial Culture Conditions 

 Lactobacillus acidophilus strain NCK1895 and recombinant strains LaOVA and NCK1909 were 

grown in MRS broth (BD Diagnostics, Sparks, MD) with 5 μg/ml of erythromycin (Em) [214]. 

Lactobacillus cultures were incubated overnight at 37C under static conditions. Escherichia coli strains 

were grown aerobically with shaking in LB medium (BD Diagnostics) with or without 200 μg/ml of Em 

and 40 μg/ml of kanamycin (Km) at 37°C.  

 

3.2.3: Construction of rLA-OVA and Verification of OVA Expression 

 Recombinant L. acidophilus expressing the peptide OVA323-339
 (LaOVA) on the surface layer 

protein A (slpA) was generated using methods similar to those previously described [214, 217]. Briefly, the 

chicken egg Ovalbumin peptide 323-339 was used as a model peptide because it is a known epitope for the 

I-A(d) major histocompatibility complex class II (MHC-class II) protein, with the sequence 

ISQAVHAAHAEINEAGR. Plasmid pGAD18 was created using pTRK935 with modified slpA inserted 

with OVA323-339, using published methods [214, 311]. The resulting plasmid was transformed into L. 

acidophilus strain NCK1909. OVA323-339 was introduced into the genome via homologous double cross over 

with the pGAD18. The chromosomal insertion of OVA323-339 into L. acidophilus was confirmed with both 

flow cytometry and Sanger sequencing (Genewiz LLC.) for external expression and detection of any 

mutations, with results shown in Figure 3.1. For flow cytometry, bacterial cells were grown overnight, 

washed three times with PBS, and incubated with rabbit anti-chicken OVA323-339 IgG (Alpha Diagnostic 

Intl. Inc., OVA3231-A) at 10 μg/ml in 1% BSA PBS buffer. Cells were washed and incubated with donkey 

anti-rabbit IgG conjugated with FITC at 5 μg/ml (Biolegend, San Diego, CA, 406403). Cell population data 

were collected with the Beckman Coulter Gallios Flow Cytometer and analyzed with FlowJo software. 
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Cells were gated on forward scatter (FSC) and side scatter (SSC) to eliminate debris, and then FL1 was 

used to identify FITC positive events to indicate OVA-positive expressing cells. 

 

Figure 3.1. Expression of OVA323-339 by LaOVA. Histograms (a) and dot plots (b-e) show the expression 
of OVA323-339 by LaOVA, but not NCK1895. LaOVA plots are shown in (b) with an anti-OVA antibody 
and secondary antibody conjugated with FITC, and (c) as unstained. NCK1895 plots are similarly shown 
in (d) with anti-OVA and FITC-secondary antibodies, and (e) as unstained.  
 

3.2.4: Tissue-Specific NOD2 Knockout Mice 

 NOD2-floxed (NOD2fl/fl) mice and CD11c-Cre mice were bred to generate mice with a tissue 

specific knockout of NOD2 used in this study. NOD2fl/fl mice on the C57BL/6 background were provided 

by Dr. David Prescott at the University of Toronto [294, 312]. NOD2fl/fl have a proximal loxP site within 

intron 1 of the Nod2 gene and the distal loxP site within intron 3. Mice expressing the Cd11c-Cre transgene 

(Itgax-Cre) on the C57BL/6 background were obtained from the Jackson Laboratory (Bar Harbor, Maine). 

These two strains of mice were bred to generate NOD2fl/fl-CD11ccre mice (referenced as NOD2DC here). 

Expression of Cre-recombinase in these NOD2fl/fl-CD11ccre mice results in the deletion of the genomic 
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region between the two loxP sites, which includes exon 2 and the cryptic start codon of exon 3, leaving 

NOD2 non-functional in CD11c+ cells. Genetic controls used in this study included mice heterozygous for 

the NOD2 loxP sites and expressing Cre-recombinase (NOD2fl-CD11ccre), homozygous for NOD2 loxP 

sites without Cre-recombinase (NOD2fl/fl), and mice expressing Cre-recombinase without loxP sites 

(CD11ccre). The genotypes of mice were confirmed using PCR to amplify NOD2-lox sites, Cre-

recombinase, and an internal Cre control. Primers for NOD2 included F: 5’-

CGGTTGGTGGGATTTCCTGTGC-3’ and reverse: 5’-CAGCCAGGGGTGATGATAACAGG-3’, which 

produced a 379-bp band for loxP-negative alleles, and a 499-bp band for alleles harboring the loxP sites. 

To identify the presence of Cre-recombinase, the following primers were used: Cre transgene F: 5’-

CCATCTGCCACCAGCCAG-3’, R: 5’-TCGCCATCTTCCAGCAGG-3’; internal Cre control F: 5’-

ACTGGGATCTTCGAACTCTTTGGAC-3’, R: 5’-GATGTTGGGGCACTGCTCATTCACC-3’. These 

primers produce a 281-bp band if Cre-recombinase is present and no band if it is absent. The internal Cre 

controls primers serve as a positive control and produces a 420-bp band. 

 One concern with any animal study using DNA nickases for gene-editing is the potential for non-

specific side effects on the normal immune response. Mice expressing Cre (CD11ccre) were used to compare 

with NOD2DC groups so that any genotoxic effects induced by Cre were similar between all mice. Extra 

genotype controls were also designed to ensure loxP sites were not interfering with NOD2 function. 

Therefore, we are confident results presented here are due to the critical role of NOD2 and not off-target 

effects of Cre recombinase. All mice were kept under specific pathogen free conditions and had ad libitum 

water and standard chow at CSU’s Lab Animal Resources (LAR) throughout the duration of the study. 
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Table 3.1. Genotype and treatment of mouse groups used in this study. 

 

3.2.5: Mouse Immunization, Housing, and Sample Collection 

 Female mice breeding strategies described above were used when they reached 6-8 weeks of age. 

Live-bacterial vaccines were prepared using freshly grown overnight bacterial cultures. NCK1895 and 

LaOVA bacterial cells were washed twice in PBS (Corning, Corning, NY) and resuspended in a dosing 

buffer containing soybean trypsin inhibitor (STI, Sigma) and sodium bicarbonate (NaHCO3). Mice were 

given 2x109 CFU of either NCK1895 or LaOVA in 200ul of dosing buffer, or 200 ul of the dosing buffer 

alone (negative control). Vaccines were delivered intragastrically three days in a row during weeks 0, 2, 4, 

6, 8, and 10, with an additional dose 18 hours before sacrifice at week 12 for stimulation of cytokine 

production. Mice were housed in groups of two to four. Groups with respective genetic background and 

vaccine treatment are shown in Table 3.1, and vaccine timeline is shown in Figure 3.2. Two weeks after the 

last dosing timepoint, mice were euthanized, and tissues were processed to obtain single-cell suspensions, 

as described below. 

 Blood, fecal, and vaginal samples were collected from each animal prior to administration of 

vaccination for investigation of antibody titers. Fecal samples used for antibody detection were collected 

and homogenized with PBS supplemented with ProteaseArrest at a 10x weight to volume ratio. 

Homogenates were spun at 9,390 RCF for 10 minutes to pellet particulates and bacteria. Clear supernatants 

Group NOD2-Flx Cd11c-Cre Purpose Treatment N 

CD11ccre + NCK1895 -/- + Cre control NCK1895 5 

CD11ccre + LaOVA -/- + Cre control LaOVA 6 

CD11ccre + Buffer -/- + Cre control Buffer 6 

NOD2DC + NCK1895 +/+ + NOD2DC-Kockout NCK1895 5 

NOD2DC + LaOVA +/+ + NOD2DC-Kockout LaOVA 6 

NOD2DC + Buffer +/+ + NOD2DC-Kockout Buffer 4 

NOD2fl-CD11ccre + LaOVA +/- + Single NOD2-KO LaOVA 5 

NOD2fl/fl + LaOVA +/+ - NOD2-loxP control LaOVA 8 
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were aliquoted and stored at -80C for long term storage. Fecal samples for microbiome analysis were 

collected directly from the anus of the animal into a sterile PCR tube and placed immediately on ice and 

transferred to -80C freezer for long term storage. Serum samples were collected via tail bleeds. Blood was 

collected with a microvette (Sarstedt, Nümbrecht, Germany) and processed according to manufacturer’s 

protocols for serum isolation. Serum was aliquoted and stored at -80C. Vaginal lavage samples were 

collected by gently washing the vagina of mice with 100ul of PBS. The collected fluid sample was 

immediately put on ice. Samples were then spun at 9,390 RCF and supernatants were aliquoted and stored 

at -80C.  

 

 
 
Figure 3.2. Experimental design and vaccination schedule. Samples were collected from mice every two 
weeks, with vaccination beginning immediately after collection. Mice were immunized with either buffer 
only, NCK1895, or LaOVA for once every three days at each boost. 
 

3.2.6: Preparation of Single Cell Suspensions 

 Two weeks after the last immunization, mice were euthanized via carbon dioxide inhalation and 

thoracotomy. Tissues collected included the spleen (Sp), mesenteric lymph nodes (MLN), Peyer’s patches 

(PP), large intestine (LI), and female reproductive tract (FRT), as previously described [218, 241]. Briefly, 

Sp and PP were prepared using a GentleMACS dissociator and filtered through cell strainers to obtain single 

cell suspensions. The MLNs were isolated and mashed through a cell strainer, washed, and filtered for a 

Serum
Vaginal Lavage

Fecal

Necropsies

Sample
collection

0 2 4 6 8 1210

Dosing

Week



78 
 

single cell suspension. Mucus and epithelium were removed from LI and FRT and placed in digestion media 

with agitation for 30 minutes at 37oC. Lymphocytes were isolated using a Percol (GE Healthcare) underlay 

step, then washed and filtered once more to obtained single cells. Viability and concentration of cells were 

determined using the Cellometer Auto 2000 Cell Viability Counter (Nexcelom Biosciences). Purity of B 

cells was determined using flow cytometry. Cells were stained with anti-mouse CD45-FITC, CD19-Pacific 

Blue, and 7-ADD, and gated based on single cells, live cells, CD45+, and CD19+ to obtain antibody-

secreting cell (ASC) populations. 

 

3.2.7: Colorimetric ELISA and ELISpot Assay 

 An enzyme-linked immunosorbent assay (ELISA) was developed for the detection of OVA-

specific murine antibodies from serum, fecal, and vaginal samples. Plates (Maxisorp; Nunc, Rochester, 

NY) were coated with OVA323-339
 peptide (AnaSpec, Inc., Fremont, CA) at 1 μg/ml in PBS and incubated 

overnight at 4C. Plates were washed five times with PBS containing 0.05% Tween-20 (PBST) and blocked 

with 1% bovine serum albumin (BSA) in PBS for one hour at room temperature (RT). Plates were washed 

five times again with PBST. Samples were serially diluted in 1% BSA, 0.1% Kathon in PBS and incubated 

for 2 hours at RT. Plates were washed five times with PBST and incubated with either anti-mouse IgG (Cell 

Signaling Technology, 20ng/mL) for serum samples, or IgA (Bethyl Laboratories, 40ng/mL) for vaginal 

wash and fecal samples. Both anti-mouse IgG and IgA antibodies were conjugated with horseradish 

peroxidase (HRP) and incubated for 1 hour at RT. Plates were washed four times with PBST and three 

times with PBS. 3,3’,5,5’-Tetramethylbenzidine (TMB) peroxidase (SeraCar, Milford, MA) was filtered 

with a 40uM syringe-filter and acclimated to RT before adding to each well. The reaction was stopped with 

an equal volume of 1N sulfuric acid. The absorbance was read with a plate reader (BioTek, Winooski, VT), 

with both 450nm and 570nm recorded (to remove any background noise with 570nm reading).  

 IgA secreting cells and OVA-specific IgA secreting cells were quantified using the enzyme-linked 

immunosorbent spot (ELISpot) assay, similar to what has been described previously [217]. Ninety-six-well 
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MultiScreenHTS IP filter plates (Millipore Sigma) were treated with 35% ethanol and washed with sterile 

distilled water. Plates were coated with 15 μg/ml anti-mouse IgA (Mabtech) in PBS and incubated overnight 

at 4C. Plates were washed five times with PBS and blocked with CTL medium for 1 hour at 37C. Cells 

from single cell suspensions were added in triplicate at a concentration of 2 X 105 for OVA-specific 

detection and 1 X 104 for total IgA. Plates were incubated for 20 hours at 37C. Plates were then washed 

with PBST six times to remove cells. For total IgA, 1 μg/ml of biotinylated polyclonal goat anti-mouse IgA 

(Mabtech) in PBS with 1% FBS was added to each well. For OVA-specific IgA, 1 μg/ml of biotinylated 

OVA323-339 peptide (AnaSpec) was used in the same buffer. Plates were incubated for 2 hours at RT and 

washed six times. Streptavidin conjugated with horseradish peroxidase (HRP) was added to wells in PBS 

with 1% FBS and incubated for 1 hour at RT. Plates were washed three times with PBST, and three times 

with PBS. TMB was filtered with 0.44μM filter and added to wells for either two minutes for total IgA or 

10 minutes for OVA-specific IgA. Plates were washed with distilled water ten times and air dried. Spots 

were counted with an ImmunoSpot analyzer (Cellular Technology Limited). 

 

3.2.8: RT-qPCR Cytokine Analysis  

 Cells collected from MLN and PP at the end of the study were used to analyze mRNA expression 

of several cytokine targets. Cells were washed with PBS, and the pellet was frozen at -80C until RNA could 

be extracted. The Quick-RNA Miniprep Kit from Zymo was used to extract RNA according to 

manufacturer’s protocol. RNase Inhibitor (New England Biolabs) was added to extracted RNA for further 

preservation. RNA was measured via Qubit with reagents for broad-range RNA detection (Thermo Fisher 

Scientific), and RNA quality was assessed via Tape Station. RNA was then diluted to 5ng/L and aliquoted. 

Six genes (aldh1a1, aldh1a2, Tnfsf13 (BAFF), TGF-, IL-21, and IL-6) and two house-keeping genes (B2M 

and HPRT) were used in the multiplexed RT-qPCR assay. The SPUD assay was also included to measure 

any inhibition in samples or between plates [313]. Primer pairs and probes used for each cytokine are 

reported in Table 3.2. A pooled control was created to ensure consistent results between each PCR plate. 
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Results were normalized to the B2M and HPRT reference genes for each sample. The 2−ΔΔCT Method [314] 

was used for analysis of relative changes in expression. Control groups included NOD2DC+Buffer and 

CD11ccre+Buffer to avoid bias due to differences in gene expression based on genotype. 

 

Table 3.2. Primer and Probe pair sequences for cytokines used in RT-qPCR. 

 

Gene Primer Sequences Probe Sequence 

HPRT 
Exon: 6-7 

5’-AAC AAA GTC TGG CCT GTA TCC-3’ 
5’-CCC CAA AAT GGT TAA GGT TGC-3’ 

5’-/56-FAM/CTT GCT GGT/ZEN/GAA 
AAG GAC CTC TCG GAA/3IABkFQ/-3’ 

B2m 
Exon: 1-2 

5’-GGG TGG AAC TGT GTT ACG TAG-3’ 
5’-TGG TCT TTC TGG TGC TTG TC-3’ 

5’-/56-FAM/CCG GAG AAT/ZEN/GGG 
AAG CCG AAC ATA C/3IABkFQ/-3’ 

Aldh1a1 
Exon: 11-
13 

5’-ACC CAG TTC TCT TCC ATT TCC-3’ 
5’-CAT CAC TGT GTC ATC TGC TCT-3’ 

5’-/56-FAM/ACA CTG CCC/ZEN/AAC 
AAT TCC TGC TAC T/3IABkFQ/-3’ 

Aldh1a2 
Exon: 8-9 

5’-CAC TGG CCT TGG TTG AAG A-3’ 
5’-GAA GTA ACC TGA AGA GAG TGA 
CC-3’ 

5’-/5HEX/AGA TGC TGA/ZEN/CTT GGA 
CTA CGC TGT G/3IABkFQ/-3’ 

Tnfsf13b 
(BAFF) 
Exon: 6-7 

5’-TCA TCT CCT TCT TCC AGC CT-3’ 
5’-GAC CCT GTT CCG ATG TAT TCA G-
3’ 

5’-/56-FAM/ACA CTG CCC/ZEN/AAC 
AAT TCC TGC TAC T/3IABkFQ/-3’ 

IL21 
Exon: 1-3 

5’-GGT TTG ATG GCT TGA GTT TGG-3’ 
5’-TGA CTT GGA TCC TGA ACT TCT 
ATC-3’ 

5’-/5HEX/TGC TCA CAG/ZEN/TGC CCC 
TTT ACA TCT T/3IABkFQ/-3’ 

IL6 
Exon: 4-5 

5’-TCC TTA GCC ACT CCT TCT GT-3’ 
5’-AGC CAG AGT CCT TCA GAG A-3’ 

5’-/56-FAM/AGT TAA CCC/ZEN/ACA 
CCA CCC CAG C/3IABkFQ/-3’ 

TGFb1 
Exon: 1-2 

5’-CCG AAT GTC TGA CGT ATT GAA 
GA-3’ 
5’-GCG GAC TAC TAT GCT AAA GAG 
G-3’ 

5’-/5HEX/ATA GAT GGCZEN/GTT GTT 
GCG GTC CA/3IABkFQ/-3’ 

 

3.2.9: Statistical Analysis of Immunological Data 

ELISA, ELISpot, and cytokine data were analyzed using R version 3.6.1. Since these data were not 

normally distributed, a Kruskal-Wallis test of analysis of variance was used. Dunn’s multiple comparison 

test was preformed post-hoc, with Benjamini-Hochberg adjustment applied for correction of multiple 

comparisons. Statistical significance was set to P < 0.05 for all data, with adjusted p-values being used. 

Adjusted P-values for pairwise comparisons from ELISA, ELISpot, and Cytokine data are shown in S3.1, 

S3.2, S3.3, respectively. 
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3.2.10: Microbiome Library Preparation 

Murine fecal pellets collected from animals were stored at -80C until all samples could be 

processed. Randomization was used to minimize any batch-bias. Samples were organized into a 96-well 

plate format, where temporal samples from each animal were all processed on the same plate, and animals 

from each group were randomized between the four plates. This method of randomization reduces within 

mouse variability by removing plate-to-plate bias that may contaminate temporal analysis. Each plate 

received a set of controls, which included no-template controls (NTC) from extractions and PCR to track 

any possible introduction of contamination. Several microbial community standards (mock communities) 

from ZymoBIOMICS were used as positive controls to assess DNA extraction efficiency and PCR errors 

from different microbial taxa. Both the ZymoBIOMICS Gut Microbiome Standard (D6331) and 

ZYMOBIOMICS Microbial Community standard (D6300) were used as positive controls for DNA 

extraction, and the ZymoBIOMICS Microbial Community DNA Standard (D6305) was used as a positive 

control for PCR reactions. DNA was extracted from all samples using the ZymoBIOMICS 96 DNA Kit, 

utilizing lysis tubes to prevent sample-to-sample contamination during the lysis of cells. Extracted DNA 

was used to create Illumina library molecules from the hyper variable region 4 (V4) of the 16S rDNA gene 

as described previously [287]. Dual indexed libraries were purified using magnetic Mag-Bind TotalPure 

NGS beads (Omega Bio-Tek), and purified libraries were estimated using the AccuBlue dsDNA 

Quantitation Kit (Biotim). An equimolar amount of each sample combined into one pool and sequenced on 

an Illumina MiSeq with the v2 500-cycle kit at Colorado State University’s Next Generation Sequencing 

Core Facility (Fort Collins, CO).  

 

3.2.11: Microbiome Data Processing 

We used the software fastqc [315] to identify quality of fastq reads from the MiSeq, totaling 

28,983,350 demultiplexed reads. The software trimmomatic (version 0.39) was used to filter and trim data. 

Parameters included a sliding window of four and a cutoff quality of PHRED 20, and a cutoff of 150 base-

pairs or longer in order to select for high quality reads for downstream analysis. Filtered data were processed 
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using mothur [245] (version 1.44.2) with the developers’ standard operating procedure (SOP). 9,326,492 

reads were used in contig assembly, and further screening lead to 7,947,996 reads with 279,391 being 

unique. The SILVA database (version 132) was used for alignment and classification, resulting in the 

discovery of 1351 OTUs. A cutoff for all samples was set to 5000 reads, and the cutoff for individual OTUs 

was set to ten. OTU0078 (taxonomy) was removed from analysis due to contamination being traced back 

to the ZymoBIOMICS Gut Microbiome Standard (D6331). Rarefaction curves were generated with the 

package vegan [248] in R to ensure the depth of coverage for each sample allowed for full discovery of 

OTUs (Fig. 3.3). Raw reads are available on the National Center for Biotechnology Information’s (NCBI) 

Sequence Read Archive (SRA) under BioProject PRJNA751895. 

 

 

Figure 3.3. Rarefaction curve of OTUs. Samples are each represented by colored lines, with OTU counts 
per sample on the X-axis and number of reads per sample on the y-axis. Plateauing of lines indicate a lower 
chance for OTU discovery based on the number of reads.  
 

3.2.12: Alpha Diversity, Beta Diversity, and Random Forest Analysis 

 Alpha diversity was analyzed using rarified richness and the Shannon diversity index. Briefly, 

richness was calculated from rarified data with the package vegan [248], and Shannon diversity was 

estimated using the phyloseq [247] package in R. A linear mixed effects model was used to predict values 

of richness and Shannon to account for random effects from sampling the same mice over time by using 



83 
 

individual mice as subject-specific random effects and experimental group as the fixed variable. Predicted 

values were plotted to show the mean and standard error. 

 Beta diversity was investigated by creating Nonmetric Multidimensional Scaling (NMDS) plots. 

Data from the OTU level was normalized using Cumulative Sum Scaling [249]. Ordination was performed 

using the Bray-Curtis dissimilarity from the vegan package and had a stress of 0.129 using 3 dimensions. 

Plots are shown using 95% confidence ellipsoids for each timepoint or experimental group.  

 Random Forests [250] was used to find the most influential taxa for separating the microbiome of 

each experimental group, and the R package randomForest was used [251]. The optimal number of features 

was determined by iteration with the tuneRF function. The ntreeTry value was set to 200, and the best mtry 

value was found to be 25. All OTUs, sample timepoint, and processing plate number were included in 

classification. The features from this analysis were represented by the mean decreasing Gini [252] of the 

top 10 features, but full classification and Gini coefficient for all features are provided in Supplementary 

Table S3.1. A homology search was conducted using NCBI’s BLAST [316] with the representative fastq 

sequence of each selected OTU identified from RF. 

 

3.3: Results 

3.3.1: NOD2 signaling in CD11c+ cells is required for an OVA-specific humoral response 

 To investigate the role of NOD2 expression by CD11c+ dendritic cells for the antigen-specific 

humoral immune responses against LaOVA, longitudinal mucosal and systemic antibody responses against 

OVA were measured by ELISA. Fecal, serum, and vaginal lavage samples were collected from mice that 

were gavaged with LaOVA, control L. acidophilus strain NCK1895, or dosing buffer alone. These mice 

either had functional NOD2 (CD11ccre) or NOD2 was knocked out in CD11c-expressing cells (NOD2DC). 

Additional mouse groups included two genotype controls, NOD2fl-CD11ccre and NOD2fl/f (Table 1). IgA 

and IgG OVA-specific antibody responses from each experimental group are shown in Figure 3.4. Optical 

density readings from week 0 were used to determine the cutoff dilutions for endpoint titers. An early OVA-
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specific IgA humoral immune response was seen in fecal samples for all mice harboring functional NOD2 

in DCs and vaccinated LaOVA (CD11ccre+LaOVA, NOD2fl-CD11ccre+LaOVA, and NOD2fl/fl+LaOVA, 

Fig. 3.4A). Anti-OVA endpoint titers in these groups were all significantly higher compared to NOD2DC 

groups by week 6 (Fig. 3.4A). Additionally, significant levels of fecal anti-OVA IgA were detected in 

NOD2fl/fl+LaOVA mice at week 2 and 4, and CD11ccre+LaOVA had significant levels at week 4 compared 

to NCK1895 and Buffer groups. Significant production of fecal anti-OVA IgA continued in these three 

groups throughout the end of the study.  

 Similarly, serum anti-OVA IgG endpoint titers in the CD11ccre+LaOVA and two genotypic controls 

receiving LaOVA (NOD2fl-CD11ccre+LaOVA, and NOD2fl/fl+LaOVA) all had significant antibody levels 

starting at week 8 when compared to buffer groups (Fig. 3.4B) and continued through the end of the study. 

Genotype control group NOD2fl/fl+LaOVA also had significantly higher levels of anti-OVA serum IgG 

after just one dosing series (week 2). Groups CD11ccre+LaOVA and NOD2fl-CD11ccre+LaOVA both 

showed significantly higher levels of vaginal anti-OVA IgA starting at week 6 (Fig. 3.4C) compared to all 

other groups. However, group NOD2fl/fl+LaOVA did not show significant levels of vaginal anti-OVA IgA 

and were similar to titers found in the NOD2DC+LaOVA mice (Fig. 3.4C). Conversely, NOD2fl/fl+LaOVA 

had significant levels of anti-OVA antibodies in fecal and serum samples after the first vaccination series 

compared to buffer groups (Figs 3.4A and 3.4B, week 2). These results show the strong immunogenicity 

of the LaOVA vaccine construct, and the essential role of NOD2 in mounting an antigen-specific immune 

response for both IgA and IgG. 
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Figure 3.4. OVA-specific IgA and IgG is dependent on NOD2 signaling in CD11c+ cells. CD11ccre and 
NOD2DC mice were administered buffer only, NCK1895, or LaOVA, and genotype controls were 
administered LaOVA. Fecal IgA (A), serum IgG (B), and vaginal IgA (C) were all measured via ELISA 
with OVA323-339 peptide. Data are reported as endpoint titer where cutoff was determined as described in 
the methods and represented by mean and standard error. P-values for all pairwise comparisons are shown 
in Supplementary Table S3.2 and adjusted for multiple testing via Benjamini-Hochberg adjustment. For all 
data asterisk (*) indicates significance (P < 0.05) compared to buffer groups, and N = 4-8 mice per group. 
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 Total IgA and OVA-specific antibody secreting cells (ASCs) were determined via ELISpot. 

Lymphocytes were collected from the female reproductive tract (FRT), large intestine (LI), mesenteric 

lymph nodes (MLN), Peyer’s patches (PP), and spleen (Sp) at sacrifice for both flow cytometry and ELISpot 

(Fig. 3.5). Flow cytometry gates were used to obtain live B-cell population percentages (7AAD-

CD45+CD19+), which were used in the calculation of spot forming units (SFU) for total IgA and OVA-

specific IgA producing cells. Each tissue that was assessed had a significant higher number of OVA-specific 

SFU from at least one of the LaOVA dosed groups with functional DC-NOD2 (Fig. 3.5A). Low numbers 

of OVA-specific SFU were detected in the spleen and FRT tissues of NOD2DC+LaOVA mice but were not 

significant compared to buffer and NCK1895 groups. (Fig. 3.5A). Levels of total IgA-ASCs were similar 

between all the groups, with the exception of NOD2fl-CD11ccre+LaOVA, where both the LI and MLN had 

significantly higher counts compared to at least one other group (Fig. 3.5B). P-values, adjusted for multiple 

testing, for each pairwise comparison for both ELISA and ELISpot analyses are shown in Supplementary 

Tables S3.2 and S3.3. Together, these results highlight the critical role that NOD2 plays specifically in 

CD11c+ dendritic cells in mounting both mucosal and systemic humoral immune responses against 

LaOVA.  
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Figure 3.5. NOD2 signaling in CD11c+ cells is required for OVA-specific IgA secreting cells. At 
sacrifice, lymphocytes from the female reproductive tract (FRT), large intestine (LI), mesenteric lymph 
nodes (MLN), Peyer’s patches (PP), and spleen (Sp) were isolated. Cells from each tissue were applied to 
OVA-specific (A) and total IgA (B) ELISpots. Data represented as sport forming units (SFU) per million 
antibody secreting cells (defined as CD45+CD19+7-AAD-) for each group. Data was plotted at mean with 
standard error, and P-values from pairwise comparisons using Benjamini-Hochberg adjustment for multiple 
testing are listed in Supplementary Table S3.3. For all data asterisk (*) indicates significance (P < 0.05) 
compared to buffer groups, and N = 4-8 mice per group. 
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3.3.2: NOD2 Signaling and LaOVA Vaccination Impacts Cytokine Production 

 Cytokines with importance for IgA class switch and secretion were analyzed from both MLN and 

PP tissues via RT-qPCR. These cytokines included retinaldehyde dehydrogenase 1 (aladh1a1), 

retinaldehyde dehydrogenase 2 (aladh1a2), B-cell-activating factor (BAFF, also known as tumor necrosis 

factor ligand superfamily member 13B (Tnsf13b)), IL-6, IL-21, and transforming growth factor beta (TGF-

β). To measure the effects from vaccination, cytokines were measured 18 hours after the final vaccination 

during week 12. Levels are reported as log change compared with the buffer group from the respective 

genotype. Significant differences were found between both retinaldehyde dehydrogenase-1 and TGF-β in 

both tissues, as well as BAFF in Peyer’s patches (Fig. 3.6), indicating these cytokines are impacted by the 

NOD2 signaling pathway. 

 Notably, MLN tissues showed significant differences in retinaldehyde dehydrogenase-1 and TGF-

β in all groups except between groups with similar genotypes (Fig. 3.6A). Retinaldehyde dehydrogenase-1 

levels were elevated in the NOD2DC+LaOVA and slightly in NOD2DC+NCK1895, while levels were 

significantly decreased in CD11Ccre+LaOVA and CD11Ccre+NCK1895 mice. Conversely, levels of TGF-β 

were increased in CD11Ccre groups and decreased in NOD2DC groups in MLN tissues. Similar patterns 

between the genotypes of mice were seen in BAFF and IL-21 levels but were not significant. PP tissues 

showed more significant differences based on vaccination strain, but only within the CD11Ccre groups (Fig. 

3.6B). Levels of retinaldehyde dehydrogenase-1 (aldh1a1) were increased in the CD11Ccre+NCK1895 

group and significantly decreased in the CD11Ccre+LaOVA group relative to each other. Similarly, TGF-β 

levels were significantly increased in the CD11Ccre+NCK1895 group compared with the decreased levels 

found in CD11Ccre+LaOVA and NOD2DC+LaOVA. Significant differences in BAFF levels appeared 

between CD11Ccre+LaOVA and the increased levels of NOD2DC+LaOVA and CD11Ccre+NCK1895. 

NOD2DC+LaOVA and CD11Ccre+NCK1895 also had significantly different levels of BAFF between each 

other. The cytokine IL-6 was elevated in both CD11Ccre+NCK1895 and CD11Ccre+LaOVA, with levels in 

CD11Ccre+NCK1895 being significantly higher than the NOD2DC groups. Collectively, these results show 
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the multiple impacts of both inhibition of NOD2-signaling and administration of L. acidophilus have on 

these cytokines with known importance to IgA production. 

 

 
 

Figure 3.6. Cytokine production following oral vaccination. 18 hours after vaccination, mice were 
sacrificed and cells from mesenteric lymph nodes (A) and Peyer’s patches (B) were saved for analysis of 
cytokine expression using RT-qPCR. Relative changes in expression were determined using the 2−ΔΔCT 
Method with the buffer group from the respective genotype (CD11ccre or NOD2DC) being used for baseline 
expression levels. Significance is represented by (*) for (P < 0.05), (**) for (P < 0.01), and (***) for (P < 
0.001), as determined by the Kruskal-Wallis test of analysis of variance with Dunn’s multiple comparison 
test and Benjamini-Hochberg adjustment (Supplementary Table S3.4). 
 

3.3.3: NOD2 Signaling Alters Bacterial Microbial Diversity and Composition 

 Several NOD2 polymorphisms have been directly associated with Crohn’s disease [317], and mice 

with NOD2-deficincies often have an altered microbiota resulting from the lack of maintenance provided 

by NOD2 [289, 308]. However, the role of NOD2 specifically in dendritic cells in relation to disturbances 

to the microbiome has yet to be shown. 16S rRNA sequencing of the fecal microbiome was used to better 

understand this unknown relationship. Predicted values of alpha diversity, as shown by both Shannon index 
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and richness, appear to be influenced by both NOD2 function and vaccination (Fig. 3.7). Figure 3.7A shows 

the initial pre-vaccination differences in predicted values of richness at week 0 between the different 

genotypes. These differences expanded after mice were vaccinated. This was especially apparent at week 

six, where NOD2DC+LaOVA mice had the highest predicted value of richness and was significantly higher 

than NOD2DC+Buffer, CD11Ccre+Buffer, and CD11Ccre+LaOVA. While NOD2DC mice generally had 

higher alpha-diversity, the NOD2DC+Buffer group had the lowest value at week four. A similar trend was 

observed in Shannon diversity (Fig 3.7B) with values for NOD2DC+Buffer being significantly lower than 

both NOD2DC+LaOVA and CD11Ccre+Buffer. Additionally, both predicted richness and Shannon 

diversity for NOD2DC+LaOVA were significantly higher than CD11Ccre+LaOVA values after just one 

round of vaccination (week 2, Fig 3.7A and 3.7B). Notably, the predicted values of both richness and 

Shannon diversity are very similar for weeks 8-12 with no significant differences between groups, 

indicating the initial disruption caused by administration of L. acidophilus was resolved by week eight. 

These results provide initial evidence that innate NOD2 signaling in CD11c+ DCs impacts the alpha-

diversity of the bacterial microbiome, but differences due to both NOD2 and repeated administration of L. 

acidophilus are temporary and were not found past the 6th week. 
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Figure 3.7. Alpha Diversity minimally influenced by vaccination and genotype. Predicted values of 
Shannon diversity (a) and richness (b) at each timepoint (weeks -2, 0, 2, 4, 6, 8, 10, 12) are represented by 
the 95% credibility intervals. Linear mixed effects models were used to determine predicted values for each 
diversity index (Shannon and observed richness). 
 

 Figure 3.8 highlights the differences in beta-diversity of the microbiome based on both vaccination 

and NOD2-genotype. The figure indicates differences in the microbiome between the wild type CD11Ccre 

and the NOD2DC mice in general, where there is no overlap between the ellipsoids associated with these 

genotypes at any treatment level (Fig. 3.8A). Response to perturbation due to treatment within the NOD2DC 

genotype was different compared to the CD11Ccre genotype. The CD11Ccre groups separate based on 

administration of L. acidophilus; CD11Ccre+LaOVA and CD11Ccre+NCK1895 groups are not significantly 

different from each other but are both significantly different compared to the negative control Buffer group 
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(Fig. 3.8A). Alternatively, the NOD2DC+LaOVA group is significantly different than both NCK1895 and 

Buffer NOD2DC groups. The combined effect of CD11c-NOD2 signaling and LaOVA vaccination on the 

microbiome is further shown by the 2D NMDS projections (Fig 3.8B and 3.8C). These results highlight the 

increased susceptibility to disturbances to the microbiome in mice with NOD2DC from LaOVA vaccination 

compared to the wild-type CD11Ccre mice. 

 
 
Figure 3.8. Changes to beta-diversity from genotype and L. acidophilus administration. Nonmetric 
multidimensional scaling (NMDS) plots show alterations to the microbiome community structure between 
groups. (A) The three-dimensional plot represents the three NMDS axis. The two-dimensional projections 
NMDS1 and NMDS2 are shown in (B), NMDS1 and NMDS3 are shown in (C), and NMDS2 and NMDS3 
are shown in (D). Data is represented by the 95% confidence ellipsoids and includes all samples from all 
timepoint from each experimental group, where non-overlapping groups denotes significance.  
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 To understand the temporal changes in the microbiome after repeated oral boosters of L. 

acidophilus, NMDS plots were generated to show the microbial composition of each group at each 

timepoint (Fig. 3.9). The 2D projections of the 3D ordination are shown in each column, with NMDS1 and 

NMDS2 in column 1, NMDS1 and NMDS3 in column 2, and NMDS2 and NMDS3 in column 3. The pre-

vaccination microbiome is shown in the first plots (week 0) indicating an overlap between all ellipsoids as 

expected prior to L. acidophilus administration. An immediate alteration after one round of dosing with 

LaOVA is seen in the week 2 plot by the separation between the NOD2DC+LaOVA and 

NOD2DC+NCK1895. Differences in microbiome composition were greatest at week 6 with the least 

amount of overlap between groups occurring at this time point. Separation between the CD11Ccre groups 

and the NOD2DC+Buffer and NOD2DC+NCK1895 animals was most prominent at week 8 and also week 

10 for NOD2DC+Buffer mice. The expanded ellipsoids for both the NOD2DC+NCK1895 and 

NOD2DC+LaOVA groups during week 10 also signifies a greater variance between NOD2DC animals 

administered L. acidophilus, alluding to NOD2’s role in stabilizing the microbiome during vaccination.  



94 
 

 



95 
 

Figure 3.9. Temporal changes in beta-diversity. NMDS ordinations with data separated into plots for 
each timepoint (week). The three columns show the projections of NMDS1, NMDS2, and NMDS3, with 
NMDS1 and NMDS2 in column 1, NMDS1 and NMDS3 in column 2, and NMDS2 and NMDS3 in column 
3. Ellipsoids represent the 95% confidence intervals for each group at each timepoint.  
 
 

 Temporal changes within each group can also be seen in Figure 3.10, where NMDS plots show the 

similarities of the microbiome within each experimental group throughout the study with no indication of 

a major shift in the microbiome state from the starting point. Week 6 (represented by grey ellipses in each 

group) again shows the most differences, especially within the NOD2DC+LaOVA and CD11Ccre+Buffer 

plots. Between the two genotypes, the microbiome of the NOD2DC groups appear to be less stable 

compared to the CD11Ccre animals (Fig. 3.10), as indicated by the greater shifts between the centroids of 

each ellipsoid. Together, these results provide evidence for the critical role of NOD2 signaling on the 

composition of the intestinal microbiome when a live probiotic is administered. 
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Figure 3.10. Changes in beta-diversity within groups over time. NMDS ordinations with data separated 
by experimental groups with ellipsoids representing the 95% confidence intervals for each timepoint (week) 
within that group. The three columns show the projections of NMDS1, NMDS2, and NMDS3, with NMDS1 
and NMDS2 in column 1, NMDS1 and NMDS3 in column 2, and NMDS2 and NMDS3 in column 3. 
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3.3.4: Random Forests Reveals Important Taxa for Classification 

 To identify taxa that were important for separation of experimental groups (treatment and 

genotype), the Random Forests [251] (RF) machine learning approach was used. The RF model used the 

experimental group (Table 3.1) as the target of classification and identified OTU drivers of classification. 

The confusion matrix shows the respective error rate and classification for each group (Table 3.3). Overall, 

the RF model had 13.49% out-of-bag (OOB) classification error rate with overall range between 4.88% and 

24.24%. The highest per-group error rate belonging to the CD11ccre+NCK1895 group (24.24%) where out 

of the 33 CD11ccre+ NCK1895 samples, 25 were correctly assigned and 7 were erroneously classified as 

CD11ccre+ LaOVA, again indicating these two groups had similar microbiomes. This pattern was not 

observed in the NOD2DC groups, with misclassification error rates ranging between 4.88% to 15.38%. For 

all classifications, error rates were minimized by selecting the optimal number of features to use when 

creating the regression trees for the RF model. The lowest median OOB error was 25 and is shown in Figure 

3.11. 

 

Table 3.3. Confusion Matrix from RF model. 

Type of Random Forest: classification 
Number of trees: 1000 
Number of variables tried a teach split: 25 
OOB estimate of error rate: 13.49%  

CD11ccre+ 

Buffer 

CD11ccre+ 

NCK1895 

CD11ccre+ 

LaOVA 
NOD2DC+ 

Buffer 

NOD2DC+ 

NCK1895 

NOD2DC+ 

LaOVA 

Class error 

CD11ccre+ 

Buffer 

35 0 3 0 1 1 0.125000 

CD11ccre+ 

NCK1895 

0 25 7 0 1 0 0.242424 

CD11ccre+ 

LaOVA 

2 2 36 0 0 1 0.121951 

NOD2DC+ 

Buffer 

0 2 1 22 1 0 0.153846 

NOD2DC+ 

NCK1895 

3 1 0 0 29 1 0.147058 

NOD2DC+ 

LaOVA 

0 0 2 0 0 39 0.048780 
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Figure 3.11. Median OOB errors of Random Forests. Out-of-bag (OOB) tuning model shows the error 
rates (y-axis) while iterating over 100 features (x-axis). The respective feature number with the lowest 
median error rate was chosen for used in the Random Forest model. 
 

 Figure 3.12 identifies the taxa that were classified as most important, represented by the Mean 

Decreasing Gini (MDG) coefficient. The genus Muribaculaceae_ge was recognized as the most important 

driver, and three additional OTUs in the same genus were amongst the top 10 important taxa. Odoribacter 

was identified as the third most important OTU for classification (Fig. 3.12). The other Bacteroidetes OTU 

that was identified was OTU0147 and is a member of the Parabacteroides genus. Other OTUs identified 

with the highest MDG include members of the Firmicutes phylum, including 

Lachnospiraceae_unclassified, an uncultured genus in the Lachnospiraceae family, Ruminococcaceae_ge, 
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and Dubosiella. The complete list of OTUs with associated MDG coefficient are shown in Supplementary 

Table S3.1.  

 

 
 
 
Figure 3.12. Mean Decreasing Gini (MDG) coefficients plot for important OTUs. The top 10 important 
OTUs, as identified from the Random Forest classification for experimental groups, are displayed by the 
associated genus and in order of MDG coefficient.  
 

 To further understand why these OTUs were highlighted as important in the RF model, the 

abundances of each OTU were plotted. Figure 3.13 displays the relative abundances within each 

experimental group for the top 10 OTUs that were identified by the RF model in order of MDG. The phylum 

and genus of each OTU are displayed above the individual plots. Two Firmicute members, OTU0104 

(Ruminococcaceae_ge) and OTU0072 (uncultured genus in the Lachnospiraceae family) had higher 

abundances within the NOD2DC groups. Each of the four OTUs identified within the Muribaculaceae_ge 
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genus were all highly abundant in the NOD2DC+LaOVA group. The only Bacteroidetes shown that was 

not highly abundant within the NOD2DC+LaOVA group was OTU0147, which belonged to the 

Parabacteroides genus. A NCBI BLASTN search using consensus fastq files from these OTUs was 

conducted to obtain further taxonomic classifications. OTU0063 aligned with the Culturomica sp., a 

bacterium that has recently been isolated from the human gut. The strain of Culturomica massiliensis was 

91% similar to Odoribacter laneus, allowing its new genus classification. OTU0147, originally classified 

in the Parabacteroides genus, was further identified as a P. goldsteinii species. Collectively, these RF results 

show that the composition of the microbiome was highly influenced by both the genotype and treatment, 

as indicated by the low error rates between all experimental groups. Additionally, the Muribaculaceae 

genus was responsible for many of the correct classifications, due to many OTUs with a high MDG 

coefficient (Supplementary Table S3.1). 
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Figure 3.13. Relative abundance of important taxa. The relative abundances of the top ten important 
taxa identified in the Random Forest classification are shown. The phylum and genus classification for each 
OTU is also displayed. 
 

3.4: Discussion 

 NOD2-signalling, specifically in CD11c+ cells, was assessed to understand NOD2’s role in 

mounting an antigen-specific humoral immune response against our recombinant Lactobacillus acidophilus 

vaccine platform. Using mice with a CD11c-specific NOD2 knockout, we demonstrated that NOD2 

signaling in CD11c+ phagocytic cells is required for the stimulation of the OVA-specific humoral immune 
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response both in the mucosa and systemically, based on antibody responses from mucosal sites and serum 

and OVA-specific IgA secreting cells (Fig. 3.4 and Fig. 3.5). Cytokine profiles provided additional support 

for the role of NOD2 in the humoral response to rLA, as several important cytokines for IgA-class switching 

were not upregulated in CD11c-NOD2 deficient mice (NOD2DC groups, Fig. 3.5). The results presented 

here also indicated that NOD2 plays an important role in the maintenance of the microbiome in response 

to administration of a live probiotic. All experimental groups were identified with relatively high accuracy 

with RF, indicating that genotype and L. acidophilus administration both influence the microbiome 

composition. Importantly, the microbiome composition was primary separated based on genotype, and 

secondarily based on administration of either LaOVA or NCK1895 (Fig. 3.8). 

 Signaling from innate pattern recognition receptors is critical for mounting an adaptive immune 

response and NOD2 has long been exploited by Freud’s adjuvant containing MDP from Mycobacterium 

[318]. More recently, novel adjuvants and muramyl peptide derivatives targeting NOD2 have shown great 

potential at further increasing the immunogenicity of current vaccine constructs including BCG, the 

nanoparticulate HIV-1 p24 vaccine, and the influenza subunit vaccine, among others [298, 319, 320]. Since 

it is also known that the structure of MDP can result in varying stimulation of NOD2 based on its acylation, 

we previously demonstrated that L. acidophilus was capable of activating NOD2 in vitro [218]. That study 

also recognized NOD2 as a key factor in the humoral immune response against rLA in vivo, but specific 

cell types remained unidentified. Here, we provided evidence that NOD2 signaling specifically in CD11c+ 

phagocytic cells, such as dendritic cells, is critical for the humoral immune response against LaOVA.  

 NOD2 played a role in both the mucosal immune response and trafficking to the systemic immune 

system throughout vaccination with LaOVA (Fig. 3.4 and 3.5). Furthermore, cytokine responses 

corroborated the absence of a humoral immune response in NOD2DC groups (Fig. 3.6). TGF-β plays a dual 

role in regulating the survival and proliferation of B-cells by inducing apoptosis and growth arrest, and 

promoting the production of IgA through IgA class switching [321]. The increase of this cytokine in the 

MLN of CD11Ccre mice administered strains of L. acidophilus (LaOVA and NCK1895), in results presented 
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here, indicates the humoral immune response is coordinated through TGF-β signaling while promoting the 

production of OVA-specific IgA. The low levels of TGF-β in both the MLN and PP of NOD2DC animals 

further confirms that deficient NOD2 signaling in CD11c+ DCs inhibits the humoral immune response that 

would be controlled by TGF-β signaling. However, results from the Peyer’s patches were less definitive, 

with the exception of IL-6. This cytokine has previously been shown to be an important regulator of IgA 

production in response to the LAB Pediococcus acidilactici K15 [322], and data shown here indicate L. 

acidophilus is also a potent inducer of IL-6 in PPs. The lack of IL-6 production in NOD2DC groups also 

provides insight into the downstream effects of NOD2 signaling in CD11c+ DCs in response to the 

commensal microbiota. 

 NOD2 is of particular interest in relation to inflammatory bowel diseases, especially Crohn’s 

disease (CD). Although the specific etiology of CD is still unknown and likely multifactorial, meta analyses 

of CD-cohorts have revealed that specific mutations in NOD2 are strongly associated with CD onset, with 

the majority being ileal CD, as well as other inflammatory bowel diseases [300, 301, 323–325]. One 

characteristic of CD is a shift in the composition of the microbiome, usually with an increase in pro-

inflammatory Proteobacteria species [326]. The resulting dysbiosis connected to NOD2 was thought to be 

related to a decrease in antimicrobial peptide production from Paneth cells, and thus assumed to be a result 

of NOD2 mutations in nonhematopoietic cells [327]. However, results presented here demonstrate that 

NOD2 signaling in antigen presenting cells of hematopoietic origin (CD11c+) also play a critical role in 

maintaining the composition of the baseline microbiome, specifically shown by the separation of the 

microbiome composition between NOD2DC and CD11ccre mice belonging to the same treatment group (Fig. 

3.8). Furthermore, the vast separation of NOD2DC+LaOVA compared to NOD2DC+NCK1895 and 

NOD2DC+Buffer in Figure 3.8 indicates that NOD2 signaling in CD11c+ is required to prevent a shift in 

community structure during an innate immune response associated with LaOVA. The lack of anti-OVA 

antibodies in NOD2DC suggests only an innate response was initiated during vaccination, and LaOVA 

vaccination was enough to alter the microbiome without regulation from NOD2-signaling. Conversely, the 
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similarities between the CD11ccre mice administered LaOVA or NCK1895 suggests the impact on the 

microbiome by these strains were comparably regulated by NOD2 signaling. Figure 3.9 showed that these 

two groups had similar microbiome compositions throughout the study with the exception of week 4.  

 Results from Random Forest indicated several taxa were instrumental in classifying experimental 

groups correctly, with many taxa belonging to the Muribaculaceae genus. In addition to Muribaculaceae, 

other Bacteroidetes genera with high MDG coefficients included Odoribacter and Parabacteroides. All of 

these genera are common commensals of the mammalian gut microbiome, with decreased abundances of 

Odoribacter specifically being linked to inflammatory bowel disease (IBD) [328]. Recent results have 

shown that Muribaculaceae is negatively correlated with inflammation within the colitis mouse model 

[329]. Although this genus was often abundant in the NOD2DC groups, the species and strain differences 

within this and many other genera should be considered. For this reason, an NCBI BLAST search was 

conducted to further classify important OTUs to either the species or strain level. OTU147 was aligned with 

Parabacteroides goldsteinii, which has been shown to reduce obesity in mice fed a high-fat diet [330]. 

Additionally, OTU063 aligned to Culturomica sp, a newly isolated bacterium from the human gut [331] 

and is phylogenetically close to Odoribacter (which OTU063 was classified as based on our alignment). 

However, the function of this species remains unknown. 

 

3.5: Conclusion 

 Taken together, results presented here show that humoral immune induction by the rLA platform 

is restricted to the NOD2 pathway with no evidence of redundancy through other innate immune pathways. 

This is in contrast to bacterial pathogens such as Salmonella, where a robust immune response was achieved 

with both MYD88/TRIF and Caspase-1/-11 deficient mice [332]. Further studies are needed to identify 

compartments of the microbiome that may be disproportionately affected by a disfunction in NOD2 along 

the gastrointestinal tract, especially within the smaller intestine where NOD2 is thought to be most active 

[300, 308]. Additional experiments utilizing germ-free mice with NOD2 deficiencies would aid in the 
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understanding of NOD2’s reciprocal influence on inflammation within the gut and how L. acidophilus and 

rLA may serve to reduce this inflammation associated with IBD caused by NOD2 mutations [333]. Future 

mucosal vaccine development will require targeting critical immune pathways in conjunction with 

nutritional priming of the gastrointestinal tract to achieve high efficacy globally. 
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CHAPTER 4: Summary and Future Directions 
 
 
 
4.1: Concluding Remarks 

The mucosal immune system has developed a dynamic and unique relationship with the microbes 

that inhabit nearly every cavity of the body. Details of this relationship are still being uncovered, but the 

mounting body of literature supports a crucial role of the microbiota in health and disease. Therefore, any 

vaccine that may be widely distributed must be thoroughly examined for any immediate and long-lasting 

impacts that may disturb the microbiome. In this dissertation, we provided evidence that utilizing 

recombinant Lactobacillus acidophilus (rLA) as vaccine platform does not lead to lasting off-target effects 

on the microbiome while inducing humoral immunity. 

In Chapter 2, we evaluated effects of repeated administration of rLA and the rice bran diet on the 

microbiome. We found diet had a primary impact on shifts in the bacterial community structure. Utilizing 

IgA-seq, we were able to distinguish how diet impacted the IgA-bound and unbound fractions of the 

microbiome. We showed that the 10% rice bran diet mainly altered the IgA-bound bacterial community 

and not the IgA-negative fraction. Second to diet, administration of L. acidophilus also led to changes in 

beta-diversity of the fecal microbiome. Importantly, our vaccine construct (LA expressing MPER and 

secreting murine IL-1β) had similar intermediate effects on the microbiome when compared to the wild-

type strain. Diets that include probiotics, either through supplements or fermented foods, are known to 

cause beneficial alterations in the intestinal microbiome, so expression of exogenous antigens by rLA does 

not seem to cause any additional changes.  

Further analysis provided by Random Forests classifications and Spearman’s correlation revealed 

that the Lachnospiraceae family may by highly important for immune induction. Although findings are 

often strain dependent, many members of the Lachnospiraceae family and the Erysipelatoclostridium genus 

have been associated with intestinal inflammation, obesity, and diabetes. We hypothesize that these taxa 

may be providing additional adjuvant activity during rLA vaccination. However, Spearman’s correlation 

noted both positive and negative correlations between Lachnospiraceae abundance and MPER-specific IgA 



107 
 

production. Therefore, over-inflammation of the mucosal immune system by certain commensal adjuvants 

may contribute to a suppressed immune response towards rLA. 

In this study, we also evaluated how the inclusion of prebiotic rice bran may impact the kinetics of 

the humoral mucosal immune response during rLA vaccination. Previous studies have provided evidence 

for rice bran’s unique ability to increase levels of Lactobacillus and total IgA in fecal fractions [238]. Our 

results showed that a 10% rice bran diet leads to an accelerated induction of antigen-specific antibodies in 

fecal and serum samples. Collectively, these results justify continued investigations into rice bran’s ability 

to increase vaccine efficacy in models of enteric inflammation. 

In Chapter 3, we aimed to better understand how NOD2 signaling contributes to the adaptive 

immune response to rLA. Previously, NOD2 signaling was identified as a critical innate immune pathway 

for an adaptive immune response against rLA, but the specific cell type involved in NOD2 signaling was 

unknown [218]. In this dissertation, we showed that CD11c+ cells are critical for NOD2 signaling in 

response to LaOVA vaccination. Mice deficient in NOD2 signaling only in CD11c+ cells (NOD2DC) did 

not mount a humoral immune response to LaOVA, as shown by the lack of OVA-specific IgA and IgG 

from fecal, serum, and vaginal samples, and OVA-specific antibody secreting cells from tissues.  

Longitudinal changes in microbiome profiles from NOD2DC and control mice also revealed that 

NOD2 has a notable impact on the composition of the microbiome. Beta-diversity analysis revealed 

experimental groups primarily separated based on genotype, and secondly by administration of L. 

acidophilus. Furthermore, the greater separation of bacterial communities between NOD2DC mice 

administered LaOVA, L. acidophilus, and an empty buffer control compared to control mice with the same 

treatments suggests that expression of NOD2 in antigen presenting cells plays primary role in responding 

to perturbations from Lactobacillus administration.  

Collectively, these results demonstrate that rLA is capable of eliciting a humoral immune response 

within mucosal and systemic systems, thus protecting against proliferation and damage at mucosal tissues, 

and against systemic spread. In addition to induction of the immune system, rLA provides inherent benefits 



108 
 

common to probiotics. This dual function of rLA could be critical in eliciting protective immunity in 

individuals with an inflammatory state within the mucosa. Logistically, rLA is safer (needleless) and easier 

to distribute to rural populations, making its use in pandemic situations highly desirable. These results also 

suggested there are no major perturbations to the microbiome by rLA, but further studies are needed to 

identify possible transcriptional changes to the microbiome during rLA vaccination. 

 

4.2: Future Directions 

 Future studies using rLA or other LAB as vaccine platforms should continue to investigate 

reciprocal impacts on the gastrointestinal microbiome. Here, we have evaluated influences to the fecal 

microbiome during the course of vaccination, but administration of wild-type L. acidophilus, or other LAB 

with similar epitopes, several weeks or months following rLA vaccination, have not been assessed for 

possible pro-inflammatory responses. Additionally, studies presented here were performed using healthy 

mice without any known prior exposure to L. acidophilus. Therefore, it would be important to confirm 

rLA’s immunogenicity following wild-type L. acidophilus administration to ensure this would not induce 

tolerance to rLA.  

The use of healthy mice in the above studies also limited our understanding of rLA’s 

immunogenicity and impact on the microbiome. The use of animals with altered microbiota and mucosal 

environments that represent the proinflammatory conditions found in individuals with environmental 

enteric dysfunction (EED) would provide valuable insight into rLAs “real-world” application. This EED 

model would also reveal the full potential of rLA and rice bran to enhance vaccine efficacy in low-income 

countries. Subsequent challenge studies in animals susceptible to infection by the pathogen target of rLA 

are also critically needed to gauge the biological protection offered by rLA. 

 Finally, an in-depth look into the anatomical changes, i.e. within the large and small intestine, to 

the microbiome and metatranscriptome following rLA vaccination are also needed. Here, we showed that 

the IgA-coated and whole fecal microbiome were able to return to a pre-vaccination state within the 12-

week study period. However, immediate changes to the transcriptional profiles of the commensal 
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microbiota with close proximity to sites of immune induction are lacking. From a safety perspective, a 

wholistic understanding the rLA vaccine platform on the microbiome and other metrics of immune 

induction are needed before it can be used clinically. 
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APPENDIX 
 
 
 
Chapter 2 Supplemental Tables and Figures 

 

 
Supplementary Figure S2.1. Iteration of out-of-bag (OOB) error rates. OOB iterations for each 
microbiome fraction tuning model with (a) whole microbiome, (b) IgA-positive, and (c) IgA-negative 
fractions. The optimal number of features for each model (separated by microbiome fraction) was 
selected by iterating over 100 trees, with the median error rates displayed on the x-axis and number of 
features on the y-axis. 
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Supplementary Table S2.1. Confusion matrix for treatment RF model. Error rates for classification 
of treatment (Buffer, NCK1895, or GAD19). The confusion matrices are shown for each microbiome 
fraction (whole, IgA-positive, and IgA-negative, respectively).  
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Supplementary Table S2.2. Confusion matrix for diet RF model. Error rates for classification of diet 
(rice bran or standard chow). The confusion matrices are shown for each microbiome fraction (whole, 
IgA-positive, and IgA-negative, respectively).  
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Supplementary Table S2.3. Mean decreasing Gini coefficients for whole microbiome features. The 
top 150 features from the RF model are shown with their taxonomic classification. Extension of MDG 
coefficients shown in Figure 2.11. MDG: Mean decreasing Gini. 
 
Feature Kingdom Phylum Class Order Family Genus MDG 

Otu0023 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 1 
Otu0109 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.986265 
Otu0071 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-005 0.797841 

Otu0073 Bacteria Tenericutes Mollicutes 
Anaeroplasmata
les 

Anaeroplasmatacea
e 

Anaeroplasma 0.77873 

Otu0157 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.777496 
Otu0061 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.715178 
Otu0010 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.700986 
Otu0089 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.658964 

Otu0070 Bacteria Firmicutes 
Erysipelotri
chia 

Erysipelotrichal
es 

Erysipelotrichaceae Erysipelatoclostridium 0.494404 

Otu0068 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.491523 
Otu0100 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.48781 
Otu0104 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Tyzzerella 0.475825 
Otu0087 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus 0.463715 
Otu0057 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.431506 
Otu0013 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.356777 
Otu0037 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.351467 
Otu0024 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_ge 0.344948 
Otu0048 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.336915 
Otu0053 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.332727 
Otu0040 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.301761 
Otu0015 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia 0.219227 
Otu0026 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.204112 
Otu0051 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.199991 

Otu0064 Bacteria Firmicutes 
Erysipelotri
chia 

Erysipelotrichal
es 

Erysipelotrichaceae Turicibacter 0.189668 

Otu0047 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.181059 
Otu0081 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium 0.181054 

Otu0161 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.164678 

Otu0009 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae_1 Clostridium_sensu_stricto_1 0.163278 
Otu0042 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.149017 
Otu0076 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.146486 
Otu0097 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.142831 
Otu0096 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.140324 
Otu0151 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.133589 
Otu0139 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.130322 

Otu0168 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.121859 

Otu0184 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.108888 
Otu0091 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_FCS020_group 0.104076 
Otu0018 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.10148 
Otu0142 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.098501 
Otu0075 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.093059 
Otu0036 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.091861 
Otu0012 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.087298 
Otu0195 Bacteria Firmicutes Clostridia Clostridiales Clostridiales_unc Clostridiales_unc 0.086837 
Otu0088 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 0.086435 
Otu0006 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.083263 
Otu0111 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.078221 
Otu0190 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.077403 
Otu0162 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.07721 
Otu0153 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.076318 
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Otu0106 Bacteria Firmicutes Clostridia Clostridiales Peptococcaceae uncultured 0.069227 
Otu0084 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_6 0.068597 
Otu0028 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.064591 
Otu0016 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.060983 
Otu0159 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-009 0.058549 
Otu0098 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.057557 
Otu0020 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.054215 
Otu0212 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.050373 
Otu0011 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.047623 
Otu0027 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.044714 
Otu0095 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.044558 
Otu0115 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Tyzzerella_3 0.044352 
Otu0029 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.043583 
Otu0149 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_NK4A214_group 0.041736 
Otu0017 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.040728 
Otu0164 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.039596 
Otu0019 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.037651 
Otu0155 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.035314 
Otu0178 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.03289 
Otu0171 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-010 0.032788 
Otu0031 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Marvinbryantia 0.031412 
Otu0173 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.03091 
Otu0083 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.028143 
Otu0137 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.027853 
Otu0121 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.026869 
Otu0086 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.026031 
Otu0174 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.025641 
Otu0130 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.023628 
Otu0055 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae A2 0.023394 

Otu0035 Bacteria 
Proteobacte
ria 

Gammaprot
eobacteria 

Enterobacterial
es 

Enterobacteriaceae Enterobacteriaceae_unc 0.022122 

Otu0146 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.021789 
Otu0144 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.021667 
Otu0110 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.020556 
Otu0078 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.019954 
Otu0129 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.018902 
Otu0189 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.017437 
Otu0193 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.017413 

Otu0202 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.016698 

Otu0090 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.016095 
Otu0134 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4B4_group 0.016033 

Otu0141 Bacteria 
Actinobact
eria 

Coriobacteri
ia 

Coriobacteriale
s 

Eggerthellaceae Eggerthellaceae_unc 0.015963 

Otu0003 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.015735 
Otu0079 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.015678 
Otu0056 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.015672 
Otu0183 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.015511 

Otu0001 Bacteria 
Bacteroidet
es 

Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.015172 

Otu0192 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.014953 
Otu0116 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.014708 
Otu0166 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.013977 

Otu0118 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.013439 

Otu0099 Bacteria 
Actinobact
eria 

Coriobacteri
ia 

Coriobacteriale
s 

Eggerthellaceae Adlercreutzia 0.013032 

Otu0092 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.012929 
Otu0120 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.012664 
Otu0145 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.012052 
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Otu0043 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.011127 
Otu0147 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.011042 
Otu0108 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.010955 
Otu0117 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.010484 
Otu0182 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.010378 
Otu0065 Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 0.010241 
Otu0102 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.010223 
Otu0257 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.010125 
Otu0112 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.009337 
Otu0158 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.009294 
Otu0255 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.009148 

Otu0196 Bacteria Firmicutes 
Erysipelotri
chia 

Erysipelotrichal
es 

Erysipelotrichaceae Erysipelotrichaceae_unc 0.00901 

Otu0234 Bacteria 
Bacteroidet
es 

Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.00897 

Otu0005 Bacteria 
Bacteroidet
es 

Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.008925 

Otu0030 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.008556 
Otu0180 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.007668 
Otu0025 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.007207 
Otu0179 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.007047 
Otu0216 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.006945 
Otu0069 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.006728 

Otu0235 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.006388 

Otu0058 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.006387 

Otu0222 Bacteria Firmicutes 
Erysipelotri
chia 

Erysipelotrichal
es 

Erysipelotrichaceae Candidatus_Stoquefichus 0.006121 

Otu0114 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.005893 
Otu0077 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.005684 
Otu0059 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.005679 

Otu0259 Bacteria Tenericutes Mollicutes 
Mollicutes_RF
39 

Mollicutes_RF39_f
a 

Mollicutes_RF39_ge 0.005605 

Otu0186 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.005267 
Otu0004 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.005225 
Otu0243 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004757 
Otu0245 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.004607 
Otu0150 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004483 
Otu0066 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003853 
Otu0185 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.003768 
Otu0229 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.003768 
Otu0163 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003742 
Otu0218 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.003643 

Otu0107 Bacteria 
Proteobacte
ria 

Alphaproteo
bacteria 

Rhizobiales Rhizobiaceae Brucella 0.00355 

Otu0236 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.003345 

Otu0228 Bacteria Tenericutes Mollicutes 
Mollicutes_RF
39 

Mollicutes_RF39_f
a 

Mollicutes_RF39_ge 0.003245 

Otu0230 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003181 

Otu0062 Bacteria 
Proteobacte
ria 

Alphaproteo
bacteria 

Rhizobiales Rhizobiaceae Rhizobiaceae_unc 0.003053 

Otu0154 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.002947 
Otu0214 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.002856 

Otu0022 Bacteria 
Proteobacte
ria 

Gammaprot
eobacteria 

Enterobacterial
es 

Enterobacteriaceae Escherichia-Shigella 0.002191 

Otu0253 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.002055 
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Supplementary Table S2.4. MDG coefficients from IgA-positive Random Forest model. The top 150 
features are shown with assigned taxonomic classification. 
 
Feature Kingdom Phylum Class Order Family Genus MDG 
Otu0071 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-005 1 
Otu0023 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.67293 
Otu0087 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Lactococcus 0.467362 
Otu0009 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae_1 Clostridium_sensu_stricto_1 0.436323 
Otu0100 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.322184 
Otu0089 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.289518 
Otu0053 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.268312 
Otu0076 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.228268 
Otu0048 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.2197 
Otu0109 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.217344 

Otu0064 Bacteria Firmicutes 
Erysipelotric
hia 

Erysipelotrichal
es 

Erysipelotrichaceae Turicibacter 0.187751 

Otu0026 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.182919 
Otu0010 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.178079 

Otu0070 Bacteria Firmicutes 
Erysipelotric
hia 

Erysipelotrichal
es 

Erysipelotrichaceae Erysipelatoclostridium 0.177375 

Otu0017 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.176532 
Otu0047 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.170573 
Otu0061 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.160885 
Otu0051 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.135477 
Otu0084 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_6 0.13113 
Otu0057 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.112944 
Otu0111 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.105924 
Otu0075 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.101105 
Otu0184 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.091289 
Otu0024 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_ge 0.090989 
Otu0096 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.087982 
Otu0142 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.08151 
Otu0068 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.081454 
Otu0040 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.080927 
Otu0055 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae A2 0.062543 
Otu0006 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.060795 
Otu0013 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.057608 
Otu0157 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.056628 
Otu0015 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia 0.056373 

Otu0035 Bacteria 
Proteobact
eria 

Gammaprote
obacteria 

Enterobacterial
es 

Enterobacteriaceae Enterobacteriaceae_unc 0.053858 

Otu0097 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.049912 
Otu0139 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.048476 
Otu0020 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.047895 
Otu0014 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.044379 
Otu0037 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.039064 

Otu0125 Bacteria Firmicutes 
Erysipelotric
hia 

Erysipelotrichal
es 

Erysipelotrichaceae uncultured 0.037786 

Otu0059 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.037396 
Otu0042 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.037386 
Otu0056 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.035669 
Otu0105 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.035371 
Otu0028 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.033542 
Otu0039 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.031761 
Otu0145 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.030187 
Otu0038 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.028933 
Otu0162 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.026729 
Otu0063 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.026472 
Otu0090 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.02641 
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Otu0083 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.025417 
Otu0116 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.025203 

Otu0022 Bacteria 
Proteobact
eria 

Gammaprote
obacteria 

Enterobacterial
es 

Enterobacteriaceae Escherichia-Shigella 0.023676 

Otu0110 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.023516 
Otu0058 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.023402 
Otu0081 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium 0.022538 
Otu0016 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.022307 
Otu0092 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.021656 
Otu0117 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.021538 
Otu0036 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.020795 

Otu0132 Bacteria 
Actinobact
eria 

Actinobacter
ia 

Micrococcales Micrococcaceae Micrococcaceae_unc 0.02076 

Otu0101 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae ASF356 0.020525 
Otu0074 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.020472 
Otu0149 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_NK4A214_group 0.020008 

Otu0073 Bacteria 
Tenericute
s 

Mollicutes 
Anaeroplasmat
ales 

Anaeroplasmatacea
e 

Anaeroplasma 0.019977 

Otu0112 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.019632 
Otu0128 Bacteria Firmicutes Clostridia Clostridiales Family_XIII Family_XIII_ge 0.01953 
Otu0119 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.018497 
Otu0050 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.018439 
Otu0088 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 0.018246 
Otu0153 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.017896 
Otu0174 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.017813 
Otu0135 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.01753 
Otu0032 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.016388 
Otu0130 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.015375 
Otu0243 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.014265 
Otu0159 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-009 0.014246 
Otu0018 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.014062 
Otu0046 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.012762 
Otu0069 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.011927 
Otu0190 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.011772 

Otu0060 Bacteria Firmicutes Clostridia Clostridiales 
Peptostreptococcac
eae 

Romboutsia 0.011691 

Otu0134 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4B4_group 0.011353 
Otu0175 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.011061 
Otu0144 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.010898 
Otu0183 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.010134 
Otu0201 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.010066 
Otu0065 Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 0.009992 
Otu0129 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.009315 
Otu0045 Bacteria Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 0.009112 
Otu0182 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.009076 

Otu0099 Bacteria 
Actinobact
eria 

Coriobacterii
a 

Coriobacteriale
s 

Eggerthellaceae Adlercreutzia 0.008542 

Otu0077 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.008197 

Otu0141 Bacteria 
Actinobact
eria 

Coriobacterii
a 

Coriobacteriale
s 

Eggerthellaceae Eggerthellaceae_unc 0.008035 

Otu0093 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.007376 
Otu0126 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.0073 
Otu0106 Bacteria Firmicutes Clostridia Clostridiales Peptococcaceae uncultured 0.007274 
Otu0027 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.007117 

Otu0168 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.00703 

Otu0131 Bacteria 
Proteobact
eria 

Alphaproteo
bacteria 

Caulobacterales Caulobacteraceae Brevundimonas 0.006729 

Otu0103 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium 0.006605 
Otu0167 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.006599 
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Otu0080 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.006323 

Otu0191 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.006183 

Otu0008 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.005948 
Otu0012 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.005945 

Otu0062 Bacteria 
Proteobact
eria 

Alphaproteo
bacteria 

Rhizobiales Rhizobiaceae Rhizobiaceae_unc 0.005922 

Otu0161 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.005904 

Otu0001 Bacteria 
Bacteroide
tes 

Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.005817 

Otu0085 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.005722 
Otu0170 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.005454 
Otu0034 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.005432 
Otu0003 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.005409 
Otu0151 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004726 
Otu0177 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004692 

Otu0136 Bacteria 
Actinobact
eria 

Actinobacter
ia 

Corynebacterial
es 

Nocardiaceae Rhodococcus 0.004663 

Otu0021 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004607 
Otu0160 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.004508 
Otu0205 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-005 0.004508 
Otu0207 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.004285 

Otu0152 Bacteria 
Tenericute
s 

Mollicutes 
Mollicutes_RF
39 

Mollicutes_RF39_f
a 

Mollicutes_RF39_ge 0.004181 

Otu0044 Bacteria Firmicutes Bacilli Bacillales Listeriaceae Listeria 0.003851 
Otu0140 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003731 
Otu0163 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003685 

Otu0002 Bacteria 
Bacteroide
tes 

Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.003667 

Otu0150 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003638 

Otu0072 Bacteria 
Proteobact
eria 

Gammaprote
obacteria 

Pseudomonadal
es 

Pseudomonadaceae Pseudomonas 0.003618 

Otu0193 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.003367 
Otu0054 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003048 
Otu0166 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.002816 
Otu0214 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.002811 
Otu0232 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.002792 
Otu0079 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.002661 
Otu0187 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.002626 

Otu0198 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.002454 

Otu0121 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.002145 
Otu0231 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.00199 
Otu0192 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.001975 
Otu0172 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.001875 
Otu0218 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.001769 

Otu0242 Bacteria 
Proteobact
eria 

Gammaprote
obacteria 

Betaproteobact
eriales 

Burkholderiaceae Ralstonia 0.001745 

Otu0228 Bacteria 
Tenericute
s 

Mollicutes 
Mollicutes_RF
39 

Mollicutes_RF39_f
a 

Mollicutes_RF39_ge 0.00156 

Otu0229 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.00156 
Otu0292 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.001396 
Otu0230 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.001263 

Otu0238 Bacteria 
Proteobact
eria 

Alphaproteo
bacteria 

Rhizobiales Xanthobacteraceae Bradyrhizobium 0.001263 

Otu0221 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae GCA-900066225 0.001206 

Otu0235 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group 

Clostridiales_vadinBB60_group_ge 0.001153 
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Supplementary Table S2.5. MDG coefficients from IgA-Negative Random Forest model. The top 
150 features are shown with assigned taxonomic classification. 
 
Feature Kingdom Phylum Class Order Family Genus MDG 

Otu0023 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 1 
Otu0109 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.854053 
Otu0048 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.539027 

Otu0064 Bacteria Firmicutes 
Erysipelotric
hia 

Erysipelotrich
ales Erysipelotrichaceae Turicibacter 0.512364 

Otu0058 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.359442 
Otu0089 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.309309 
Otu0040 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.240638 
Otu0111 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.233953 
Otu0057 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.202801 
Otu0009 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae_1 Clostridium_sensu_stricto_1 0.196545 
Otu0013 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.190137 
Otu0015 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia 0.187285 
Otu0061 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.185688 
Otu0037 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.178223 
Otu0076 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.147698 
Otu0010 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.131539 
Otu0047 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.127867 
Otu0157 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.127195 

Otu0087 Bacteria Firmicutes Bacilli 
Lactobacillale
s Streptococcaceae Lactococcus 0.120524 

Otu0097 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.119339 
Otu0026 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.094823 
Otu0153 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.09016 
Otu0096 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.089982 
Otu0042 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.08808 
Otu0071 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-005 0.079808 
Otu0075 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.078068 
Otu0038 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.072773 
Otu0100 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.068615 
Otu0011 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.066798 
Otu0091 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_FCS020_group 0.066765 

Otu0022 Bacteria 
Proteobacter
ia 

Gammaprote
obacteria 

Enterobacteria
les Enterobacteriaceae Escherichia-Shigella 0.06638 

Otu0051 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.066014 
Otu0068 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.064522 
Otu0012 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.055872 
Otu0139 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.052349 
Otu0020 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.051168 
Otu0016 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.050137 
Otu0053 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.049899 

Otu0060 Bacteria Firmicutes Clostridia Clostridiales 
Peptostreptococcac
eae Romboutsia 0.049764 

Otu0155 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.046435 
Otu0117 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.045463 
Otu0184 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.044633 
Otu0025 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.040837 
Otu0088 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 0.04024 
Otu0154 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.039949 
Otu0024 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_ge 0.03955 
Otu0006 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.03675 
Otu0101 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae ASF356 0.036317 
Otu0183 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.036217 
Otu0033 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae A2 0.034219 
Otu0086 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.033504 
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Otu0216 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.033114 
Otu0003 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.033084 
Otu0148 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.031887 
Otu0081 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium 0.029982 
Otu0027 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.0289 
Otu0128 Bacteria Firmicutes Clostridia Clostridiales Family_XIII Family_XIII_ge 0.028485 
Otu0052 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.027192 
Otu0055 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae A2 0.027132 
Otu0049 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus 0.026374 
Otu0121 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.025713 
Otu0074 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.024904 
Otu0028 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.024221 
Otu0095 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.024135 
Otu0140 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.021971 
Otu0014 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.021512 
Otu0135 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.021181 
Otu0142 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.02114 

Otu0001 Bacteria 
Bacteroidete
s Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.020931 

Otu0114 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.020096 
Otu0178 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.019409 
Otu0041 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium 0.01886 
Otu0066 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.018802 
Otu0173 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.017874 
Otu0034 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.016435 
Otu0032 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.016376 

Otu0070 Bacteria Firmicutes 
Erysipelotric
hia 

Erysipelotrich
ales Erysipelotrichaceae Erysipelatoclostridium 0.015416 

Otu0146 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.013952 
Otu0077 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.01349 
Otu0039 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.013063 
Otu0031 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Marvinbryantia 0.012507 
Otu0122 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.012463 

Otu0062 Bacteria 
Proteobacter
ia 

Alphaproteo
bacteria Rhizobiales Rhizobiaceae Rhizobiaceae_unc 0.012456 

Otu0050 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.012282 
Otu0090 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.012055 
Otu0134 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4B4_group 0.011866 
Otu0166 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.011693 
Otu0078 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.011239 

Otu0099 Bacteria 
Actinobacte
ria 

Coriobacterii
a 

Coriobacterial
es Eggerthellaceae Adlercreutzia 0.011224 

Otu0019 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.011141 
Otu0193 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.010921 
Otu0054 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.010178 

Otu0107 Bacteria 
Proteobacter
ia 

Alphaproteo
bacteria Rhizobiales Rhizobiaceae Brucella 0.009612 

Otu0174 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.009497 
Otu0147 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.008697 
Otu0190 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.008621 

Otu0131 Bacteria 
Proteobacter
ia 

Alphaproteo
bacteria 

Caulobacteral
es Caulobacteraceae Brevundimonas 0.008094 

Otu0182 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.007964 
Otu0056 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.007864 
Otu0045 Bacteria Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 0.007826 
Otu0227 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.007397 
Otu0207 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.007026 
Otu0069 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.006931 
Otu0163 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.006724 
Otu0126 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.006385 
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Otu0079 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.006147 

Otu0002 Bacteria 
Bacteroidete
s Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.006057 

Otu0145 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.006055 
Otu0104 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Tyzzerella 0.006034 

Otu0168 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group Clostridiales_vadinBB60_group_ge 0.005993 

Otu0098 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.005969 

Otu0004 Bacteria Firmicutes Bacilli 
Lactobacillale
s Lactobacillaceae Lactobacillus 0.005937 

Otu0029 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.00569 
Otu0225 Bacteria Firmicutes Clostridia Clostridiales Family_XIII Family_XIII_ge 0.00548 
Otu0123 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.004995 
Otu0083 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.00481 
Otu0085 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004773 
Otu0214 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.004762 
Otu0133 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.004689 
Otu0209 Bacteria Firmicutes Clostridia Clostridiales Peptococcaceae uncultured 0.004573 
Otu0162 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.004482 
Otu0248 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.004286 
Otu0189 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.00397 
Otu0018 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.003894 
Otu0205 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-005 0.003879 

Otu0035 Bacteria 
Proteobacter
ia 

Gammaprote
obacteria 

Enterobacteria
les Enterobacteriaceae Enterobacteriaceae_unc 0.003805 

Otu0233 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003531 

Otu0202 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group Clostridiales_vadinBB60_group_ge 0.003491 

Otu0165 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus 0.003284 
Otu0243 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.003273 
Otu0172 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.003265 
Otu0229 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.003182 

Otu0149 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 
Ruminococcaceae_NK4A214_grou
p 0.003015 

Otu0270 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NK4A136_group 0.002782 
Otu0137 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.002709 

Otu0118 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group Clostridiales_vadinBB60_group_ge 0.002533 

Otu0138 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.00233 
Otu0224 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.002021 

Otu0152 Bacteria Tenericutes Mollicutes 
Mollicutes_R
F39 

Mollicutes_RF39_f
a Mollicutes_RF39_ge 0.001973 

Otu0161 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_vadin
BB60_group Clostridiales_vadinBB60_group_ge 0.001796 

Otu0120 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.001723 
Otu0186 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.001637 
Otu0171 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-010 0.001594 
Otu0221 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae GCA-900066225 0.001546 
Otu0272 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-013 0.001546 

Otu0228 Bacteria Tenericutes Mollicutes 
Mollicutes_R
F39 

Mollicutes_RF39_f
a Mollicutes_RF39_ge 0.001464 

Otu0232 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_unc 0.001464 
Otu0292 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unc 0.001464 
Otu0115 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Tyzzerella_3 0.00146 
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Chapter 3 Supplemental Tables 

Supplementary Table S3.1. Mean decreasing Gini coefficients for whole microbiome features. The 
features with Mean Decreasing Gini coefficient greater than 0. 
 
Feature Kingdom Phylum Class Order Family Genus MDG 
Otu0044 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 1 
Otu0045 Bacteria Bacteroidetes Bacteroidia Bacteroidales Marinifilaceae Odoribacter 0.607574 
Otu0089 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Marvinbryantia 0.348745 
Otu0063 Bacteria Bacteroidetes Bacteroidia Bacteroidales Marinifilaceae Odoribacter 0.2393 
Otu0022 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.232579 
Otu0079 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.229033 
Otu0104 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_ge 0.180286 
Otu0020 Bacteria Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Turicibacter 0.142087 
Otu0134 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.11957 
Otu0049 Bacteria Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 0.119285 
Otu0017 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.08551 

Otu0029 Bacteria Firmicutes Clostridia Clostridiales 
Peptostreptococcac
eae Romboutsia 0.073177 

Otu0205 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.047286 
Otu0072 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.0415 
Otu0069 Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Alistipes 0.039755 
Otu0099 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.034015 
Otu0012 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.032235 

Otu0005 Bacteria 
Verrucomicro
bia 

Verrucomicrobia
e 

Verrucomicrobial
es Akkermansiaceae Akkermansia 0.032094 

Otu0073 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.028594 
Otu0024 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.028453 
Otu0088 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.028371 

Otu0160 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.028077 

Otu0014 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.027737 
Otu0004 Bacteria Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Dubosiella 0.027208 
Otu0142 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.025559 
Otu0032 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.025483 
Otu0034 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.024999 
Otu0111 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 0.023786 
Otu0021 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.023604 
Otu0082 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.020673 

Otu0062 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.020022 

Otu0161 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia 0.018697 
Otu0131 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.018152 
Otu0103 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.018104 
Otu0019 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.017887 
Otu0011 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.017326 
Otu0010 Bacteria Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium 0.017235 
Otu0054 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.016676 
Otu0051 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.016343 

Otu0070 Bacteria Tenericutes Mollicutes 
Anaeroplasmatale
s 

Anaeroplasmatacea
e Anaeroplasma 0.016125 

Otu0149 Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Millionella 0.01608 
Otu0068 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.015345 
Otu0150 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.014561 
Otu0016 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.014534 
Otu0154 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.014315 

Otu0057 Bacteria Bacteroidetes Bacteroidia Bacteroidales 
Bacteroidales_uncl
assified Bacteroidales_unclassified 0.014133 

Otu0037 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnoclostridium 0.013606 
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Otu0130 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.012981 

Otu0124 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.012803 
Otu0023 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.012635 
Otu0106 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.012296 
Otu0001 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.012274 

Otu0083 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 
Ruminococcaceae_unclassifie
d 0.012008 

Otu0137 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.011392 
Otu0076 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.011257 
Otu0067 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.01114 
Otu0006 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.011106 
Otu0093 Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Alistipes 0.010839 
Otu0113 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.01059 
Otu0119 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.010228 
Otu0060 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.010204 
Otu0092 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.010088 
Otu0025 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.009174 
Otu0177 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-001 0.009049 
Otu0196 Bacteria Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Erysipelatoclostridium 0.007891 
Otu0040 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.00783 
Otu0086 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.00772 

Otu0115 Bacteria Proteobacteria 
Gammaproteoba
cteria 

Betaproteobacteri
ales Burkholderiaceae Parasutterella 0.007591 

Otu0122 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Intestinimonas 0.007537 
time NA NA NA NA NA NA 0.007483 
Otu0129 Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Alistipes 0.007479 
Otu0031 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculum 0.007387 

Otu0018 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.007199 

Otu0117 Bacteria Tenericutes Mollicutes Mollicutes_RF39 
Mollicutes_RF39_f
a Mollicutes_RF39_ge 0.00698 

Otu0144 Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 0.006703 
Otu0053 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.006664 
Otu0064 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.006636 
Otu0095 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.006371 
Otu0008 Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotellaceae_UCG-001 0.006368 
Otu0003 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.006021 
Otu0148 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.005974 
Otu0075 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.005957 
Otu0105 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.005664 
Otu0112 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 0.005572 
Otu0046 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.005463 
Otu0007 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae_1 Clostridium_sensu_stricto_1 0.005337 

Otu0176 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_uncla
ssified Clostridiales_unclassified 0.005238 

Otu0169 Bacteria Proteobacteria 
Alphaproteobact
eria Rhodospirillales uncultured uncultured_ge 0.0052 

Otu0074 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.005005 

Otu0047 Bacteria 
Epsilonbactera
eota Campylobacteria 

Campylobacterale
s Helicobacteraceae Helicobacter 0.004983 

Otu0128 Bacteria Cyanobacteria Melainabacteria 
Gastranaerophilal
es 

Gastranaerophilales
_fa Gastranaerophilales_ge 0.004932 

Otu0071 Bacteria Firmicutes Clostridia Clostridiales Peptococcaceae uncultured 0.004849 
Otu0052 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae GCA-900066575 0.004847 
Otu0123 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.004833 
Otu0094 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.004724 
Otu0114 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.004608 
Otu0162 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae_1 Candidatus_Arthromitus 0.004467 
Otu0133 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.004389 
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Otu0097 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.004361 
Otu0085 Bacteria Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Faecalibaculum 0.00413 
Otu0193 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.004013 
Otu0110 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.003993 
Otu0058 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.003965 
Otu0209 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.003779 
Otu0041 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.003748 

Otu0100 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 
Ruminococcaceae_unclassifie
d 0.003634 

Otu0132 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-010 0.003619 

Otu0035 Bacteria Proteobacteria 
Deltaproteobacte
ria 

Desulfovibrionale
s 

Desulfovibrionacea
e Desulfovibrio 0.003391 

Otu0102 Bacteria Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae Eggerthellaceae_unclassified 0.003158 

Otu0038 Bacteria Proteobacteria 
Gammaproteoba
cteria Enterobacteriales Enterobacteriaceae Escherichia-Shigella 0.003044 

Otu0109 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.003012 

Otu0087 Bacteria Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae Enterorhabdus 0.002872 
Otu0028 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.002797 
Otu0098 Bacteria Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae DNF00809 0.002774 
Otu0059 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.002591 
Otu0027 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.002407 
Otu0151 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.002332 

Otu0212 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 
Ruminococcaceae_unclassifie
d 0.002216 

Otu0091 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium 0.002164 
Otu0281 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.001938 

Otu0015 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.001901 

Otu0195 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_6 0.001782 
Otu0120 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.001726 
Otu0002 Bacteria Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 0.001713 
Otu0013 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.001711 
Otu0033 Bacteria Firmicutes Bacilli Bacillales Bacillaceae Bacillus 0.001677 
Otu0140 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Intestinimonas 0.00164 
Otu0188 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.001431 
Otu0182 Bacteria Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Rikenella 0.001418 

Otu0241 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.001359 

Otu0080 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_9 0.001353 

Otu0185 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 
Ruminococcaceae_unclassifie
d 0.00135 

Otu0186 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.001111 

Otu0194 Bacteria Proteobacteria 
Alphaproteobact
eria Rhodospirillales uncultured uncultured_ge 0.000972 

Otu0155 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae 
Lachnospiraceae_NK4A136_g
roup 0.000895 

Otu0191 Bacteria Firmicutes Clostridia Clostridiales 
Clostridiales_uncla
ssified Clostridiales_unclassified 0.000864 

Otu0201 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000841 
Otu0203 Bacteria Firmicutes Clostridia Clostridiales Family_XIII Family_XIII_ge 0.000598 
Otu0127 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Acetatifactor 0.000555 
Otu0214 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 0.000555 
Otu0247 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000555 
Otu0158 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.000527 
Otu0164 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Roseburia 0.000518 
Otu0206 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-014 0.000486 
Otu0157 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_UCG-006 0.000457 
Otu0145 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000445 
Otu0048 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.000441 
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Otu0174 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000432 
Otu0036 Bacteria Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 0.000425 

Otu0268 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae 
Ruminococcaceae_unclassifie
d 0.000409 

Otu0141 Bacteria Cyanobacteria Melainabacteria 
Gastranaerophilal
es 

Gastranaerophilales
_fa Gastranaerophilales_ge 0.00038 

Otu0030 Bacteria Bacteroidetes Bacteroidia Bacteroidales Muribaculaceae Muribaculaceae_ge 0.00034 
NA.1 NA NA NA NA NA NA 0.000323 
Otu0165 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000315 
Otu0179 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000278 
Otu0125 Bacteria Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_unclassified 0.000233 
Otu0168 Bacteria Firmicutes Clostridia Clostridiales Family_XIII Family_XIII_UCG-001 9.80E-05 
Otu0181 Bacteria Bacteroidetes Bacteroidia Bacteroidales Tannerellaceae Parabacteroides 7.67E-05 
Otu0090 Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 5.68E-05 

 
Supplementary Table S3.2. Adjusted P-values for ELISA comparisons. The P-values from pairwise 
comparison of ELISA endpoint titers between experimental groups for each timepoint in the study. The 
Kruskal-Wallis test of analysis of variance was followed by Dunn’s multiple comparison post-hoc test 
since data was not normally distributed. The Benjamini-Hochberg method was used to adjust p-values for 
multiple testing.  
 

OVA-specific Fecal IgA        
Comparison_1 Comparison_2  Week 2 Week 4 Week 6 Week 8 Week 10 Week 12 
CD11c_Cre+ Buffer CD11c_Cre+ LaOVA 0.2794 0.0106 0.0119 0.0007 0.0029 0.0025 
CD11c_Cre+ Buffer CD11c_Cre+ NCK1895 0.5000 0.5000 0.5000 0.5000 0.4442 0.5337 
CD11c_Cre+ LaOVA CD11c_Cre+ NCK1895 0.2162 0.0046 0.0065 0.0008 0.0033 0.0040 
CD11c_Cre+ Buffer NOD2_DC_KO+ Buffer 0.5185 0.5185 0.5185 0.5185 0.5000 0.5942 
CD11c_Cre+ LaOVA NOD2_DC_KO+ Buffer 0.2147 0.0072 0.0088 0.0014 0.0032 0.0069 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ Buffer 0.5385 0.5385 0.5385 0.5385 0.4236 0.5245 
CD11c_Cre+ Buffer NOD2_DC_KO+ LaOVA 0.4052 0.1252 0.3723 0.3520 0.4755 0.5547 
CD11c_Cre+ LaOVA NOD2_DC_KO+ LaOVA 0.3985 0.1002 0.0269 0.0028 0.0033 0.0038 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ LaOVA 0.3784 0.1163 0.3479 0.3492 0.5373 0.5176 
NOD2_DC_KO+ Buffer NOD2_DC_KO+ LaOVA 0.3773 0.1310 0.3507 0.3512 0.4537 0.5439 
CD11c_Cre+ Buffer NOD2_DC_KO+ NCK1895 0.5600 0.5600 0.5600 0.4449 0.5185 0.5000 
CD11c_Cre+ LaOVA NOD2_DC_KO+ NCK1895 0.2342 0.0062 0.0078 0.0021 0.0029 0.0031 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ NCK1895 0.5833 0.5833 0.5833 0.4332 0.4324 0.4904 
NOD2_DC_KO+ Buffer NOD2_DC_KO+ NCK1895 0.6087 0.6087 0.6087 0.4249 0.5385 0.5687 
NOD2_DC_KO+ LaOVA NOD2_DC_KO+ NCK1895 0.3983 0.1247 0.3684 0.4337 0.4626 0.5082 
CD11c_Cre+ Buffer NOD2_fl_CD11c_Cre+ LaOVA 0.3088 0.6364 0.0248 0.0278 0.0149 0.0036 
CD11c_Cre+ LaOVA NOD2_fl_CD11c_Cre+ LaOVA 0.5997 0.0092 0.3586 0.1104 0.2728 0.4947 
CD11c_Cre+ NCK1895 NOD2_fl_CD11c_Cre+ LaOVA 0.2489 0.6667 0.0272 0.0328 0.0383 0.0081 
NOD2_DC_KO+ Buffer NOD2_fl_CD11c_Cre+ LaOVA 0.2224 0.7000 0.0349 0.0383 0.0246 0.0145 
NOD2_DC_KO+ LaOVA NOD2_fl_CD11c_Cre+ LaOVA 0.4020 0.1342 0.1072 0.0997 0.0372 0.0065 
NOD2_DC_KO+ NCK1895 NOD2_fl_CD11c_Cre+ LaOVA 0.2738 0.7368 0.0295 0.0690 0.0184 0.0039 
CD11c_Cre+ Buffer NOD2_fl/fl+ LaOVA 0.0161 0.0124 0.0138 0.0071 0.0036 0.0049 
CD11c_Cre+ LaOVA NOD2_fl/fl+ LaOVA 0.1616 0.3232 0.6060 0.1423 0.4506 0.4928 
CD11c_Cre+ NCK1895 NOD2_fl/fl+ LaOVA 0.0097 0.0129 0.0063 0.0100 0.0078 0.0040 
NOD2_DC_KO+ Buffer NOD2_fl/fl+ LaOVA 0.0145 0.0196 0.0073 0.0157 0.0053 0.0071 
NOD2_DC_KO+ LaOVA NOD2_fl/fl+ LaOVA 0.0289 0.2361 0.0227 0.0359 0.0064 0.0034 
NOD2_DC_KO+ NCK1895 NOD2_fl/fl+ LaOVA 0.0145 0.0145 0.0084 0.0292 0.0034 0.0025 
NOD2_fl_CD11c_Cre+ LaOVA NOD2_fl/fl+ LaOVA 0.2003 0.0166 0.3484 0.4311 0.4777 0.5075 
        
OVA-specific Vaginal IgA        
Comparison_1 Comparison_2 2 4 6 8 10 12 
CD11c_Cre+ Buffer CD11c_Cre+ LaOVA 0.4418 0.5398 0.0010 0.0062 0.0010 0.0188 
CD11c_Cre+ Buffer CD11c_Cre+ NCK1895 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 
CD11c_Cre+ LaOVA CD11c_Cre+ NCK1895 0.3503 0.4289 0.0005 0.0071 0.0007 0.0104 
CD11c_Cre+ Buffer NOD2_DC_KO+ Buffer 0.5185 0.5185 0.5185 0.5185 0.5185 0.5185 
CD11c_Cre+ LaOVA NOD2_DC_KO+ Buffer 0.3571 0.3985 0.0011 0.0103 0.0014 0.0115 
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CD11c_Cre+ NCK1895 NOD2_DC_KO+ Buffer 0.5385 0.5385 0.5385 0.5385 0.5385 0.5385 
CD11c_Cre+ Buffer NOD2_DC_KO+ LaOVA 0.5600 0.5600 0.5794 0.2435 0.1420 0.1350 
CD11c_Cre+ LaOVA NOD2_DC_KO+ LaOVA 0.5050 1.0000 0.0015 0.0433 0.0221 0.1316 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ LaOVA 0.5833 0.5833 0.5225 0.2484 0.1401 0.1185 
NOD2_DC_KO+ Buffer NOD2_DC_KO+ LaOVA 0.6087 0.6087 0.5106 0.2597 0.1552 0.1193 
CD11c_Cre+ Buffer NOD2_DC_KO+ NCK1895 0.6364 0.3712 0.5600 0.3958 0.5600 0.5600 
CD11c_Cre+ LaOVA NOD2_DC_KO+ NCK1895 0.3853 0.3531 0.0007 0.0250 0.0011 0.0156 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ NCK1895 0.6667 0.3658 0.5833 0.3882 0.5833 0.5833 
NOD2_DC_KO+ Buffer NOD2_DC_KO+ NCK1895 0.7000 0.3671 0.6087 0.3850 0.6087 0.6087 
NOD2_DC_KO+ LaOVA NOD2_DC_KO+ NCK1895 0.7368 0.3998 0.5574 0.3950 0.1508 0.1259 
CD11c_Cre+ Buffer NOD2_fl_CD11c_Cre+ LaOVA 0.7778 0.4156 0.0283 0.0247 0.0134 0.0129 
CD11c_Cre+ LaOVA NOD2_fl_CD11c_Cre+ LaOVA 0.4281 0.4050 0.1978 0.4156 0.2552 0.5847 
CD11c_Cre+ NCK1895 NOD2_fl_CD11c_Cre+ LaOVA 0.8235 0.4046 0.0293 0.0290 0.0144 0.0109 
NOD2_DC_KO+ Buffer NOD2_fl_CD11c_Cre+ LaOVA 0.8750 0.4041 0.0375 0.0372 0.0197 0.0154 
NOD2_DC_KO+ LaOVA NOD2_fl_CD11c_Cre+ LaOVA 0.9333 0.4618 0.0633 0.1919 0.1738 0.1162 
NOD2_DC_KO+ NCK1895 NOD2_fl_CD11c_Cre+ LaOVA 1.0000 0.5910 0.0330 0.0905 0.0164 0.0127 
CD11c_Cre+ Buffer NOD2_fl/fl+ LaOVA 0.4655 0.4903 0.5108 0.5600 0.3355 0.1393 
CD11c_Cre+ LaOVA NOD2_fl/fl+ LaOVA 0.5823 0.3864 0.0010 0.0053 0.0014 0.1051 
CD11c_Cre+ NCK1895 NOD2_fl/fl+ LaOVA 0.2300 0.4703 0.4716 0.5833 0.3196 0.1208 
NOD2_DC_KO+ Buffer NOD2_fl/fl+ LaOVA 0.2464 0.4709 0.4634 0.6087 0.3247 0.1164 
NOD2_DC_KO+ LaOVA NOD2_fl/fl+ LaOVA 0.9310 0.5884 0.5614 0.2288 0.2831 0.6171 
NOD2_DC_KO+ NCK1895 NOD2_fl/fl+ LaOVA 0.2875 0.5686 0.4964 0.3983 0.3356 0.1294 
NOD2_fl_CD11c_Cre+ LaOVA NOD2_fl/fl+ LaOVA 0.3833 0.5962 0.0368 0.0220 0.0332 0.1365 

        
OVA-specific Serum IgG        
Comparison_1 Comparison_2 2 4 6 8 10 12 
CD11c_Cre+ Buffer CD11c_Cre+ LaOVA 0.5187 0.4475 0.2473 0.0293 0.0117 0.0137 
CD11c_Cre+ Buffer CD11c_Cre+ NCK1895 0.5000 0.5000 0.3980 0.2130 0.3856 0.3064 
CD11c_Cre+ LaOVA CD11c_Cre+ NCK1895 0.4158 0.1906 0.1662 0.0040 0.0097 0.0076 
CD11c_Cre+ Buffer NOD2_DC_KO+ Buffer 0.5185 0.5185 0.2425 0.1449 0.4209 0.2012 
CD11c_Cre+ LaOVA NOD2_DC_KO+ Buffer 0.4167 0.1927 0.1431 0.0068 0.0134 0.0085 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ Buffer 0.5385 0.5385 0.3650 0.3780 0.4695 0.4070 
CD11c_Cre+ Buffer NOD2_DC_KO+ LaOVA 0.5600 0.4409 0.3896 0.3291 0.4527 0.4067 
CD11c_Cre+ LaOVA NOD2_DC_KO+ LaOVA 0.5835 0.2907 0.1479 0.0096 0.0155 0.0070 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ LaOVA 0.5833 0.4028 0.4954 0.3549 0.3739 0.4399 
NOD2_DC_KO+ Buffer NOD2_DC_KO+ LaOVA 0.6087 0.3793 0.3648 0.2937 0.3931 0.3219 
CD11c_Cre+ Buffer NOD2_DC_KO+ NCK1895 0.6364 0.5600 0.2474 0.2256 0.4465 0.4271 
CD11c_Cre+ LaOVA NOD2_DC_KO+ NCK1895 0.4536 0.2860 0.2970 0.0060 0.0105 0.0078 
CD11c_Cre+ NCK1895 NOD2_DC_KO+ NCK1895 0.6667 0.5833 0.3687 0.5000 0.4535 0.3987 
NOD2_DC_KO+ Buffer NOD2_DC_KO+ NCK1895 0.7000 0.6087 0.5000 0.3925 0.4406 0.3412 
NOD2_DC_KO+ LaOVA NOD2_DC_KO+ NCK1895 0.7368 0.4315 0.3837 0.3697 0.4342 0.4768 
CD11c_Cre+ Buffer NOD2_fl_CD11c_Cre+ LaOVA 0.7778 0.3939 0.2400 0.1302 0.0372 0.0265 
CD11c_Cre+ LaOVA NOD2_fl_CD11c_Cre+ LaOVA 0.4990 0.2759 0.5145 0.3120 0.4007 0.4424 
CD11c_Cre+ NCK1895 NOD2_fl_CD11c_Cre+ LaOVA 0.8235 0.3461 0.1335 0.0251 0.0173 0.0073 
NOD2_DC_KO+ Buffer NOD2_fl_CD11c_Cre+ LaOVA 0.8750 0.3468 0.1342 0.0194 0.0288 0.0060 
NOD2_DC_KO+ LaOVA NOD2_fl_CD11c_Cre+ LaOVA 0.9333 0.6204 0.1264 0.0386 0.0462 0.0130 
NOD2_DC_KO+ NCK1895 NOD2_fl_CD11c_Cre+ LaOVA 1.0000 0.3653 0.1963 0.0293 0.0300 0.0127 
CD11c_Cre+ Buffer NOD2_fl/fl+ LaOVA 0.0297 0.1793 0.3946 0.2160 0.0369 0.0271 
CD11c_Cre+ LaOVA NOD2_fl/fl+ LaOVA 0.1358 0.4395 0.3774 0.1349 0.2697 0.4130 
CD11c_Cre+ NCK1895 NOD2_fl/fl+ LaOVA 0.0189 0.1587 0.2161 0.0394 0.0194 0.0066 
NOD2_DC_KO+ Buffer NOD2_fl/fl+ LaOVA 0.0272 0.1792 0.1336 0.0296 0.0274 0.0061 
NOD2_DC_KO+ LaOVA NOD2_fl/fl+ LaOVA 0.0594 0.4225 0.2116 0.0875 0.0482 0.0119 
NOD2_DC_KO+ NCK1895 NOD2_fl/fl+ LaOVA 0.0236 0.1852 0.1594 0.0433 0.0289 0.0123 
NOD2_fl_CD11c_Cre+ LaOVA NOD2_fl/fl+ LaOVA 0.0315 0.3977 0.3615 0.3292 0.4574 0.4385 
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Supplementary Table S3.3. Adjusted P-values for ELISpot data. Spot forming units (SFU) from 
ELISpot results from each tissue type sampled were compared using the Kruskal-Wallis test of analysis of 
variance was followed by Dunn’s multiple comparison post-hoc test, since data was also not normally 
distributed. The Benjamini-Hochberg method was used to adjust p-values for multiple testing.  
 
OVA-specific SFU       
Comparisons_1 Comparisons_2 FRT LI MLN PP Sp 

CD11c_Cre+Buffer CD11c_Cre+LaOVA 0.0201 0.1132 0.0025 0.1689 0.0961 
CD11c_Cre+Buffer CD11c_Cre+NCK1895 0.5000 0.5000 0.5000 0.5000 0.5000 
CD11c_Cre+LaOVA CD11c_Cre+NCK1895 0.0301 0.1258 0.0023 0.1653 0.0872 
CD11c_Cre+Buffer NOD2_DC_KO+Buffer 0.5185 0.5185 0.5185 0.5185 0.5185 
CD11c_Cre+LaOVA NOD2_DC_KO+Buffer 0.0373 0.1508 0.0033 0.1692 0.0908 
CD11c_Cre+NCK1895 NOD2_DC_KO+Buffer 0.5385 0.5385 0.5385 0.5385 0.5385 
CD11c_Cre+Buffer NOD2_DC_KO+LaOVA 0.4117 0.5600 0.5600 0.5600 0.3002 
CD11c_Cre+LaOVA NOD2_DC_KO+LaOVA 0.0361 0.1415 0.0050 0.1830 0.2606 
CD11c_Cre+NCK1895 NOD2_DC_KO+LaOVA 0.4346 0.5833 0.5833 0.5833 0.2681 
NOD2_DC_KO+Buffer NOD2_DC_KO+LaOVA 0.4006 0.6087 0.6087 0.6087 0.2766 
CD11c_Cre+Buffer NOD2_DC_KO+NCK1895 0.5600 0.6364 0.6364 0.6364 0.5600 
CD11c_Cre+LaOVA NOD2_DC_KO+NCK1895 0.0603 0.1618 0.0031 0.1771 0.1018 
CD11c_Cre+NCK1895 NOD2_DC_KO+NCK1895 0.5833 0.6667 0.6667 0.6667 0.5833 
NOD2_DC_KO+Buffer NOD2_DC_KO+NCK1895 0.6087 0.7000 0.7000 0.7000 0.6087 
NOD2_DC_KO+LaOVA NOD2_DC_KO+NCK1895 0.4601 0.7368 0.7368 0.7368 0.2838 
CD11c_Cre+Buffer NOD2_fl_CD11c_Cre+LaOVA 0.0371 0.0095 0.0265 0.0034 0.1005 
CD11c_Cre+LaOVA NOD2_fl_CD11c_Cre+LaOVA 0.4075 0.2267 0.3550 0.0644 0.5768 
CD11c_Cre+NCK1895 NOD2_fl_CD11c_Cre+LaOVA 0.0424 0.0127 0.0280 0.0029 0.0803 
NOD2_DC_KO+Buffer NOD2_fl_CD11c_Cre+LaOVA 0.0550 0.0205 0.0360 0.0045 0.0929 
NOD2_DC_KO+LaOVA NOD2_fl_CD11c_Cre+LaOVA 0.0997 0.0190 0.0302 0.0067 0.2970 
NOD2_DC_KO+NCK1895 NOD2_fl_CD11c_Cre+LaOVA 0.0494 0.0381 0.0311 0.0039 0.0876 
CD11c_Cre+Buffer NOD2_fl/fl+LaOVA 0.4578 0.4638 0.5484 0.1976 0.0456 
CD11c_Cre+LaOVA NOD2_fl/fl+LaOVA 0.0508 0.2307 0.0030 0.7700 0.3310 
CD11c_Cre+NCK1895 NOD2_fl/fl+LaOVA 0.4905 0.4928 0.5002 0.1887 0.0248 
NOD2_DC_KO+Buffer NOD2_fl/fl+LaOVA 0.4753 0.4746 0.4919 0.1561 0.0331 
NOD2_DC_KO+LaOVA NOD2_fl/fl+LaOVA 0.6037 0.5257 0.5876 0.2223 0.0836 
NOD2_DC_KO+NCK1895 NOD2_fl/fl+LaOVA 0.5283 0.5632 0.5315 0.2076 0.0372 
NOD2_fl_CD11c_Cre+LaOVA NOD2_fl/fl+LaOVA 0.0968 0.0201 0.0452 0.0552 0.3093 

       
Total_IgA SFU       
Comparisons_1 Comparisons_2 FRT LI MLN PP Sp 

CD11c_Cre+Buffer CD11c_Cre+LaOVA 0.3502 0.3926 0.2792 0.0567 0.4521 
CD11c_Cre+Buffer CD11c_Cre+NCK1895 0.3839 0.2103 0.2009 0.4335 0.3598 
CD11c_Cre+LaOVA CD11c_Cre+NCK1895 0.2172 0.1389 0.3701 0.0612 0.3740 
CD11c_Cre+Buffer NOD2_DC_KO+Buffer 0.0599 0.0533 0.3935 0.0522 0.3665 
CD11c_Cre+LaOVA NOD2_DC_KO+Buffer 0.1544 0.0689 0.2482 0.5118 0.3526 
CD11c_Cre+NCK1895 NOD2_DC_KO+Buffer 0.0688 0.1932 0.1534 0.0595 0.1838 
CD11c_Cre+Buffer NOD2_DC_KO+LaOVA 0.4312 0.1006 0.2823 0.0637 0.3322 
CD11c_Cre+LaOVA NOD2_DC_KO+LaOVA 0.2932 0.0659 0.1207 0.3335 0.3174 
CD11c_Cre+NCK1895 NOD2_DC_KO+LaOVA 0.4083 0.3198 0.0565 0.1335 0.2231 
NOD2_DC_KO+Buffer NOD2_DC_KO+LaOVA 0.0646 0.2924 0.3584 0.3414 0.4658 
CD11c_Cre+Buffer NOD2_DC_KO+NCK1895 0.0653 0.1515 0.3622 0.4379 0.4967 
CD11c_Cre+LaOVA NOD2_DC_KO+NCK1895 0.1555 0.1135 0.3789 0.0621 0.4434 
CD11c_Cre+NCK1895 NOD2_DC_KO+NCK1895 0.1108 0.4083 0.2753 0.4887 0.2910 
NOD2_DC_KO+Buffer NOD2_DC_KO+NCK1895 0.4337 0.2223 0.3058 0.0617 0.3549 
NOD2_DC_KO+LaOVA NOD2_DC_KO+NCK1895 0.0732 0.4007 0.1916 0.1340 0.3275 
CD11c_Cre+Buffer NOD2_fl_CD11c_Cre+LaOVA 0.2323 0.0272 0.0933 0.0666 0.4598 
CD11c_Cre+LaOVA NOD2_fl_CD11c_Cre+LaOVA 0.4002 0.0171 0.0208 0.3137 0.3683 
CD11c_Cre+NCK1895 NOD2_fl_CD11c_Cre+LaOVA 0.1666 0.1317 0.0161 0.1419 0.2844 
NOD2_DC_KO+Buffer NOD2_fl_CD11c_Cre+LaOVA 0.2193 0.4384 0.1839 0.3170 0.4462 
NOD2_DC_KO+LaOVA NOD2_fl_CD11c_Cre+LaOVA 0.2253 0.2323 0.3011 0.4983 0.4419 
NOD2_DC_KO+NCK1895 NOD2_fl_CD11c_Cre+LaOVA 0.2245 0.1842 0.0564 0.1422 0.4230 
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CD11c_Cre+Buffer NOD2_fl/fl+LaOVA 0.0751 0.2803 0.2810 0.4956 0.4122 
CD11c_Cre+LaOVA NOD2_fl/fl+LaOVA 0.2099 0.2088 0.4416 0.0549 0.3416 
CD11c_Cre+NCK1895 NOD2_fl/fl+LaOVA 0.0531 0.3499 0.3125 0.4470 0.1215 
NOD2_DC_KO+Buffer NOD2_fl/fl+LaOVA 0.3800 0.1057 0.2565 0.0567 0.4588 
NOD2_DC_KO+LaOVA NOD2_fl/fl+LaOVA 0.0718 0.2002 0.1066 0.0646 0.4356 
NOD2_DC_KO+NCK1895 NOD2_fl/fl+LaOVA 0.4079 0.2596 0.3947 0.4492 0.3949 
NOD2_fl_CD11c_Cre+LaOVA NOD2_fl/fl+LaOVA 0.2856 0.0578 0.0277 0.0688 0.3451 
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Supplementary Table S3.4. Adjusted P-values for the pairwise comparison of RT-qPCR results. 
Data from each experimental group for each cytokine was compared using the Kruskal-Wallis test of 
analysis of variance was followed by Dunn’s multiple comparison post-hoc test, and the Benjamini-
Hochberg method was used to account for multiple testing.  
 
 
Mesenteric Lymph Nodes 

Comparisons_1 Comparisons_2 aladh1a1 aladh1a2 BAFF IL21 IL6 TGFB 

NOD2_DC_KO+ LaOVA NOD2_DC_KO+ NCK1895 0.3801 0.5130 0.3898 0.1946 0.4594 0.4678 

NOD2_DC_KO+ LaOVA CD11c_Cre+LaOVA 0.0087 0.4738 0.0756 0.1972 0.8019 0.0057 

NOD2_DC_KO+ NCK1895 CD11c_Cre+LaOVA 0.0100 0.4393 0.0958 0.0552 0.4739 0.0071 

NOD2_DC_KO+ LaOVA CD11c_Cre+NCK1895 0.0215 1.0000 0.4678 0.3451 0.4444 0.0048 

NOD2_DC_KO+ NCK1895 CD11c_Cre+NCK1895 0.0170 0.5921 0.4441 0.2159 0.3806 0.0089 

CD11c_Cre+LaOVA CD11c_Cre+NCK1895 0.3956 0.7144 0.1128 0.2436 0.4537 0.3898 
        

Peyer's Patches        

Comparisons_1 Comparisons_2 aladh1a1 aladh1a2 BAFF IL21 IL6 TGFB 

NOD2_DC_KO+ LaOVA NOD2_DC_KO+ NCK1895 0.2304 0.5155 0.1800 0.2323 0.4394 0.0953 

NOD2_DC_KO+ LaOVA CD11c_Cre+LaOVA 0.0550 0.3262 0.0076 0.2629 0.1998 0.2817 

NOD2_DC_KO+ NCK1895 CD11c_Cre+LaOVA 0.1572 0.5384 0.0595 0.4899 0.2186 0.0378 

NOD2_DC_KO+ LaOVA CD11c_Cre+NCK1895 0.2240 0.3750 0.1116 0.1419 0.0381 0.0034 

NOD2_DC_KO+ NCK1895 CD11c_Cre+NCK1895 0.1192 0.9242 0.0321 0.2840 0.0376 0.0864 

CD11c_Cre+LaOVA CD11c_Cre+NCK1895 0.0118 0.4594 0.0002 0.4112 0.1520 0.0009 

 
 
 
 


