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Abstract 

 Certain lactic acid bacteria (LAB), such as Lacticaseibacillus rhamnosus R0011, 

are associated with immune modulatory activities including down-regulation of pro-

inflammatory gene transcription and expression. While host intestinal epithelial cells 

(IECs) and antigen-presenting cells (APCs) can interact directly with both commensal and 

pathogenic bacteria through innate immune pattern recognition receptors, recent evidence 

indicates indirect communication mediated by soluble mediators may be important in 

shaping host immune outcomes at the gut-mucosal interface. However, many questions 

remain about how soluble mediators derived from LAB can influence functional immune 

outcomes in IECs and APCs, especially in the context of pro-inflammatory challenge as 

over-expression and dysregulation of the inflammatory mediators they produce also 

contributes to numerous inflammatory disease pathologies. Genome-wide transcriptional 

profiling revealed context-dependent regulation of Tumor Necrosis Factor α and 

Salmonella enterica subsp. enterica serovar Typhimurium secretome-induced pro-

inflammatory mediator transcription and production by the Lacticaseibacillus rhamnosus 

R0011 secretome (LrS) in human IEC, indicating a potential for modulation of pro-

inflammatory immune activity with minimal IEC impact in the absence of a pro-

inflammatory challenge. This modulation may be mediated through induction of negative 

regulators of innate immunity (ATF3, TRIB3, DUSP1) and through changes in global 

histone acetylation patterns, events important in maintaining immune regulation. THP-1 

human monocytes conditioned with the LrS showed functional, transcriptional, and 

immunometabolic signatures consistent with M2 immunoregulatory activity, with 

increased production of immunoregulatory cytokines IL-10, IL-1Ra, and IL-4 and a cell-
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surface expression profile of CD11b, CD11clo, and CX3CR1, features shared with subsets 

of gut macrophages. The LrS was able to attenuate STS-induced damage to IEC monolayer 

integrity and pro-inflammatory mediator production in Transwell co-cultures of human 

IECs and APCs, indicating that the LrS retains immunoregulatory activity in a context 

which more closely mimics that which occurs in vivo.  Biochemical characterization of the 

soluble components found in the LrS revealed unique protein, amino acid, and 

metabolomic profiles warranting future experimentation to determine components with 

immunoregulatory bioactivity. Taken together, the results reported here provide insight 

into novel routes for indirect host-microbe communication mediated via secretome 

components and the subsequent impact on multiple immune regulatory mechanisms 

integral for IEC and APC function and activity. 

 

Keywords: Lacticaseibacillus rhamnosus R0011; secretome; innate immune regulation; 

MIF; immunometabolism 
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INTRODUCTION 

Host-Microbe Immune Communication and The Innate Immune System 

 Commensal gut bacteria play a crucial role in the development and maintenance of 

the mammalian immune system (Gensollen et al., 2016; Zheng et al., 2020). A causal 

relationship between commensal gut bacteria and host immune activity was first described 

in early studies utilizing germ-free animal models. These studies outlined the importance 

of host-microbe immune communication in shaping functional outcomes within the 

immune system as lack of a diverse gut microbiota leads to dysfunctional immune activity 

and structural defects in immune lymphoid tissues (Bauer et al., 1963). Reciprocal 

interactions between the host and resident microbiota suggest a multi-faceted role for gut 

microbes in maintaining a state of immune homeostasis and tolerance within the gut, while 

still allowing the immune system to detect and respond to pathogens (Ayres, 2016; Cheng 

et al., 2019; Mowat, 2018; Mowat et al., 2014). However, many questions remain regarding 

mechanistic evidence defining the roles of gut-associated microbes in facilitating host-

microbe immune crosstalk.  

 Cells of the innate immune system are the primary participants in facilitating 

bidirectional host-microbe immune communication. Although non-specific, the 

mammalian innate immune system responds rapidly to initiate this host-microbe 

communication by recognizing conserved microbe-associated molecular patterns 

(MAMPs) present on the surface or within the intracellular environment of pathogens and 

commensal microorganisms. In order to recognize these MAMPs, cells of the innate 

immune system express pattern-recognition receptors (PRRs) which include the toll-like 

receptors (TLR), the nucleotide-binding oligomerization domain (NOD)-like receptors 
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(NLRs), and the C-type lectin receptors (CLRs).  TLRs induce a signalling cascade through 

the recruitment of several adaptor molecules including myeloid differentiation factor 88 

(MyD88), TIR domain-containing adaptor-inducing interferon-β (TRIF), and TRIF-related 

adaptor molecule (TRAM). TLRs use different combinations of adaptor molecules in order 

to elicit different cellular responses terminating with the activation of the nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) transcription factor, the interferon 

regulatory factors (IRF), the activator protein (AP-1) family of proteins, or the mitogen-

activated protein kinases (MAPKs) (Pandey et al., 2014). Once activated, these 

transcription factors induce the transcription of different pro-inflammatory mediators 

which act in concert to recruit cells of the immune system to eliminate the invading 

pathogen. Unlike the TLRs, NLRs are solely intracellular PRRs which recognize 

peptidoglycan motifs present in cell walls of Gram-positive and Gram-negative bacteria. 

nucleotide-binding oligomerization domain-containing protein 1 (NOD1) detects d-

glutamyl-meso-diaminopimelic acid (DAP), found in Gram negative and certain Gram-

positive bacteria, while Nucleotide-binding oligomerization domain-containing protein 2 

(NOD2) detects muramyl dipeptide (MDP), present in both Gram negative and Gram-

positive bacteria (Girardin et al., 2003). Activation of NODs induces a similar intracellular 

signalling pathway as the TLRs, terminating with the activation of the NF-κB transcription 

factor and increased transcription of pro-inflammatory cytokines and chemokines (Moreira 

et al., 2012).  

Different cell types within the innate immune system have their own unique 

repertoire of PRRs to recognize specific MAMPs. The majority of these cells are derived 

from pluripotent hematopoietic stem cells in the bone marrow, which give rise to a common 
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myeloid progenitor able to further differentiate into monocytes, neutrophils, eosinophils, 

and basophils (Janeway et al., 2002). Monocytes can further differentiate into various types 

of tissue macrophages upon stimulation with specific cytokines and chemokines or 

exposure to certain pathogens. Once differentiated, macrophages are tasked with 

scavenging, pathogen recognition and elimination, and antigen presentation to the adaptive 

arm of the immune system (Janeway et al., 2002).   

Differentiated tissue macrophages exist as a heterogeneous population, broadly 

divided and classified into M1 or M2 phenotypes. M1 macrophages, or classically activated 

macrophages, are activated by TLR stimulation or microbial challenge. As such, these 

macrophages produce a wide array of pro-inflammatory mediators and possess bactericidal 

activities to facilitate the host response to the invading microbial challenge. Conversely, 

M2 macrophages, or alternatively activated macrophages, are characterized as having 

immunoregulatory activity and are often associated with the resolution of the inflammatory 

response following immune challenge and are equipped with tissue remodelling processes 

to repair inflammation-induced tissue damage (Figure I-1). M2 macrophages have been 

further phenotypically characterized into distinct subtypes, each with their own range of 

effector mechanisms (Colin et al., 2014; Mantovani et al., 2004; Martinez et al., 2014; 

Martinez et al., 2006). However, this phenotype classification system often does not reflect 

the paradigm of macrophage activation states and diverse functional specializations of 

macrophages in vivo as these subtypes exhibit a high degree of phenotypic plasticity 

depending on signals in their microenvironments (Guilliams et al., 2018). 



4 
 

 
 

Figure I-1. Tissue macrophages exist as a heterogeneous population consisting of both M1 and 
M2 polarized macrophages. Within these polarized populations, there exists a continuum of 
phenotypes and activation states, each with their own unique repertoire of effector functions. These 
cells react to their microenvironment and exhibit a high degree of phenotypic plasticity. Image 
created with BioRender. 

 

Activated macrophages undergo metabolic reprogramming in order to support their 

diverse effector functional states. Studies utilizing lipopolysaccharide (LPS)-challenged 

macrophages were the first to report changes in metabolic activity due to microbial 

recognition by macrophages via increased production of nitric oxide through enhanced 

arginine metabolism (MacMicking et al., 1997). Since then, others have demonstrated that 
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M1 macrophages often display enhanced flux through glycolysis, allowing them to 

generate ATP quickly to support microbicidal activity. Coupled with this increased reliance 

on glycolysis for ATP generation, M1 macrophages display reduced oxidative 

phosphorylation and a truncated tricarboxylic acid cycle (TCA), leading to the 

accumulation of succinate and citrate (Jha et al., 2015; O'Neill et al., 2016; Van den 

Bossche et al., 2017). Within M1 macrophages, succinate inhibits the activity of pyruvate 

dehydrogenase and stabilizes the activity of hypoxia inducible factor 1 α (HIF1α) 

(Tannahill et al., 2013), a transcription factor involved in up-regulating the expression of 

glycolytic enzymes and inflammatory mediators, providing a link between metabolic 

reprogramming and changes in immune effector functions. Moreover, excess citrate is 

shuttled into the cytoplasm where it serves as a precursor for the generation of acetyl-CoA 

and subsequently used for inflammatory mediator production via fatty acid synthesis, as 

well as used for acetylation of histones to activate the promoter regions of inflammatory 

gene loci (Lauterbach et al., 2019). (Figure I-2). Although the mechanisms behind this 

shift in macrophage metabolism remain poorly understood, recent evidence has suggested 

that LPS-induced nitric oxide in macrophages can inhibit the activity of aconitase 2, a key 

enzyme involved in the TCA cycle, and several components of the electron transport chain 

(Palmieri et al., 2020). This may result in immunometabolic polarization of resting 

macrophages into an inflammatory phenotype by effectively shunting the flow of carbon 

through the TCA cycle and inhibiting subsequent ATP generation via oxidative 

phosphorylation and shifting metabolic flux through glycolysis following recognition of 

pathogen associated MAMPs.  
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Figure I-2. M1 and M2 macrophages display distinct differences in their metabolic profiles. M1 
macrophages are characterized as having a truncated TCA and reduced oxidative phosphorylation. 
In M1 macrophages, succinate can be used to enhance the activity of HIF1α, leading to increased 
transcription of pro-inflammatory mediators to help support microbicidal activities. In contrast, M2 
macrophages utilize FAO and oxidative phosphorylation for ATP generation. Image created with 
BioRender. 

 

In contrast, M2 macrophages are characterized as having reduced reliance on 

glycolysis and exhibit enhanced oxidative phosphorylation and fatty acid oxidation via an 

intact TCA to meet energy demands of the cell (Figure I-2)(Van den Bossche et al., 2017). 

To date, a causal relationship between this shift in metabolic activity and subsequent impact 
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on immune effector functions in M2 macrophages remains poorly defined. Evidence points 

to some cellular consequences of this glycolytic reprogramming and sequestration of TCA 

intermediates for ATP generation via oxidative phosphorylation. For example, during 

periods of reduced glycolytic flux in APCs, glyceraldehyde-3-phosphate (GAPDH), a key 

enzyme in glycolysis, exhibits moonlighting activity by binding to tumor necrosis factor α 

(TNFα) and interferon-γ (IFN-γ) mRNA, two potent proinflammatory mediators, inhibiting 

their translation into functional protein (Chang et al., 2013; Millet et al., 2016). More 

research is needed to delineate the functional consequences of this altered metabolic 

phenotype on immune activity, especially in the context of host-microbe interactions with 

LAB. 

The Mucosal Immune System and the Gut Microbiome 

Intestinal epithelial cells (IECs) along the GI tract are in frequent contact with both 

pathogenic and non-pathogenic bacteria and provide both a mechanical and chemical 

barrier that prevents most bacteria from entering systemic circulation (Artis, 2008). IECs 

are connected to one another through tight junctions and are covered with a thick layer of 

glycosylated proteins known as the mucin layer, providing additional protection from 

invading pathogens and commensal microorganisms (Sansonetti, 2004).  IECs also express 

PRRs, including TLRS and NLRs, which are used to recognize bacteria and other 

microorganisms. Several NLRs act as sensor molecules able to activate assembly of 

inflammasomes, multimeric protein complexes that optimize cellular responses to 

pathogens and damage-associated molecular patterns by facilitating caspase-mediated 

activation of pro-inflammatory cytokines interleukin-1β (IL-1β) and IL-18 (Guo et al., 

2015). If the mucin layer is breached, PRR activation rapidly induces IECs to produce pro-
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inflammatory cytokines and chemokines, such as interleukin-8 (IL-8), which acts as a 

potent chemoattractant protein for neutrophils and other members of the immune system 

(Pitman et al., 2000).  While NOD-mediated responses to intracellular bacteria are 

important for host defence, NOD signalling is also involved in maintaining immune 

homeostasis (Philpott et al., 2014).  For example, NOD1 ligands from gut microbes act to 

prime innate immune activity at the systemic level through effects on neutrophils (Clarke 

et al., 2010). Activation of NOD2 by gut microbiota components contributes to intestinal 

barrier maintenance by NF-κB-mediated induction of mucin and antimicrobial peptide 

production, (Jiang et al., 2013) and is involved in regulating mucosal damage induced by 

T cell activation (Zanello et al., 2016). TLR-mediated interactions with the gut microbiota 

however are also important for maintenance of the IEC barrier, through induction of 

cytoprotective heat shock proteins and of cytokines such as IL-6, which is involved in 

epithelial repair (Rakoff-Nahoum et al., 2004).  Paneth cells, specialized secretory 

epithelial cells located in intestinal crypts, also respond to the gut microbiota through TLR-

mediated interactions by producing antimicrobial peptides, which in turn play a role in host 

defense and in shaping the gut microbiota (Salzman et al., 2008; Vaishnava et al., 2008).    

Within the small intestine, there are also organized lymphoid structures, 

collectively called the gut-associated lymphoid tissues (GALT), which optimize antigen-

presenting cell (APC) (macrophages and dendritic cells), T cell and B cell interactions. Key 

structures in the GALT are the Peyer’s patches, specialized lymphoid tissues containing 

high numbers of B cells, T cells, and APCs which help to facilitate this bidirectional 

crosstalk between the innate and adaptive arms of the immune response. Directly above 

the Peyer’s patches are microfold cells (M cells), epithelial cells which allow for direct 
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transport of dietary and microbial-associated antigens and soluble mediators across the IEC 

layer into the underlying lymphoid tissues. Here, APCs process antigens and present them 

to the surrounding T cells. Antigen sampling can also be carried out by APCs by using 

dendrites extended through the epithelial layer to sample intestinal luminal contents 

(Cerovic et al., 2014; Mowat et al., 2011). These activated T and B cells can leave the 

Peyer’s patches via the mesenteric lymph node and provide protection and shape immune 

outcomes at other systemic mucosal locations (Mowat et al., 2014) (Figure I-3).  

 
Figure I-3. The GALT is a specialized area within the gut containing unique intestinal epithelial 
cells and other immune cells which help to facilitate gut microbiota-host immune bidirectional 
communication. Soluble mediators derived from LAB and other commensals can interact with 
immune cell populations below the intestinal epithelial barrier leading to local and potentially 
systemic diverse physiological and immunological outcomes. Image created with BioRender. 
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The GALT faces challenges unique to its location in the body. Due to the continual 

barrage of stimuli in the form of food components, normal gut microbiota and pathogens, 

the GALT must distinguish between signals it should mount a response against and those 

to which it should remain nonresponsive (Smith et al., 2005). When an antigen is associated 

with a pathogen, usually through PRR activation, there is an increase in pro-inflammatory 

cytokine, chemokine, and antibody production by surrounding immune cells, usually 

resulting in the eventual clearance of the invading pathogen. Once the invading pathogen 

or danger signal is cleared, the inflammatory signal is terminated and there is an increase 

in the transcription of regulatory cytokines and other immunoregulatory proteins to return 

to physiological homeostasis (Paludan et al., 2021). However, if the sampled component 

is derived from a commensal microorganism, there is often a muted immune response. 

Although mechanistic evidence for how constituents of the host gut microbiota can shape 

and alter these immune outcomes remain elusive, some have suggested that the differences 

in the magnitude of the immune response to commensal microorganisms lie within 

evolutionary changes to structural components recognized by host PRRs. For example, 

lipoproteins derived from Gram-positive bacteria, such as the noncommensal 

Staphylococcus carnosus, often elicit a robust immune response via TLR2 signaling and 

NF-κB activation, while the same lipoprotein derived from commensal Staphylococcus 

epidermidis elicits a muted TLR2-mediated response. This is due primarily to post-

translational modifications to these lipoproteins via acylation of long-chain fatty acids to 

specific lipid moieties which renders it unrecognizable by the TLR2-TLR6 signaling 

complex (Nguyen et al., 2017).   
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While signals delivered through pattern recognition receptors (PRRs) have been 

examined extensively in bidirectional host-microbe communication, recent evidence points 

to roles for microbial metabolites and soluble components as key mediators in host-microbe 

immune communication (Blacher et al., 2017; Zargar et al., 2015). However, mechanistic 

evidence for the roles of soluble mediator-driven changes to host immune outcomes has 

remained elusive, with few studies describing the role of lactic acid bacteria (LAB)-derived 

soluble mediators in host-microbe immune communication. Most notably, the secreted p75 

and p40 proteins, first identified in L. rhamnosus GG have been shown to protect against 

TNFα-induced IEC death by activating the Akt cellular pathway and through the induction 

of cytoprotective heat-shock proteins (Seth et al., 2008; Yan et al., 2007). Production of 

amino acids and their derivatives have also been shown to be responsible for some of the 

effects attributed to LAB. For example, lactobacilli can convert dietary tryptophan into 

indoles and other tryptophan metabolites, which by acting through the aryl hydrocarbon 

receptors present on host immune cells, can elicit a wide array of immunomodulatory 

activity (Vogel et al., 2014; Zelante et al., 2013). Moreover, L. reuteri 6475 produces 

histamine which has been associated with inhibiting TNFα production in human monocytes 

via inhibition of the MAPK signaling pathway (Thomas et al., 2012). More novel 

mechanisms of action behind LAB immunoregulatory activity involve epigenetic and post-

translational effects on gene expression. Lactic acid, a major metabolite of lactobacilli, has 

been shown to have histone deacetylase (HDAC) activity (Garrote et al., 2015; Latham et 

al., 2012), a mechanism by which some lactobacilli may exert effects on gene expression 

by modulating histone deacetylation patterns (Ghadimi et al., 2012). Taken together, these 
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studies emphasize the need to examine the role of LAB-derived soluble components in 

host-microbe immune communication. 

 Although inflammation is important for activation of host defence within the 

GALT, excessive activation or dysregulation of this process can lead to tissue damage and 

contributes to diseases associated with chronic inflammation. Regulation of innate immune 

activation is thus an important element of host-microbe interactions, especially at the gut 

mucosal interface, where microbes are constantly encountered. Certain strains of gut-

associated bacteria can act to down-regulate effects of pro-inflammatory stimuli, and shape 

host immune outcomes by participating in maintenance of a state of immune homeostasis 

in the gut mucosa. Lacticaseibacillus rhamnosus R0011, a commercially available LAB 

originally isolated in 1976 by Edouard Brochu from a dairy starter culture (Tompkins et 

al., 2012), has been shown to modulate genes involved in TLR, NOD, MAPK, and 

cytokine-chemokine receptor interactions in HT-29 IECs under basal conditions following 

exposure to live bacteria for 3-hours (Audy et al., 2012). L. rhamnosus R0011 has also 

been shown to antagonize the activity of several gut-associated pathogenic microbes such 

as Campylobacter jejuni, Helicobacter pylori, and Escherichia coli via direct and 

indirection mechanisms of action (Alemka et al., 2010; Johnson-Henry et al., 2004; 

Sherman et al., 2005). Moreover, L. rhamnosus R0011 has the capacity to modulate basal 

cytokine production from HT-29 IECs (Wallace et al., 2003),  to down-regulate TLR-

induced IL-8 production from HT-29 IECs in vitro (Wood et al., 2007), and can inhibit 

pathogen-induced formation of neutrophil extracellular traps (NETs) (Vong et al., 2014), 

providing mechanisms through which L. rhamnosus R0011 may limit damage to 

surrounding tissues. However, these studies have only examined the interactions between 



13 
 

live or dead L. rhamnosus R0011 with HT-29 IECs necessitating the need for studies 

examining the potential immunomodulatory capacity and the mechanism(s) of action of 

soluble components derived from L. rhamnosus R0011 in IECs, as well as other key cell 

types involved in innate immunity which participate in shaping host immune outcomes at 

the gut-mucosal interface.  
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CHAPTER 1: Secretome-mediated interactions with intestinal epithelial cells: a role 

for secretome components from Lactobacillus rhamnosus R0011 in the attenuation 

of Salmonella enterica serovar Typhimurium secretome and TNF-α-induced pro-

inflammatory responses 

1.1 Introduction 

Lactic acid bacteria (LAB) have been shown to influence the activity of different 

key cell types involved in both innate and adaptive immunity. These interactions occur 

predominately at mucosal interfaces and in gut-associated lymphoid tissues where bacteria 

can exert immunomodulatory effects via direct interactions with immune cells or indirectly 

through the production and secretion of bioactive molecules (Suez et al., 2019). Although 

the precise nature of these host-microbe interactions remain largely unknown, in vitro 

studies have aimed to elucidate the cellular mechanisms behind the actions of LAB, with 

many modulating key cell signaling pathways in various cell types involved in innate 

immunity, including intestinal epithelial cells (IECs). One of the earliest defined 

mechanisms of action proposed for the immunomodulatory activity of commensal gut 

bacteria involves inhibition of NF-κB transcription factor activity via inhibiting its nuclear 

translocation or by inhibiting the ubiquitination of the IκB-α inhibitory protein complex in 

IECs (Neish et al., 2000). Expanding on this work, others have demonstrated varied means 

of LAB-mediated inhibition of NF-κB and its associated signaling pathways (Macpherson 

et al., 2014; MacPherson et al., 2017). For example, the anti-inflammatory activity of 

Lactobacillus crispatus M247 has been attributed to the upregulation of PPARγ, a potent 

inhibitor of NF-κB activation, while other species and strains of lactobacilli have been 

demonstrated to increase the expression of A20 (TNFAIP3), a transcription factor 
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responsible for terminating NF-κB signaling in IECs (O'Callaghan et al., 2012; O'Flaherty 

et al., 2012; Tomosada et al., 2013).  More recently, novel mechanisms of action of LAB 

involving epigenetic and post-translational effects on IEC gene expression have been 

identified (Ghadimi et al., 2012; Zhao et al., 2015). Lactic acid, a major metabolite of 

lactobacilli, has also been shown to have histone deacetylase (HDAC) inhibitory activity 

(Garrote et al., 2015; Latham et al., 2012), suggesting another mechanism through which 

some lactobacilli may exert effects on gene expression by modulating histone deacetylation 

patterns. 

The tumor necrosis factor (TNF) superfamily encompasses numerous effector 

molecules and protein receptors which have pleiotropic effects on cells of the immune 

system (Vanamee et al., 2018). TNF-α, the most studied molecule of the TNF superfamily, 

is a potent pro-inflammatory cytokine with diverse effects on inflammatory and cell 

survival signaling pathways. Binding of TNF-α to membrane-bound TNFR1 present on 

HT-29 human IEC (Janes et al., 2006) results in the activation of NF-κB, JNK, and p38 

MAPK signaling pathways through the recruitment of a protein complex involving tumor 

necrosis factor receptor type 1-associated death domain (TRADD), TNF receptor-

associated factor (TRAF) 2, and receptor-interacting serine/threonine kinase 1 (RIPK1) 

(Leppkes et al., 2014). Activation of these signaling pathways through prolonged exposure 

to TNF-α leads to excessive production of inflammatory mediators and has been implicated 

in several human disease pathologies including intestinal infections with Gram negative 

enteropathogens such as those from the genus Salmonella (Hotamisligil, 2017). Growing 

evidence suggests that LAB secrete or shed bioactive molecules with differential 

immunomodulatory activity on TNF-α-mediated signaling pathways. Kim et al. (2012) 
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have shown that lipoteichoic acid, a key component of the Gram-positive bacterial cell 

wall, derived from Lactobacillus plantarum K8 can down-regulate TNF-α-induced pro-

inflammatory cytokine production from HT-29 human IECs (Kim et al., 2012), while 

soluble proteins derived from Lacticaseibacillus rhamnosus GG inhibit TNF-α-mediated 

intestinal epithelial cell damage (Yan et al., 2007).  

Pathogens at the gut-mucosal interface can activate pro-inflammatory signaling 

pathways in host IECs through direct recognition of bacterial components via innate 

immune receptors such as the toll-like receptors (TLRs) or the nucleotide-binding 

oligomerization domain-like receptors (NLRs), activating well characterized signaling 

pathways. Detection of pathogenic bacteria by TLRs and NLRs expressed on or within 

IECs usually results in the up-regulation of pro-inflammatory mediators via NF-κB 

activation. However, less is known about how secreted molecules from pathogens 

influence host immune cells, although recent findings suggest that this is also an important 

route for pathogenicity. For example, Neisseria meningitidis secretes bioactive molecules 

which serve multiple roles in host-pathogen interactions (Tommassen et al., 2017). 

Probiotic LAB have been shown to antagonize gut-pathogen activity through direct 

inhibition (Sherman et al., 2005) and through the secretion of bioactive molecules (Fayol-

Messaoudi et al., 2005), suggesting the potential for complex and multi-faceted host-

microbe interactions mediated by soluble molecules. Many questions currently remain 

regarding the roles of probiotic-derived secreted bioactive molecules in these host-

pathogen interactions. 
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1.2 Objectives 

The Lacticaseibacillus rhamnosus R0011 secretome (LrS) down-regulates the 

production of interleukin (IL)-8 from IECs challenged with a wide array of innate immune 

stimulants including TNF-α, TLR and NOD1 agonists (Jeffrey et al., 2018).  In the present 

study, we aimed to further interrogate the signaling pathways modulated by the LrS in HT-

29 IECs exposed to TNF-α to better understand the mechanism(s) of action behind the 

observed bioactivity, as TNF-α induction is a common feature of many PRR-mediated 

pathways. Furthermore, secretome components from Salmonella enterica subsp. enterica 

serovar Typhimurium (ST), a known gut pathogen, were examined for the ability to 

influence IEC innate immune activity as was the impact of the LrS in this context. TNF-α 

signaling is well defined in HT-29 human IECs (Janes et al., 2006) and their use as an IEC 

model to study the impacts of both TNF-α and invasive pathogens at the gut-mucosal 

interface is well established (Jung et al., 1995; Rousset, 1986). Using genome-wide gene 

expression microarrays and cytokine/chemokine production analysis, the following results 

provide novel insights into the complex multi-faceted role of bacterial secretome 

components in interdomain communication as mediated through the respective secretomes 

of LAB and ST. 
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1.3 Methods 

Bacterial Culture 

Lyophilized Lactobacillus rhamnosus R0011 was obtained from RIMAP 

(Montreal, Quebec, Canada). The LrS was prepared as previously described (Jeffrey et al., 

2018). Briefly, bacteria were grown in deMan, Rogosa and Sharpe (MRS) medium (Difco, 

Canada) at 37oC for 17 hours in a shaking incubator and then diluted in non-supplemented 

RPMI-1640 medium and allowed to further propagate for an additional 23 hours under the 

same conditions. The pH of the LrS was measured and the pH of the control was adjusted 

to that of the bacterial culture using L-lactic acid and HCl. To determine the L-lactic acid 

concentration within the LrS, the Megazyme D-/L-lactic acid kit was used following 

manufacturer’s protocols. Both the bacterial culture and controls were centrifuged at 3000 

x g for 20 minutes and filtered through a 0.22 µm filter (Progene, Canada) to remove any 

bacteria. The filtered supernatant samples were also subjected to size fractionation using < 

10 kDa Amicon Ultra – 15 centrifugal filter (EMD Millipore, MA, USA). This < 10 kDa 

fraction was used for all experiments as this was previously determined to be the fraction 

which retained the observed bioactivity (Jeffrey et al., 2018). 

For preparation of the STS, bacteria were propagated overnight in tryptone soya 

broth (Oxoid) in a shaking incubator at 37oC. Overnight cultures were centrifuged at 3000 

X g for 20 minutes at 4oC and filtered through a 0.22 µm filter and the secretome was stored 

at -80oC. 
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Cell Culture and Challenge Assay and RNA extraction 

The HT-29 human colorectal adenocarcinoma cell line was obtained from the 

American Type Culture Collection (ATCC, #HTB-38) and was maintained in RPMI-1640 

medium supplemented with 10% bovine calf serum and 0.05 mg/mL gentamicin (Sigma-

Aldrich, MO, USA) and were grown in 75 cm2 tissue culture flasks (Greiner-Bio-One, NC, 

USA) at 37oC, 5% CO2 in a humidified incubator (Thermo Fisher, MA, USA) as described 

previously (Jeffrey et al., 2018). HT-29 IECs were enumerated and viability determined 

using Trypan Blue following sub-culturing. Cells were then resuspended in complete 

culture medium (RPMI-1640 medium supplemented with 10% bovine calf serum and 0.05 

mg/mL gentamicin) and 2.0 x 106 cells were seeded into 25 cm2 cell tissue culture flasks 

(Greiner-Bio-One, NC, USA). This cell concentration has been shown to yield sufficient 

amounts of RNA for subsequent microarray analyses (MacPherson et al., 2017). Seeded 

HT-29 IECs were incubated for 48 hours at 37oC, 5% CO2 in a humidified incubator in 

order to obtain confluent monolayers prior to challenge. HT-29 IEC cell culture medium 

was aspirated and replaced with fresh non-supplemented (no calf serum) RPMI-1640 

medium containing the LrS, L-lactic acid controls, TNF-α (50ng/mL), STS (1% v/v), or a 

combination of the challenges concurrently. Total RNA was harvested after 3 hours of 

exposure to the various challenges using the phenol-based TRIzol method of RNA 

extraction (Chomczynski, 1993) following manufacturer’s protocols (ThermoFisher 

Scientific, MA, USA). Briefly, 2 mL of TRIzol reagent was added to each culture flask to 

lyse the IEC. Cell culture homogenates were added to Phase Lock Gel-Heavy tubes for 

phase separation of total RNA. Total extracted RNA was then purified using the RNeasy 

Plus Mini Kit (Qiagen, Hildon, Germany). The purity and quality of RNA was determined 
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using both the ND100 NanoDrop and an Agilent 2000 Bioanalyzer, respectively. Only 

samples with an RNA Integrity Number (RIN) greater than 9.0 were used for microarray 

analysis (Appendix A1). 

Reverse Transcription (RT) of RNA and Direct-Method of Labelling 

Control and experimental total RNA (15µg) was reverse transcribed with 

Superscript IV (Invitrogen, MA, USA) and labelled with Cy3-dCTP and Cy5-dCTP (GE 

Healthcare, Amersham Biosciences) using the direct method of dye labelling as previously 

described (MacPherson et al., 2017). Briefly, 3 µg of oligo dT23 primers were added to 

the RNA and samples were heated to 70oC for 30 min in order to reduce secondary structure 

formation. A cDNA synthesis master mix containing 5X First Strand Buffer, 0.1M DTT, 

dNTPs, 200U of SuperScript IV, and either 1mM of Cy3 or Cy5 dye was added, and the 

samples were heated at 42oC for 3 hours in order to allow the RT to occur. Dye swaps 

between treated and control RNA were done in order to eliminate bias of dye labelling. 

Purification of the cDNA product was done using the QIAQuick PCR purification kit 

following manufacturer’s protocols (Qiagen, Hildon, Germany). Labelling efficiency was 

determined by calculating the dye incorporation rate to ensure consistency between 

experiments. 

Microarray Analysis 

Hybridization of the labelled cDNA to the microarray was done using previously 

established protocols (MacPherson et al., 2017). Following hybridization, the microarrays 

were scanned using the ScanArray 5000 instrument from Perkin-Elmer (Waltham, MA, 

USA) and spot intensities were quantified using ImaGene® version 9.0 (BioDiscovery, 
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CA, USA). Normalization was done using locally weighted scatterplot smoothing 

(LOWESS) (Berger et al., 2004) (Appendix A2). 

Statistical analyses and two-dimensional hierarchical clustering analyses was 

performed with Multi-Experiment Viewer (MeV, version 4.2) (Appendex A3). Genes with 

statistically significant changes in expression levels were selected based on a t-test yielding 

a p-value < 0.05 (indicating reproducible changes in fluorescence ratios between biological 

replicates) and a 1.5-fold-change gene expression cut-off. Set Distiller from GeneDecks, 

Cytoscape, and Ingenuity Pathway Analysis (IPA) pathway enrichment analyses were used 

in order to ascertain the pathways in which genes were significantly modified by the 

different treatments. Set Distiller groups gene sets into statistically significant (p < 0.05) 

and biologically relevant pathways and descriptors (Stelzer et al., 2009), while 

GeneMANIA in Cytoscape determines functional links between genes in gene sets 

(Shannon et al., 2003; Warde-Farley et al., 2010). Gene networks were generated through 

the use of IPA (Qiagen, https://www.qiagenbioinformatics.com/products/ingenuity-

pathway-analysis) (Kramer et al., 2014). 

Comparative RT-qPCR 

 RT-qPCR to determine transcript abundance of differentially expressed genes was 

performed to validate microarray expression data as per the Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines. DNase-

treated RNA (1µg) from controls and each challenge were reverse transcribed with 

Superscript IV following manufacturer’s protocols as previously described (Macpherson 

et al., 2014). Reverse-transcribed cDNA was diluted 1:4 prior to amplification and 2.5 µl 

of diluted cDNA was used in RT-qPCR using gene-specific primers (Table II) and 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
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SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, CA, USA) per the 

manufacturer's instructions. An initial incubation of 5 min at 95°C was performed, 

followed by 40 cycles consisting of template denaturation (15 s at 95°C) and one-step 

annealing and elongation (30 s at 60°C), with a Bio-Rad CFX Connect instrument (Bio-

Rad, CA, USA). Four biological replicates were analyzed for each gene tested, and fold 

change expression levels were normalized to the expression levels of two reference genes 

(RPLPO and B2M) and negative controls using Bio-Rad CFX Manager 3.1 software.  

Histone Extraction and H3/H4 Histone Acetylation Assay 

 H3 and H4 global acetylation patterns in HT-29 IECs were determined using the 

EpiQuik Global Histone H4 (P-4009) and H3 (P-4008) Acetylation Assay Kits following 

manufacturer’s protocols (Epigentek, NY, USA). Briefly, histones were extracted from 

HT-29 IECs following 3 hours of challenge and total protein concentrations in each sample 

were determined using the Coomassie Plus Protein Assay Reagent (Thermo Fisher 

Scientific, MA, USA). A total of 2 µg of protein from both untreated and challenged IEC 

histone extracts were spotted into strip wells and assayed for the amount of acetylation 

using antibodies specific for acetylated H3 or H4 histones. Standards with known 

concentrations of acetylated histones were included and % histone acetylation was 

determined by comparing treated and untreated controls. Statistical analysis was done 

using GraphPad Prism’s (Version 8) one-way analysis of variance (ANOVA) and Tukey’s 

multiple comparison test when the ANOVA indicated significant differences were present. 

All data are shown as the mean % change in histone acetylation ± standard error of the 

mean (SEM). 

 



23 
 

Cytokine/Chemokine/Inflammation Marker Analysis 

 Cell culture supernatants were collected following 6 hours of challenge in order to 

allow sufficient time for the production of key inflammatory cytokines and chemokines. 

Cytokine and chemokine profiling was performed using the Bio-Plex Pro™ 40-Plex 

Human Chemokine Panel (Bio-Rad #171ak99mr2) and the Bio-Plex Pro™ Human 

Inflammation Panel 1, 37-Plex (Bio-Rad #171AL001M). All 40 chemokines (CCL21, 

BCA-1 / CXCL13, CTACK / CCL27, ENA-78 / CXCL5, Eotaxin / CCL11, Eotaxin-2 / 

CCL24, Eotaxin-3 / CCL26, Fractalkine / CX3CL1, GCP-2 / CXCL6, GM-CSF, Gro-α / 

CXCL1, Gro-β / CXCL2, I-309 / CCL1, IFN-ϒ, IL-1β, IL-2, IL-4, IL-6, IL-8 / CXCL8, 

IL-10, IL-16, IP-10 / CXCL10, I-TAC / CXCL11, MCP-1 / CCL2, MCP-2 / CCL8, MCP-

3 / CCL7, MCP-4 / CCL13, MDC / CCL22, MIF, MIG / CXCL9, MIP-1α / CCL3, MIP-

1δ / CCL15, MIP-3α / CCL20, MIP-3β / CCL19, MPIF-1 / CCL23, SCYB16 / CXCL16, 

SDF-1α+β / CXCL12, TARC / CCL17, TECK / CCL25, TNF-α) or 37 cytokines  

(APRIL/TNFSF13, BAFF/ TNFSF13B, sCD30/TNFRSF8, sCD163, Chitinase-3-like 1, 

gp130/sIL-6Rβ, IFN-α2, IFN-β, IFN-γ, IL-2, sIL-6Rα, IL-8, IL-10, IL-11, IL-12 (p40), IL-

12 (p70), IL-19, IL-20, IL-22, IL-26, IL-27 (p28), IL-28A/IFN-λ2, IL-29/IFN-λ1, IL-32, 

IL-34, IL-35, LIGHT/TNFSF14, MMP-1, MMP-2, MMP-3, Osteocalcin, Osteopontin, 

Pentraxin-3, sTNF-R1, sTNF-R2, TSLP, TWEAK/TNFSF12) (Appendix A4) were 

multiplexed on the same 96-well plate. Chemokine/cytokine standards were serially diluted 

and chemokine profiling from all cell challenges was done following manufacturer’s 

instructions (Bio-Rad, CA, USA) with 4 biological replicates. Quality controls were also 

included to ensure the validity of the concentrations that were obtained. The Bio-Plex 

ManagerTM software was used to determine the concentration of the analytes within each 
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sample using the generated standard curves and concentration was expressed in pg/mL 

(concentration in range). Statistical analysis was done using GraphPad Prism’s (Version 8) 

one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test when the 

ANOVA indicated significant differences were present. All data are shown as the mean 

pg/mL ± standard error of the mean (SEM). String v 11.0 analysis was also done to 

determine functional links between each of the different cytokines/chemokines measured 

(Szklarczyk et al., 2019). 

Measurement of Intracellular Reactive Oxygen Species (ROS) Generation 

 Intracellular ROS production was determined by using 2’, 7’-Dichlorofluorescin 

Diacetate (DCFH-DA) (Sigma-Aldrich, MO, USA). HT-29 IECs were pre-treated with 

100µM DCFH-DA for 30 minutes at 37oC, 5% CO2 to allow sufficient time for cellular 

uptake. Cells were washed twice with fresh medium and challenged with the LrS, TNF-α 

(50 ng/mL), STS (1% v/v), L-lactic acid matched controls, or a combination of the 

treatments for 45 minutes. Fluorescence of DCF due to the oxidation of DCFH-DA by ROS 

was quantified using a Synergy HT Microplate Reader (BioTek Instruments) set to 485/20 

excitation and a 528/20 emission filter pair and a photomultiplier tube (PMT) sensitivity 

of 55.  
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1.3 Results 

The LrS attenuates TNF-α- and STS-induced changes in global gene expression profiles 

in HT-29 IECs 

Genome-wide transcriptional profiling of HT-29 IECs treated with TNF-α, STS, 

LrS, L-LA, or a combination of these was performed to evaluate the global changes in the 

IEC transcriptome in response to these challenges (data can be found at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145091 under accession 

number GSE145091). Two-dimensional hierarchical heat-map cluster analysis revealed 

that TNF-α and STS challenges do not cluster closely together, suggesting differences 

between these treatments. Interestingly, L-LA appears to have a distinct effect on gene 

expression profiles when combined with either pro-inflammatory challenge, with the co-

challenges of L-LA and either TNF-α or STS clustering closely with the TNF-α and STS 

challenges, respectively. In contrast, the LrS and co-challenge of the LrS with either TNF-

α or the STS cluster together, indicating distinct and unique global gene expression profiles 

(Figure 1-1A). TNF-α challenge had a large impact on the global IEC transcriptomic 

response, with a total of 1531 differentially modulated genes (886 up-regulated and 645 

down-regulated) (n = 4; p < 0.05). When combined with the LrS, this was reduced to a total 

of 820 genes, indicating that the LrS attenuated the impact of TNF-α on IEC global gene 

expression (n = 4; p < 0.05). A similar effect was observed on STS-induced changes in IEC 

global gene expression, with the LrS reducing the total number of differentially expressed 

genes from 618 to 342 (n = 4; p < 0.05) (Figure 1-1B). 

To interrogate the cellular pathways impacted by the different challenges, gene 

enrichment analysis was performed using GeneDecks Set Distiller analysis. This analysis 
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revealed that treatment of HT-29 IECs with TNF-α led to the increased transcription of 

genes involved in immune related pathways including the innate immune response (88), 

TNF-α (36), MAPK (43), and NF-κB (31) signaling pathways (p < 0.001) (Figure 1-1C). 

Further analysis revealed that TNF-α challenge led to increased transcription of key pro-

inflammatory mediators common to these immune pathways such as CXCL1 (13.2 fold-

change), CXCL10 (29.6 fold-change), CCL20 (35.9 fold-change), BIRC3 (15.4 fold-

change), PTGS2 (11.0 fold-change), CXCL8 (23.6 fold-change) and NFкB1 (4.1 fold-

change) (Table I). Other cellular pathways identified as being impacted by TNF-α 

challenge involved apoptosis (65), p21-Activated Protein Kinases (PAK) (77), and 

TWEAK pathways (30) (p < 0.001) (Figure 1-1D). Consistent with the changes observed 

in global gene expression profiles, co-challenge of IECs with the LrS resulted in  

attenuation of TNF-α-induced transcription of genes involved in the innate immune 

response (38), TNF-α (20), MAPK (13), NF-κB (11), apoptosis (36), PAK (36), and 

TWEAK (19) (p < 0.001), an effect that was independent of L-lactic acid (Figure 1-1C and 

1-1D; Table 1-I).  

The STS also induced transcriptional changes leading to the activation of genes 

involved in immune-related pathways, with the greatest impact on those involved in 

regulating innate immune activity (28), NF-κB (16), TLR signaling (21), and NLR 

signaling (21) (p < 0.001) (Figure 1C). As was seen with the TNF-α challenge, the STS 

also induced the expression of CXCL1 (7.9 fold-change), CCL20 (6.4 fold-change), BIRC3 

(2.5 fold-change), PTGS2 (1.7 fold-change), and NFкB1 (1.8 fold-change). Concurrent 

challenge of IECs with the LrS and the STS resulted in the attenuation of all ST-secretome-

induced transcription of genes involved in the aforementioned immune-related pathways 
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(p < 0.001, Figure 1-1C; Table 1-I), suggesting that the LrS attenuates both TNF-α and 

STS-induced transcriptional changes in IEC. 

The LrS induces negative regulators of innate immunity in TNF-α and STS challenged 

IECs 

IPA was used to further interrogate the underlying mechanism(s) of action of the 

LrS on TNF-α- and STS-induced transcriptional responses in IECs. Using molecular 

activity prediction, pathway analysis revealed that treatment of TNF-α-challenged IECs 

with the LrS results in the attenuation of components of the TNF-α receptor complex 

(TNFR, FADD, and RIPP), the IΚΚ complex (IΚΚα, IΚΚβ, and IΚΚγ), as well as the NF-

κB signalling complex (NFκB1, NFκB2, RELA and RELB) (Figure 1-2). GeneMania gene 

enrichment analysis confirmed these findings, as the LrS significantly attenuated STS- and 

TNF-α-induced transcription of NFκB1, NFκB2, RELA and RELB, TNFR2-TRAF 

signaling complex protein (BIRC3), CASP8 and FADD like apoptosis regulator (CFLAR), 

IRAK-2, and several genes involved in the MAPK signaling pathway (Figures 1-3 and 1-

4).  

To elucidate how the LrS was attenuating the activation of these cellular pathways 

in response to TNF-α challenge, HT-29 IECs treated with the LrS were examined for 

differential activation of negative regulators of the innate immune response. Interestingly, 

treatment of HT-29 IECs with the LrS alone resulted in decreased expression of dual 

specificity phosphatase 1 (DUSP1) (-4.5 fold-change), a key regulator of the MAPK 

pathway, and of activating transcription factor 3 (ATF3) (-3.4 fold-change) and tribbles 

pseudokinase 3 (TRIB3) (-5.8 fold-change), negative regulators of innate immunity 

(Figure 1-5A-D). However, when HT-29 IECs were co-challenged with the LrS and TNF-
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α, there was a 15.7 fold-change in DUSP1 expression, 12.7 fold-change in ATF3 

expression, and 5.5 fold-change in TRIB3 expression (Figure 1-5). This pattern of up-

regulation of negative regulator expression was also seen in HT-29 IECs co-challenged 

with the LrS and STS, where a 7.4 fold-change in DUSP1 expression, 6.37 fold-change in 

ATF3 expression, and 7.0 fold-change in TRIB3 expression was observed (Figure 3C).  

Effects on expression of these negative regulators were confirmed by RT-qPCR (Figure 

1-6). Predictive modeling of these negative regulators (using IPA’s upstream regulator 

analysis software) suggest that they play key roles in the modulation of TNF-α or STS-

induced activation of the NF-κB, MAPK, and TNF-α signalling pathways when HT-29 

IECs are treated with the LrS (Figure 1-5F) suggesting a possible mechanism of action 

behind the observed immunoregulatory activity of the LrS. Moreover, a similar trend was 

observed for heat shock protein family A (Hsp70) member 6 (HSPA6) (15.0 and 4.1 fold-

change) and growth arrest and DNA-damage-inducible β (GADD45β) (10.1 and 5.1 fold-

change), key cellular players in mediating oxidative and cellular stressors, in response to 

the combination of LrS and TNF-α or STS (Table I).  

The LrS attenuates TNF-α and STS-induced global histone acetylation  

 The ability of the LrS to modulate global histone acetylation patterns was examined 

to determine if the observed reduction in pro-inflammatory gene expression correlated with   

decreased histone acetylation. To this end, analysis of the amount of acetylated H3 and H4 

histones indicated that the LrS significantly reduced TNF-α and STS-induced H3 histone 

acetylation (n = 4; p < 0.05) (Figure 1-7A). In addition, the LrS also attenuated STS-

induced acetylation of H4 histones (n = 4; p < 0.05) (Figure 1-7B) in IECs. 
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The LrS attenuates TNF-α- and ST-induced pro-inflammatory cytokine and chemokine 

protein production  

To determine whether the observed effects of the LrS on STS and TNF-α-induced 

pro-inflammatory mediator gene expression translated into effects at the protein level, the 

impact on production of several cytokines and chemokines were measured. Of the 74 

different pro-inflammatory and regulatory protein markers examined, TNF-α challenge 

resulted in significant production of 55 different cytokines/chemokines and markers of 

inflammation (n = 4; p < 0.05) (Figures 1-8A-D, 1-9, 1-11). Consistent with the observed 

attenuation of TNF-α-induced transcriptional changes in HT-29 IECs co-challenged with 

the LrS, production of 48 of the observed TNF-α-induced cytokines/chemokines and 

markers of inflammation was significantly attenuated to constitutive levels by the addition 

of the LrS (n = 4; p < 0.05).  

Of the 74 different protein markers examined in this study, String protein analysis 

identified IFN-γ, GM-CSF, IL-1β, CXCL8, and CXCL1 as being involved in responses to 

Salmonella spp. infection (Figure 8E). STS challenge resulted in significant increases in 

production of these 5 cytokines/chemokines and 24 other mediators of inflammation, 

providing further evidence of the ability of secretome components from this gut-associated 

pathogen to induce pro-inflammatory mediator production consistent with typical 

Salmonella spp.–induced cytokine and chemokine profiles in IECs. Co-challenge with the 

LrS attenuated the production of 17 STS-induced cytokines/chemokines and markers of 

inflammation, indicating that the immunomodulatory impact of the LrS on STS-induced 

transcriptional responses was correlated to functional protein levels in IECs (Figures 1-

8A-D, 1-10, 1-11).  
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Again, L-lactic acid had marginal impacts on TNF-α or STS-induced pro-

inflammatory mediator production from IECs, suggesting that the observed 

immunomodulatory activity of the LrS is not simply due to the presence of L-lactic acid.  

Co-challenge of HT-29 IECs with L-lactic acid resulted in a significant reduction in the 

production of CXCL10, CXCL1, and CCL2 from TNF-α challenged IECs (Figures 1-8A-

D, 1-9, 1-10). Interestingly, treatment with the LrS alone or in combination with TNF-α 

did lead to the significant production of macrophage inhibitory factor (MIF) (14,721.3 ± 

4693.9 pg/mL) from constitutive levels (1934.4 ± 142.8 (Figure 1-12). This was the only 

instance in which challenge with the LrS induced the production of a cytokine/chemokine 

found within this panel. 

The LrS reduces ROS generation from HT-29 IECs 

IPA Upstream Regulator analytics identified nitric oxide and reactive oxygen 

species (ROS) as a potential upstream regulator that may explain the observed gene 

expression changes when HT-29 IECs are exposed to the LrS and either TNF-α or STS 

(Figure 1-13A). To this end, intracellular ROS production in response to the different 

treatments was examined using DHFA. HT-29 IECs treated with the LrS had significantly 

less ROS production than the other treatments (Figure 1-13B), suggesting that intracellular 

ROS is not responsible for the observed changes in the transcript abundance of these key 

negative regulators of innate immunity. 

 

 



31 
 

1.4 Discussion 

While many studies support direct contact-mediated routes for immunomodulatory 

activity of lactobacilli in their interactions with IEC (Suez et al., 2019; Thomas et al., 

2010), evidence for alternate modes of microbe-host interaction involving soluble 

mediators and secreted components point toward multiple potential mechanisms of action 

(Lebeer et al., 2008, 2010).  Earlier reports of antimicrobial and immunomodulatory effects 

of soluble mediators from conditioned media of lactobacilli suggesting the potential for 

secretome-mediated effects of these bacteria on IEC (Broekaert et al., 2007; Ganguli et al., 

2013; Park et al., 2013; Tao et al., 2006) are supported by more recent studies reflecting 

the impact of microbial metabolites on the immune system (Kim, 2018; Postler et al., 

2017). Although several mechanisms of action behind the activity of LAB have been 

identified, few studies have investigated the effects of LAB secretome components on key 

signaling pathways involved in innate immune signaling in IECs. Based on our earlier 

observations indicating that the LrS attenuates TNF-α-induced IL-8 production by HT-29 

IECs (Jeffrey et al., 2018), we examined the effects on TNF-α-induced gene expression in 

order to gain insight into regulatory activity at the transcriptional level.  Co-challenge of 

TNF-α-challenged HT-29 IECs with the LrS attenuated the activation of many genes 

involved in pro-inflammatory signaling activity, including those involved in NF-κB 

activation. These findings are in keeping with previous transcriptomic analysis which 

revealed that live Lr R0011 modulates expression of genes involved in TLR, NOD, MAPK, 

and cytokine-chemokine receptor interactions in HT-29 IECs under basal conditions (Audy 

et al., 2012) indicating a potential role for soluble mediators and metabolites in the 

immunomodulatory activity of live LAB. 
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Challenge of HT-29 IECs with the STS resulted in the up-regulation of several 

genes involved in pro-inflammatory activity and is, to our knowledge, the first report of 

the effects of secretome derived from ST grown under normal conditions on IECs.  ST 

typically causes inflammation in the intestinal epithelium through the direct delivery of 

effector proteins via type III secretion systems (Keestra-Gounder et al., 2015). However, 

the results presented here describe a potentially novel route of pathogenicity of this gut-

associated pathogen via the shedding or secretion of bioactive molecules inducing pro-

inflammatory signaling pathways.  Recent reports have suggested that effector proteins 

encoded by the ST pathogenicity island-1 are packaged into outer membrane vesicles for 

long-distance delivery to host cells (S. I. Kim et al., 2018) and several studies indicate that 

ST has strategies to exploit the host inflammatory response, contributing further to its 

pathogenic activity.  ST requires intestinal inflammation in order to circumvent 

colonization resistance provided by the normal gut microbiota (Barman et al., 2008; 

Stecher et al., 2007). ST also utilizes tetrathionate generated by the host via the oxidation 

of free luminal thiosulfate by reactive oxygen species (ROS) produced by activated pro-

inflammatory intestinal macrophages (Winter et al., 2010). Tetrathionate acts as a 

respiratory electron acceptor and facilitates the ability of ST to respire ethanolamine 

released into the gut lumen during inflammation, providing a unique strategy for this 

intestinal pathogen to use the host inflammatory response to gain a growth advantage over 

other bacteria in the gut (LaRock et al., 2015; Thiennimitr et al., 2011). For this reason, we 

examined the ability of the LrS to attenuate STS-induced expression of pro-inflammatory 

mediators as a potential mechanism to counteract this pathogenic strategy. As was seen 

with TNF-α-challenged IECs, the LrS also attenuated ST-secretome-induced expression of 
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genes involved in NF-κB, MAPK, TLR, and NLR signaling pathways, suggesting a novel 

route of LAB-mediated gut-pathogen antagonism at the IEC level.  

 Concurrent challenge of TNF-α- or STS-challenged HT-29 IECs with the LrS 

resulted in the up-regulation of DUSP1, TRIB3, and ATF3. DUSP1, a central regulator of 

the MAPK pathway which acts to dephosphorylate p38α and Jun N-terminal kinases 

(Arthur et al., 2013), has been well characterized in its role as a negative regulator of innate 

pro-inflammatory activity (Chi et al., 2006; Hammer et al., 2006; Ko et al., 2009; Lang et 

al., 2006; Salojin et al., 2006). TRIB3, a negative regulator of NF-κB-mediated signaling, 

acts as a pseudokinase to allosterically inhibit the phosphorylation of p65 by protein kinase 

A (Wu et al., 2003).  TRIB3 transcription is activated by DDIT3/CHOP, a member of the 

CCAAT/enhancer-binding protein (C/EBP) family (Ohoka et al., 2005), and the LrS up-

regulated expression of this transcription factor in TNF-α or STS-challenged HT-29 IECs. 

In contrast, lipopolysaccharide derived from Helicobacter pylori down-regulates CHOP 

and TRIB3 expression in human gastric epithelial cell lines (Smith et al., 2011), suggesting 

TRIB3 plays a complex role in IEC responses to gut bacteria.  

ATF3 is a transcription factor also involved in the attenuation of NF-κB-mediated 

signaling (Whitmore et al., 2007). Its expression can be induced by ribosomal insults, 

which has been suggested as a mechanism through which NF-κB activation is regulated in 

IEC to prevent excessive inflammation in response to commensal bacteria (Park et al., 

2013). Although there have been reports of differential modulation of ATF3 in response to 

bacterial challenge (Lee et al., 2018; Nguyen et al., 2016), to the best of our knowledge, 

this is the first report of induction of this transcriptional repressor in response to secretome 

components from LAB. ATF3 recruits HDAC1 to deacetylate the promoter regions of NF-
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κB target genes, such as IL-6 and IL-12 (Li et al., 2010), hindering the activity of the p65 

subunit of NF-κB (Gilchrist et al., 2006), or can deacetylate p65 directly (Kwon et al., 

2015). For this reason, the ability of the LrS to modulate global histone acetylation patterns 

was examined. Epigenetic reprogramming through changes in histone acetylation patterns 

is well documented and has been shown to be an important aspect of host-microbe 

interactions in the gut (Miro-Blanch et al., 2019; Qin et al., 2018). Furthermore, 

Lactobacillus rhamnosus MTCC 5897 and Lactobacillus fermentum MTCC 5898 have 

been shown to limit E. coli-induced increases in Caco-2 IEC H3 and H4 histone acetylation 

(Bhat et al., 2019). In keeping with these findings, the LrS reduced TNF-α- and STS-

induced H3 and H4 histone acetylation, suggesting a possible mechanism of action behind 

the observed immunomodulatory activity of the LrS on TNF-α and ST-secretome-induced 

pro-inflammatory gene transcription through chromatin structural remodeling. However, it 

is currently unknown if this reduction in histone acetylation is a direct result of increased 

ATF3 expression when IECs are co-challenged with the LrS and this warrants further 

investigation.  

Interestingly, up-regulation of DUSP1, TRIB3, and ATF3 by the LrS was observed 

when HT-29 IEC were also responding to either TNF-α or the STS, but not to the LrS 

alone.  Impact on GADD45β and HSPA6 (HSP70B') expression followed a similar pattern 

and was significantly upregulated by the LrS only in IEC exposed to these pro-

inflammatory stimuli.  GADD45β is a central regulator of many cellular functions in 

response to certain cellular stressors and has been shown to play a protective role against 

TNF-α-induced apoptosis by antagonizing JNK activation (Papa et al., 2004).  HSP70B’ 

and other members of the HSP70 family of proteins also have diverse intracellular 
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functions within cells in response to stress by acting as molecular chaperones to prevent 

denaturation of proteins and refold and guide damaged proteins to their correct cellular 

localization. Moreover, the HSP70 family of proteins can inhibit NF-κB activation by 

preventing the oligomerization of NEMO proteins and subsequent IKK activation (Ran et 

al., 2004; Salminen et al., 2008). Overall, this indicates context-dependent regulation of 

the production of pro-inflammatory biomarkers by the LrS and may provide insights into 

how some bacteria use soluble mediators to maintain homeostasis at the gut mucosal 

interface by counteracting effects of potential extracellular stressors and pro-inflammatory 

stimuli. 

ATF3 and TRIB3 expression can be induced in response to endoplasmic reticulum 

stress and has been shown to be activated by ROS generation (Hoetzenecker et al., 2011; 

Kanwar, 2010). As ROS plays a complex role in regulating IEC responses to pro-

inflammatory stimuli and other cell stressors, we examined the impact of the LrS on ROS 

production by HT-29 IEC. LAB-induced ROS production has been reported as a potential 

immunomodulatory mechanism (Lin et al., 2016), and varied roles for ROS in microbe-

host communication are further illustrated by the ability of Lactobacillus johnsonii N6.2 to 

modulate immune activity through effects on 2,3-indoleamine dioxygenase (IDO) activity 

(Valladares et al., 2015), and the impact of H2O2 produced by lactobacilli on Citrobacter 

rodentium pathogenicity in rodents (Pircalabioru et al., 2016).  ROS induction has been 

shown to be a route through which certain LAB inhibit NF-κB activation in activated IEC, 

via the oxidation of ubiquitin conjugating enzyme 12 both in vitro and in vivo (Jones et al., 

2013; Kumar et al., 2007; Wentworth et al., 2011). Indeed, nitric oxide and ROS were 

identified as potential upstream regulators of the activation of DDIT3/CHOP, ATF3, and 
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DUSP1 when HT-29 IEC were co-challenged with the LrS and either pro-inflammatory 

challenge. However, excessive ROS production can lead to pathological inflammation 

through the activation of NF-κB signaling pathways via stabilization of NEMO proteins, 

resulting in the production of pro-inflammatory mediators (Herb et al., 2019; Reuter et al., 

2010).  Recent reports indicate that HSP70 can inhibit mitochondrial ROS production in 

response to bacterial toxins in human lung microvascular endothelial cells (Li et al., 2018), 

and others have demonstrated the ability of LAB to inhibit ROS production and exert 

antioxidant activity (Gaisawat et al., 2019; Vong et al., 2014). In keeping with these 

findings, intracellular ROS production was significantly lower in HT-29 IEC treated with 

the LrS, indicating that the induction of these negative regulators was not due to an increase 

in ROS production and that the LrS may reduce oxidative stress on IECs by induction of 

HSP70. 

The ability of the LrS to attenuate production of TNF-α- and STS-induced pro-

inflammatory cytokines and chemokines is in keeping with the observed effects on negative 

regulator expression. While down-regulation of IEC pro-inflammatory cytokine production 

has shown with other LAB (Bai et al., 2004; Gao et al., 2017; Tuo et al., 2018; Wan et al., 

2018), to our knowledge, this is the first report of secretome components of LAB 

demonstrating this range of immunomodulatory bioactivity on pro-inflammatory mediator 

production by IECs. Interestingly, challenge with the LrS increased MIF production, while 

TNF-α or STS challenge and lactic acid controls did not, a finding consistent with previous 

reports suggesting that pro-inflammatory cytokines also do not induce MIF production by 

IECs (Maaser et al., 2002). This was the only instance in which the LrS induced cytokine 

production from HT-29 IECs, and is to our knowledge the first report of secretome 
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components of LAB to stimulate MIF production. MIF is a pleiotropic cytokine (Harris et 

al., 2019) and has been reported to be integral in the maintenance of IEC barrier function 

through its effects on colonic tight and adherens epithelial junctions (Vujicic et al., 2018). 

It may also act to inhibit AP-1 activity (Kleemann et al., 2000) resulting in the down-

regulation of inflammatory gene expression. MIF’s role in response to Gram-negative 

bacterial challenge is well established (Das et al., 2014; Roger et al., 2003) and it has been 

associated with increased macrophage-dependent pathogen clearance (Roger et al., 2013), 

indicating that it may exert context-dependent regulation of the inflammatory response to 

bacteria. Although the precise nature of regulation of transcription and secretion of MIF 

remains to be fully elucidated, it has been shown that MIF is secreted when NF-κB 

activation is inhibited (Cho et al., 2009), suggesting a possible mechanism of action behind 

LrS-induced MIF secretion. Moreover, MIF has also been shown to increase M-cell 

mediated transport of luminal antigens, indicating that it plays a key role in facilitating the 

complex cross-talk between bacterial secretome components and the underlying immune 

cell population at the gut-mucosal interface (Man et al., 2008).   

L-lactic acid, a key metabolite produced by lactobacilli and present in the LrS, had 

distinct effects on IEC signaling pathways. Most notably, unique gene expression profiles 

were observed when HT-29 IECs were challenged with TNF-α and treated with L-lactic 

acid concentration-matched controls, indicating that L-lactic acid is not responsible for the 

observed bioactivity of the LrS. Although many of the cellular pathways involved in TNF-

α signaling were unaffected by L-lactic acid, it did attenuate the production of TNF-α-

induced CXCL10, CXCL1, and CCL2.  Indeed, lactic acid has been shown to attenuate the 

production of some pro-inflammatory cytokines by human monocytes and T cells exposed 
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to challenge, through the transcriptional and post-transcriptional regulation of enzymes 

involved in glycolysis (Dietl et al., 2010; Haas et al., 2015). Moreover, L-lactic acid has 

been associated with HDAC inhibitory activity resulting in changes to gene expression 

profiles (Latham et al., 2012), making it a potential immunomodulatory molecule of 

interest, although its actions on IEC were distinct from those mediated by the LrS.  

The results presented in this study provide new insights into the role of soluble 

bioactive molecules derived from both pathogenic bacteria and lactobacilli in 

communication with host IECs.  We propose a novel mechanism of LAB secretome-

mediated effects on IEC signaling pathways through the induction of ATF3, TRIB3, 

DUSP1, negative regulators of the NF-κB and MAPK signaling pathways, and through 

changes in global histone acetylation patterns. The LrS also induced the production of MIF, 

a cytokine which may exert context-dependent regulation of gut homeostasis by 

influencing IEC barrier integrity, M-cell dependent antigen uptake, and transcriptional 

responses to pro-inflammatory challenge.  Taken together, these findings give novel insight 

into the complex mechanisms of action behind secretome-mediated interdomain 

communication at the gut-mucosal interface, and suggest new directions for approaches to 

delineate the activities of gut-associated bacteria in vivo.  Future work to characterize the 

LrS and STS will be needed in order to determine which bioactive molecule(s) are 

responsible for the observed impacts of these bacteria on IECs, their roles in pathogenicity 

and host immune responses, and their potential roles in gut microbe-host interactions. 
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Table I. Fold change difference in expression of genes encoding pro-inflammatory mediators and negative regulators of innate 
immunity in HT-29 IECs exposed to TNF-α, STS, the LrS, L-lactic acid, or a combination of the treatments. 

 

Gene Name TNF-α STS LrS L-lactic 
Acid TNF-α + LrS 

STS + LrS TNF-α + L-
lactic Acid 

STS + L-Lactic 
Acid 

Pro-inflammatory 
Mediator 

Fold 
Change 

       

CXCL1 13.2 7.85 -1.62 - 13.72 - 10.35 - 
CXCL10 29.62 - - - - - 17.1 - 
CXCL11 13.2 - - - - - 4.17 - 
CCL20 35.93 6.39 -1.54 - 8.77 - 6.75 14.38 
IL-1β 2.134 - - - - - 2.48 - 
IL-8 23.61 5.97 - - 5.50 2.02 18.96 7.52 

IL-17C 10.68 3.69 - - - - 11.31 5.79 
IL-23A 4.30 - - - - - 2.02 - 
IL-32 5.28 - - - - - 8.32 - 

BIRC3 15.39 2.47 - - - - 4.46 6.65 
PTGS2 10.99 1.67 - - - - 14.41 2.98 
EGFR 3.80 - - - - - 1.64 - 

Negative Regulator of 
Innate Immunity 

        

DUSP1 2.86 - -4.48 - 15.67 7.40 4.49 1.50 
ATF3 2.47 - -3.39 - 12.65 6.37 5.66 - 
TRIB3 - - -5.75 - 5.50 7.00 2.00 - 
HSPA6 - - -6.69 - 14.95 4.11 - - 

GADD45β - - -5.67 - 10.06 5.05 2.07 - 
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Table II. List of primers used for relative RT-qPCR for microarray validation.  

Gene GenBank Accession 
Number 

Amplicon 
Length (bp) Primer Sequence (5’ – 3’) Source 

B2M NM_004048 150 F: GTGCTCGCGCTACTCTCTC (Dydensborg et 
al., 2006) R: GTCAACTTCAATGTCGGAT 

RPLPO NM_001002 142 F: GCAATGTTGCCAGTGTCTG (Dydensborg et 
al., 2006) R: GCCTTGACCTTTTCAGCAA 

TRIB3 NM_021158.4 184 F: TGGTACCCAGCTCCTCTACG (Jousse et al., 
2007) R: GACAAAGCGACACAGCTTGA 

ATF3 NM_001206484.3 71 F: AAGAACGAGAAGCAGCATTTGAT (Bottone et al., 
2005) R: TTCTGAGCCCGGACAATACAC 

DUSP1 NM_004417 80 F: GGCCCCGAGAACAGACAAA (Locati et al., 
2002) R: GTGCCCACTTCCATGACCAT 

NFкB1 NM_003998.3 130 F: GCAGCACTACTTCTTGACCACC (Macpherson et 
al., 2014) R: TCTGCTCCTGAGCATTGACGTC 
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Figure 1-1. A. Two-dimensional hierarchical clustering analysis of global gene expression data in HT-29 IECs exposed to TNF-α, the STS, the LrS 
alone, a combination of the LrS and either TNF-α or the STS, an L-lactic acid control, or a combination of the STS or TNF-α and  L-lactic acid  (n 
= 4, P < 0.05, fold change difference > 1.5 vs untreated cells). B. Total number of up- and down-regulated genes in response to each different 
challenge. Gene enrichment analysis using GeneDecks Set Distiller to delineate the number of genes in C. Immune-related or D. Cellular/Signaling 
related pathways differentially modified in HT-29 IECs exposed to TNF-α, the STS, the LrS, a combination of both, or to the STS or TNF-α + L-
lactic acid control (n = 4, P < 0.05). 
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Figure 1-2.  Pathway analysis of TNF-α signaling pathways using IPA predictive modelling of the cellular outcomes of HT-29 IECs exposed to A. 
TNF-α challenge or B. TNF-α + the LrS.  
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Figure 1-3. Gene-interaction maps of genes involved in the TNF-α signaling pathway in HT-29 IECs that were differentially modified relative to 
untreated cells as determined by the GeneDecks gene enrichment analysis and GeneMania (P < 0.05) by A. LrS B. TNF-α C. STS D. L-lactic acid 
controls E. TNF-α + the LrS F. TNF-α + L-lactic acid controls G. STS + the LrS or H. STS and L-lactic acid controls. 
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Figure 1-4. Gene-interaction maps of genes involved in the NF-κB signaling pathway in HT-29 IECs that were differentially modified relative to 
untreated cells as determined by the GeneDecks gene enrichment analysis and GeneMania (p < 0.05) by A. LrS B. TNF-α C. STS D. L-lactic acid 
controls E. TNF-α + the LrS F. TNF-α + L-lactic acid controls G. STS + the LrS or H. STS and L-lactic acid controls. 
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Figure 1-5. Negative regulators of the innate immune response that were identified to be differentially transcribed in response to the different 
treatments. Gene interaction maps using CytoScape and GeneMania showing genes which have been reported to interact directly with each other in 
response to treatment with A. LrS B. TNF-α C. STS D. TNF-α + the LrS or E. STS + the LrS F. IPA pathway analysis using predictive modelling 
to determine the interactions between the identified negative regulators and the NF-κB and MAPK signaling pathways.  
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Figure 1-6. RT-qPCR confirmation of the expression of Trib3, ATF3, DUSP1, and NFкB1. Data shown is the mean relative fold-change ± SEM (n 
= 4). 
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Figure 1-7. Changes in global histone A. H3 or B. H4 acetylation patterns in challenged IECs. Data shown is the mean change in % 
acetylation compared to untreated controls ± SEM (n = 4). Significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined 
by one-way ANOVA and Tukey’s post-hoc test. 
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Figure 1-8. Cytokine and chemokine profiles from HT-29 IECs exposed to the different treatments for 6 hours. A. Total number of cytokines and 
chemokines showing significant levels of production relative to negative controls as determined by as determined by one-way ANOVA and 
Dunnett’s post-hoc test (n = 4; p < 0.05). B-D. Cytokine and chemokine profiles from HT-29 IECs exposed to the different challenges for 6 hours. 
Data shown is the means cytokine/chemokine production (pg/mL) ± SEM (n = 4). E. String v 11.0 analysis showing functional links between each 
of the different cytokines/chemokines measured based on reported literature and curated databases.  
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Figure 1-9. Cytokine and chemokine profiles from HT-29 IECs challenged with the LrS, L-LA, 
TNF-α, or a combination of the different challenges for 6 hours. Data shown is the means 
cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is denoted by different letters 
as determined by one-way ANOVA and Tukey’s post-hoc test (p < 0.05). 
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This is a continuation of Figure 1-9 
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This is a continuation of Figure 1-9 
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Figure 1-10. Cytokine and chemokine profiles from HT-29 IECs challenged with the LrS, L-Lactic 
Acid, STS, or a combination of the different challenges for 6 hours. Data shown is the means 
cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is denoted by different letters 
as determined by one-way ANOVA and Tukey’s post-hoc test (p < 0.05). 
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This is a continuation of Figure 1-10 
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Figure 1-11. String v 11.0 analysis reveals functional links between each of the different cytokines/chemokines measured in response to A. TNF-α 
B. STS C. LrS + TNF-α D. L-LA + TNF-α E. LrS + STS and F. L-LA + STS 

 



66 
 

 

 

Figure 1-12. MIF production is induced in HT-29 IECs by the LrS. HT-29 IECs were exposed to the different challenges for 6 hours and the levels 
of MIF were quantified. Data shown is the means cytokine/chemokine production (pg/mL) ± SEM (n = 4). Different letters denote significance 
between treatments as determined by one-way ANOVA and Tukey’s post-hoc test. 
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Figure 1-13A. IPA Upstream Regulator analytics identified reactive oxygen species as a potential regulator explaining the observed gene expression 
changes when HT-29 IECs are exposed to the LrS and either TNF-α or STS. B. Intracellular ROS production by HT-29 IECs in response to the 
different treatments (n = 3). Data shown is the mean fluorescence intensity of oxidized DCF-HA following 45 minutes of challenge.
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CHAPTER 2: Lacticaseibacillus rhamnosus R0011 secretome induces temporal 

transcriptional, functional, and immunometabolic signatures in THP-1 monocytes 

consistent with M2 immunoregulatory macrophage activity 

 

2.1 Introduction 

Antigen-presenting cells (APC), such as macrophages and dendritic cells, 

participate in antigen processing and cytokine production, facilitating innate and adaptive 

immune interactions (Jakubzick et al., 2017). Typically, macrophage activity varies with 

phenotype, with macrophages polarized to the M1, or classically activated phenotype, 

showing pro-inflammatory activities (increased phagocytic capacities and secretion of 

inflammatory mediators). In contrast, polarized M2 or alternatively activated 

macrophages are associated with immunoregulatory activity (tissue remodeling and 

secretion of immunoregulatory mediators), with current models reflecting a range of 

phenotypes within these categories (Cerovic et al., 2014; Mowat et al., 2011; Orecchioni 

et al., 2020). These polarization states remain fluid and adaptive to macrophage 

microenvironments and in the small intestine, where the mucin layer covering intestinal 

epithelial cells (IEC) is porous, the sampling of antigens and contact with microbial 

components and products by the underlying APC cell populations helps to shape host 

immune outcomes. Consequences of these host-microbe interactions include certain 

epigenetic and immunometabolic modifications of APC associated with innate immune 

memory in the form of innate immune tolerance and trained innate immunity 

(Lachmandas et al., 2016; Penkov et al., 2019; Rodriguez et al., 2019; Russell et al., 

2019). For example, initial contact of myeloid cells with β-glucan, a fungal structural 
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component, induces persistent epigenetic reprogramming, which primes the innate 

immune system to respond more robustly to subsequent challenge via increased 

trimethylation of H3K4 (Quintin et al., 2012). Conversely, epigenetic silencing occurs in 

THP-1 human monocyte cells following prolonged exposure to lipopolysaccharide (LPS), 

resulting in a state of tolerance to subsequent LPS challenge (Rodriguez, R. M., et al., 

2019).  

Within gut-associated lymphoid tissues, a range of APC phenotypes act in order 

to maintain immune homeostasis yet remain responsive to pathogens, reacting to many 

microbial signals through pattern recognition receptor (PRR) activation. However, since 

the mucosal surface is covered with a mucin layer that can impede direct contact with gut 

microbes, secretion of biologically active mediators able to pass through the mucin layer 

and interact directly with IEC and APC may be an important route through which LAB, 

and potentially other gut microbes, influence the immune system at the mucosal interface.  

Mechanistic evidence provides insight into the capacity of certain LAB for immune 

modulation and their impact on host immune outcomes (Jeffrey et al., 2020; Macpherson 

et al., 2014; MacPherson et al., 2017; Suez et al., 2019). As described in Chapter I, 

transcriptomic analysis revealed context-dependent regulation of TNFα and Salmonella 

typhimurium serovar Typhimurium secretome-induced pro-inflammatory mediator 

transcription and production by the Lacticaseibacillus rhamnosus R0011 secretome (LrS) 

in human IEC, indicating a potential for modulation of pro-inflammatory immune activity 

with minimal IEC impact in the absence of a pro-inflammatory challenge. These findings 

indicate that this modulation is mediated through induction of negative regulators of innate 

immunity and through changes in global histone acetylation patterns (Jeffrey et al., 2020), 
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events important in maintaining immune regulation. However, the immunomodulatory 

activity of LAB is not limited to interactions with host IECs. Some studies have also 

focused on the effects of LAB on monocytes and macrophage activity (Wu et al., 2016), 

many of which highlight key differences from the effects seen in IECs, with mounting 

evidence suggesting that LAB are highly immunostimulatory in APCs. For example, some 

LAB have been shown to induce the production of pro-inflammatory cytokines such as 

TNF-α, CXCL8, IL-12p70, and IL-1β and enhance bactericidal activity of human 

macrophages (Rocha-Ramirez et al., 2017). While certain bacteria can polarize already 

differentiated macrophages (Christoffersen et al., 2014), the aforementioned studies 

focused primarily on direct contact of bacteria with host APCs. To date, few studies have 

outlined a clear mechanism for the role of LAB and their secretomes in the differentiation 

and subsequent polarization of monocytes into immunoregulatory APCs through 

transcriptional and immunometabolic reprogramming, a potential important route of host-

microbe communication at the gut-mucosal interface.  
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2.2 Objectives 

In the current study, we aimed to delineate the impacts of the LrS on macrophage 

activity by investigating the temporal transcriptional and functional reprogramming of 

macrophage activity and responses to subsequent LPS challenge of THP-1 human 

monocytes. THP-1 monocytes are a well-established model for studying monocyte and 

macrophage function in vitro and can readily be differentiated into macrophages with 

characteristics of either M1 or M2 phenotypes (Chanput et al., 2014; Qin, 2012). LPS 

challenge of THP-1 monocytes results in a phenotype and transcriptional profile shared 

with LPS-challenged peripheral blood mononuclear cell-derived macrophages isolated 

from healthy donors (Chanput et al., 2013; Sharif et al., 2007), making THP-1s a useful 

cell model to study the impacts of LPS challenge and LrS conditioning on human monocyte 

activity.  Using genome-wide transcriptional profiling, cytokine/chemokine production 

analysis, cell-surface protein expression and mitochondrial substrate utilization assays, the 

data presented here provides evidence supporting the potential for gut microbial secretome-

mediated functional re-programming of macrophage activity into an immunoregulatory 

M2 phenotype. 
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2.3 Materials and Methods 

Bacterial Culture 

Lyophilized Lacticaseibacillus rhamnosus R0011 was obtained from the Rosell 

Institute for Microbiome and Probiotics (Montreal, QC). The LrS was prepared as 

previously described (Jeffrey et al., 2020; Jeffrey et al., 2018). Briefly, Lacticaseibacillus 

rhamnosus R0011 was grown in de Mann, Rogosa, and Sharpe broth (Oxoid, cat. # 

CM0359) overnight to stationary growth phase. Resulting cultures were further propagated 

in non-supplemented Roswell Park Memorial Institute (RPMI)-1640 (Sigma-Aldrich, cat. 

# R6504) to stationary phase, centrifuged at 3 000 x g and filtered through a 0.22 µm filter 

to remove the bacteria. The filtrate (LrS) was immediately frozen at -80oC. A medium 

control consisting of only MRS diluted in RPMI-1640 medium was included and subjected 

to the same culture conditions and filtration process. The pH of the LrS was measured and 

the pH of the medium control was adjusted to that of the bacterial culture using L-lactic 

acid and concentrated HCl. The Megazyme D-/L-lactic acid kit was used to determine the 

L-lactic acid concentration in the LrS secretome, and equal amounts of L-lactic acid were 

added to the medium control to account for this potentially bioactive metabolite. 

THP-1 Human Monocyte Conditioning and LPS Challenge 

The THP-1 human peripheral blood monocyte cell line (ATCC #TIB-202) was 

maintained in RPMI-1640 medium supplemented with 0.05 mM β-mercaptoethanol, 10% 

calf serum and 0.05 mg/mL gentamicin in a humidified incubator at 37oC and 5% CO2. 

THP-1 monocytes were enumerated, and viability determined using Trypan Blue following 

sub-culturing. THP-1 monocytes were seeded into T25 tissue culture flasks or 96-well 

tissue culture plates at a concentration of 1 x 106 cells/mL and used at a final concentration 
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of 5 x 105 cells/mL in non-supplemented RPMI-1640 medium. To determine the temporal 

effects of the LrS on monocyte differentiation, the LrS was added at a final concentration 

of 20% v/v to the THP-1 cells for 24-, 48-, and 72-hours of conditioning. A concentration 

of 20% v/v was selected based on preliminary analysis which revealed impacts on cytokine 

production profiles and morphological changes in THP-1 monocytes while not negatively 

impacting cell viability. In contrast to the work done in Chapter I, this preliminary work 

also suggested that the bioactive constituents within the LrS were > 10 kDa in size when 

using THP-1 human monocytes. L-lactic acid (LA) controls were also included to account 

for potential effects of this bioactive molecule, which is present in the LrS. For LPS 

challenges, THP-1 cells were cultured with lipopolysaccharide (LPS) (100 ng/mL) for 6 

hours alone or following conditioning with the LrS for 72 hours. Total RNA was harvested   

using the phenol-based TRIzol method of RNA extraction following manufacturer’s 

protocols (ThermoFisher Scientific, MA, USA). Briefly, 2 mL of TRIzol reagent was 

added to each culture flask to lyse the THP-1 cells. Cell culture homogenates were added 

to Phase Lock Gel-Heavy tubes for phase separation of total RNA. Total extracted RNA 

was then purified using the RNeasy Plus Mini Kit (Qiagen, Hildon, Germany). The purity 

and quality of RNA was determined using both the ND100 NanoDrop and an Agilent 2000 

Bioanalyzer, respectively. Only samples with an RNA Integrity Number (RIN) greater than 

9.0 were used for microarray analysis. 

Reverse Transcription (RT) of RNA and Direct-Method of Labelling 

Control and experimental total RNA (15 µg) was reverse transcribed with 

Superscript IV (Invitrogen, MA, USA) and labelled with Cy3-dCTP and Cy5-dCTP (GE 

Healthcare, Amersham Biosciences) using the direct method of dye labelling as previously 
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described (Macpherson et al., 2014; MacPherson et al., 2017). Briefly, 3 µg/µL of oligo 

dT23 primers were added to the RNA and samples were heated to 70oC for 30 min in order 

to reduce secondary structure formation. A cDNA synthesis master mix containing 5X First 

Strand Buffer, 0.1M DTT, dNTPs, 200U of SuperScript IV, and either 1mM of Cy3 or Cy5 

dye were added and the samples were heated at 42oC for 3 hours in order to allow the RT 

to occur. Dye swaps between treated and control RNA was done to eliminate bias of dye 

labelling. Purification of the cDNA product was done using the QIAQuick PCR 

purification kit following manufacturer’s protocols (Qiagen). Labelling efficiency was 

determined by calculating the dye incorporation rate to ensure consistency between 

experiments. 

Microarray Analysis 

Hybridization of the labelled cDNA to the microarray was done using previously 

established protocols (Macpherson et al., 2014; MacPherson et al., 2017). Following 

hybridization, the microarrays were scanned using the ScanArray 5000 instrument from 

Perkin-Elmer (Waltham, MA, USA) and spot intensities were quantified using ImaGene® 

version 9.0 (BioDiscovery, CA, USA). Normalization was done using locally weighted 

scatterplot smoothing (LOWESS) (Berger et al., 2004). Statistical analyses and two-

dimensional hierarchical clustering analyses was performed with Multi-Experiment 

Viewer (MeV, version 4.2). Genes with statistically significant changes in expression 

levels were selected based on a t-test yielding a p-value < 0.05 and a 1.5-fold-change gene 

expression cut-off. gProfiler, Gene Set Enrichment Analysis (GSEA) and EnrichmentMap 

pathway enrichment analyses were used in order to ascertain the pathways in which genes 

were significantly modified by the different treatments (Reimand et al., 2019; Shannon et 
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al., 2003). For some challenges, Metascape was used for circos plot generation and 

functional gene enrichment analyses (Y. Zhou et al., 2019). 

Global H3/H4 Histone Acetylation and DNA Methylation Determination 

Global H3 and H4 histone acetylation patterns in THP-1 monocytes following 

conditioning with the LrS was determined as previously described (Jeffrey et al., 2020) 

using the EpiQuik Global Histone H4 (P-4009) and H3 (P-4008) Acetylation Kits 

following manufacturer’s protocols (EpiGentek). Global DNA methylation patterns were 

determined using the MethylFlash Methylated DNA Quantification kit (P-1034) 

following manufacturer’s protocols (EpiGentek). Briefly, total DNA was extracted from 

THP-1 monocytes conditioned with the LrS or culture medium controls over 24-, 48-, or 

72-hours, using the PureLink Genomic DNA Mini Kit (Invitrogen). A total of 100ng of 

DNA was spotted onto strip wells and assayed for methylated DNA. A positive control 

consisting of a known amount of methylated DNA was included, and the percentage of 

methylated DNA was calculated by comparing treated and untreated controls. Statistical 

analysis was done using GraphPad Prism (Version 8) one-way ANOVA and Tukey 

multiple comparison test when the ANOVA indicated significant differences were 

present. All data are shown as the mean percentage of change in histone acetylation or 

methylated DNA ± SEM. 

 

Chemokine and Cytokine Profiling  

Cytokine and chemokine profiling was performed using the Bio-Plex Pro™ 40-

Plex Human Chemokine Panel (Bio-Rad #171ak99mr2) and the Bio-Plex Pro™ Human 

Inflammation Panel 1, 37-Plex (Bio-Rad #171AL001M) were multiplexed on the same 96-
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well plate. Cytokine standards were serially diluted and chemokine profiling from all cell 

challenges was done following manufacturer’s instructions (Bio-Rad) with 4 biological 

replicates. Quality controls were also included to ensure the validity of the results obtained. 

The Bio-Plex ManagerTM software was used to determine the concentration of the analytes 

within each sample using the generated standard curves and was expressed in pg/mL. 

Statistical analysis was done using GraphPad Prism’s (Version 8) one-way analysis of 

variance (ANOVA) and further analysis was done using Tukey’s multiple comparison test 

when the ANOVA indicated significant differences were present. All data are shown as the 

mean pg/mL ± standard error of the mean (SEM). Z-scores were determined and visualized 

using R version 4.0.0 and package Bioconductor to determine the overall impact of each 

challenge on cytokine and chemokine production from THP-1 monocytes. 

 

Morphological Characterization 

 Morphological changes in THP-1 human monocytes conditioned with the LrS, 

STS, or secretome derived from Streptococcus thermophilus R0083 was determined by 

staining actin filaments with phalloidin-CF568 (Biotum Inc. Cat. # 00044-T) following 

manufacturing protocols. Briefly, following conditioning, cells were fixed with 3.75% 

formaldehyde, permeabilized with 0.5% Triton X-100, and stained with phalloidin-CF568 

(1 U/mL) for 20 minutes at room temperature. Cells were counter-stained and mounted 

using ProLong™ Diamond Antifade Mountant with DAPI (ThermoFisher Cat #: P36966). 

S. thermophilus R0083 was included to determine potential impacts of soluble components 

derived from other LAB. 

Mitochondrial Function Assay 
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Mitochondrial function through mitochondrial substrate utilization was determined 

using the Mitoplate S-1 system following manufacturer’s protocols (Biolog, Cat. # 14105). 

THP-1 human monocytes were seeded into a 96-well plate which was pre-coated with dried 

metabolic substrate probes at a final cell density of 40,000 cells per well. Saponin 

(100µg/mL) was used as a permeability agent to facilitate cellular uptake and 

mitochondrial utilization of the different substrates. Cells were treated with 20% LrS for 

24 hours and the amount of dye reduction was quantified by measuring the absorbance of 

the colour change at OD590. Fold changes in the utilization of the different metabolic 

substrates was determined by comparing the absorbance readings of LrS treated cells to an 

untreated control. 

Analysis of Protein Lysine Acetylation 

Protein lysine acetylation in THP-1 human monocytes conditioned with the LrS for 

24-, 48-, and 72-hours was done using 2D-Western Blot and peptide mass fingerprinting 

analyses. Cell pellets were harvested following the different conditioning time points, 

supernatant decanted, and immediately frozen at -80oC prior to shipping to Applied 

Biomics (California, USA) for processing. Anti-acetyl lysine antibodies (Acetylated 

Lysine Monoclonal Antibody (1C6) Catalog # MA1-2021 from ThermoFisher) were used 

to detect proteins with acetylated lysine residues and a fold change > 5.0 between the LrS 

conditioned and corresponding medium controls was chosen as a cut-off for subsequent 

protein identification using peptide-mass fingerprinting. 

 

Flow Cytometry 
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Differential cell-surface marker expression of THP-1s conditioned with the LrS or 

medium controls was determined using a BD Accuri C6 flow cytometer. THP-1 monocytes 

were conditioned with the LrS or medium controls for 24-, 48-, or 72-hours as described 

above. Following conditioning, 1 x 106 cells were resuspended in D-phosphate buffered 

saline (D-PBS) and cells were stained with the viability dye 7-Aminoactinomycin D (7-

AAD) (Tonbo, 13-6993) for 10 minutes on ice while protected from light. Cells were 

washed with 1 mL of cell staining buffer (CSB) (4% calf serum, 5 mM EDTA in D-PBS) 

and centrifuged for 5 minutes at 400 x g (4oC). Immediately following viability staining, 

non-specific Fc-mediated interactions were blocked by the addition of 100µL of blocking 

buffer (10% calf serum (heat inactivated) in D-PBS) to the cell suspension for 10 minutes. 

An antibody master mix containing anti-human FITC CD11c (Tonbo 35-0116, clone 3.9) 

(0.2ug/test), anti-human APC CD11b (Tonbo 20-0118, clone ICRF44) (0.2 ug/test), and 

anti-human PE CD86 (Tonbo 50-0869, clone B7-2 IT2.2) (0.2 ug/test) or anti-human APC 

CD64 (BioLegend, clone 10.1) and anti-human PE CX3CR1 (BioLegend, clone 2A9-1) 

was added to the cell suspension followed by incubation on ice and protected from light 

for 30 minutes. Cells were washed with CSB as described above, resuspended in 100 µL 

of fixation buffer (4% paraformaldehyde-PBS) and incubated for 30 minutes at room 

temperature protected from light. Data acquisition was done using the BD Accuri Plus flow 

cytometer and corresponding software package. 30,000 viable cells (as determined by 

incorporation of 7-AAD viability dye (Tonbo 13-6993)) were acquired for each experiment 

and subsequent analysis was done using FlowJo v. 10.  
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2.4 Results 

 LrS conditioning induces differential and temporal gene expression profiles in THP-1 

human monocytes 

Genome-wide transcriptional profiling of THP-1 human monocytes cultured with 

the LrS or LA matched controls was performed to evaluate global changes in the THP-1 

transcriptome in response to LrS conditioning. Two-dimensional hierarchical heat-map 

cluster analysis revealed that conditioning THP-1s with the LrS resulted in unique temporal 

gene expression profiles, distinct from LA matched controls. In fact, LA had no significant 

impact on THP-1 expression profiles (Figure 2-1A; 2-1B) indicating that although this 

bioactive molecule is a key metabolite in the LrS, it is not responsible for the LrS-mediated 

impact on transcriptional activity. 48hrs of LrS conditioning had the largest impact on the 

THP-1 transcriptome, with a total of 4126 differentially expressed genes (2086 up-

regulated and 2040 down-regulated) (n = 4, p < 0.05). Of the three different time points 

tested, 72hrs of conditioning with the LrS had the lowest impact on the THP-1 

transcriptome, with only 813 differentially expressed genes (542 up-regulated and 271 

down-regulated) (n = 4, p < 0.05), indicating a distinct temporal effect of LrS conditioning. 

(Figure 2-1B).  

To interrogate the cellular pathways impacted in THP-1 monocytes following LrS 

conditioning, gene enrichment analysis was performed using GSEA and gProfiler. GSEA 

analysis revealed that the LrS induced  differential expression of genes involved in key 

macrophage signaling pathways such as the activation of the immune response 

(Normalized Enrichment Score (NES) = 2.59, p < 0.001), cellular responses to external 

stimulus (NES = 3.30, p < 0.001), cell adhesion molecule expression (NES = 2.52, p < 
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0.001), and the up-regulation of genes associated with interleukin-10 signaling, myeloid 

leukocyte differentiation, and a tolerant macrophage phenotype (NES = 2.56, p < 0.001) 

when compared to  cells treated with LA controls (Figure 2-1C).  

 

The LrS polarizes THP-1 monocytes into immunoregulatory M2 macrophages 

Although there were unique differential gene expression profiles induced by the 

LrS over the different time points (Figure 2-2A), gProfiler analysis identified a high 

degree of functional similarity of differential gene expression profiles and pathway 

activation between the different LrS conditioning time points, with most of the differential 

pathway activation occurring following 48hrs of conditioning (Figure 2-2B). 

EnrichmentMap visualization of activated functionally related pathways identified by 

gProfiler revealed overlap between the different LrS conditioning time-points with many 

of the activated cellular pathways belonging to cell cycle, transcription, metabolism, and 

the cellular response to molecules of bacterial origin (Figure 2-2C), confirming the results 

obtained by the GSEA analysis. Moreover, genes belonging to functional groups relating 

to cytoskeletal reorganization and metabolic and biosynthetic processes were largely 

influenced by 48-hours of LrS conditioning, indicating a significant impact on key 

macrophage cellular pathways (Figure 2-2C). Levels of global H3 and H4 acetylation 

confirmed these findings, with the LrS significantly increasing %H3 and %H4 histone 

acetylation following 48hrs of conditioning (n = 3; p < 0.05) (Figure 2-3). However, the 

LrS did not have an impact on levels of methylated DNA between the three different time 

points (n = 3; p > 0.05) (Figure 2-3). 

Since GSEA analysis indicated that THP-1 monocytes conditioned with the LrS 



81 
 

share gene expression signatures consistent with a tolerant macrophage phenotype and 

gProfiler analysis identified activated cellular pathways belonging to cell differentiation 

and metabolism (Figure 2-1C), gene expression profiles were probed for increased 

transcription of genes associated with immunoregulatory macrophage activity (Figure 2-

4). The LrS induced increased transcription of ADAMDEC1, ZFP36L1, and RND3, genes 

and transcription factors involved in differentiation of monocytes into mature macrophages 

(n = 4; p < 0.05) (Figure 2-4). Temporal changes in gene expression of a wide range of 

genes associated with an immunoregulatory macrophage transcriptional signature (IL-10R, 

TDO2, CD36, CD163, TLR1, TLR8, DUSP1, and ATF3 were also observed following LrS 

conditioning, suggesting that the LrS polarizes THP-1 monocytes into an 

immunoregulatory phenotype, an effect independent of lactic acid (n = 4; p < 0.05) (Figure 

2-4).  IL1R2 (Interleukin 1 Receptor Type 2) was also highly up-regulated in THP-1s 

following 24 and 48 hours of LrS conditioning (13.18 and 78.47 fold change respectively) 

(n = 4; p < 0.05) (Figure 2-4).  

Cytokine and chemokine profiling confirmed these findings, with increased 

temporal production of immunoregulatory macrophage-associated mediators IL-1Ra, IL-

10, CCL1, CCL17, CCL20, CXCL1 and 2, IL-6, IL-4 and MMP-2 following conditioning 

with the LrS, an effect independent of LA and challenge with STS (Figures 2-5, 2-6, 2-7).  

There was an also an increase in the production of some classical pro-inflammatory 

cytokines and chemokines following 48hrs of LrS conditioning, but not after 72 hours, and 

not to the level observed with STS challenge, highlighting key differences between 

conditioning with the LrS and the STS (Figure 2-7). This is similar to the results seen with 

transcriptional profiling and suggests that prolonged exposure to the LrS induces a tolerant 
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immunoregulatory phenotype in THP-1 human monocytes. 

Phenotypic characterization of LrS conditioned M2 macrophages 

Phenotypic and morphological characterization of THP-1 human monocytes 

conditioned with the LrS was done to confirm the insights gained from the transcriptional 

and cytokine and chemokine profiling. Indeed, the LrS induced morphological changes in 

THP-1s over the three different time points examined, with the majority of cells appearing 

as differentiated macrophages following 72 hrs of conditioning, an effect not seen in THP-

1 monocytes conditioned with the STS or S. thermophilus R0083 (Figure 2-8). These 

morphological changes were in keeping with the transcriptional profiling, which indicated 

increased transcription of genes involved in myeloid leukocyte differentiation, cytoskeletal 

organization and adhesion (Figure 2-1C and 2-2B). Flow cytometric analysis indicated a 

substantial shift in the number of cells expressing CD11b and CD11c, indicative of 

monocyte differentiation into an antigen presenting cell (APC) phenotype (Figure 2-9A). 

Probing these patterns further, histogram analysis revealed a 72% and 73% increase in the 

number of cells expressing CD11b following 48- and 72-hours of LrS-conditioning (Figure 

4B). This correlated to a significant increase in CD11b median fluorescent intensity (MFI) 

when cells were conditioned with the LrS for 48- or 72-hours, compared to medium 

controls (Figure 2-9B). Numbers of CD11c+ cells were much lower than CD11b+ cells, 

even after 72-hours of LrS conditioning (Figure 2-9). Cell surface expression of CD86, a 

co-stimulatory cell-surface molecule involved in T cell activation and survival, and of the 

fractalkine receptor CX3CR1 was also increased in cells conditioned with the LrS in a time-

dependent fashion (Figure 2-9). Conversely, CD64 expression was significantly reduced 

in cells conditioned with the LrS following 72-hours of conditioning (Figure 2-9). 
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gProfiling analysis identified multiple different metabolic pathways influenced by 

LrS conditioning, and increased transcription of genes associated with immunoregulatory 

macrophage fatty acid and tryptophan metabolism was observed (Figure 2-2 and 2-4). As 

such, the impacts of the LrS on THP-1 metabolic signatures was investigated to ascertain 

whether the changes at the transcriptional, protein, and cell-surface molecule expression 

level also correlated to a metabolic signature consistent with immunoregulatory 

macrophage activity. Indeed, the LrS increased the transcription of many genes involved 

in fatty acid oxidation such as ABCD1 (2.1 fold-change), ABCD4 (2.5 fold-change), 

TWIST1 (3.7 fold-change), CD36 (8.34 fold-change), and FABP4 (35 fold-change), and 

tryptophan metabolism such as KMO (11.9 fold-change) and TDO2 (47.6 fold-change), 

with no changes in the transcription of genes involved in glycolysis following 48-hours of 

conditioning (n = 4, p < 0.05) (Figure 2-10A). Consistent with these results, metabolic 

utilization assays indicated that LrS conditioning did not increase the utilization rate of 

glycolytic intermediaries, suggesting that the levels of glycolytic flux were not impacted 

(Figure 2-10B). However, LrS-conditioned macrophages had increased utilization of 

metabolites involved in the citric acid cycle, indicating an intact citric acid cycle (Figure 

2-10B).  

The LrS influences protein lysine acetylation patterns in THP-1 monocytes 

 To further interrogate the mechanism(s) of action behind the observed phenotypic 

changes induced by conditioning with the LrS, post-translational changes via acetylation 

of protein lysine residues was examined. 2-D Western Blot analysis determined that 

conditioning with the LrS resulted in post-translation modifications in 69 different proteins 

over the three different timepoints examined when compared to controls (Table 2-I; 
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Figure 2-11). Subsequent peptide mass fingerprinting revealed that conditioning with the 

LrS increases the acetylation of histones H3 and H4, confirming previously obtained results 

(Table 2-II). Moreover, the acetylation state of several proteins involved in mitochondrial 

and metabolic function in THP-1s were influenced by conditioning with the LrS. These 

included phosphoglycerate mutase 1, ATP synthase subunit O, mitochondrial superoxide 

dismutase, isocitrate dehydrogenase (NADP), and glyceraldehyde-3-phopshate (Table 2-

II). 

LrS conditioned THP-1 macrophages respond robustly to LPS challenge 

 LPS challenge of THP-1 monocytes was used to further examine overall immune 

effector function and cellular responses of macrophages to this key TLR4 ligand following 

conditioning with the LrS for 72 hours.  Two-dimensional hierarchical heat-map cluster 

analysis revealed that LrS conditioning of THP-1s prior to LPS challenge resulted in unique 

global gene expression profiles, distinct from LPS challenge or LrS conditioning alone 

(Figure 2-12A). In fact, LrS-conditioned macrophages shared a very limited subset of 

differentially expressed genes and enriched pathway activation with LPS challenge alone 

(Figure 2-12B and 12-C). Moreover, the number of differentially expressed genes within 

key immune-related signaling pathways in macrophages was significantly lower in THP-1 

monocytes conditioned with the LrS compared to LPS challenge alone (Figure 2-12D), 

indicating that the unique transcriptional signature in response to LrS conditioning in THP-

1 macrophages is distinct from the signature induced by LPS challenge.  LPS challenge of 

LrS-conditioned macrophages resulted in increased expression of genes in the Toll-like 

receptor signaling, NF-κB signaling, regulation of the innate immune response, and 

cytokine-mediated pathways when compared to LPS or LrS conditioning alone (Figure 2-
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12D). Cytokine and chemokine profiling confirmed these results, as LrS conditioning 

enhanced production of LPS-induced cytokine and chemokine production (Figure 2-12E 

and 2-13) coupled with increased production of immunoregulatory IL-10 and IL-1Ra, 

suggesting that conditioning of THP-1 monocytes with the LrS influences subsequent 

immune outcomes to LPS challenge. 
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2.5 Discussion 

 Regulation of macrophage activity at the gut-mucosal interface is integral for 

maintaining immune homeostasis and shaping host immune outcomes to subsequent pro-

inflammatory challenge. Microbiota-induced innate immune memory has been described 

as a potential mechanism through which the resident microbiota induces immune tolerance, 

with some studies suggesting that these signals delivered through PRRs can also induce 

innate immune training to subsequent inflammatory signals (Clarke et al., 2010; Honko et 

al., 2006; Mitroulis et al., 2018). Recent evidence suggests that these varied modes of 

communication may be an important route through which LAB and other members of the 

gut microbiota exert physiological and immunological changes at distal and systemic sites 

within the host (Kang et al., 2020; Negi et al., 2019; Zheng et al., 2020).  While the ability 

of LAB to influence macrophage activity has been reported (Madej et al., 2017; Mata 

Forsberg et al., 2019), little is known about the roles of secretome components derived 

from LAB in the transcriptional and functional reprogramming of macrophages, a 

potentially important route of communication between the host and the resident microbiota.  

In the present study, we determined that the LrS induced a unique transcriptional 

profile in THP-1 monocytes depending on exposure time, with a high degree of differential 

gene transcription occurring after 48-hours and a substantial reduction in gene expression 

following 72-hours of LrS conditioning. This is, to our knowledge, the first report of 

temporal macrophage transcriptional reprogramming by prolonged exposure to a LAB-

derived secretome. Transcriptional regulation of macrophage polarization is well 

documented, with many gene expression profiles recognized as associated with monocyte 

differentiation and immunoregulatory macrophage activation (Lawrence et al., 2011; 
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Martinez et al., 2006; Orecchioni et al., 2020; Xue et al., 2014). The LrS induced increased 

transcription of ADAMDEC1, ZFP36L1, and RND3, genes and transcription factors 

involved in monocyte differentiation into mature macrophages (Chen et al., 2015; Jie et 

al., 2015; Lund et al., 2013) and gene enrichment analysis identified differential activation 

of cellular pathways involved in cytoskeletal rearrangement and myeloid leukocyte 

differentiation. Our previous analysis has indicated that the LrS may influence histone 

acetylation patterns in challenged intestinal epithelial cells by decreasing global histone 

acetylation and thereby attenuating pro-inflammatory gene transcription. Here we show 

that the LrS may increase H3 and H4 histone acetylation in a temporal fashion in THP-1 

human monocytes. This may help to explain the observed increase in overall differential 

gene expression and subsequent changes in protein expression patterns and cell 

morphology. We also examined whether the LrS could influence DNA methylation 

patterns in these same cells. Unlike histone acetylation patterns, the LrS did not have an 

impact on global DNA methylation. 

Morphological and flow cytometric analysis confirmed these findings, as LrS 

conditioning of THP-1 monocytes resulted in temporal morphological changes and an 

increase in the cell surface expression of CD11b and CD11c, indicative of monocyte to 

macrophage differentiation, and also increased expression of the fractalkine receptor 

CX3CR1. CX3CR1-expressing macrophages in the GALT have been shown to play an 

integral role in maintaining gut homeostasis by producing IL-10 and are involved in 

facilitating cross-talk between the resident gut microbiota and the underlying immune cell 

population (De Schepper et al., 2018; Gross et al., 2015; Hadis et al., 2011; M. Kim et al., 

2018; Medina-Contreras et al., 2011; Regoli et al., 2017; Varol et al., 2015). Conversely, 
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LrS-conditioned THP-1s had reduced cell-surface expression of CD64.  Human peripheral 

blood mononuclear cell-derived macrophages treated with LPS or IFN-γ express high 

levels of membrane-bound CD64 and display a phenotype consistent with M1-macrophage 

activity (Ambarus et al., 2012; Tarique et al., 2015). Moreover, administration of an 

immunotoxin that targets CD64 led to the selective elimination of M1 macrophages in an 

inflammatory disease setting, illustrating the negative outcomes of dysregulated activity of 

M1 phenotype macrophages and highlighting the importance of CD64 in M1-associated 

macrophage activity (Akinrinmade et al., 2017; Hristodorov et al., 2015).  

Changes in the gene expression of multiple immunoregulatory macrophage-

associated genes was also observed following conditioning with the LrS, suggesting 

polarization of THP-1 monocytes into immunoregulatory macrophages. For example, the 

LrS induced the expression of ATF3 and DUSP1, key regulators of innate immune activity, 

which is consistent with our previous results examining the LrS impact on TNFα and STS-

challenged HT-29 IEC (Jeffrey et al., 2020). Overexpression of ATF3 has been shown to 

inhibit inflammatory macrophage gene transcription and activate expression of 

immunoregulatory macrophage genes through the Wnt/β‑catenin signaling pathway (Sha 

et al., 2017). Further, DUSP1 polarizes macrophages towards an M2 phenotype via 

inhibition of the AP-1 transcription factor complex, inhibiting inflammatory gene 

transcription (Lawrence et al., 2011).  

 Cytokine and chemokine profiling confirmed these findings, as we observed 

increased production of immunoregulatory macrophage-associated cytokines such as IL-

10 and IL-1Ra following conditioning with the LrS. IL-10 production is associated with 

immunoregulatory M2 macrophage activity and polarization as it serves multiple roles in 
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the regulation of inflammatory immune responses (Couper et al., 2008). It binds to the IL-

10 receptor (IL-10R), resulting in the phosphorylation of STAT3 and subsequent 

transcription of genes involved in immunoregulation and repression of pro-inflammatory 

cytokine production (Saraiva et al., 2010). Indeed, IL-10 signaling was identified by GSEA 

analysis as being impacted by the LrS and IL-10R expression was increased following LrS 

conditioning. These cellular insights into LrS-mediated macrophage polarization into an 

immunoregulatory phenotype implicate enhanced IL-10 signaling in THP-1 monocytes. 

IL-1Ra antagonizes the activity of IL-1α and IL-1β by binding to the IL-1R1 receptor and 

is thought to play an integral role in the resolution of the inflammatory response as it is 

typically produced following IL-1 secretion. We also observed increased transcription of 

IL1R2 (Interleukin 1 Receptor Type 2), a decoy receptor for IL-1β/α and a known marker 

of immunoregulatory M2 macrophages (Viola et al., 2019), following 24 and 48 hours of 

conditioning, suggesting that the LrS significantly alters IL-1 signaling outcomes. 

Additionally, LrS-conditioned THP-1 monocytes produced IL-4, an immunoregulatory and 

pleiotropic cytokine which inhibits the production and secretion of pro-inflammatory 

cytokines and can promote and shape adaptive immune responses (Hart et al., 1989). As 

was seen with IL-10/IL-10R production and expression, the LrS also induced the 

expression of the IL-4 receptor, IL4Rα, as well as IL4I1 (IL-4-induced gene 1), an L-amino 

acid oxidase and M2 immunoregulatory macrophage associated marker with inhibitory 

roles in T cell activation (Yue et al., 2015). IL-4 signaling in macrophages promotes IL-

1Ra production and IL1R2 expression (Fenton et al., 1992). We also observed increased 

production of Type I interferons from LrS-conditioned monocytes, suggesting enhanced 

anti-viral capacity. Evidence for microbiota-induced Type I interferon production in APCs 
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suggests that this is an important route for instructive transcriptional and metabolic 

programming, enabling robust responses to subsequent pathogen challenge by promptly 

activating the adaptive immune response (Schaupp et al., 2020).  

Macrophage immunometabolism plays an integral in role in macrophage effector 

function. M1 macrophages are characterized by their increased reliance on aerobic 

glycolysis for energy, resulting in a substantially higher glycolytic flux and a shunted citric 

acid cycle in order to maintain sustained cytokine and inflammatory mediator production. 

In contrast, M2 macrophages rely on oxidative phosphorylation mediated through an intact 

citric acid cycle, highlighting key metabolic differences which can be used to distinguish 

macrophage phenotype and effector functions (Diskin et al., 2018; Geeraerts et al., 2017). 

For this reason, we examined the ability of the LrS to influence metabolic flux in THP-1 

monocytes. We observed increased utilization of all citric acid cycle intermediates, without 

altered glycolytic metabolism, indicative of an immunoregulatory macrophage metabolic 

signature. Moreover, the LrS increased transcription of CD36, a cell-surface receptor 

involved in fatty acid uptake, and FABP4 (Fatty Acid Binding Protein-4), a cytoplasmic 

protein involved in lipid transport and metabolism (Szanto et al., 2010). Lipid metabolism 

was identified by gProfiler as one of the metabolic pathways within THP-1 monocytes that 

was influenced by the LrS and is a hallmark of immunoregulatory macrophage activity. 

TDO2 (Tryptophan 2,3-Dioxygenase), a key enzyme involved in tryptophan metabolism 

and activation of the kynurenine pathway which plays an integral role in M2 macrophage 

activity (Campesato et al., 2020), was also up-regulated in LrS-conditioned THP-1 

monocytes, further suggesting that the LrS influences multiple macrophage metabolic 

pathways, and is, to our knowledge, the first report of immunometabolic reprogramming 
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of THP-1 human monocytes by LAB-secretome components.  

To determine potential underlying mechanism(s) of action behind the observed 

changes in metabolic activity and functional outcomes in LrS-conditioned THP-1 

monocytes, post-translational modifications of intracellular proteins was examined. This 

analysis revealed the deacetylation of phosphoglycerate mutase 1 (PGAM1) in THP-1s 

conditioned with the LrS. PGAM1 catalyzes a rate-limiting step of glycolysis in leukocytes 

by converting 3-phosphoglycerate (3-PG) to 2-phosphoglycerate (2-PG). When 

deacetylated, PGAM1 exhibits diminished activity (Hallows et al., 2012), suggesting a 

possible mechanism of action through which the LrS alters metabolism in THP-1s by 

reducing glycolytic activity within the cell. Moreover, LrS conditioning led to 

deacetylation of GAPDH, another key enzyme involved in glycolysis. Deacetylation of 

cytosolic GAPDH results in decreased glycolytic activity in response to glucose (Li et al., 

2014), providing additional mechanistic evidence for reduced glycolytic flux in THP-1 

monocytes conditioned with the LrS. In contrast, mitochondrial isocitrate dehydrogenase 

2 (IDH2), a key enzyme involved in the oxidative decarboxylation of isocitrate to α-

ketoglutarate, was acetylated following conditioning with the LrS. Unlike isocitrate 

dehydrogenase 3 (IDH3), the reaction catalyzed by IDH2 is reversible and uses NADP+ 

and NADPH instead of NAD+ and NADH as a redox couple. This leads to the 

accumulation of NADPH in the mitochondria, which can be used for scavenging 

mitochondrial ROS (mtROS) (Yu et al., 2012). Moreover, IDH2 has also been implicated 

in the export of citrate from the mitochondria for lipid biosynthesis, a hallmark of M1 

macrophage activity, following reductive carboxylation (Yoo et al., 2008). When IDH2 

becomes acetylated, it has reduced activity (Smolkova et al., 2020), which may lead to 
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increased flux of isocitrate through IDH3 and a potential reduction in mtROS scavenging 

due to impaired NADPH generation. However, mitochondrial manganese superoxide 

dismutase (SOD2), an enzyme which typically displays dismutase activity by converting 

superoxide to O2 or H2O2, was acetylated following conditioning with the LrS. Acetylated 

SOD2 displays peroxidase activity yet has increased capacity for the rapid generation of 

mitochondrial H2O2 through a mechanism which is still not fully understood (He et al., 

2019; Hjelmeland et al., 2019). Increased levels of mitochondrial H2O2 within 

macrophages has been shown to drive M2 polarization (Griess et al., 2020), potentially 

through the recruitment and stabilization of hypoxia-inducible factor-2α (HIF-2α) which 

can act to suppress nitric oxide synthesis (Takeda et al., 2010). Although other proteins 

were identified with differential lysine acetylation patterns following conditioning with the 

LrS, more research is needed to ascertain the diverse functional outcomes of these post-

translational modifications, especially in the context of host-microbe interactions. Indeed, 

post-translational modification of proteins involved in metabolism has emerged as a 

potential route through which metabolic activity is regulated (Baeza et al., 2016), and the 

results presented here may represent a novel means of host-microbe communication 

through which soluble components derived from LAB can regulate the activity of many 

important cellular processes. 

 The ability of macrophages to respond robustly to pathogen-associated molecular 

patterns is integral to host defense and survival. LPS challenge of LrS-conditioned THP-1 

monocytes revealed heightened responsiveness, suggesting a degree of innate immune 

priming, while maintaining an overall M2 phenotype.  Evidence for alterations of 

macrophage responses to pro-inflammatory challenge indicate strain-specific impacts on 



93 
 

immune outcomes as some strains within the same species have antagonistic impacts on 

PRR-induced cytokine release (Drago et al., 2010). For example, Lacticaseibacillus 

paracasei attenuates LPS-induced cytokine production by PMA-differentiated THP-1 cells 

(Sun et al., 2017) while exopolysaccharide isolated from L. paracasei DG stimulates 

cytokine production from THP-1 monocytes (Balzaretti et al., 2017). PRR-mediated 

recognition of microbiota-derived peptidoglycan by neutrophils has been shown to enhance 

and prime systemic immunity towards Streptococcus pneumoniae and Staphylococcus 

aureus infection (Clarke et al., 2010), suggesting that this priming of the innate immune 

system by LAB and other members of the microbiota can influence systemic immune 

responses and promote effective host defence against pathogens.  

Taken together, the results presented here describe transcriptional and functional 

re-programming of THP-1 human monocytes mediated by secretome components of L. 

rhamnosus R0011. These secretome-conditioned macrophages showed functional, 

transcriptional, and immunometabolic signatures consistent with M2 immunoregulatory 

activity, with increased production of immunoregulatory cytokines IL-10, IL-1Ra, and IL-

4 and a cell-surface expression profile of CD11b, CD11clo, and CX3CR1, features shared 

with subsets of gut macrophages (Bujko et al., 2018; Cipriani et al., 2016).  Moreover, 

LrS-conditioning of THP-1 monocytes did not impair responses to subsequent LPS 

challenge, despite their overall homeostatic M2 phenotype.  Gut-associated macrophages 

play a dynamic and multifaceted role in host-microbe interactions and are required to 

respond appropriately to diverse gut microbe-derived cues to shape subsequent immune 

effector signals. The results reported here provide insight into novel routes for indirect 

secretome-mediated microbe-host communication and the impact on activation of multiple 
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immune mechanisms integral for macrophage function and activity. Future work to 

examine the role of secretome-mediated communication in the impact of LAB and other 

gut microbes on the functionality at the gut mucosal interface and distal systemic 

immunological outcomes in vivo may aid in elucidating gut microbe-mediated effects on 

systemic immunity and in the selection of potential biomarkers for the design of future 

clinical studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

Table 2-I. Fold change differences in the amount of acetylation of proteins found in THP-
1 human monocytes conditioned with the LrS versus medium controls for 24-, 48-, and 72-
hours. 

Spot ID 
24hr 

Acetyl Ratio 
(Secretome/Control) 

48hr 
Acetyl Ratio 

(Secretome/Control) 

72hr 
Acetyl Ratio 

(Secretome/Control) 
1 1.3 -1.3 0.0 
2 -4.3 2.5 0.0 
3 1.0 -1.2 1.6 
4 -1.3 -1.6 0.0 
5 -1.5 -1.9 -2.0 
6 -3.6 -2.9 -4.5 
7 -2.9 1.2 -2.0 
8 -1.2 -1.7 1.3 
9 -1.5 1.0 1.1 
10 -1.6 -2.2 0.0 
11 -8.3 -7.9 -1.8 
12 -1.6 -3.3 -3.0 
13 -10.4 0.0 0.0 
14 -1.5 -2.0 -3.3 
15 1.0 -2.2 0.0 
16 -3.6 -1.6 -2.2 
17 -1.5 -3.4 -3.0 
18 1.4 1.4 0.0 
19 1.6 -2.3 -3.8 
20 1.5 -2.5 -1.8 
21 -2.8 -4.2 1.5 
22 -3.7 -1.0 0.0 
23 2.4 -2.1 0.0 
24 1.5 -2.0 -5.8 
25 -1.3 -1.4 -3.1 
26 -1.7 -1.2 -1.9 
27 2.2 -1.8 -3.8 
28 2.2 -1.6 -2.5 
29 -3.4 1.4 -4.2 
30 2.4 1.6 -1.2 
41 3.0 -1.1 -1.0 
42 3.7 17.8 0.0 
43 2.2 1.7 1.3 
44 4.7 2.3 4.5 
45 5.5 0.0 4.0 
46 2.7 0.0 0.0 
47 1.6 0.0 1.2 
48 6.3 1.8 1.1 
49 2.4 2.3 1.0 
50 2.6 3.5 1.3 
51 19.8 4.5 5.3 
52 1.3 2.6 2.9 

This table is continued on the following page 
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Table 2-I. continued 

Spot ID 
24hr 

Acetyl Ratio 
(Secretome/Control) 

48hr 
Acetyl Ratio 

(Secretome/Control) 

72hr 
Acetyl Ratio 

(Secretome/Control) 
54 2.8 3.2 1.2 
55 15.2 1.5 6.1 
56 26.2 2.1 10.0 
57 2.0 4.9 6.7 
58 7.2 0.0 0.0 
59 2.2 0.0 3.6 
60 2.9 1.5 1.3 
61 2.0 0.0 1.7 
62 3.1 1.5 4.6 
63 2.6 3.2 -1.1 
64 30.7 5.2 19.5 
65 37.0 308.5 113.3 
66 53.4 39.1 50.1 
67 37.1 20.0 3.3 
68 7.0 1.7 3.7 
69 3.5 1.1 3.1 
70 11.0 6.0 4.0 
71 5.6 35.1 43.4 
72 10.6 12.3 7.2 
73 2.0 2.4 3.1 
74 0.0 3.0 0.0 
75 0.0 0.0 7.2 
76 0.0 0.0 1.6 
77 0.0 0.0 3.8 
78 0.0 0.0 1.6 
79 0.0 0.0 2.7 
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Table 2-II. Protein identification of spot IDs showing a fold change ≥ 3 in acetylation of 
lysine residues in proteins found in THP-1 human monocytes conditioned with the LrS 
when compared to controls. 

Spot 
# 

Protein ID Acetyl Ratio 
24hr 

Acetyl Ratio 
48hr 

Acetyl Ratio 
72hr 

  Fold Change 
Secretome/Control 

Fold Change 
Secretome/Control 

Fold Change 
Secretome/Control 

11 Phosphoglycerate 
mutase 1 -8.3 -7.9 -1.8 

13 
Cellular nucleic 

acid-binding 
protein 

-10.4 0.0 0.0 

21 40S ribosomal 
protein -2.8 -4.2 1.5 

24 T-complex protein 
1 subunit epsilon 1.5 -2.0 -5.8 

29 
Glyceraldehyde-3-

phosphate 
dehydrogenase 

-3.4 1.4 -4.2 

42 Vimentin/Tubulin 
alpha-1C chain 3.7 17.8 0.0 

44 Catalase 4.7 2.3 4.5 

45 

Heterogeneous 
nuclear 

ribonucleoprotein 
H 

5.5 0.0 4.0 

48 

Isocitrate 
dehydrogenase 

[NADP], 
mitochondria 

6.3 1.8 1.1 

51 

Heterogeneous 
nuclear 

ribonucleoproteins 
A2/B1 

19.8 4.5 5.3 

53 

Heterogeneous 
nuclear 

ribonucleoproteins 
A2/B1 

5.8 1.6 9.0 

55 Prohibitin-2 15.2 1.5 6.1 

56 

Heterogeneous 
nuclear 

ribonucleoprotein 
A1 

26.2 2.1 10.0 

57 
40S ribosomal 
protein S4, X 

isoform 
2.0 4.9 6.7 
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This is a continuation of Table 2-II 

Spot 
# 

Protein ID Acetyl Ratio 
24hr 

Acetyl Ratio 
48hr 

Acetyl Ratio 
72hr 

  Fold Change 
Secretome/Control 

Fold Change 
Secretome/Control 

Fold Change 
Secretome/Control 

58 
Chloride 

intracellular 
channel protein 1 

7.2 0.0 0.0 

59 
Proteasome 

subunit beta type-
4/Actin Fragment 

2.2 0.0 3.6 

64 
ATP synthase 

subunit O, 
mitochondrial 

30.7 5.2 19.5 

65 

Superoxide 
dismutase [Mn], 
mitochondrial 

(SOD2) 

37.0 308.5 113.3 

66 

Superoxide 
dismutase [Mn], 
mitochondrial 

(SOD2) 

53.4 39.1 50.1 

67 60S ribosomal 
protein L12 37.1 20.0 3.3 

     

68 Histone H2B type 
1-M 7.0 1.7 3.7 

70 Histone H3.3 11.0 6.0 4.0 
71 Histone H4 5.6 35.1 43.4 
72 Profilin-1 10.6 12.3 7.2 

75 

Heterogeneous 
nuclear 

ribonucleoprotein 
H 

0.0 0.0 7.2 

77 
Uroporphyrinogen 

decarboxylase/ 
Cactin Fragment 

0.0 0.0 3.8 
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Figure 2-1. The LrS induces unique temporal transcriptional profiles in THP-1 human monocytes distinct from L-LA controls. A. Two-dimensional 
hierarchical clustering analysis of global gene expression patterns in THP-1 human monocytes conditioned with the LrS or LA-matched controls for 
24-, 48-, or 72-hours (n = 4; p < 0.05; fold change different > 1.5 versus media-control treated cells). B. Total number of up- and down-regulated 
genes in response to each of the different challenges. C. Gene set enrichment analysis (GSEA) revealed the enrichment of key macrophage signaling 
pathways activated by conditioning with the LrS (red) when compared to LA-matched controls (blue) as determined by the ranked t-Test list metric 
over all tested time points. The green line represents the enrichment score and the black lines indicate where the genes within the gene set fall within 
the ranked pathway gene list. 
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Figure 2-2. A. Venn-Diagram analysis identified unique temporal gene signatures in THP-1 monocytes conditioned with the LrS. B. gProfiler gene 
enrichment analysis revealed the activation of many key signaling pathways by the LrS in THP-1 monocytes (MF = molecular function; BP = 
biological process; REAC = Reactome pathways; WP = wikiPathways; TF = transcription factors). C. Visualization of the differential activation of 
key cellular pathways identified by gProfiler by EnrichmentMap analysis  
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Figure 2-3. Changes in global histone H3 or H4 acetylation patterns and DNA methylation in THP-1 human monocytes conditioned with the LrS. 
Data shown are the mean change in percentage of acetylation or DNA methylation compared with untreated controls ±SEM (n = 3). Significance 
is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s post-hoc test. 
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Figure 2-4. THP-1 human monocytes conditioned with the LrS show similar transcription profiles to those seen in immunoregulatory macrophage 
activation (n = 4; p < 0.05; fold change different > 1.5 versus untreated cells). Microarray data was probed for genes typically associated  with 
monocyte to macrophage differentiation as well as those genes  identified to be important in M1 and M2 polarization.
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Figure 2-5. LrS conditioning of THP-1 human monocytes results in unique temporal cytokine and chemokine production profiles. A. Two-
dimensional hierarchical clustering analysis of cytokine and chemokine production profiles from THP-1 human monocytes following conditioning 
with the LrS or LA-matched controls for 24-, 48-, or 72-hours. Data shown is the Z-score statistic for each cytokine and chemokine measured (n = 
4). B. The LrS induces the production of key immunoregulatory cytokines from THP-1 human monocytes (IL-1Ra, IL-10, IL-4, CCL1, CCL20, 
IFNα2). Data shown is the mean cytokine or chemokine production (pg/mL) ± SEM (n = 4). Statistical significance is indicated as *** p < 0.001 or 
**** p < 0.0001 as determined by Tukey’s one-way ANOVA. 
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Figure 2-6. Cytokine and chemokine profiles from THP-1s conditioned with the LrS (20% v/v) or 
L-LA controls for 24-, 48-, or 72-hours. Data shown is the means cytokine/chemokine production 
(pg/mL) ± SEM (n = 4). Significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as 
determined by one-way ANOVA and Tukey’s post-hoc test. 
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This is a continuation of Figure 2-6. 
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This is a continuation of Figure 2-6. 
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Figure 2-7. Cytokine and chemokine profiles from THP-1s conditioned with the LrS (20% v/v) or 
STS (1% v/v) for 24- or 48-hours. Data shown is the means cytokine/chemokine production 
(pg/mL) ± SEM (n = 4). Significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as 
determined by one-way ANOVA and Tukey’s post-hoc test. 72-hour data is omitted as THP-1 
monocytes conditioned with the STS following 48-hours were no longer viable. 
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This is a continuation of Figure 2-7. 
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This is a continuation of Figure 2-7. 
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This is a continuation of Figure 2-7. 
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This is a continuation of Figure 2-7. 



126 
 

 
This is a continuation of Figure 2-7. 
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This is a continuation of Figure 2-7. 
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Figure 2-8. Conditioning with the LrS induces distinct morphological changes in THP-1 
monocytes indicative of differentiation into a macrophage phenotype when compared to secretomes 
derived from S. enterica serovar Typhimurium and S. thermophilus R0083. Cells were stained with 
phalloidin-CF568 (red) and counterstained with DAPI (blue) a visualized at 100X magnification 
under oil immersion
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Figure 2-9. Conditioning with the LrS induces distinct morphological changes and increases the cell-surface expression of CD11b, CD11c, CX3CR1 
and CD86 in THP-1 human monocytes. A Histogram Overton subtraction was used to determine the relative number of cells expressing CD11b, 
CD11c, CD86, CX3CR1, or CD64 following conditioning with the LrS (red) over untreated medium controls (MC; blue). B. Median fluorescence 
intensity (MFI) of THP-1 cells expressing CD11b, CD11c, CD86, CX3CR1, or CD64 was used to confirm the results of the histogram Overton 
subtraction. Data shown is the mean of the MFI ± SEM (n = 3). Significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by 
one-way ANOVA and Tukey’s post-hoc test. 
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Figure 2-10. The LrS induces metabolic functional changes in THP-1 human monocytes. A. Temporal changes in the transcription of genes involved 
in glycolysis, fatty acid oxidation, oxidative phosphorylation, and tryptophan metabolism.  B. Conditioning with the LrS results in different metabolic 
utilization signatures in THP-1 human monocytes. Data shown is the mean of the fold change (log2) ± SEM of substrate utilization when compared 
to an untreated control over 24 hours (n = 3). 
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Figure 2-11. The LrS induces unique temporal changes in protein acetylation patterns in THP-1 human monocytes following conditioning for 24-, 
48-, and 72-hours. 2-D Western Blots probed for anti-lysine acetylation identified unique protein acetylation patterns following LrS conditioning 
when comapred to controls.   
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Figure 2-12. LPS-challenge of THP-1 monocytes conditioned with the LrS reveals heightened responsiveness. A. Two-dimensional hierarchical 
clustering analysis of global gene expression patterns in THP-1 human monocytes challenged with LPS, conditioned with the LrS for 72 hours, or 
conditioned with the LrS for 72hrs and subsequently challenged with LPS for 6 hours. (n = 4; p < 0.05; fold change different > 1.5 versus untreated 
cells). B. Circos plot visualization of gene overlap analysis and shared enriched ontologies for each of the challenges. Identical genes found in each 
gene set are coloured dark orange and are linked by purple lines while unique genes are coloured light orange. Blue lines link the different genes 
where they fall into the same ontology term. C. Two-dimensional hierarchical clustering analysis of shared enriched ontology clusters between the 
different challenges. D. Total number of genes which belong to functionally enriched immune-related pathways. E. Two-dimensional hierarchical 
clustering analysis of cytokine and chemokine production profiles from THP-1 human monocytes in response to the different challenges. Data shown 
is the Z-score statistic for each cytokine and chemokine measured (n = 4). 
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Figure 2-13. Cytokine and chemokine profiles from THP-1s conditioned with the LrS (20% v/v) 
72-hours followed by challenge with LPS (125ng/mL) or LPS challenge alone for 6 hours. Data 
shown is the means cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 



134 
 

 

 

This is a continuation of Figure 2-13 
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CHAPTER 3: Lacticaseibacillus rhamnosus R0011 secretome impact on immune 

outcomes in intestinal epithelial and antigen-presenting cell interactions using an in 

vitro co-culture system 

3.1 Introduction 

Interactions between IECs and APCs help to shape the immune outcomes of 

bidirectional host-microbe communication at the gut mucosal interface. While IECs 

provide a physical barrier between contents found within the intestinal lumen, they are also 

important mediators of host-microbe communication by integrating microbial-derived 

signals to the underlying APC populations (Goto, 2019; Peterson et al., 2014). As the 

primary sensors of microbial activity within the gut, IECs have the capacity to induce 

antimicrobial and immunoregulatory activity within underlying APCs via signal 

transduction events following IEC PRR recognition of microbial components. Due to the 

constant barrage of microbial signals, IECs must tightly regulate their activation in order 

to maintain a state of homeostasis and reduce hyperresponsiveness to the normal gut 

microbiota (Burgueno et al., 2020). For this reason, TLR expression is often limited to the 

basolateral side of polarized IECs, limiting the number of interactions with microbial 

components found within the luminal contents of the intestine. For example, TLR5, which 

is responsible for recognizing bacterial flagella, is typically only expressed on the 

basolateral side of polarized IECs (Gewirtz et al., 2001). This enables IECs to only respond 

to flagellated bacteria if there is a breakdown of the epithelial barrier or translocation of 

the bacterium across the epithelial barrier, necessitating the need for a robust inflammatory 

response from the surrounding immune cell population to clear out the invading bacteria. 

The consequences of TLR recognition of microbial contents can also be dependent on 
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whether the ligand is recognized on the apical or basolateral side of polarized IECs (Abreu, 

2010). TLR9, which recognizes unmethylated CpG DNA sequences, is expressed on both 

the apical and basolateral side of polarized IECs. When TLR9 is activated on the apical 

surface of IECs, there is a muted response with the activation of genes involved in the 

regulation of NF-κB signaling, whereas basolateral recognition of CpG DNA induces the 

activation of classical NF-κB signaling (Lee et al., 2006), reinforcing the importance of 

examining immune outcomes in the context of polarized IECs and spatial 

compartmentalization of PRR-induced signaling within the gut.  

IECs express tight junction proteins including the occludins, claudins, zonula 

occludens (ZO), and junctional adhesion molecules which work in concert to prevent the 

paracellular transport of intestinal luminal contents into the basolateral side of the 

epithelium (Gunzel et al., 2013; Suzuki, 2013). These proteins are tightly regulated and are 

key cellular players in the maintenance of normal barrier integrity and function (Harhaj et 

al., 2004; Karczewski et al., 2000; Marchiando et al., 2010). As such, perturbations in their 

activity can lead to the breakdown of the gut epithelial barrier resulting in the activation of 

dysregulated immune activity within the underlying APC population and the potential for 

dissemination of luminal contents and bacteria into systemic circulation. Certain pro-

inflammatory cytokines, such as IFN-γ, can act to increase intestinal barrier permeability 

by reducing ZO-1 expression and localization (Scharl et al., 2009), while some gut-

associated pathogens, such as S. enterica serovar Typhimurium, can also produce virulence 

factors which selectively disrupt ZO-1 and other tight junction proteins allowing for their 

translocation across the intestinal barrier (Boyle et al., 2006; Tafazoli et al., 2003). 

Commensal microorganisms and LAB have been shown to strengthen epithelial barrier 
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integrity, a mechanism believed to be used by these bacteria to enhance their capacity for 

host colonization, and to antagonize the detrimental impacts of certain gut-associated 

pathogens on the gut epithelium (Madsen, 2012; Ohland et al., 2010). Although most 

studies examining the impacts of gut-associated bacteria on gut epithelial barrier integrity 

have focused on direct interactions between live bacteria and IECs, some have suggested 

a role of microbial-derived metabolites and soluble components in this context. For 

example, E. coli Nissle 1917 conditioned media increased Caco-2 IEC monolayer integrity 

(Stetinova et al., 2010) and secreted peptides from Bifidobacterium infantis reversed TNF-

α and IFN-γ-induced IEC barrier damage (Ewaschuk et al., 2008). 

In vitro approaches to study the interactions between epithelial cells and APCs have 

relied on the use of Transwell cell culture inserts. These cell culture inserts allow for the 

examination of gut barrier integrity and function by measuring the transport of apically 

delivered ions and other macromolecules across a monolayer of IECs grown on a 

microporous membrane (Donato et al., 2011). To achieve this, IECs are cultured until a 

polarized monolayer is formed within the Transwell insert, creating distinct apical and 

basolateral compartments in vitro. IEC barrier function and permeability can then be 

readily studied following cell challenge by measuring the transepithelial electrical 

resistance (TER) and the flux of a fluorescently labelled sugar of known molecular weight 

across the IEC monolayer (Harhaj et al., 2004). T84 human IECs are a widely used cell 

line for in vitro study of IECs, and do not easily differentiate into a heterogenous cell 

population with altered phenotypic characteristics following polarization into a confluent 

monolayer, making them an ideal tool for studying IEC barrier function and permeability 

in response to cell challenge (Dharmsathaphorn et al., 1990; Donato et al., 2011; Hillgren 
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et al., 1995). To facilitate the study of IEC and APC interactions with bacteria, APCs can 

be cultured in the basolateral chamber and bacteria and their soluble components can be 

administered into the apical chamber following IEC monolayer formation to simulate 

interactions found within the gut-mucosal interface. This presents an ideal in vitro system 

to study the dynamics of microbe-mediated immune communication in the context of IEC 

and APC interactions.  
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3.2 Objectives 

As discussed in Chapters I and II, the LrS has the capacity to modulate immune 

outcomes in both human IECs and APCs with transcriptional and cytokine/chemokine 

profiling revealing context-dependant and cell-type specific immunomodulatory activity 

of the LrS.  However, many questions remain about the LrS in regulating host immune 

outcomes in the context of IEC and APC interactions. To date, most studies examining the 

effects of LAB and their secreted products have focused on host immune responses using 

a single cell type (IEC or APC) in vitro and therefore do not necessarily reflect the impact 

these bacteria may have on interactions between these key innate immune cell types within 

the host. Recent evidence also suggests that the effects of LAB and their secreted factors 

can be very different when tested in co-cultures of human IECs and APCs (Bermudez-Brito 

et al., 2015). As such, it is important to examine the immunomodulatory impacts of the 

LrS using co-cultures of human IECs and APC (Figure 3-1). Analysis of the effects of the 

LrS in Transwell systems using co-cultures of human IECs and APCs provides an 

appropriate approach to determine the impact of the LrS and its mechanisms of action in a 

context which more closely mimics that which occurs in vivo. 

 
Figure 3-1. Transwell in vitro co-culture systems allow for the investigation of interactions 
between bacteria, IECs, and APCs in an environment which closely mimics the intestinal 
environment. 
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3.3 Materials and Methods 

Bacterial Culture 

Lyophilized Lactobacillus rhamnosus R0011 was obtained from RIMAP (Montreal, 

Quebec, Canada). The LrS was prepared as previously described (Jeffrey et al., 2018). 

Briefly, bacteria were grown in deMan, Rogosa and Sharpe (MRS) medium (Difco, 

Canada) at 37oC for 17 hours in a shaking incubator and then diluted in non-supplemented 

RPMI-1640 medium and allowed to further propagate for an additional 23 hours under the 

same conditions. Both the bacterial culture and controls were centrifuged at 3000 x g for 

20 minutes and filtered through a 0.22 µm filter (Progene, Canada) to remove any bacteria. 

The filtered supernatant samples were also subjected to size fractionation using < 10 kDa 

Amicon Ultra – 15 centrifugal filter (EMD Millipore, MA, USA).  

For preparation of the STS, bacteria were propagated overnight in tryptone soya broth 

(Oxoid) in a shaking incubator at 37oC. Overnight cultures were centrifuged at 3000 X g 

for 20 minutes at 4oC and filtered through a 0.22 µm filter and the secretome was stored at 

-80oC. 

Cell Culture and Challenge Assay and RNA extraction 

The T84 human colorectal carcinoma cell line was obtained from the American Type 

Culture Collection (ATCC, #CCL-248) and was maintained in DMEM/F-12 medium 

supplemented with 10% bovine calf serum and 0.05 mg/mL gentamicin (Sigma-Aldrich, 

MO, USA) and were grown in 75 cm2 tissue culture flasks (Greiner-Bio-One, NC, USA) 

at 37oC, 5% CO2 in a humidified incubator (Thermo Fisher, MA, USA) as described 

previously (Jeffrey et al., 2018). T84s IECs were enumerated and viability determined 



146 
 

using Trypan Blue following sub-culturing. Cells were then resuspended in complete 

culture medium (DMEM/F-12 medium supplemented with 10% bovine calf serum and 

0.05 mg/mL gentamicin) and 1.0 x 106 cells were seeded into 12-well Millicell hanging 

cell culture inserts with a pore size of 0.4 µM (EMD Millipore, MA, USA). This pore size 

was selected to allow for direct and indirect cellular communication as mediated by 

cytokines/chemokines and other small molecules while preventing the movement of cells 

through the Transwell. To obtain polarized confluent monolayers, seeded T84 IECs were 

incubated at 37oC, 5% CO2 in a humidified incubator for 7 days, or until a minimum TER 

of 1000Ωcm2 as described previously (Sherman et al., 2005). T84 IEC cell culture medium 

was aspirated and replaced with fresh non-supplemented (no calf serum) DMEM/F12 

medium containing the LrS, the STS (1% v/v), or a combination of these secretome 

challenges in the apical chamber of the hanging cell culture and THP-1 human monocyte 

cells were then added to the basolateral chamber at a concentration of 1 x 106 cells/mL for 

24 hours. For some challenges, cells were also cultured with an antibody specific for human 

MIF (AF-289-PB) (0.05µg/mL) (R&D Systems) or with goat IgG isotype controls (AB-

108-C) (0.05µg/mL) (R&D Systems). This anti-MIF antibody has been used successfully 

to block the activity of MIF produced by IECs (Man et al., 2008) Following challenge, 

supernatants were collected from both the apical and basolateral sides of the Transwell 

inserts. TER measurements were done in triplicate using the Millicell ERS-2 Voltohmeter 

(Millipore Sigma, MA, USA) to determine changes in epithelial monolayer integrity 

compared to controls and initial readings. Total RNA was also harvested after exposure to 

the various challenges from both T84 IECs and THP-1 human monocytes using the phenol-

based TRIzol method of RNA extraction (Chomczynski, 1993) following manufacturer’s 
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protocols (ThermoFisher Scientific, MA, USA). Briefly, Transwell inserts were removed 

from the tissue culture plate, rinsed and transferred into a new 12-well tissue culture plate 

and 1 mL of TRIzol reagent was added to the Transwell insert to lyse the T84 IECs. THP-

1 cells found within the basolateral chamber were collected and 1 mL of TRIzol reagent 

was added to lyse the cells. Cell culture homogenates were added to Phase Lock Gel-Heavy 

tubes for phase separation of total RNA. Total extracted RNA was then purified using the 

RNeasy Plus Mini Kit (Qiagen, Hildon, Germany). The purity and quality of RNA was 

determined using a BioDrop Duo Spectrophotometer. 

Paracellular Flux Measurement 

 To determine the impact of the LrS or the STS on the permeability of T84 IEC 

monolayers, the flux of FITC-dextran across the epithelial monolayer was determined. T84 

monolayers were washed with Hank’s Balanced Salt Solution (HBSS) (Millipore Sigma). 

Following washing, HBSS was added into the apical and basolateral chambers of the 

hanging cell culture insert and allowed to equilibrate for 30 minutes in a 37oC, 5% CO2 

humidified incubator. The HBSS in the apical chamber was then replaced with HBSS 

containing 1mg/mL of 4 kDa FITC-dextran (Millipore Sigma) and allowed to incubate for 

1 hour. Following incubation, a sample from the basolateral chamber was taken and placed 

into a black 96-well plate and fluorescence was quantified using a Synergy HT Microplate 

Reader (BioTek Instruments) set to 485/20 excitation and a 535/20 emission filter pair and 

a PMT sensitivity of 55. A FITC-dextran standard was used to quantify the concentration 

of FITC-dextran crossing the epithelial monolayer. This was repeated every hour for a total 

of 6 hours and the transepithelial flux was determined by taking the average concentration 
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of FITC-dextran and dividing by the surface area of the hanging cell culture insert; this was 

expressed as nM/cm2/h (Sanders et al., 1995). 

Comparative RT-qPCR 

 DNase-treated RNA (1µg) from controls and each challenge were reverse 

transcribed with Superscript IV following manufacturer’s protocols as previously 

described (Macpherson et al., 2014). Reverse-transcribed cDNA was diluted 1:4 prior to 

amplification and 2.5 µl of diluted cDNA was used with SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad, CA, USA) in RT-qPCR. Gene-specific primers for targets 

identified as being potentially important in LrS-mediated impacts on IEC and THP-1 

monocyte activity as described in Chapters I and II (Table 3-I) were used. An initial 

incubation of 5 min at 95°C was performed, followed by 40 cycles consisting of template 

denaturation (15 s at 95°C) and one-step annealing and elongation (30 s at 60°C), with a 

Bio-Rad CFX Connect instrument (Bio-Rad, CA, USA). Four biological replicates were 

analyzed for each gene tested, and fold change expression levels were normalized to the 

expression levels of two reference genes for T84 IECs (RPLPO and B2M) and THP-1 

monocytes (RPL37A and ACTB) and negative controls using Bio-Rad CFX Manager 3.1 

software.  

Morphological Characterization 

 Changes in T84 IEC monolayer integrity following challenge with the LrS or the 

STS was visualized by staining ZO-1 with an anti-ZO-1 monoclonal antibody (ZO1-1A12) 

conjugated with Alexa Fluor 488 (ThermoFisher), following manufacturing protocols. 

Briefly, following conditioning, cells were fixed with 3.75% formaldehyde, permeabilized 
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with 0.5% Triton X-100, and stained with anti-ZO for 2 hours at room temperature. Cells 

were counter-stained and mounted using ProLong™ Diamond Antifade Mountant with 

DAPI (ThermoFisher Cat #: P36966).  

Cytokine/Chemokine/Inflammatory Marker Analysis 

 Cell culture supernatants from both the apical and basolateral chambers of the 

hanging cell culture inserts were collected following 24 hours of challenge in order to allow 

sufficient time for the production of key inflammatory cytokines and chemokines and to 

determine directionality of cytokine release. Cytokine and chemokine profiling was 

performed using the Bio-Plex Pro™ 40-Plex Human Chemokine Panel (Bio-Rad 

#171ak99mr2) and the Bio-Plex Pro™ Human Inflammation Panel 1, 37-Plex (Bio-Rad 

#171AL001M). All 40 chemokines (CCL21, BCA-1 / CXCL13, CTACK / CCL27, ENA-

78 / CXCL5, Eotaxin / CCL11, Eotaxin-2 / CCL24, Eotaxin-3 / CCL26, Fractalkine / 

CX3CL1, GCP-2 / CXCL6, GM-CSF, Gro-α / CXCL1, Gro-β / CXCL2, I-309 / CCL1, 

IFN-ϒ, IL-1β, IL-2, IL-4, IL-6, IL-8 / CXCL8, IL-10, IL-16, IP-10 / CXCL10, I-TAC / 

CXCL11, MCP-1 / CCL2, MCP-2 / CCL8, MCP-3 / CCL7, MCP-4 / CCL13, MDC / 

CCL22, MIF, MIG / CXCL9, MIP-1α / CCL3, MIP-1δ / CCL15, MIP-3α / CCL20, MIP-

3β / CCL19, MPIF-1 / CCL23, SCYB16 / CXCL16, SDF-1α+β / CXCL12, TARC / 

CCL17, TECK / CCL25, TNF-α) or 37 cytokines  (APRIL/TNFSF13, BAFF/ TNFSF13B, 

sCD30/TNFRSF8, sCD163, Chitinase-3-like 1, gp130/sIL-6Rβ, IFN-α2, IFN-β, IFN-γ, IL-

2, sIL-6Rα, IL-8, IL-10, IL-11, IL-12 (p40), IL-12 (p70), IL-19, IL-20, IL-22, IL-26, IL-

27 (p28), IL-28A/IFN-λ2, IL-29/IFN-λ1, IL-32, IL-34, IL-35, LIGHT/TNFSF14, MMP-1, 

MMP-2, MMP-3, Osteocalcin, Osteopontin, Pentraxin-3, sTNF-R1, sTNF-R2, TSLP, 

TWEAK/TNFSF12) were multiplexed on the same 96-well plate. Chemokine/cytokine 
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standards were serially diluted and chemokine profiling from all cell challenges was done 

following manufacturer’s instructions (Bio-Rad, CA, USA) with 4 biological replicates. 

Quality controls were also included to ensure the validity of the concentrations that were 

obtained. The Bio-Plex ManagerTM software was used to determine the concentration of 

the analytes within each sample using the generated standard curves and concentration was 

expressed in pg/mL (concentration in range). Statistical analysis was done using GraphPad 

Prism’s (Version 8) one-way analysis of variance (ANOVA) and Tukey’s multiple 

comparison test when the ANOVA indicated significant differences were present. All data 

are shown as the mean pg/mL ± standard error of the mean (SEM). Z-scores were 

determined and visualized using R version 4.0.0 and package Bioconductor to determine 

the overall impact of each challenge on cytokine and chemokine production from T84 IEC 

and THP-1 monocyte co-cultures. 
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3.4 Results 

The LrS attenuates STS-induced pro-inflammatory cytokine and chemokine production 

from T84 IEC and THP-1 APC co-cultures 

Cytokine and chemokine profiling of IEC and APC co-cultures was done to 

determine whether apically delivered LrS and STS could alter functional immune outcomes 

in co-cultures of T84 IEC monolayers and THP-1 human monocytes. STS-challenge 

resulted in increased production of CCL1, CCL15, CCL20, CCL21, CCL24, CCL26, 

CX3CL1, CXCL1, CXCL2, CXCL8, CXCL10, CXCL11, CXCL16, IFN-γ, TNF-α, 

TNFSF13, TNFSF13B, C3L1, and gp130/sIL-6Rβ into the apical chamber of the co-

culture system when compared to controls (n = 4; p < 0.05) (Figures 3-2 and 3-3). This 

correlated with increased production of CCL15, CCL21, CCL23, CCL27, CX3CL1, GM-

CSF, CXCL1, CXCL8, IFNγ, IL-6RA, IL-16, and C3L1 found within the basolateral 

chamber of the co-culture system when compared to controls, suggesting that the STS has 

the capacity to influence immune effector function of cells found beneath an IEC 

monolayer (n = 4; p < 0.05) (Figures 3-2 and 3-3). In contrast, challenge with the LrS only 

resulted in increased apical production of CD163, IL-32, IL-34, MIF and TNFR2, with no 

significant impact on cytokines and chemokines found within the basolateral chamber (n = 

4; p < 0.05) (Figures 3-2 and 3-3). Challenge of IEC-APC co-cultures with a combination 

of the STS and LrS resulted in attenuation of all STS-induced pro-inflammatory mediator 

production to constitutive levels in both the apical and basolateral chambers of the co-

culture system, indicating that apically-delivered LrS can attenuate STS-induced 

inflammatory mediator production in co-cultures of IECs and APCs (p < 0.05; Figures 3-

2 and 3-3). 
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The LrS attenuates STS-induced pro-inflammatory gene expression in T84 IECs and 

THP-1 monocytes 

 Analysis of changes in gene-expression profiles in co-cultures of T84 IECs and 

THP-1 monocytes in response to challenge with the LrS or the STS was carried out to 

interrogate potential mechanism(s) of action behind the immunomodulatory activity of the 

LrS observed in individual cell populations. Consistent with the results obtained from the 

cytokine/chemokine profiling, STS-challenge of T84 IECs resulted in increased 

transcription of CXCL8 (n = 3; p < 0.05) (Figure 3-4), an effect also seen in the underlying 

THP-1 monocyte cell population (Figure 3-5). STS-challenge also up-regulated the 

transcription of NFκB1, a key transcription factor in the NF-κB signalling complex, in T84 

IECs (n = 3; p < 0.05) and THP-1 monocytes (n = 3; p < 0.05) (Figure 3-4 and 3-5). 

Interestingly, STS challenge down-regulated the expression of ZO-1, a gene encoding a 

tight-junction associated protein, indicating that the STS may be impacting tight-junctions 

within T84 IEC monolayers (n = 3; p < 0.05) (Figure 3-4). Concurrent challenge of co-

cultures of T84 IECs and THP-1 monocytes with the LrS and the STS resulted in the 

attenuation of STS-induced transcription of CXCL8 and NFκB1 in both T84 IECs and THP-

1 monocytes, coupled with increased transcription of ZO-1 and of ATF3 and DUSP1, 

negative regulators of innate immunity, in T84 IECs (n = 3; p < 0.05) (Figures 3-4 and 3-

5). Moreover, concurrent challenge of co-cultures of T84 IECs and THP-1 monocytes with 

the LrS and the STS up-regulated the expression of ZFP36L1, CD36, and ATF3 in the 

underlying THP-1 monocyte cell population when compared to STS- or LrS-challenge 

alone (n = 3; p < 0.05) (Figure 3-5). 
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The LrS reverses STS-induced damage to T84 IEC monolayer integrity via increased MIF 

production 

 To further interrogate potential underlying mechanism(s) of action behind the 

observed bioactivity of the LrS in the context of STS challenge within a co-culture system, 

the impact of the LrS and STS on IEC barrier integrity and permeability was determined. 

The LrS had no significant impact on TER measurements of T84 IEC monolayers, with no 

significant changes to the paracellular flux of FITC-dextran when compared to controls (n 

= 4; p > 0.05) (Figure 3-6), indicating no detrimental impacts on IEC monolayer integrity 

and permeability. In contrast, T84 IECs challenged with the STS had a significantly lower 

TER measurement than cells incubated with the LrS (n = 4; p < 0.05) (Figure 3-6A), 

confirming the results obtained by RT-qPCR analysis which indicated that the STS reduced 

the expression of tight junction proteins. This correlated with significantly higher amounts 

of paracellular flux of FITC-dextran when compared to controls and cells challenged with 

the LrS (n = 4; p < 0.05) (Figure 3-6), indicating overall deleterious impacts of the STS on 

IEC monolayer function and integrity. Co-challenge of STS-challenged T84 monolayers 

with the LrS resulted in no significant alterations in TER or paracellular flux, suggesting 

that the LrS can antagonize the negative impacts of STS-challenge on IEC monolayer 

integrity (n = 4; p < 0.05) (Figure 3-6). Morphological changes in T84 monolayers 

confirmed these findings as T84 IECs challenged with the STS displayed broken tight 

junctions via reduced expression of ZO-1 (Figure 3-7). In contrast, T84 IECs challenged 

with the LrS or co-challenged with both the STS and LrS had intact tight junctions (Figure 

3-7). The addition of a MIF neutralizing antibody abrogated the observed bioactivity of the 

LrS on STS-challenged T84 IEC barrier integrity and function (Figure 3-8), suggesting 
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that LrS-induced MIF production may play a protective role in maintaining IEC barrier 

integrity.  
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3.5 Discussion 

Interactions between IECs and the underlying APC population work in concert to 

shape immune responses to apically sensed bacteria and their soluble mediators. While 

evidence suggests that certain LAB and gut-associated pathogenic bacteria or their soluble 

mediators can influence host immune outcomes in single cell in vitro cell cultures, less is 

known about their impacts on IEC and APC co-cultures.  Moreover, the impact of soluble 

mediators derived from both LAB and gut-associated pathogens on IEC monolayer 

integrity and subsequent activity on the underlying APC population remains unknown, 

with recent evidence suggesting that this is an important route of host-microbe immune 

communication within the GALT. Based on earlier observations described in Chapters I 

and II, the ability of the LrS to influence immune outcomes in co-cultures of IECs and 

APCs was examined to determine if the LrS retains bioactivity in a context which more 

closely mimics that which occurs in vivo.    

Cytokine and chemokine profiling revealed that LrS challenge induced a muted 

response from T84 IEC and THP-1 monocyte co-cultures, with no significant changes in 

the production of cytokines and chemokines from THP-1 monocytes found within the 

basolateral chamber of the co-culture system.  However, the LrS induced the production of 

IL-32 into the apical compartment of the co-culture system. Although IL-32 has been 

associated with the pathophysiology of inflammatory bowel disease (Khawar et al., 2016), 

evidence suggests that it may also play an immunoregulatory role in the progression of 

disease. For example, IL-32 can inhibit TNF-α-induced IL-8 production by inhibiting the 

translation of IL-8 mRNA into functional protein through an unknown mechanism (Imaeda 

et al., 2011).  LrS challenge also induced the production of MIF by T84 IECs into the apical 
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chamber, a result consistent with that seen previously in HT-29 IECs challenged with the 

LrS (Jeffrey et al., 2020), indicating that LrS-induced MIF production is not limited to HT-

29 IECs. As discussed in Chapter I, MIF has pleiotropic roles in regulating immune 

outcomes in IECs. However, MIF also plays an integral role in initiating inflammatory 

responses in APCs through NLRP3 inflammasome activation and subsequent release of 

inflammatory mediators (Lang et al., 2018). Interestingly, LrS challenge did not increase 

MIF secretion into the basolateral chamber or induce MIF production from THP-1 

monocytes, suggesting that LrS-induced MIF production is spatially compartmentalized 

into the apical chamber, limiting potential activation of the underlying THP-1 monocytes. 

Limiting the directionality of the release of certain cytokines and chemokines by IECs may 

serve as a means of muting bidirectional immune communication and subsequent 

activation of the underlying APC population within the GALT to certain challenges while 

still allowing for paracrine communication with adjacent IECs. 

STS-challenge resulted in increased production of pro-inflammatory cytokines and 

chemokines found in the apical and basolateral chambers of the co-culture system. Indeed, 

previous evidence describes a route through which ST can invade the intestinal mucosa by 

infecting IECs and the underlying APC populations. However, induction of pro-

inflammatory mediator production in co-cultures of T84 IECs and THP-1 monocytes in 

response to STS challenge represents a potential novel route of pathogenicity mediated 

through soluble mediators derived from gut-associated pathogens. Co-challenge with the 

LrS attenuated STS-induced pro-inflammatory mediator production from T84 IEC and 

THP-1 monocyte co-cultures, a result that is in keeping with the observed bioactivity of 

the LrS in STS-challenged HT-29 IECs (Jeffrey, MacPherson, et al., 2020).  In contrast, 
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Lactobacillus paracasei CNCM-4034 and its secretome was found to induce pro-

inflammatory mediator production and enhance pro-inflammatory gene transcription in 

response to challenge with Salmonella typhi in Caco-2 IEC and APC co-cultures, possibly 

through the up-regulation of genes involved in TLR signaling pathways (Bermudez-Brito 

et al., 2015).  

 Challenge with the LrS induced the expression of ATF3 and DUSP1, but not TRIB3 

in T84 IECs. This is in contrast to previous transcriptional profiling of HT-29 IECs 

following LrS challenge, as induction of these negative regulators of innate immunity was 

only seen following co-challenge of HT-29 IECs with the LrS and TNF-α or the STS 

(Jeffrey et al., 2020). THP-1 human monocytes were less responsive to LrS challenge than 

T84 IECs as there were no significant changes to gene expression profiles in the absence 

of pro-inflammatory challenge. Co-challenge of STS-challenged co-cultures with the LrS 

attenuated NF-κB1 as well as CXCL8 gene expression in both T84 IECs and THP-1 

monocytes, confirming the results obtained in the cytokine and chemokine profiling. As 

was seen in HT-29 IECs co-challenged with the LrS and the STS (Jeffrey et al., 2020), 

there was also increased expression of ATF3, DUSP1, and TRIB3 in STS-challenged T84 

IECs following concurrent secretome challenge, suggesting conserved immunoregulatory 

activity of the LrS across different in vitro IEC models and in in vitro co-culture systems 

which more closely mimic  in vivo conditions. 

Interestingly, the STS-challenge also reduced the expression of ZO-1, a tight-

junction protein integral to proper function of the IEC barrier, providing potential insight 

into STS-induced pro-inflammatory responses in THP-1 monocytes observed in the 

basolateral chamber of the co-culture system. Deterioration of IEC monolayer integrity 
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through disruption of tight junction proteins such as ZO-1 is a hallmark of S. enterica 

serovar Typhimurium infection, resulting in enhanced translocation of the bacteria into the 

lamina propria (Boyle et al., 2006; Kohler et al., 2007). In keeping with these findings, the 

STS decreased T84 IEC TER and increased the flux of FITC-dextran across T84 IEC 

monolayers, indicating damage to IEC monolayer integrity and function. These results 

were further confirmed through visual inspection of ZO-1 expression following STS-

challenge. Typically, damage to IEC monolayer integrity caused by S. enterica serovar 

Typhimurium infection is mediated by the direct delivery of virulence factors into host 

cells via a type III secretion system (Coburn, Grassl, et al., 2007; Coburn, Sekirov, et al., 

2007). However, the results presented here suggest that secretome components derived 

from S. enterica serovar Typhimurium grown under normal conditions can also disrupt 

normal IEC monolayer function. The LrS attenuated STS-induced damage to T84 IEC 

monolayer integrity and function. Although there have been other reports of LAB-mediated 

beneficial impacts on IEC monolayer barrier integrity, the results presented here suggest a 

possible novel route through which soluble mediators derived from LAB can antagonize 

the activity of certain gut-associated pathogens within the GALT. 

Addition of a MIF-neutralizing antibody reversed the ability of the LrS to attenuate 

STS-induced damage to IEC epithelial monolayer integrity. Recent evidence has suggested 

that MIF is integral for IEC repair and regeneration as well as for normal barrier function 

of IECs, as MIF deficient mice have increased intestinal permeability due to impairment 

of tight junction proteins such as ZO-1 (Vujicic et al., 2020; Vujicic et al., 2018). 

Mechanistically, MIF binds to CD74 (Leng et al., 2003), typically following pro-

inflammatory challenge or perturbations in normal IEC activity (Farr, Ghosh, & Moonah, 
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2020). The CD74-MIF signaling complex facilitates the activation of PI3K/AkT and ERK 

cell proliferation and survival cellular pathways (Farr, Ghosh, Jiang, et al., 2020; Lue et 

al., 2007). However, the precise mechanism(s) involved in the induction of MIF production 

following LrS challenge remain unknown and warrant further study, especially in the 

context of polarized IECs which display directionality in the secretion of certain cytokines 

and chemokines.  

While evidence for LAB-mediated attenuation of pathogen-induced inflammatory 

responses in co-cultures of IECs and APCs remains limited, the results presented here 

provide additional mechanistic evidence for the ability of the LrS to modulate immune 

responses to STS-challenge in a context that allows for IEC and APC cell communication. 

The LrS was able to reverse STS-induced damage to IEC monolayer integrity, an effect 

potentially mediated through LrS-induced MIF production by IECs. Further 

experimentation using additional timepoints and secretomes derived from different LAB 

may reveal species-specific and time-dependant consequences of prolonged exposure to 

soluble components from LAB in a context which more closely mimics that which occurs 

in vivo.  These future studies would provide further potential insights into mechanisms of 

gut microbe-host immune communication at the gut-mucosal interface. 
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Table 3-I. List of primers used for relative RT-qPCR for determination of gene expression profiles in T84 IECs and THP-1 
monocyte co-cultures. 
 

Gene GenBank Accession 
Number 

Amplicon 
Length (bp) Primer Sequence (5’-3’) Source 

B2M NM_004048 150 F: GTGCTCGCGCTACTCTCTC (Dydensborg et 
al., 2006) R: GTCAACTTCAATGTCGGAT 

RPLPO NM_001002 142 F: GCAATGTTGCCAGTGTCTG (Dydensborg et 
al., 2006) R: GCCTTGACCTTTTCAGCAA 

TRIB3 NM_021158.4 184 F: TGGTACCCAGCTCCTCTACG (Jousse et al., 
2007) R: GACAAAGCGACACAGCTTGA 

ATF3 NM_001206484.3 71 F: AAGAACGAGAAGCAGCATTTGAT (Bottone et al., 
2005) R: TTCTGAGCCCGGACAATACAC 

DUSP1 NM_004417 80 F: GGCCCCGAGAACAGACAAA (Locati et al., 
2002) R: GTGCCCACTTCCATGACCAT 

NFкB1 NM_003998.3 130 F: GCAGCACTACTTCTTGACCACC (Macpherson et 
al., 2014) R: TCTGCTCCTGAGCATTGACGTC 

CLDN1 NM_021101.5 81 F:  CCTATGACCCCAGTCAATGC (Tisza et al., 2016) 
R: TCCCAGAAGGCAGAGAGAAG 

CLDN3 NM_001306.4 161 F: GTCCGTCCGTCCGTCCG (Rangel et al., 
2003) R: GCCCAGCACGGCCAGC 

ZO-1 NM_001330239.4 102 F: AAGTCACACTGGTGAAATCC (Boeckx et al., 
2015) R: CTCTTGCTGCCAAACTATCT 

IL1R2 NM_004633.4 101 F: TGTGCTGGCCCCACTTTC (Mar et al., 2015) 
R: GCACAGTCAGACCATCTGCTTT 

IDO1 NM_002164.6 119 F: GCCTGATCTCATAGAGTCTGGC (S. Zhou et al., 
2019) R: TGCATCCCAGAACTAGACGTGC 

CD36 NM_001001548.3 118 F: CAGGTCAACCTATTGGTCAAGCC (Chen et al., 2020) 
R: GCCTTCTCATCACCAATGGTCC 
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This is a continuation of Table 3-I. 
 

Gene GenBank Accession 
Number 

Amplicon 
Length (bp) Primer Sequence (5’-3’) Source 

TLR1 NM_003263.4 105 F: CAGTGTCTGGTACACGCATGGT (Lv et al., 2018) R: TTTCAAAAACCGTGTCTGTTAAGAGA 

DC-SIGN NM_001144893.2 136 F: TCAAGCAGTATTGGAACAGAGGA (Chanput et al., 
2013) R: CAGGAGGCTGCGGACTTTTT 

CD206 NM_002438.4 97 F: CAGCGCTTGTGATCTTCATT (Chanput et al., 
2013) R: TACCCCTGCTCCTGGTTTTT 

ZFP36L1 NM_001244698.2 116 F: ATGACCACCACCCTCGTGT (Chen et al., 
2015) R: TTTCTGTCCAGCAGGCAACC 

ACTB NM_001101.5 150 F: ATTGCCGACAGGATGCAGAA (Maess et al., 
2010) R: GCTGATCCACATCTGCTGGAA 

RPL37A NM_000998.5 94 F: ATTGAAATCAGCCAGCACGC (Maess et al., 
2010) R: AGGAACCACAGTGCCAGATCC 
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Figure  3-2. Two-dimensional hierarchical clustering analysis of cytokine and chemokine production profiles from the A. apical (A) and B. 
basolateral (B) chambers of T84 IEC/THP-1 human monocytes in response to apically delivered LrS, STS, a combination of the LrS and the STS, 
or medium controls for 24 hours. Data shown is the Z-score statistic for each cytokine and chemokine measured (n = 4) 
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Figure 3-3A. Apical and basolateral  production of CCL1 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3B. Apical and basolateral  production of CCL2 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3C. Apical and basolateral  production of CCL3 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3D. Apical and basolateral  production of CCL13 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 

 



167 
 

 
Figure 3-3E. Apical and basolateral  production of CCL15 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3F. Apical and basolateral  production of CCL19 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3G. Apical and basolateral  production of CCL20 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3H. Apical and basolateral  production of CCL21 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3I. Apical and basolateral  production of CCL22 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3J. Apical and basolateral  production of CCL23 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3K. Apical and basolateral  production of CCL24 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3L. Apical and basolateral  production of CCL25 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3M. Apical and basolateral  production of CCL26 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3N. Apical and basolateral  production of CCL27 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3O. Apical and basolateral  production of CD163 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3P. Apical and basolateral  production of CX3CL1 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3Q. Apical and basolateral  production of CXCL1 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3R. Apical and basolateral  production of CXCL2 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 

 



181 
 

 
Figure 3-3S. Apical and basolateral  production of CXCL3 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3T. Apical and basolateral  production of CXCL5 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3U. Apical and basolateral  production of CXCL8 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3V. Apical and basolateral  production of CXCL9 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3W. Apical and basolateral  production of CXCL10 by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3X. Apical and basolateral  production of CXCL11 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3Y. Apical and basolateral  production of CXCL12 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3Z. Apical and basolateral  production of CXCL16 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3AA. Apical and basolateral  production of gp130 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3BB. Apical and basolateral  production of IFN-β by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3CC. Apical and basolateral  production of IFN-γ by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3DD. Apical and basolateral  production of IL-1β by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3EE. Apical and basolateral  production of IL-6 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3FF. Apical and basolateral  production of IL-6RA by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3GG. Apical and basolateral  production of IL-10 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3HH. Apical and basolateral  production of IL-16 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3II. Apical and basolateral  production of IL-26 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3JJ. Apical and basolateral  production of IL-27(p28) by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3KK. Apical and basolateral  production of IL-32 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3LL. Apical and basolateral  production of IL-34 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3MM. Apical and basolateral  production of IL-35 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3NN. Apical and basolateral  production of MIF by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3OO. Apical and basolateral  production of Osteopontin by T84 IEC and THP-1 
monocyte co-cultures following challenge with the LrS, STS, or a combination of the secretomes 
for 24 hours. Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). 
Significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way 
ANOVA and Tukey’s post-hoc test. 
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Figure 3-3P. Apical and basolateral  production of Pentraxin by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3QQ. Apical and basolateral  production of TNF-α by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3RR. Apical and basolateral  production of TNFR1 by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3SS. Apical and basolateral  production of TNFR2 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3TT. Apical and basolateral  production of TNFRSF8 by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3UU. Apical and basolateral  production of TNFSF13 by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3VV. Apical and basolateral  production of TNFSF13B by T84 IEC and THP-1 monocyte 
co-cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-3WW. Apical and basolateral  production of C3L1 by T84 IEC and THP-1 monocyte co-
cultures following challenge with the LrS, STS, or a combination of the secretomes for 24 hours. 
Data shown is the mean cytokine/chemokine production (pg/mL) ± SEM (n = 4). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s 
post-hoc test. 
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Figure 3-4. Gene expression profiles of T84 IECs in T84 IEC/THP-1 monocyte co-cultures 
challenged with the LrS, STS, or a combination of the challenges. Data shown is the mean fold-
change relative to untreated controls ± SEM (n = 4). Significance is indicated as * p < 0.05, ** p < 
0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s post-hoc test. 
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Figure 3-5. Gene expression profiles of THP-1 monocytes in T84 IEC/THP-1 monocyte co-cultures challenged with the LrS, STS, or a combination 
of the challenges. Data shown is the mean fold-change relative to untreated controls ± SEM (n = 4). Significance is indicated as * p < 0.05, ** p < 
0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s post-hoc test. 
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Figure 3-6.  The LrS attenuates STS-induced damage to T84 IEC monolayer integrity and permeability. A. Transepithelial resistance (TER) was 
measured following challenge of T84 IECs with the LrS, STS, or combined secretome challenges for 24 hours (n = 3). B. T84 IEC 
monolayer permeability was determined by measuring the amount of flux of FITC-dextran following challenge (n = 3). Significance is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way ANOVA and Tukey’s post-hoc test. 
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Figure 3-7. The LrS attenuates STS-induced damage to T84 IEC monolayer and integrity by 
antagonizing STS damage to ZO-1. Confluent T84 IECs were stained with anti-ZO-1-GFP and 
counterstained with DAPI following 24 hours of challenge with the LrS, STS, LrS + STS, or 
medium controls and visualized at 100X under oil immersion. Arrows indicate a reduction in ZO-
1 expression 
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Figure 3-8. The impact of the LrS on T84 IEC barrier function and integrity is abrogated by the 
addition of a MIF blocking antibody. A. Transepithelial resistance (TER) was measured following 
challenge of T84 IECs with the LrS, STS, or a combination of the challenges with an anti-MIF 
antibody or isotype controls (0.5µg/mL) for 24 hours (n = 3). B. T84 IEC monolayer permeability 
was determined by measuring the amount of flux of FITC-dextran following challenge (n = 3). 
Significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by one-way 
ANOVA and Tukey’s post-hoc test. 
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CHAPTER 4: Biochemical characterization and identification of components of the 

Lacticaseibacillus rhamnosus R0011 secretome  

4.1 Introduction 

Gut bacteria-derived soluble mediators and metabolites serve as important 

messengers which facilitate complex bidirectional host-microbiota communication 

(Blacher et al., 2017; Levy et al., 2017; Levy et al., 2016). Evidence for systemic 

dissemination of these metabolites has indicated that these secreted metabolites can also 

influence and shape host physiology and metabolism outside of the gut (Donia et al., 2015; 

Yadav et al., 2018). Gut bacteria metabolite and soluble mediator driven immunological 

changes at the gut mucosal interface suggest multifaceted and strain and species-dependent 

impacts on host gut immune homeostasis. For example, secretome components derived 

from Salmonella enterica serovar Typhimurium can drive inflammatory mediator 

production by intestinal epithelial cells, while Lactocaseibacillus rhamnosus R0011 

produces soluble mediators capable of attenuating ST-driven intestinal inflammatory 

mediator production (Jeffrey et al., 2020). Impacts of soluble mediators derived from gut-

associated bacteria and LAB on other cell types involved in innate immunity as described 

in Chapter II suggest context- and species-dependant regulation of immune outcomes.  

Proteins, peptides, and other large macromolecules typically found on the bacterial 

cell surface were among the first LAB-derived soluble mediators to be identified as 

important mediators of host-microbe immune communication. Exopolysaccharides, large 

biopolymers produced by LAB to counter acidic and osmotic stress in their 

microenvironments, have been shown to have species- and strain-specific 

immunomodulatory activity via attenuation of pro-inflammatory cytokine and chemokine 
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production (Murofushi et al., 2015; Nguyen et al., 2020; Patten et al., 2014). Similarly, 

LTA that is shed and liberated by certain LAB during bacterial cell turnover can also alter 

immune outcomes following cellular recognition via a TLR-2 dependent mechanism. 

Structural differences in the lipid moieties found within different LTA molecules points to 

strain- and species-dependent immunoregulatory capacities of certain LAB (Lebeer et al., 

2012). Lactocepin, a biologically active serine protease that is secreted into the 

extracellular milieu by some LAB, has been shown to selectively degrade CXCL10, 

CXCL11, CXCL12, CX3CL1, and CCL11 in vitro as well as CXCL10 in an in vivo model 

of murine colitis (Hormannsperger et al., 2013; von Schillde et al., 2012; Vong et al., 

2014).   

Characterization of potential immunomodulatory impacts of gut microbiota-

metabolites also indicates a role for gut-derived aromatic amino acid metabolites. 

Tryptophan metabolites activate the aryl-hydrocarbon receptor leading to alterations in 

host physiology and immune outcomes at the gut-mucosal interface (Zelante et al., 2013). 

Moreover, these indole-containing metabolites can be detected in serum, and their presence 

depends solely on the presence of a resident gut microbiota (Wikoff et al., 2009). 

Tryptophan metabolites produced by residents of the gut microbiota can also function as 

neurotransmitters with the capacity of modulating the gut-brain axis (Kaur et al., 2019). 

Moreover, certain amino acids produced by the resident gut microbiota are sensed by the 

host and can contribute to intestinal epithelial maintenance;  some are used by the host to 

activate inflammasome activity to maintain a stable colonization state through the 

production of anti-microbial compounds (Levy et al., 2016).  
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Metabolite-driven competition between constituents of the gut microbiota has also 

revealed intricate and complex strategies for developing niches within the gut ecosystem. 

For example, species belonging to the Lactobacillaceae and Bifidobacteriaceae families  

produce bacteriocins which can prevent the growth of certain bacterial species (Hammami 

et al., 2013), while others  produce quorum-sensing (QS) molecules which can orchestrate 

transcriptional changes within bacterial populations to influence growth of different 

populations of microbes (Kleerebezem, 2004). Moreover, a soluble factor produced by 

Escherichia coli (strain MG1655) can inhibit the growth of Candida albicans (Cabral et 

al., 2018), while Msp1, a soluble mediator produced by several Lactobacillaceae species, 

reduces hyphal formation by C. albicans (Allonsius et al., 2019), highlighting the potential 

role of soluble-mediator driven changes to the makeup and activity of the gut microbiota 

and mycobiota. Some metabolites produced by the gut microbiota, such as AMP, can also 

instruct the underlying intestinal epithelial cells to produce antimicrobial compounds that 

target certain bacterial species (Eckmann, 2005), indicative of soluble-mediator derived 

communication between the host and the resident gut microbiota in driving changes to the 

gut microbiota composition.  
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4.2 Objectives 

To date, effective approaches to decipher the roles of soluble mediator-driven 

immunological changes mediated by LAB and commensal microorganisms in the context 

of host-microbe immune communication remain difficult. As such, utilizing high-

resolution and global amino acid, proteomic, and metabolomic profiling approaches to 

interrogate the impact/effects of LAB-derived secretomes presents a useful strategy to 

determine strain-specific production of potential bioactive molecules, and  to characterize 

potential soluble mediator-driven interactions between the host and LAB. L. rhamnosus 

R0011, Lactobacillus helveticus R0052, and Lactobacillus helveticus R0389 have been 

shown to alter host immune outcomes to pro-inflammatory challenge through direct and 

indirect interactions as mediated by soluble bioactive mediators (Jeffrey et al., 2020; 

Jeffrey et al., 2018; Macpherson et al., 2014; MacPherson et al., 2017). Previous analyses 

have indicated that the bioactive constituent(s) of these bacterially derived secretomes is 

found within the secretome of stationary-phase cultures, suggesting these biomolecules are 

absent or produced at low concentrations in the exponential phase. For this reason, 

secretomes from cultures grown to exponential phase were included for useful comparisons 

to help facilitate identification of potential bioactive constituent(s) with capacity for 

immunomodulation.  
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4.3 Materials and Methods 

Bacterial Culture 

Lyophilized Lacticaseibacillus rhamnosus R0011, Lactobacillus helveticus R0052, 

and Lactobacillus helveticus R0389 was obtained from RIMAP (Montreal, Quebec, 

Canada). Secretomes were prepared as previously described (Jeffrey et al., 2018). Briefly, 

bacteria were grown in deMan, Rogosa and Sharpe (MRS) medium (Difco, Canada) at 

37oC for 17 hours in a shaking incubator and then diluted in non-supplemented RPMI-1640 

medium and allowed to further propagate for an additional 23 hours under the same 

conditions. A medium control consisting of MRS diluted in RPMI-1640 medium was 

included and subjected to the same culture conditions. Both the bacterial culture and 

controls were centrifuged at 3000 x g for 20 minutes and filtered through a 0.22 µm filter 

(Progene, Canada) to remove any bacteria. Optical density measurements and viable 

bacterial cell counts were recorded to ensure consistencies between the number of bacteria 

contributing to biomolecule production within each secretome prior to filtration and down-

stream analyses.  

Amino acid analyses 

 Total free amino acid profiling was done at the SickKids Proteomics, Analytics, 

Robotics & Chemical Biology Centre (SPARC Biocentre, Toronto, ON, CA). Briefly, 

frozen secretome samples were analyzed using a Waters ACQUITY UPLC which utilizes 

a C-18 based column. Free amino acid concentrations within the secretomes were averaged 

and corrected by subtracting the corresponding value of each amino acid found in the 

medium controls. Resulting background-corrected amino acid profiles were plotted in a 
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heat map using the Mutli-experiment Viewer (MeV) software with hierarchical clustering 

using Euclidean distance to order the treatments by similarities (n = 3).  

Two-dimensional difference gel electrophoresis (2D-DIGE) and protein identification via 

mass spectrometry 

MRS or RPMI-1640 grown exponential and stationary-phase derived L. rhamnosus 

R0011 secretomes were sent to Applied Biomics (California, USA) for protein analysis 

using 2D Difference Gel Electrophoresis (DIGE) and DeCyder In-gel Analysis (DIA). 

Briefly, equal amounts of protein found within the secretome samples (Cy3 for proteins 

found within stationary phase-derived and Cy5 for proteins found within exponential 

phase-derived secretomes) or medium controls (Cy2) were fluorescently labelled and 

multiplexed on a single 2D-gel (isoelectric focusing in the first dimension and SDS-PAGE 

in the second dimension) for direct comparison. Following electrophoresis, the gel was 

scanned using a Typhoon image scanner to detect signals from each of the CyDye signals.  

ImageQuant and DeCyder In-gel analysis software was used to determine protein 

expression ratios between the different samples. Proteins were selected for identification 

via mass spectrometry based on their relative abundance and size and whether they were 

found exclusively within the exponential or stationary phases of growth. Protein 

identification was done using the L. rhamnosus R0011 protein database. A BLASTp search 

was carried out using the Lactobacillus rhamnosus database to assign putative 

identification of proteins which have not yet been annotated in the L. rhamnosus R0011 

database. 
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Metabolomic profiling 

 Metabolomic and small molecule profiling of RPMI-1640 grown exponential and 

stationery-phase derived L. rhamnosus R0011, L. helveticus R0052, and L. helveticus 

R0389 secretomes was performed by Metabolon (Morrisville, NC, USA). Briefly, samples 

were prepared using the automated MicroLab STAR system (Hamilton Company) and 

several recovery standards were added prior to the first step in the extraction process for 

quality control purposes. Small molecules and metabolites were extracted with methanol 

to precipitate any protein and dissociate small molecules bound to protein or media 

components. The resulting extracts were then analysed using a Waters ACQUITY ulra-

performance liquid chromatography (UPLC) and a Thermo Scientific Q-Exactive high 

resolution/accurate mass spectrometer interfaced with a heated electrospray ionization 

(HESI-II) source and Orbitrap mass analyzer operated at 35,000 mass resolution. Data 

extraction and subsequent small molecule identification and quantification, statistical 

analyses, and data visualization was done using Metabolon’s proprietary Laboratory 

Information Management system, using a curated library of standards to facilitate 

biochemical identification. Matched pairs t-test, Two-way ANOVA, and Principal 

Component Analysis (PCA) were used to analyze the data and were performed on natural 

log-transformed data. 
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4.4 Results 

The LrS has unique amino acid profiles when compared to secretomes derived from L. 

helveticus R0052 and R0389 

Amino acid profiling of the secretomes from L. rhamnosus R0011, L. helveticus 

R0389, and L. helveticus R0052 revealed a high degree of strain specificity in amino acid 

metabolism (Figure 4-1). Hierarchical clustering revealed similarities between the amino 

acid composition of the secretomes of L. rhamnosus R0011 and L. helveticus R0052, while 

L. helveticus R0389 clustered separately. In general, the secretomes of all three strains had 

higher concentrations of arginine, glutamine, and glutamate (Figure 4-1). Asparagine was 

consumed by both L. rhamnosus R0011 and L. helveticus R0052, but not L. helveticus 

R0389 (Figure 4-1). Interestingly, the secretomes of L. helveticus R0052 and L. helveticus 

R0389 contain an appreciably higher concentration of γ-amino butyric acid (GABA) 

(Figure 4-1). 

Protein profiling identified unique proteins in the secretomes of exponential and 

stationary grown cultures 

2D DIGE protein profiling was done to interrogate the differential protein 

expression patterns of proteins found within the LrS harvested in exponentially- or 

stationary-grown MRS or RPMI-1640 cultures. A total of 19 and 16 differentially 

expressed proteins were detected in the secretomes derived from cultures grown in MRS 

or RPMI-1640 medium, respectively (Figure 4-2). Since the immunomodulatory activity 

detected previously (Jeffrey et al., 2020; Jeffrey et al., 2018) is observed when the 

secretome is collected during the stationary phase of growth, protein identification focused 

primarily on proteins that were expressed predominantly in the stationary phase. Although 
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the number and types of proteins found in the LrS showed some degree of growth-medium 

dependence, GAPDH and cell wall-associated glycoside hydrolases were found to be 

present in secretome grown to the stationary phase (Table 4-I and 4-II). Multiple species 

alignment of L. rhamnosus R0011-derived GAPDH using NCBI BLASTp revealed that 

this strain potentially secretes a relatively unique isoform of GAPDH. Two biological 

replicates were run to ensure reproducibility of the results (Figure 4-3).  

Metabolite composition of the three lactobacilli secretomes is species- and growth-phase-

dependent 

Principle component analysis of global metabolic profiles of the three different 

lactobacilli-derived secretomes revealed divergent species- and growth-phase dependant 

clusters, suggesting that the three individual bacterial strains produce distinct metabolite- 

rich secretomes (Figure 4-4). Compared to the medium control, between 38 and 50% of 

all metabolites were altered during the exponential phase and between 62 and 68% were 

altered during the stationary phase. During the exponential phase, L. rhamnosus R0011, L. 

helveticus R0052, and L. helveticus R0389 secreted 85, 113, and 194 biochemicals, 

respectively, while during the stationary phase, L. rhamnosus R0011, L. helveticus R0052, 

and L. helveticus R0389 secreted 219, 242, and 262 biochemicals, respectively. During the 

stationary phase, L. rhamnosus R0011, L. helveticus R0052, and L. helveticus R0389 

secreted 34, 37, and 40 distinct metabolites, respectively. Lactate, indicative of 

metabolically active cultures, was found in the stationary secretomes of each species tested, 

with each strain secreting approximately the same amount of lactate. 
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Tryptophan-derived AhR ligands and phenylalanine-derived metabolites were secreted by 

all strains 

During stationary phase, indole-3-carboxylate was consumed by all strains and 

indolelactate was secreted by all strains.  However, during the exponential phase, only L. 

rhamnosus R0011 consumed indole-3-carboxylate, while L. helveticus R0052 and L. 

helveticus R0389 secreted indolelactate (Figure 4-5). Interestingly, L. helveticus R0052 

was the only strain to secrete indoleacetate. During both the exponential and stationary 

phases all strains secreted the phenylalanine-derived metabolites phenethylamine and 

phenyllactate (Figure 4-6). Similar to the pattern observed for indolelactate production, 

the strain that secreted the most phenyllactate was L. helveticus R0389 (Figure 4-6). 

Methionine metabolism was altered between all bacterial strains 

Methionine was consumed by L. helveticus R0052 and L. helveticus R0389 in both 

exponential and stationary phases but was not consumed by L. rhamnosus R0011 (Figure 

4-7), confirming previous amino acid analyses (Figure 4-1). In contrast, L. rhamnosus 

R0011 and L. helveticus R0389 secreted the methionine-derived metabolites homocysteine 

and cysteine, especially during the stationary phase. Secretion of homocysteine may 

indicate an increase in LuxS enzyme activity and the production of autoinducer-2 (AI-2) 

(Figure 4-7).  
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4.5 Discussion 

Gut bacteria-derived metabolites serve as messengers which facilitate dynamic and 

complex host-microbiota immune communication. These metabolites play an integral role 

in the development and maintenance of host immune and physiological outcomes, with 

recent advances in host-microbiome research indicating a causal relationship between 

some gut microbiota-derived metabolites and host immune activity. As such, global 

metabolic profiling of LAB secretomes provides an effective strategy for identifying strain-

specific production of potential bioactive metabolites. Free amino acid profiling of the 

secretomes from L. rhamnosus R0011, L. helveticus R0389, and L. helveticus R0052 when 

grown to stationary phase revealed that secretomes from all three strains contained high 

concentrations of arginine and glutamine. Glutamine has been reported to influence gut 

physiology and gut inflammation by influencing many signaling pathways involved in cell 

cycle regulation and proliferation, as well as by inhibiting NF-κB pathway activation (Kim 

et al., 2017). More specifically, glutamine has been shown to activate dual specificity 

phosphatase 1 (DUSP1), a key regulator of the mitogen-activated protein kinase signaling 

pathway. Treatment of challenged HT-29 human and T84 IECs with the LrS up-regulates 

the expression of DUSP1 (Jeffrey et al., 2020) suggesting a possible link between the 

glutamine found within the LrS and the observed immunomodulatory activity of the 

secretome. Arginine, also present at high concentrations in the LrS, has been shown to 

reduce intestinal inflammation in response to pathogen challenge (Fritz, 2013), suggesting 

this amino acid could also participate in the immunomodulatory activity of this strain in 

the gut environment. 
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In stationary phase-derived secretomes collected from RPMI-1640 grown L. 

rhamnosus R0011 cultures, there were a total of six proteins identified as the same cell 

wall-associated glycoside hydrolase, each with a unique size and isoelectric point, 

indicating that this particular protein has undergone differential post-translational 

modification. Cell wall-associated hydrolases have been attributed with having 

peptidoglycan and lipoteichoic acid (LTA) modifying ability (Xu et al., 2015). Analysis of 

by-products of bacterial cell turnover as a result of the activity of these enzymes may 

provide some insight into the  immunomodulatory activity of the L. rhamnosus R0011 

secretome, as LTA and peptidoglycan derivatives have been attributed with 

immunomodulatory capacities (Lebeer et al., 2012; Lebeer et al., 2008, 2010). Moreover, 

glyceraldehyde-3-phosphate (GAPDH) was found to be secreted into the extracellular 

milieu by L. rhamnosus R0011 during the stationary phase of growth. This is in keeping 

with findings suggesting that GAPDH is secreted by some bacteria in response to stress. In 

fact, stationary phase cultures of L. plantarum 299v show an increase in GAPDH presence 

and activity on the bacterial cell wall when compared to exponential phase cultures (Saad 

et al., 2009). GAPDH is associated with multiple moonlighting functions including playing 

a pivotal role in adhesion of lactobacilli to epithelial cells, with strain-specific effects 

observed (Kainulainen et al., 2014). For example, the GAPDH isolated from L. plantarum 

LA 318 binds human colonic mucin (Kinoshita et al., 2008) while GAPDH isolated from 

L. crispatus binds human plasminogen (Hurmalainen et al., 2007). GAPDH has also been 

shown to exert effects on host immune outcomes. More recently, Nakano et al., (2017) 

have shown that exogenously supplied GAPDH can influence macrophage phenotype and 

activity by changing the glycolytic flux within the cell. LPS-stimulated macrophages 
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treated with GAPDH show a reduction in TNFα production with a simultaneous increase 

in the production of the regulatory cytokine IL-10. This immunomodulatory activity was 

associated with an increase in intracellular NADH concentration, which skewed 

macrophage polarization to a M2 immunoregulatory phenotype (Nakano et al., 2018). 

However, the exact mechanisms by which these proteins are translocated across the cell 

membrane into the extracellular environment remain largely unknown. Future experiments 

examining the effects of L. rhamnosus R0011-derived GAPDH should be done to ascertain 

if this secreted protein is responsible for the observed immunomodulatory activity observed 

with THP-1 human monocytes as described in Chapter II. 

Tryptophan is metabolized by gut bacteria to produce metabolites such as indoles. 

In fact, most indoles can be linked directly to microbial metabolism since mammalian cells 

lack the enzymes necessary to produce these molecules. Indolelactate (ILA), indoleacetate, 

and indole-3-carboxylate are tryptophan metabolites that are exclusively contributed by 

bacterial metabolism and are thought to play key roles in shaping immune outcomes within 

the gastrointestinal environment through AhR activation. For example, ILA produced by 

Bifidobacterium longum subsp. infantis has been shown to reduce CXCL8 production in 

immature intestinal enterocytes following interleukin-1β challenge through AhR activation 

(Meng et al., 2020). Furthermore, ILA has also been shown to enhance neurite outgrowth 

and acetylcholinesterase activity through AhR activation of rat adrenal pheochromocytoma 

cells, suggesting a possible link between gut bacteria-derived AhR ligands and neuronal 

differentiation (Wong et al., 2020).  

Secretion of homocysteine may indicate an increase in LuxS enzyme activity and 

the production of autoinducer-2 (AI-2). AI-2 is proposed to be a universal signal for inter-
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species cell-to-cell communication. The synthesis of AI-2 is linked to the methionine cycle 

whereby the metabolism of S-adenosylmethionine can be recycled via sequential metabolic 

reactions of intermediates. In bacteria, metabolism of S-adenosylmethionine to S-

adenosylhomocysteine is followed by hydrolysis by the Pfs nucleosidase to produce S-

ribosylhomocysteine. Subsequently, S-ribosylhomocysteine is cleaved by LuxS to generate 

homocysteine and 4,5-dihydroxy 2,3-pentanedione, which spontaneously cyclizes to form 

pro-AI-2 molecules (Jimenez et al., 2014). Although we could not conclusively determine 

whether these lactobacilli secretomes contained the other LuxS-dependent metabolites, the 

higher levels of homocysteine secretion and metabolism by L. rhamnosus R0011 and L. 

helveticus R0389 may suggest increased LuxS activity and AI-2-like molecule secretion. 

Furthermore, phenyllactate, the major phenylalanine catabolite produced by the three 

lactobacilli strains, has been shown to inhibit radial growth and sporulation of filamentous 

fungi (Svanstrom et al., 2013), indicating that these strains produce an array of metabolites 

capable of shaping the gut microbiota. 

To date, comprehensive profiling of secretomes derived from LAB has remained 

difficult. Using a combinatorial approach using amino acid, proteomic, and metabolomic 

profiling, species- and growth phase-dependent production and consumption of a large 

range of bioactive molecules was identified. Although some of the soluble mediators 

identified have been associated with altering host physiology and immune function, 

insights into specific activities behind most of the soluble mediators identified remain 

unknown. As such, future experimentation should focus on ascertaining the roles that these 

soluble mediators may play in the observed immunomodulatory activity of the LrS and 

more broadly in complex host-microbe immune communication.  
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Table 4-I. Protein identification via mass spectrometry of proteins found in the LrS from MRS-
grown cultures. 
 

Spot 
Number1 

Top Ranked Protein Name 
[Species] 

Accession 
Number 

Protein 
MW 

Protein 
Score 

(Confidence 
%) 

Stationary Phase-derived L. rhamnosus R0011 Secretome  

2 
Hsp20 family small heat shock 

protein [Lactobacillus rhamnosus 
R0011] 

gi|357538804 16,616 0 

4 

cell wall-associated glycoside 
hydrolase (NLP/P60 protein) 

[Lactobacillus rhamnosus MTCC 
5462] 

gi|357537998 49,709 100 

6 
transcriptional regulator LysR 
family protein [Lactobacillus 

rhamnosus R0011] 
gi|357538675 33,127 0 

13 
glyceraldehyde-3-phosphate 

dehydrogenase [Lactobacillus 
rhamnosus R0011]  

gi|357538940 42,560 100 

18 
ATP-dependent protease ATP-

binding subunit HslU 
[Lactobacillus rhamnosus R0011]  

gi|357540050 52,157 0 

Exponential Phase-derived L. rhamnosus R0011 Secretome  

9 surface antigen [Lactobacillus 
rhamnosus R0011]  gi|357538940 42,560 100 

15 
Hsp20 family small heat shock 

protein [Lactobacillus rhamnosus 
R0011] 

gi|357538804 16,616 0 

17 Xre-like DNA-binding protein 
[Lactobacillus rhamnosus R0011] gi|357539596 32,981 0 
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Table 4-II. Protein identification via mass spectrometry of proteins found in the LrS when grown 
in RPMI-1640 medium.  

Spot 
Number1 Top Ranked Protein Name [Species] Accession 

Number 
Protei
n MW 

Protein 
Score 

(Confidence 
%) 

Stationary Phase-derived L. rhamnosus R0011 Secretome  
1 ATP-dependent protease ATP-binding subunit 

HslU [Lactobacillus rhamnosus R0011] 
 

gi|357540050 52,157 - 

2 cell wall-associated glycoside hydrolase (NLP/P60 
protein) [Lactobacillus rhamnosus R0011] 

 

gi|357537998 49,709 100 

3 cell wall-associated glycoside hydrolase (NLP/P60 
protein) [Lactobacillus rhamnosus R0011] 

 

gi|357537998 49,709 100 

4 cell wall-associated glycoside hydrolase (NLP/P60 
protein) [Lactobacillus rhamnosus R0011] 

 

gi|357537998 49,709 - 

5 cell wall-associated glycoside hydrolase (NLP/P60 
protein) [Lactobacillus rhamnosus R0011] 

 

gi|357537998 49,709 100 

6 cell wall-associated glycoside hydrolase (NLP/P60 
protein) [Lactobacillus rhamnosus R0011] 

 

gi|357537998 49,709 100 

8 hypothetical protein R0011_12960 [Lactobacillus 
rhamnosus R0011] 

 

gi|357537076 34,135 100 

9 hypothetical protein R0011_12960 [Lactobacillus 
rhamnosus R0011] 

 

gi|357537076 34,135 100 

14 glyceraldehyde-3-phosphate dehydrogenase 
[Lactobacillus rhamnosus R0011] 

 

gi|357539641 36,701 100 

15 ribonucleotide-diphosphate reductase subunit alpha 
[Lactobacillus rhamnosus R0011] 

 

gi|357540106 82,112 - 

16 peptide chain release factor 1 [Lactobacillus 
rhamnosus R0011] 

gi|357539812 40,954 - 

Exponential Phase-derived L. rhamnosus R0011 Secretome  
7 cell wall-associated glycoside hydrolase (NLP/P60 

protein) [Lactobacillus rhamnosus R0011] 
 

gi|357537998 49,709 100 
 

10 Hsp20 family small heat shock protein 
[Lactobacillus rhamnosus R0011] 

 

gi|357538804 16,616 5 

11 surface antigen [Lactobacillus rhamnosus R0011] 
 

gi|357538940 42,560 100 

12 surface antigen [Lactobacillus rhamnosus R0011] 
 

gi|357538940 42,560 100 

13 anaerobic ribonucleoside triphosphate reductase 
[Lactobacillus rhamnosus R0011] 

gi|357539043 82,511 - 
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Figure 4-1. Free amino acid profiling of the secretomes of L. rhamnosus R0011, L. helveticus R0052, and L. helveticus R0389 when grown to 
stationary phase in RPMI-1640 medium. Data shown is the background corrected average of three biological replicates (µg/mL ± SEM) (n = 3).  
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Figure 4-2. 2D DIGE analysis of differentially expressed proteins found within A. RPMI-1640 grown stationary-phase and exponential-phase L. 
rhamnosus R0011 secretomes and B. MRS grown stationary-phase and exponential-phase L. rhamnosus R0011 secretomes. Green spots indicate 
those proteins found within the stationary-phase LrS while red spots indicate proteins found within the exponential-phase secretome.  
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Figure 4-3. 2D DIGE analysis of differentially expressed proteins found within RPMI-1640 grown stationary-phase and exponential-phase LrS of 
two biological replicates (A and B). Green spots indicate proteins detected in the stationary-phase LrS while red spots indicate proteins detected in 
the exponential-phase secretome.  
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Figure 4-4. BLAST Tree View of the multiple species alignment of NCBI BLASTp results using the L. rhamnosus R0011 GAPDH as the query 
search. 
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Figure 4-5. PCA analysis, overview heat map representation, and summary counts of statistically significant metabolites in secretomes from 
exponential and stationary phase cultures of L. rhamnosus R0011 (Lr-R0011), L. helveticus R0052 (Lh-R0052), and L. helveticus R0389 (Lh-R0389) 
(n = 3). B. All named and unnamed metabolites were grouped according to super pathway and trending (0.05 <p < 0.10) and significant (p ≤ 0.05) 
elevations are indicated by pink and red shading, respectively, while trending and significant reductions are represented by light green and dark 
green shading, respectively. Grey boxes indicate metabolites that are not significantly different. C. Number of significantly altered compounds (p ≤ 
0.05) between each comparison is indicated in the table. D. Venn Diagram analysis showing similarities and differences between the total number 
of metabolites identified in exponential and stationary phase secretomes. 
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Figure 4-6. Heat map, boxplots, and Cytoscape visualizations of tryptophan metabolites found within the Lr-R0011, Lh-R0052, and the Lh-R0389 
secretomes. Trending (0.05<p<0.10) and significant (p≤0.05) elevations are indicated by pink and red shading, respectively, while trending and 
significant reductions are represented by light green and dark green shading, respectively (n = 3). 
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Figure 4-7. Heat map, boxplots, and Cytoscape visualizations of phenylalanine metabolites found within the Lr-R0011, Lh-R0052, and the Lh-
R0389 secretomes. Trending (0.05<p<0.10) and significant (p≤0.05) elevations are indicated by pink and red shading, respectively, while trending 
and significant reductions are represented by light green and dark green shading, respectively (n = 3). 
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Figure 4-8. Heat map, boxplots, and Cytoscape visualizations of methionine metabolites found within the Lr-R0011, Lh-R0052, and the Lh-R0389 
secretomes. Trending (0.05<p<0.10) and significant (p≤0.05) elevations are indicated by pink and red shading, respectively, while trending and 
significant reductions are represented by light green and dark green shading, respectively (n = 3).
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GENERAL DISCUSSION AND CONCLUSIONS 

 Host-microbe immune communication plays an integral role in shaping host immune 

responses within the gut as well as within other mucosal and potentially systemic locations. 

Certain LAB, such as L. rhamnosus R0011, have been associated with a range of host-

immune modulatory activities including down-regulation of pro-inflammatory gene 

transcription and expression in IECs following pro-inflammatory challenge. While host 

IECs and APCs can interact directly with both pathogenic and commensal bacteria through 

innate immune pattern recognition receptors, recent evidence indicates indirect 

communication through secreted molecules as an important route for facilitating host-

microbe immune communication within the gut. This communication route may be 

especially important in the context of IEC and APC interactions, key cell types in immune 

activity at the intestinal mucosal interface, as the effects of LAB and their secreted factors 

can be very different when tested in co-cultures of human IECs and APCs.  However, many 

questions remain about the interactions of these bacteria with cells of the innate immune 

system as mediated through secreted components, and the resulting host immune outcomes 

in the context of IEC and APC interactions. To begin to address these gaps in knowledge, 

the ability of soluble components derived from L. rhamnosus R0011 to influence immune 

outcomes in IECs, APCs, and co-cultures of IECs and APCs was examined.  

In the initial study, the LrS was found to attenuate pro-inflammatory gene 

expression from TNF-α- and STS-challenged HT-29 IECs, including genes involved in 

NF-κB activation (Figure D-1). This decrease in pro-inflammatory gene expression was 

accompanied with concurrent increases in the transcription of DUSP1, TRIB3, and ATF3, 

central regulators of innate immune activity (Gilchrist et al., 2006; Hammer et al., 2006; 
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Kwon et al., 2015; Lang et al., 2006; Li et al., 2010; Smith et al., 2011; Whitmore et al., 

2007), as well as a reduction in TNF-α- and STS-induced histone acetylation. Interestingly, 

up-regulation of these negative regulators of innate immunity was only observed when HT-

29 IECs were also responding to either TNF-α or the STS challenge, but not to the LrS 

alone, suggesting context-dependent mechanism(s) of action behind the immunoregulatory 

activity of the LrS.  In fact, challenge with the LrS alone resulted in a muted response, with 

little change in the overall transcriptional profile of HT-29 IECs when compared to medium 

controls, and in marked contrast to challenge with TNF-α or the STS. In keeping with these 

findings, the LrS also attenuated the production of pro-inflammatory cytokines, 

chemokines, and other mediators from TNF-α- and STS-challenged HT-29 IECs.  

 

 

Figure D-1. Proposed mechanism of action behind the observed immunomodulatory activity of the 
LrS on HT-29 IECs challenged with the STS or TNF-α. When challenged HT-29 IECs are co-
challenged with the LrS, there is increased expression of ATF3, TRIB3, and DUSP1, which work 
in concert to decrease NF-кB activity and subsequent pro-inflammatory mediator production. 
Image created with BioRender. 
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 Expanding upon this work, the ability of the LrS to influence immune outcomes in 

monocytes, another key cellular player in innate immunity, was examined. THP-1 

monocytes conditioned with the LrS displayed temporal transcriptional, metabolic, and 

functional reprogramming and immune signatures consistent with differentiation into 

immunoregulatory M2 macrophages. In contrast with the results obtained from HT-29 

IECs, the LrS heavily influenced the transcriptional landscape of THP-1 monocytes, 

providing further evidence of context- and cell-dependent mechanism(s) of action behind 

this secretome-mediated immunoregulatory activity. Further interrogation of the signaling 

pathways influenced by LrS conditioning revealed changes in the differential expression 

of genes associated with immune, metabolic, cytoskeletal rearrangement, and myeloid 

leukocyte differentiation related pathways. Morphological, flow cytometric, and functional 

analyses confirmed these findings, as LrS-conditioned THP-1 monocytes differentiated 

into a macrophage phenotype with increased production of immunoregulatory cytokines 

and reduced reliance on glycolysis for energy production, characteristics shared with 

immunoregulatory M2 macrophages. Although LrS-conditioned macrophages displayed 

an overall M2 immunoregulatory phenotype, LPS challenge of LrS-conditioned THP-1 

monocytes revealed heightened responsiveness, indicative of innate immune priming 

(Figure D-2). The ability to still respond robustly to pathogen challenge is an important 

effector function of macrophages, especially within the gut where macrophages are 

required to respond rapidly to mount an appropriate immune response to bacteria breaching 

the IEC barrier. Future work should aim to characterize the impact of the LrS and other 

LAB-derived secretomes on dendritic cells (DC), as they also play an integral role in 

shaping host immune responses within the gut. DC can also differentiate into different 
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functional phenotypes in response to microbial products and can be conditioned to 

regulatory and pro-inflammatory phenotypes through PRR activation and IEC interactions 

(Campeau et al., 2012; Hoarau et al., 2008; Iwasaki, 2007). DC activation by lactic acid 

bacteria has been reported (Bermudez-Brito et al., 2015), but many questions surround the 

mechanisms involved.  Further work is needed to investigate the role of LAB and their 

secreted molecules in the transcriptional and immunometabolic reprogramming of both 

macrophages and DC, and the ability to confer innate immune tolerance and innate immune 

training within the context of host-microbe immune communication in the GALT. 

 

Figure D-2. The LrS differentiates THP-1 human monocytes into macrophages which display 
functional similarities to M2-like macrophages. Image created with BioRender. 

 

 Surprisingly, the LrS altered the acetylation of lysine residues in several proteins in 

THP-1 monocytes, including those involved in metabolism, redox signaling, and 

cytoskeletal organization. In particular, the LrS deacetylated PGAM1 and GAPDH, two 

key enzymes involved in glycolysis. When these enzymes are deacetylated, they have 

reduced activity, providing potential insights into how the LrS is able to instruct 

immunometabolic reprogramming of THP-1 monocytes towards increased reliance on the 
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TCA cycle and oxidative phosphorylation for energy production, a hallmark of M2 

immunoregulatory macrophage activity (Figure D-3). Other proteins were also identified 

which had differential lysine acetylation patterns following LrS conditioning, but the 

function of these post-translational modifications remain unknown. Moreover, the specific 

lysine residues acetylated within the identified proteins were not determined, which makes 

subsequent extrapolation about the functional consequences of these post-translational 

modifications difficult. Although these results suggest a novel means of host-microbe 

communication through which soluble LAB-derived components regulate the activity of 

many important cellular processes, more research is needed to ascertain the diverse 

functional outcomes of these post-translational modifications, especially in the context of 

host-microbe interactions.  

 Next, the impact of the LrS on co-cultures of human IECs and APCs was examined 

in order to gain a better understanding of the immunomodulatory capacity of the LrS in a 

context which more closely mimics in vivo conditions. The LrS did not negatively impact 

T84 IEC monolayer integrity or function as determined by TER measurements and the 

paracellular flux of FITC-dextran. Moreover, the LrS did not induce the production of pro-

inflammatory mediators from the underlying THP-1 monocyte population, indicating an 

overall homeostatic response to the LrS. In contrast, challenge with the STS resulted in 

damage to T84 IEC monolayer integrity, with increases in the production of pro-

inflammatory mediators into the apical and basolateral chambers of the co-culture system. 

The LrS attenuated STS-induced deterioration of T84 monolayer integrity, as well as the 

production of pro-inflammatory mediators, a result consistent with the observed 

immunomodulatory activity of the LrS on STS-challenged HT-29 IECs (Figure D-4). 
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Moreover, the LrS attenuated STS-induced NF-κB1 expression, and increased the 

expression of ATF3, DUSP1, and TRIB3 in T84 IECs challenged with the STS, suggesting 

that the induction of these negative regulators of innate immune activity is not limited to 

HT-29 IECs. 

 

Figure D-3. Post-translational modifications by the LrS to key enzymes involved in glycolysis may 
reveal mechanism(s) of action behind the observed immunometabolic shift towards an M2-like 
phenotype in LrS-conditioned macrophages. Image created with BioRender. 

 

 Interestingly, LrS challenge also induced the production of MIF by T84 IECs into 

the apical chamber of the co-culture in vitro system. This result is consistent with that seen 

in LrS-challenged HT-29 IECs, providing further evidence that the observed 

immunoregulatory activity of the LrS is not limited to HT-29 IECs. Since recent evidence 

has implicated a role for MIF in maintaining IEC barrier function through MIF/CD74 

signaling (Farr, Ghosh, Jiang, et al., 2020; Farr, Ghosh, & Moonah, 2020; Man et al., 2008; 
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Vujicic et al., 2020; Vujicic et al., 2018), the functional consequences of LrS-induced MIF 

production were examined in the context of T84 IEC monolayer integrity. The addition of 

a MIF-neutralizing antibody abrogated the ability of the LrS to reverse STS-induced 

damage to T84 IEC monolayer integrity, suggesting a novel role for MIF in maintaining 

IEC barrier function and integrity in response to soluble components derived from LAB. 

However, the precise mechanism through which the LrS induces the production of MIF 

remains unknown and warrants further study as does the potential role of MIF/CD74 

signaling in shaping host responses to LAB. These results also highlight the importance of 

utilizing in vitro models which allow for vectorial secretion of cytokines and chemokines, 

in order to gain a better understanding of the functional immune outcomes of bidirectional 

host-microbe communication. 

 

Figure D-4. LrS-induced MIF production by T84 IECs antagonizes STS-induced damage to IEC 
monolayer integrity and subsequent inflammatory activity by the underlying APC population. 
Image created with BioRender. 
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 Recent evidence points to secretory proteins and small molecules as important 

modulators of host-pathogen interactions (Jeffrey et al., 2020; Tommassen et al., 2017; 

Vivek-Ananth et al., 2018; Zargar et al., 2015). However, less is known about the roles of 

secretome components derived from gut-associated pathogens in host immune responses 

within the gut. Throughout these studies, the STS was found to induce robust pro-

inflammatory gene expression and mediator production from both HT-29 and T84 human 

IECs, as well as THP-1 human monocytes, providing evidence for indirect host-pathogen 

immune communication. While the mechanisms through which the STS induced pro-

inflammatory mediator production from IECs and APCs was not determined, this work 

reinforces the need to consider the roles of soluble mediators derived from pathogens in 

the context of host-microbe interactions.  

Although not one of the primary research goals of this project, biochemical 

characterization of the soluble components found within the LrS was done to begin 

preliminary identification of potential bioactive molecules. By applying a combinatorial 

approach using amino acid, proteomic, and metabolomic profiling, species- and growth 

phase-dependent production and consumption of a large range of bioactive molecules was 

characterized.  Indeed, the LrS was found to contain several soluble mediators identified 

as being associated with altering host physiology and immune function. However, the 

specific activities behind these and most of the soluble mediators identified remain 

unknown and warrant further study to elucidate their roles in host-microbe communication.  

Taken together, the results presented here provide new insights into the role of 

soluble bioactive molecules derived from both pathogenic bacteria and LAB in facilitating 



249 
 

host-microbe immune communication with host IECs and APCs. LAB secretome-mediated 

effects on IEC signaling pathways through the induction of ATF3, TRIB3, DUSP1, negative 

regulators of the NF-κB and MAPK signaling pathways, present a novel means of LAB 

regulation of innate immune activity within the gut. The LrS also conditioned THP-1 

human monocytes into immunoregulatory M2 macrophages through transcriptional, 

metabolic, and functional reprogramming, an effect which may be partially mediated 

through LrS-induced post-translational modifications of key proteins involved in distinct 

and diverse cellular pathways.  Moreover, LrS-conditioning of THP-1 monocytes did not 

impair responses to subsequent LPS challenge, despite their overall homeostatic M2 

phenotype, suggesting context- and cell-dependent mechanism(s) of action behind the 

observed bioactivity of the LrS. The LrS was also able influence immune outcomes in co-

cultures of IECs and APCs, suggesting that the LrS retains bioactivity in a context which 

more closely mimics that which occurs in vivo. The LrS antagonized STS-induced damage 

to IEC monolayer integrity, potentially through the induction of MIF, a cytokine that has 

been implicated in maintaining IEC barrier integrity and function. Overall, these findings 

give novel insight into the complex mechanisms of action behind LAB and pathogen-

associated secretome-mediated interdomain communication at the gut-mucosal interface 

and suggest new directions for approaches to delineate the activities of gut-associated 

bacteria and LAB in vivo.  
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APPENDIX 

 

 

Appendix A1. Sample readout obtained from the Agilent 2000 Bioanalyzer to determine 
RNA quality prior to cDNA synthesis for qRT-PCR and microarray experiments. 
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Appendix A2. Sample MA plot with LOWESS normalization of microarray gene 
expression data taken from HT-29 IECs challenged with TNF-α. 
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Appendix A3. Volcano plot analysis of gene expression data taken from HT-29 IECs 
conditioned with the LrS, conducted using MeV software. Gene selection sliders (dashed 
lines) were chosen with a cut-off of ±1.5-fold change difference. Those spots highlighted 
in green are genes which have a fold change of ±1.5 and have been statistically significantly 
modified by the treatment (p <0.05). 
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Appendix A4. Cytokines/chemokines examined and their associated functions. 
Analyte Pro-Inflammatory/Regulatory Function1 

6Ckine / CCL21 Pro-inflammatory Chemotactic protein for thymocytes and activated T cells 
BCA-1 / CXCL13 Pro-inflammatory B-cell chemoattractant 
CTACK / CCL27 Pro-inflammatory Memory T cell chemoattractant 
ENA-78 / CXCL5 Pro-inflammatory Neutrophil chemoattractant 
Eotaxin / CCL11 Pro-inflammatory Eosinophil chemoattractant 

Eotaxin-2 / CCL24 Pro-inflammatory Resting T cell and eosinophil chemoattractant 
Eotaxin-3 / CCL26 Pro-inflammatory Eosinophil and basophil chemoattractant 

Fractalkine / CX3CL1 Pro-inflammatory Activated T cell, monocyte, neutrophil, natural killer cell, immature dendritic cell chemoattractant 
GCP-2 / CXCL6 Pro-inflammatory Neutrophil chemoattractant 

GM-CSF Pleiotropic Stimulates growth and differentiation of granulocytes and macrophages as well as differentiation of 
dendritic cells into a tolerogenic phenotype 

Gro-α / CXCL1 Pro-inflammatory Neutrophil chemoattractant 
Gro-β / CXCL2 Pro-inflammatory Neutrophil chemoattractant 
I-309 / CCL1 Pro-inflammatory Neutrophil and monocyte chemoattractant 

IFN-γ Pro-inflammatory Potent activator of macrophages and involved in the cellular response to viral and microbial infections 
IL-1β Pro-inflammatory T cell and macrophage activation 
IL-2 Pro-inflammatory Involved in T cell proliferation 
IL-4 Regulatory B cell activation and class switching from IgE and induces differentiation of T cells into TH2 cells 
IL-6 Pleiotropic T and B cell growth and differentiation 

IL-8 / CXCL8 Pro-inflammatory Potent neutrophil chemoattractant 

IL-10 Regulatory Potent suppressor of NF-κB activity and down-regulates the expression of many pro-inflammatory 
cytokines 

IL-16 Pro-inflammatory CD4 T cell, monocyte, and eosinophil chemoattractant 
IP-10 / CXCL10 Pro-inflammatory Promotes adhesion and serves as a chemoattractant for monocytes, natural killer and T cells 
I-TAC / CXCL11 Pro-inflammatory Natural killer, B, and T cell chemoattractant 
MCP-1 / CCL2 Pro-inflammatory Monocyte and basophil chemoattract 

IL-34 Pro-inflammatory Promotes release of proinflammatory chemokines 
IL-35 Regulatory Suppresses inflammatory responses 

LIGHT / TNFSF14 Pro-inflammatory Stimulates proliferation of T cells and triggers apoptosis in tumor cells 
MMP-1 Pleiotropic Breakdown of extracellular matrices; cleaves collagen 
MMP-2 Pleiotropic Breakdown of extracellular matrices 
MMP-3 Pleiotropic Breakdown of extracellular matrices; cleaves fibronectin, laminin, gelatin, and collagen 

Osteocalcin Pleiotropic Regulates bone remodeling and energy metabolism 
Osteopontin Pro-inflammatory Induces production of IFNγ and IL-12 
Pentraxin-3 Pro-inflammatory Complement activation 
sTNF-R1 Pleiotropic Can interact with free TNFα to inhibit inflammation 
sTNF-R2 Pro-inflammatory Can interact with free TNFα to inhibit inflammation 

TSLP Pro-inflammatory Induces the release of T-cell-attracting chemokines from monocytes 
TWEAK/TNFSF12 Pro-inflammatory Induces apoptosis 

1Summary of function taken from the GeneCards Human Gene Database entry (Stelzer et al., 2016) 
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Appendix A4 Continued. Cytokines/chemokines examined and their associated functions. 
Analyte Pro-Inflammatory/Regulatory Function1 

MCP-2 / CCL8 Pro-inflammatory Monocyte, lymphocyte, basophil, and eosinophil chemoattractant 
MCP-3 / CCL7 Pro-inflammatory Macrophage chemoattractant 

MCP-4 / CCL13 Pro-inflammatory Monocyte, lymphocyte, basophil and eosinophil chemoattractant 
MDC / CCL22 Pro-inflammatory Monocyte, dendritic cell, natural killer and T cell chemoattractant 

MIF Pleiotropic Inhibits macrophage migration, promotes macrophage activation, helps in the maintenance of the 
epithelial barrier  

MIG / CXCL9 Pro-inflammatory Activated T cell chemoattractant 
MIP-1α / CCL3 Pro-inflammatory Macrophage, neutrophil, and monocyte chemoattractant 
MIP-1δ / CCL15 Pro-inflammatory T cell and monocyte chemoattractant 
MIP-3α / CCL20 Pro-inflammatory Lymphocyte and dendritic cell chemoattractant 
MIP-3β / CCL19 Pro-inflammatory Lymphocyte chemoattractant; lymphocyte homing and recirculation 
MPIF-1 / CCL23 Pro-inflammatory Resting lymphocyte and monocyte chemoattractant 

SCYB16 / CXCL16 Pro-inflammatory Activated T and natural killer cell chemoattractant 
SDF-1α+β / CXCL12 Pro-inflammatory T cell and monocyte chemoattractant 

TARC / CCL17 Pro-inflammatory T cell chemoattractant 
TECK / CCL25 Pro-inflammatory Macrophage and intraepithelial lymphocyte chemoattractant 

TNF-α Pro-inflammatory Promotes production of pro-inflammatory chemokines/cytokines, pyrogen, impairs regulatory T 
cell function 

APRIL/TNFSF13 Pro-inflammatory Member of the TNF family; induces apoptosis 

BAFF/TNFSF13B Pro-inflammatory Member of the TNF family; potent B cell activator 

sCD30/TNFRSF8 Pro-inflammatory Member of the TNF family; activates NF-κB and induces apoptosis 
sCD163 Pro-inflammatory Induces local inflammation upon bacterial challenge 

Chitinase-3-like 1 Pro-inflammatory Inflammation and tissue remodelling 
Gp130/sIL-6Rβ Pro-inflammatory Involved in apoptosis and inflammatory responses 

IFN-α2 Pro-inflammatory Defense against viral infections 
IFN-β Pro-inflammatory Defense against viral infections; cell differentiation 
IFN-γ Pro-inflammatory Cellular responses to viral and microbial infections 
IL-2 Pleiotropic Proliferation of T and B lymphocytes 

sIL-6Rα Pro-inflammatory Activator of JAK/STAT pathways 
IL-8 Pro-inflammatory Potent neutrophil chemoattractant 

IL-10 Regulatory Immunoregulation; blocks NF-κB activation 
IL-11 Pro-inflammatory Stimulates proliferation of hematopoietic stem cells 

IL-12p40 Pro-inflammatory Inactive form of IL-12; activator of T and natural killer cells 
IL-12p70 Pro-inflammatory Bioactive and functional IL-12; activator of T and natural killer cells 

IL-19 Pro-inflammatory Induces IL-6 and TNFα production 
IL-20 Pro-inflammatory Pro-inflammatory and angiogenic responses 
IL-22 Pro-inflammatory Antimicrobial defense 
IL-26 Pro-inflammatory Induces IL-8, TNFα, and ICAM1; decreases proliferation of IECs 

IL-27p28 Pleiotropic Promotes T-helper cell development; stimulates cytotoxic T cell activity 
IL-28A/ IFN-λ2 Pro-inflammatory Antiviral defense in epithelial tissues 
IL-29/ IFN-λ1 Pro-inflammatory Antiviral defense in epithelial tissues 

IL-32 Pro-inflammatory Induces TNFα production 
1Summary of function taken from the GeneCards Human Gene Database entry (Stelzer et al., 2016)
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