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POPULÄRVETENSKAPLIG SAMMANFATTNING 

 

Vår tarmflora påverkar tarmens funktioner och ”hjälper till” med olika viktiga metabola 

funktioner. Därtill kommunicerar tarmfloran med värden via olika utsöndrade ämnen och kan 

därmed nå organsystem utanför tarmen och påverka många olika funktioner i kroppen. De 

senaste årens forskning har visat att tarmfloran spelar en betydande roll för immunsystemets 

utveckling och funktion i allmänhet. En rubbad tarmflora, t.ex. genom behandling med 

bredspektrum antibiotika tidigt i livet, kan således få stora konsekvenser. En obalans i vår 

tarmflora är förknippad med många olika typer av ohälsa, inklusive allergi, metabola sjukdomar 

och cancer.  

Bakteriesläktet Lactobacillus (L.) innehåller flera stammar med probiotiska egenskaper. 

En tidig närvaro av laktobaciller i tarmen är exempelvis kopplat till en minskad 

allergiförekomst under barnaåren, medan förekomst av andra bakterier i tarmen tidigt i livet, 

t.ex. Staphylococcus (S.) aureus, har associerats både till en ökad och minskad allergirisk.  

Vår forskning har tidigare visat på tydliga samband mellan den mycket tidiga 

tarmflorans sammansättning, immunologisk profil och funktion under barnaåren och 

allergiutveckling. I min studie har jag undersökt hur utsöndrade ämnen från L. reuteri och S. 

aureus påverkar inflammatoriska och regulatoriska immunsvar in vitro.  

Jag har studerat effekterna av bakterieämnena på dendritiska celler, T celler och 

tarmepitelceller. Interaktionen mellan de dendritiska cellerna i tarmen, tarmepitelet och 

tarmfloran tros vara centrala för vilken typ av T cells svar som initieras vid efterföljande 

interaktioner mellan dendritiska celler och T celler.  

I Studie I kunde vi visa att S. aureus inducerar produktion av ett flertal inflammatoriskt 

aktiva cytokiner i immunceller (T celler), en produktion som dämpades av laktobaciller. Vi såg 

också att S. aureus också inducerade inflammatoriska svar hos tarmepitelceller, något som 

laktobacillerna inte kunde påverka, vilket tyder på att immunceller och epitelceller är olika 

reglerade.  

I Studie II undersökte vi hur mognadsprocessen hos dendritiska celler påverkades av 

närvaro av faktorer från L. reuteri och S. aureus, samt hur dessa olika typer av dendritiska celler 

sedan påverkade T celler att producera cytokiner. Här kunde vi se att laktobacillerna hade en 

tydlig effekt på de dendritiska cellernas fenotyp och funktion, men förhållandevis liten effekt på 

T cells svar, medan det omvända förhållandet gällde för S. aureus-exponerade dendritiska 

celler.  
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I Studie III, undersökte vi skillnaden mellan olika typer av dendritiska celler med 

avseende på gen- och proteinuttryck samt förmåga att inducera regulatoriska T celler.  Här 

kunde vi se att dendritiska celler av den typ som anses finnas i tarmen, var mer ”tolerogena” och 

var bättre på att inducera regulatoriska T celler än vanliga dendritiska celler. Även här hade 

laktobacillerna reglerande effekter och förstärkte den ”tolerogena” fenotypen hos de dendritiska 

cellerna.  

Sammantaget har jag visat på betydande effekter av dessa två typer av bakterier på såväl 

epitel som immunceller, och framförallt dendritiska celler. Resultaten från mina studier är i linje 

med en immunreglerande roll hos laktobaciller. De effekter jag har observerat skulle kunna vara 

en bakomliggande orsak till varför förekomst av laktobaciller i tarmen tidigt i livet är associerat 

till en regulatorisk immunologisk profil och en minskad allergirisk hos barn. 
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SUMMARY 

The human gut harbors a vast number of microbes. These microbes are not passive 

bystanders; rather they are actively participating in host metabolic activity, protecting the host 

from infection and maintaining the gut mucosal layer. Moreover, a vast number of clinical and 

experimental findings indicate the importance of microbes in modulating the immune system. 

We have previously shown that early colonization with lactobacilli and Staphylococcus (S.) 

aureus differentially associates with allergy development and/or immune profile at early ages. 

Here we focus on understanding how these microbes modulate the response of intestinal 

epithelial cells and immune cells in vitro. In paper I, we investigated the impact of UV-killed 

and/or cell free supernatant (CFS) of different Lactobacillus (L.) species and S. aureus strains 

on cytokine production from intestinal epithelial cells (IEC) and immune cells. Enterotoxin-

expressing S. aureus 161:2-CFS triggered CXCL1/GROα and CXCL8/IL8 production by IEC. 

S. aureus-induced CXCL8/IL8 production was hampered by MyD88 gene silencing of IEC, 

indicating the importance of TLR signaling. Further, lactobacilli-CFS and S. aureus-CFS were 

able to induce the production of a number of cytokines by peripheral blood mononuclear cells 

(PBMC) from healthy donors, but only S. aureus triggered T-cell associated cytokines: IL2, 

IL17, IFNγ and TNFα; which were dampened by the co-treatment with S. aureus and any of the 

different Lactobacillus strains. Flow cytometry of the stimulated PBMC further verified IFN-γ 

and IL-17 production by T cells upon treatment with S. aureus-CFS, which also induced 

CTLA-4 expression and IL-10 production by Treg cells. In paper II, we investigated the 

influence of CFS of L. reuteri and S. aureus on the differentiation of monocyte to DC and 

subsequently how the generated DC influence T cell response. DC generated in the presence of 

L. reuteri exhibited an increase in expression of surface markers (HLA-DR, CD86, CD83, 

CCR7) and cytokine production (IL6, IL10 and IL23), but had a decreased phagocytic capacity 

compared with conventional Mo-DC, showing a more mature phenotype. However, upon LPS 

stimulation, DC generated in the presence of L. reuteri-CFS displayed a more regulatory 

phenotype, with a reduced cytokine response both at mRNA and protein levels. On the contrary, 

DC generated in the presence of S. aureus-CFS resembled the control Mo-DC both at mRNA 

and protein expression, but SA-DC was more efficient in inducing cytokine production in 

autologous T cells. In paper III, we studied the influence of L. reuteri-CFS on the retinoic acid 

(RA)-driven mucosal-like DCs’ phenotype and function to modulate T regulatory cells (Treg) in 

vitro. DC generated in the presence of RA showed a mucosal-like regulatory-DC phenotype 

with its CD103 expression, high IL10 production and decreased expression of genes associated 

with inflammation (NFκB1, RELB and TNF). Further, treatment with L. reuteri-CFS enhanced 
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the regulatory phenotype of RA-DC by increasing the production of several chemokines, such 

as CXCL1, CXCL5, CCL3, CCL15 and CCL20, which are involved in gut homeostasis, while 

dampening the expression of most chemokine receptor genes. L. reuteri-CFS also increased 

CCR7 expression on RA-DC.  RA-DC co-cultured with T cell increased IL10 and FOXP3 

expression in Treg. However L. reuteri-CFS pre-conditioning of the RA-DC did not improve 

the Treg phenotype. In conclusion, bacteria-CFS can have an impact on the response of IEC, 

differentiation and function of DC and, subsequently the T cell response, when taken together in 

the context of gut; these can have an impact on the health and disease of the host. 
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GENERAL INTRODUCTION 

The human gastro-intestinal tract is in direct contact with the external environment. It 

continuously encounters dietary products, environmental antigens, pathogens and commensal 

microbes. Given the huge antigenic load, a balance needs to be maintained between 

immunogenic and tolerogenic immune responses in the gut (1). The responsibility of 

conducting the appropriate response relies on the gut associated lymphoid tissues (GALT) (2). 

GALT is the largest immune organ, rich in both innate and adaptive immune cells. The innate 

cells consist of macrophages (MФ), mast cells, neutrophils, eosinophils and dendritic cells 

(DCs). They provide an immediate relatively non-specific response towards microbial products, 

by recognizing microbe associated molecular patterns (MAMP). Compared to innate immune 

cells, adaptive immune cells, which include B cells and T cells, are slower to act and recognize 

specific antigens, rather than common patterns. They respond by secreting antibodies, by 

cytolytic killing and/or by secreting cytokines that could facilitate in clearing out the pathogens 

(3). There is a strong intercommunication between the innate and adaptive immune cells. The 

innate immune cells trigger the adaptive immune response by processing and presenting 

antigens to adaptive immune cells, while cytokines and antibodies secreted by the adaptive 

immune cells regulate the phagocytic and killing activity of the innate immune cells. In 

addition to the hematopoietic cells, in the gut, there is a single layer of epithelium that lines 

between the luminal content and the immune cells. The epithelium not only serves as a physical 

barrier, but it also consists of epithelial cells and paneth cells which are involved in innate 

immune responses in the gut by secreting biological factors such as antimicrobial products and 

cytokines (4).  

As mentioned above, there is a load of luminal antigens in the gut that can interact with 

the immune cells. Most importantly, the commensal microbes play a crucial role in regulating 

the immune response of the host, interactions that could impact future health. As the focus of 

my PhD was to understand the interaction of these microbes and host immune responses, I will 

start by giving a background on the mucosal immune system in the gut, followed by a summary 

of recent findings on the microbial composition in the gut, its impact on host immune response 

and development and finally with a discussion about possible therapeutic benefits from these 

microbes. 
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INTESTINAL EPITHELIUM 

The intestinal epithelium is the largest surface area of the host, which is highly exposed 

to several types of foreign substances; including dietary products, environmental antigens, 

pathogens and commensal microbes (1). It is a single layer composed of polarized epithelial 

cells connected to each other by tight junction proteins, such as occludin, claudins, and zonula 

occludens, which regulate the paracellular transport of molecules (5). The intestinal epithelial 

cells (IEC) are heterogeneous. The stem cells of the epithelium, which are located at the bottom 

of the crypt, give rise to enterocytes, enteroendocrine-, goblet- and Paneth cells (4). The 

enterocytes are the most abundant in the epithelium and their main function is to serve as 

absorptive cells that control the transport of nutrients from the lumen into the body (1). In 

addition, enterocytes are equipped with poly-immunoglobulin (Ig) receptors that enable them to 

shuffle antibodies, such as IgA and IgM to the lumen. Paneth cells are present at the bottom of 

the crypt of the small intestine (SI), but are absent in the colon (6). They produce antimicrobial 

factors, such as defensins, lysozyme and phospholipases, which protect the host from invasive 

pathogens and uncontrolled expansion of the microbes in the gut (7). In the colon, antimicrobial 

peptides are secreted by enterocytes (4). Goblet cells are found throughout the epithelium, but 

more abundant in the colon (6). Their main function is to produce mucin, which is the building 

block of the mucous layer that serves as a barrier, but they also produce lysozyme and 

antimicrobial peptides (8). In addition, recent findings have indicated that goblet cells 

contribute in transporting antigens from the lumen to the underlying immune cells, such as 

dendritic cells (DC) (9) (10). Enteroendocrine cells are found throughout the epithelium, but 

less abundant in the colon. They play a major role in regulating the digestive function by 

secreting hormones. Enteroendocrine cells produce neurohumoral factors, such as substance P, 

which is responsible for inducing vomiting as a means of innate defense (11). The IEC express 

pattern recognition receptors (PRR) that enable them to sense conserved MAMP on gut 

microbes and respond by secreting cytokines and antimicrobial peptides in response to the 

interaction (7). IEC can express major histocompatibility complex (MHC) class I and II, and 

CD1d on their surface, which are important for antigen presentation (4) (12); however, they 

lack the expression of co-stimulatory molecules. The presence of MHC molecules on IEC help 

them to interact with intraepithelial lymphocytes (IEL), which are found in the epithelium (6). 

The IEL are found lying between epithelial cells (13). They are composed of heterogeneous 

effector T cells, which are mainly CD8
+
. IEL contribute in host defense and epithelial barriers’ 

maintenance. In addition, there are DC and MФ that resides between the epithelial cells, which 
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can directly sample luminal antigen without disrupting the epithelial barrier (14) (15). 

Moreover, the intestinal epithelium works closely with the underlying gut associated lymphoid 

tissues (GALT) to provide an efficient immune system (Figure 1). 

 

 

 

 

 

 

 

GUT ASSOCIATED LYMPHOID TISSUES (GALT) 

The GALT is the primary immune organ in the mucosa of the gut as well as the largest 

immune organ. It is composed of both innate and adaptive immune cells, and encompasses 

70% of the body's immunocytes (2), and can be divided into two parts consisting of inductive 

and effector sites. The inductive sites consist of: Peyer’s patches (PP), crypt patches (CP) and 

isolated lymphoid follicles (ILF). The effector sites include lymphocytes scattered throughout 

the epithelium, and the lamina propria (LP). 

Peyer’s patches (PP) 

PP are macroscopic lymphoid aggregates, which are distributed in the submucosa along 

the length of the SI (2). PP consist of B cell follicles and T cell areas, which are surrounded by 

a single layer of a particular epithelium, the follicle-associated epithelium (FAE) that separates 

Figure1 Schematic representation 

of the intestinal immune system: 

A single layer of IEC separates 

luminal content from the underlying 

immune cells. There are goblet cells, 

enteroendocrine cells and paneth cells 

along the epithelium. The intestinal 

lumen contains nutrients, commensal 

bacteria and secretory IgA. Goblet 

cell-produced mucus layer covers the 

apical side of the epithelium. Beneath 

the IEC, effector immune cells are 

scattered sparsely throughout the 

lamina propria and epithelium. IEL 

and APC localize between the IEC. 

Specialized epithelium termed 

follicle-associated epithelium and M 

cells overlie the Peyer's patches. 

Reprinted with the permission from 

the Nature Reviews Immunology 

(200).  
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the GALT and the luminal microenvironment. The FAE clearly varies from the regular 

epithelium in the intestine. It has fewer and shorter microvilli and encompasses specialized M 

cells (for microfold) (16). These M cells are efficient in transporting luminal antigens towards 

the underlying immune cells, e.g. the DC, which in turn present the antigens to naïve 

lymphocytes in the PP. Once activated, the lymphocytes migrate to the draining mesenteric 

lymph nodes (MLN), an intersection between the peripheral and mucosal immune system, 

where they undergo further differentiation and maturation before they migrate into the systemic 

blood stream via the thoracic duct. 

 

Cryptopatches (CP) and Isolated lymphoid follicles (ILF) 

It was Kanamori and colleagues who first identified cryptopatches (CP) in the murine 

intestinal wall, as aggregates of innate lymphoid tissue cells surrounded by DC (17). In 

addition, CP harbors cells expressing stem cell growth factor receptor (C-kit) and they are 

negative for lineage markers. It was long believed that CP are absent in humans (18), but this 

idea was later challenged by Lügering and colleagues (19). CP has been considered to be 

essential for the generation of IEL in the epithelium, supported by the finding that tissue 

grafting of lin
-
 C-kit

+
 CP cells into mice increased the number of IEL (20). However, the 

importance CP in the generation of IEL was later proved to be dispensable (18). 

The other inductive site in the GALT is the ILF. ILF are microscopic and found in the 

mucosal surface of both SI and large intestine (LI). Unlike CP and PP, ILF are devoid in germ 

free mice, which can indicate that ILF are microbiota-induced structures (21). ILF comprise B 

cell follicles, encompassed in an epithelium containing M cells (22). 

 

Intestinal Lamina propria (LP) 

The LP is the effector site of the intestinal immune system. The LP contains a loosely 

packed connective tissue that makes the scaffolding for the villus, which also contains blood 

supply, lymph drainage and nervous supply for the mucosa (6). In addition, the LP contains 

effector lymphocytes (B cells and T cells) and numerous innate immune cells (DC, MФ, 

eosinophils and mast cells). DCs and MФ in the LP can directly sample luminal antigen (23) 

(14). The overlying epithelium can also transfer luminal antigens to DC, which can then 

upregulate their chemokine receptor and migrate to the mesenteric lymph node (MLN) to 

present the antigen to naïve lymphocytes in the PP (9). 
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Mesenteric lymph node (MLN)  

MLN play a crucial role in the induction of mucosal immune responses. They are 

located within the layers of the mesentery of the intestine. MLN are connected to the PP and LP 

via afferent lymphatics (2). Lymphocytes from the circulation enter into the MLN via high 

endothelial venules (24). Like other lymph nodes, MLN has an inner medulla and an outer 

cortex that are enclosed in the fibrous capsule. The cortex contains B cell follicles and T cell 

area. The medulla is rich in MФ and plasma cells. Lymphocytes leave the MLN to the 

bloodstream via efferent lymphatic vessels in the medulla that are connected to the thoracic 

duct. 

 

Innate immune system 

The gastrointestinal tract has multiple layers of protection to prevent the pathogenic and 

commensal microbes from translocating into the body and elicit an excessive immune response. 

Together, the mucus layer and the single layer of the epithelial cells constitute a first physical 

barrier. However, since the epithelial layer of the intestine is the site of the body where the 

nutrients are taken up, it is semi-permeable, which make the mucosal site of the intestine at risk 

of invasion by microbes. Nonetheless, the mucosa of the intestine contains antimicrobial 

peptides that contribute to the innate immune response as a chemical barrier. If the microbe 

evades these protections, it will encounter the cellular component of the innate immune system, 

which includes monocytes, MФ, DC, mast cells, basophils, neutrophils, and eosinophils. Innate 

cells recognize patterns common to most microbes known as MAMP through their pattern 

recognition receptors (PRR) which are expressed in a secreted form, bound to the membrane of 

cells, or in intracellular compartments. The innate cells, depending on the signal, respond 

rapidly, either by killing using engulfing (phagocytosis) or secreting soluble factors (such as 

cytokines or antimicrobial factors). The major PRR are the TLR and the intracytoplasmic 

nucleotide-binding oligomerization domain (NOD) receptors. 13 murine and 10 human TLR 

have already been identified (3) (25). Each TLR shows specificity by recognizing distinct 

MAMP. For instance, TLR4 recognizes lipopolysaccharide (LPS), a molecule found in the 

outer membrane of Gram-negative bacteria, whereas TLR2 recognize peptidoglycan and 

lipoteichoic acid (LTA) from Gram-positive bacteria. However, a TLR can also form a 

hetrodimer with another TLR, which increases the PRR repertoire (26). Another group of 
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membrane-bound PRR are C-type lectin receptors (CLR). CLRs, such as DC-SIGN, are 

expressed by innate cells and interact with a wide array of microbes through the recognition of 

mannose and fucose carbohydrate (27). NOD receptors are intracellular receptors that 

recognize components of bacterial peptidogycan (28) (29). For instance, NOD2 recognize 

muramyl dipeptide, a peptidoglycan motif, which is common to both gram-positive and gram-

negative bacteria.  

In the intestine, the PRR signaling is not only necessary to clear potential pathogens, 

but it also has other advantages, such as maintenance of IEC barrier integrity, production of 

antimicrobial proteins, IgA production and secretion to the lumen (28), which will be discussed 

in detail in later sections. 

 

Intestinal dendritic cells (DC) 

In 1973, Ralph M. Steinman and Zanvil A. Cohn were the first to describe dendritic 

cells (DCs) (30). For his notable contribution Steinman received the Nobel Prize in Medicine 

2011 “for his discovery of the DC and its role in adaptive immunity”. A lot has progressed 

since then and DCs are now identified as the most crucial antigen presenting cells (APCs) that 

can migrate in afferent lymphatics and prime naïve T cells (7) (31). The function of DC is not 

limited to their interaction with T cells; they have a multifunctional duty in orchestrating 

efficient immune responses.  

The DC in the intestine are identified by their expression of CD11c. They are further 

divided into two major subsets the CD103
+
 DC and CD103

- 
DC. CD103 (αE integrin) is 

expressed by the majority of lamina propria (LP) DC. These DC are efficient in migrating to 

the MLN via the afferent lymph (32-34). In the steady state, the CD103
+ 

DC migrate 

constitutively from the LP to MLN to establish appropriate T cell responses (35)  (34). The 

other hallmark of CD103
+ 

DC is its ability to synthesize retinoic acid (RA) (36-38), which is 

responsible for the generation of gut-homing Treg (35) (39). CD103
+
 DC also express 

indoleamine 2,3-dioxygenase (IDO), an enzyme that is involved in driving Treg development 

in the gut (40). These are the key factors that make CD103
+
 DC forefront runners in mediating 

immune tolerance in the gut. The CD103
+ 

DC lack the receptor CX3CR1, which hampers their 

ability to sample luminal antigen in the intestine. Therefore, they are dependent on the cells in 

their vicinity. For instance, CD103
+
 LP DC receives antigens absorbed by goblet cells (9) and 

IEL (32). Intestinal CD103
+ 

DC can be further subdivided into CD103
+
CD11b

+
 and 

CD103
+
CD11b

-
 DC (41). CD103

+
 CD11b

+
 DC drive Th17 and Th1 cell differentiation (42) 
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(43), whereas CD103
+
 CD11b

-
 DC facilitate Th1 polarization and IFNγ-production from CD8

+
 

T-cells in the gut (43) (44). However, both subsets are efficient in inducing Treg responses 

(45). 

 CD103
-
 intestinal DC can trigger both Th17 and Th1 at steady state (44). The 

expression of CX3CR1 enables these DC to sample luminal antigens. For a long time, it was 

believed that this population cannot migrate to the MLN. That is one of the reasons why they 

are considered to be macrophage (MФ). However, it was possible to collect these populations 

along with CD103
+
 DC from the thoracic duct, which was directly connected to the lamina 

propria of the intestine via ``pseudo afferent lymph´´ that was re-anatomized by removing the 

MLN (32). This indicated that there are CD1013
-
 DC that can migrate from the lamina propria 

to reach the MLN. Different factors in the gut such as the microbes, dietary factors, both 

soluble and membrane bound molecules from intestinal epithelial cells and other cells in the gut 

can shape the properties and functions of DC (7). 

 

Intestinal macrophages (MФ) 

In mucosal immunology, intestinal MФ are given less attention, which is partly due to 

the general consensuses that they do not migrate to the MLN. However, MФ are involved in 

various essential immune functions that enable them to contribute in balancing immune 

tolerance and responding to appropriate immune responses depending on the circumstances 

(46) (47). In mice, intestinal MФ resemble DC in the expression of MHC Class II, CD11c, and 

CD11b, but differ in expressing F4/80, CD68 and CD64, which can be used to distinguish them 

in the gut. It is also now evident that majority of MФ in the gut highly express CX3CR1, which 

implicates that they indeed can sample luminal antigens (14). The main function of residential 

MФ in the intestine is to keep the local site inflammatory response at bay. They express low 

levels of co-stimulatory molecules including CD80, CD86 and CD40 (43) (45). Under steady 

conditions, residential MФ, just like intestinal DC, are less responsive to stimulation with TLR 

ligands (35) (48). In addition to maintaining intestinal tolerance, MФ in the gut constitutively 

produce the anti-inflammatory cytokine interleukin IL10 (49) (50). IL10 secreted by MФ plays 

a critical role in maintaining FOXP3 expression on Treg cells (51). Furthermore, CX3CR1
+
 

MФ in the mucosal LP is crucial for the expansion and differentiation of FOXP3
+
 Treg cells, 

which is important to develop oral tolerance to food antigens (52). Intestinal MФ also play a 

major role in maintaining epithelial barrier integrity by secreting prostaglandin E2, which 

favors the proliferation and survival of epithelial progenitors (53).  
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Based on their level of CX3CR1 expression and distinct function, intestinal MФ are 

classified as either CX3CR1
hi

 MΦ or CX3CR1
int

 MΦ. CX3CR1
hi

 MΦ function as regulatory 

MΦ (35) and they constitutively produce IL10 and are less responsive to TLR stimulation (46). 

Unlike the CX3CR1
hi

 MΦ, the CX3CR1
int

 MΦ is more TLR-responsive and show more of a 

pro-inflammatory phenotype, and it has been shown that they accumulate during experimental 

colitis (54). Both CX3CR1
hi 

MΦ and CX3CR1
int

 MΦ arise from a common progenitor, 

Ly6C
+
CCR2

+
 monocytes (55). Ly6C

+
 CCR2

+
 monocytes first partially differentiate to 

CX3CR1
int

 MΦ, which later, depending on the surrounding micro-environment, mature into 

CX3CR1
hi

 MΦ. Ly6C
hi

 monocytes were originally considered as ‘inflammatory’ monocytes 

due to their efficient migration into inflamed tissue and their vigorous response to TLR ligands 

in vitro (46). Therefore, it was surprising to find that they are also the source of the anti-

inflammatory pool of MΦ.  

 

Intestinal Monocytes 

Monocytes are important in initiating immune responses by secreting cytokines and 

phagocytosis. They are also considered to be precursors of MФ and DC (56). In mice, 

monocytes develop from the common MФ and DC progenitor. There are two major 

populations of monocytes in mice: the Ly6c
+
 (or Gr1

+
) monocyte and the Ly6c

lo
 (or Gr1

lo
) 

monocytes (57). There is a clear indication of a developmental link between Ly6c
lo
 monocytes 

and Ly6c
+
 monocytes, with the latter developing into Ly6c

lo
 monocytes driven by CSF1R-

dependent signal (58) (59). The Ly6c
+
 monocytes are known to express high levels of CCR2, 

but low levels of CX3CR1 (60) (61). Ly6c
+
 (or Gr1

+
) monocyte migration from the bone 

marrow to the intestine is CCR2 ligand dependent, as mice lacking CCL2 (CCR2 ligand) or 

CCR2 have reduced circulatory monocyte- and macrophage pools in the intestine (62) (63). 

The cells that secrete CCL2 to attract the monocytes into the intestine are unknown. It has been 

shown that monocytes can be recruited to the intestine upon the interaction of bacteria and IEC 

(64), possibly suggesting (although not studied) that IEC could be the cellular source of CCL2 

in the intestine. Due to their abundance in inflamed tissue, Ly6c
+
 monocytes were originally 

considered as ‘‘inflammatory’’ monocytes, but are now termed ‘classical’ monocytes.  

Ly6c
lo
 monocytes, on the other hand, are positive for CX3CR1, but lack CCR2. They 

were originally considered as the precursors of steady state MФ (61). However, recent findings 

clearly indicate that their primary functions are phagocytosis and maintenance of the 
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vasculature in the blood stream. Ly6c
lo
 monocytes are commonly known as the non-classical 

monocytes (57) (65).  

The human equivalent of the Ly6c
+
 monocytes and Ly6c

lo
 monocytes are the CD14

hi
 

CD16
-
 monocytes and the CD14

lo
 CD16

+
 monocytes, respectively (66). Similar to the mice 

monocytes, their human homologous subsets are developmentally related. In addition, like the 

Ly6c
+
 monocytes, the CD14

hi
 CD16

-
 monocytes express CCR2, while the CD14

lo
 CD16

+
 

monocytes lack CCR2 expression in the same manner as Ly6c
lo
 monocytes. Moreover, there 

are similarities in gene expression profiles between the murine and human homologous subsets 

(67). 

Monocytes recruited to the intestine can have deleterious effect, depending on the local 

microenvironment. During Crohn’s disease associated intestinal inflammation, CD14
hi

 

monocytes and their progeny have increased production of TNFα, IL1β (68) as well as 

increased respiratory burst activity (69), exacerbating the disease condition. On the other hand, 

monocytes play a regulatory role in the intestine, as they produce IL10 and arginase - a 

molecule associated with immune suppression (70). In addition, monocyte derived 

prostaglandin E2 has been shown to inhibit neutrophil-induced inflammation. Moreover, 

CCR2-deficient mice, which lost the recruitment potential of the Ly6c
+
 monocytes into the 

intestine, have increased accumulation of neutrophils in the intestine, during Toxoplasma 

infection (71). 

 

Intestinal eosinophils 

Eosinophils are granulocytes with an active role in inflammatory conditions such as 

allergy, inflammatory bowel disease and worm infection. Eosinophils were considered to be 

present in the gut only in pro-inflammatory conditions and absent in steady state; however it 

has now been shown that eosinophils substantially contribute to the myeloid population isolated 

from the healthy murine intestine (30%) (46). Eosinophils, like DC and MФ, can express 

CD11c, CD11b, and F4/80 (72) (73). Therefore, they might have gone unnoticed and even been 

considered as DC and MФ in the past. However, due to the advancement of multi-color flow 

cytometry, it is possible to include more markers to clearly distinguish eosinophils among gut 

myeloid cells. In intestinal cell preparations, eosinophils can be identified by their high side-

scatter profile, and their expression of CCR3 and Siglec-F (72) (74). Apparently gut eosinophils 

contribute to gut homeostasis as they influence epithelial cell-renewal and intestinal barrier 

integrity (6). They can also produce cytokine and soluble factors that can modulate and 
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maintain resident DC and MФ. In addition, the mucosal eosinophils can also contribute to the 

regulation of the IgA class switching in PP and the survival of the IgA
+
 plasma cells in the LP. 

These effects of eosinophils are partly mediated by their ability to produce transforming growth 

factor-β (TGFβ)-activating metalloproteinases that convert latent TGFβ into its active form 

(75). 

 

Intestinal neutrophils 

Neutrophils are also granulocytes, abundantly found in the circulation where they 

constitute 50 – 60 % of the circulating leukocytes (76). They are mainly recruited to the 

intestine in response to inflammation by the production of CXCL8 and chemokines by 

epithelial cells and resident monocytes/macrophages (76-78). The main function of neutrophils 

in the gut is to eliminate luminal microbes that invade the underlying mucosa. They have the 

capability to produce antimicrobial peptides and to phagocytose microbes (79), and can also 

produce neutrophils extracellular traps, which sequester the microbe inside and thereafter kill 

the microbe with toxic molecules from intracellular granules (80). In addition, neutrophils 

produce significant amounts of cytokines such as CXCL8 and IL10 and metalloprotinases that 

can modulate the activity of the cytokines (76) (81) (82). 

 

Intestinal Mast cells 

Mast cells are also bone marrow derived leukocytes. They are found in abundance in 

healthy gastrointestinal tracts, mainly in the LP and submucosa but also a few in the epithelium 

(6). They do express TLR that enables them to detect microorganisms (83), but they are also 

important in maintaining the intestinal barrier integrity. In addition, mast cells seem to have 

distinct functions at different intestinal sites. In the SI, mast cells, in response to TGFβ, produce 

proteases that are involved in tissue remodeling (84), while in the colon, mast cells exhibit a 

more pro-inflammatory phenotype, which shows that the local micro-environment have an 

impact on the response of the mast cells (6) (85). 

 

Adaptive immune system 

The adaptive immune system is known for its ability to provide antigen specific 

response. Also, the ability to develop immunological memory enables adaptive immune cells to 

identify and respond quickly and efficiently to a microbe that they encountered in the past. T- 
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and B cells are the primary cellular component of the adaptive immunity. They express a highly 

diverse repertoire of receptors that enable them to recognize virtually any specific antigen and 

play a significant role in the mucosal immune response of the intestine. 

 

Conventional T cells in the intestine 

T cells are lymphocytes that develop from hematopoietic progenitor cells in the bone 

marrow and mature in the thymus. After a series of selection and maturation processes in the 

thymus, two major subsets of conventional T cells arise, namely the T (Th) helper cells and the 

T (Tc) cytotoxic cells (86). Both types T cells have αβ-T cell receptors on their surface, which 

enables Tc cells and Th cells to recognize antigen presented in the context of major 

histocompatibility complex (MHCI or MHCII) on the surface of either infected cells or APC. 

Generally, Th- and Tc cells can be distinguished by their expression of expression of CD4 and 

CD8, respectively. In addition, they differ in their main functions; the Th cells enable the 

initiation of both humoral and cell-mediated immunity by assisting the activation of immune 

cells such as B cells, Tc cells and MФ via cell-cell interaction and/or through release of 

cytokines, while Tc cells are involved in killing infected cells (particularly virus infected) and 

transformed and/or cancer cells. 

 

CD4+T cells in the intestine 

In the intestine, circulating naïve Th cells that express CD62L (L-selectin) and CCR7 

migrate to the MLN and interact with APC, such as CD103
+
 DC and CD103

-
 DC from the LP 

(87) (88). Upon interaction, the naïve Th cells differentiate into effector CD4
+
 T cells, which 

include, but are not limited to, Th1, Th2, and Th17 cells or Tregulatory cells (Tregs), 

depending on the cytokine milieu.  

IL12, produced by DC and MФ, will favor Th1 differentiation and the expression of the 

Th1 signature transcription factor, T-bet (31); while, IL4 promotes Th2 cell differentiation and 

expression of Th2 lineage transcription factor, GATA3 (89). The sources of IL4 in the intestine 

are the γδ T cells, innate lymphoid cells (ILCs) and eosinophils (87). For Th17 development, 

driven by the transcription factor retinoic-acid-receptor γt (RORγt), the driving forces are TGFβ 

along with IL1β, IL6 and IL23 produced by innate cells (90) (91). TGFβ also plays a vital role 

in driving FOXP3
+ 

Treg development. In addition, RA from DC can promote Treg 
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differentiation (92) (36). Once activated, each subset of Th cells upregulate CCR7 and α4β7 to 

migrate to the effector site of the intestine (88).  

Th cell subsets are suggested to produce their specific cytokines and to have distinct 

functions. Th1 cells produce IFN-γ and are vital in clearing intracellular bacteria in the intestine 

(31). Th2 cells are characterized by the production of cytokines IL4, IL5 and IL13, and are 

necessary to clear extracellular pathogens, such as helminths (93). Th17 cells are characterized 

by secretion of cytokines IL17A, IL17F, and IL22. Th17 cells are vital for host defense against 

extracellular bacteria, viruses and fungi and, in barrier surface maintenance. IL17A can also 

promote epithelial cell secretion of G-CSF that drives neutrophil recruitment (94). Moreover, 

Th17-cell derived cytokines can drive the production of antimicrobial peptides (AMP) (β-

defensin and Reg family) by epithelial cells (95-97). If not properly regulated, the different Th 

cell populations can also be involved in pathology. For example exaggerated Th2 responses are 

seen in allergic conditions and Th17 cells are also involved in inflammation associated with 

many autoimmune diseases, including IBD (98).  

Effector T cells in the intestine can overtly react towards antigens derived from the 

intestinal flora or the diet. However, Treg regulate the activity of effector T cells by expressing 

CTLA-4 receptor that could dampen the expression of co-stimulatory molecules, such as CD80 

and CD86 on APC. In addition, Treg cells produce regulatory cytokines, such as IL10 and 

TGFβ.  

In addition to Th1, Th2, Th17 and Treg cells, there are additional Th cell subsets; 

namely Th9, Th22 and T follicular helper (Tfh) cells (99-102). Th9 cells secrete IL9 and are 

linked to protection against helminth infection, but also associated with the etiology of 

immune-mediated diseases, such as IBD, experimental autoimmune encephalomyelitis (EAE), 

and asthma (101). Th22 cells secrete IL22 and are important for the repair of the intestinal 

barrier and to protect the host against Gram-negative bacteria (100), while Tfh cells promote 

activation, differentiation, affinity maturation and survival of B cells by providing CD40 signal 

and secreting cytokines, including IL21 (102) (103). Furthermore, recent findings are 

challenging the rigid classification of Th cells subsets, based on their signature cytokines and 

function. For instance, Th17 cells have been shown to replace IL17- with IFNγ production in 

an EAE model (104). In our group, Sophia Björkander has shown that CD25
+
 FOXP3

+ 
T cells 

that express the CLR CD161 can readily produce both IL17 and IFNγ upon activation (105). 

Moreover, FOXP3+ Tregs can co-express surface markers and transcription factors associated 

with the respective subsets of Th cells (106-109). Although, it still needs to be further 

demonstrated, these recent findings collectively indicate the plasticity in the Th cell lineage. 
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CD8+ T cell in the intestine 

In the effector site of the GALT, Tc cells constitute a minority of the conventional T 

cells (6). The main function of Tc cells is to eliminate virus infected cells or tumor cells using 

different mechanisms, which include degranulation and the release of toxic substances or by 

activating cell-surface death receptors on the target cell (110) (111). In addition, Tc cells can 

produce pro inflammatory cytokines like IFN-γ and TNF. In order to get activated, naïve Tc 

cells need TCR interaction with peptide loaded MHC I molecule presented by APC. Normally, 

Tc cells encounter endogenously processed peptides in the context of MHC I molecules. 

However Tc cells can also be activated by a process termed ‘cross-presentation’, which 

involves the presentation of exogenous antigens on MHC I molecules by DCs to CD8
+
 T cells 

(111). Emerging evidence suggests that there are Treg-like CD8
+
 suppressor T cells (112-115). 

As their CD4
+
 counterparts, they express CD25 and FOXP3 and have been shown to impose 

suppression in vivo in graft versus host disease model (GVHD), influenza infection and colitis. 

In vitro, they are as efficient as CD4
+
 Tregs in suppressing effector T cell proliferation (116).  

 

Intestinal B cells 

Unlike T cells, B cells finish their maturation in the bone marrow. In the secondary 

lymphoid tissues, B cells get activated and differentiate into antibody secreting plasma cells 

and memory cells upon antigen encounter. Naïve B cells express surface IgM and IgD, but after 

activation they can undergo a class switch to IgA, IgG or IgE, depending on the cytokine 

signal. For instance, in the gut, cytokines such as IL10 and TGFβ initiate IgA class switching 

and secretion of IgA into the lumen of the intestine (117). In addition, RA produced by CD103
+
 

DC not only imprints gut homing markers on B cells, but also promote B cell secretion of IgA 

(118) (119). 

The intestinal LP harbors large numbers of plasma cells, with the number ascending 

from the most proximal to the distal end of the intestinal tract (120). In addition, IgA-producing 

plasma cells are the predominant population in the intestine (121) (6) and IgA secretion 

dominates the humoral immune response in the intestine. IgG and IgM are also produced in 

the intestine to a lesser extent (121). In the gut lumen, secretory IgA (sIgA) protects the 

epithelium from pathogen invasion by binding and clearing the pathogen (122). In a similar 

manner, sIgA prevents the evasion of the intestinal antigens such as intestinal microbiota and 
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food antigens into the circulation (35); and sIgA also helps to control the density and the 

composition of the microbes in the intestine (117) (123).  

B cells can also contribute as APC as well as produce cytokines. Regulatory B cells (B-

reg cells), produce IL10 and play a role in suppressing experimental colitis (124-127). Certain 

types of B-reg cells express the integrin αvβ6 and CX3CR1. These cells have the ability to 

produce high levels of TGFβ, convert latent TGFβ into its active form, maintain T-reg cell 

development and suppress T cell activation (128), which further supports the broad 

contribution of B cells in keeping the homeostasis of the gut. 

 

Unconventional T cells and innate lymphoid cells in the intestine 

Unconventional T cells and ILC cannot be categorized as innate or adaptive cells, as 

they share features with both innate and adaptive immune cells. 

Unconventional T cells are further sub-classified into mucosal associated invariant T 

(MAIT) cells, γδ T cells and NKT cells (129). Unconventional T cells undergo V(D)J 

recombination, similar to the conventional T cells, but unlike conventional T cells, they lack 

TCR diversity.  

MAIT cells are evolutionary conserved T cells expressing CD8 and V7.2 and 

recognize microbial non-peptidic antigens presented by the non-classical MHC MR1. They are 

primarily found in the circulation and in the liver, but can also be found in the gut, where they 

have been described to recognize vitamin metabolites (130).  

Activation of tissue resident γδ T cells differs from that of conventional T cells as well 

as from circulating γδ-T cells. They readily detect and respond to MAMPs, such as conserved 

phosphoantigens of bacterial metabolites and cell damage products. Also, they are not required 

to interact with MHC and they use other costimulatory molecule than conventional T cells 

(131).  

NKT cells express the NK cell marker CD56 and use their invariant TCR to recognize 

glycolipids when presented by CD1d (MHC-like molecule) on APC (132). Similar to Tc cells 

and NK cells, NKT cells primary functions are cytotoxicity, mainly via the FasL-Fas pathway, 

and production of cytokines (133). 

Recently, ILCs have been in focus of intense research interest in the field of mucosal 

immunology. They are believed to play a major role in GALT development, epithelial barrier 

repair and intestinal immunity (134) (135).  Although the ILCs are derived from the same 



 

15 
 

lymphoid progenitor as T- and B cells, they lack TCR (6). ILC are heterogeneous populations 

that constitute lymphoid tissue inducer cells (LTi), NK cells, and other ILC members that are 

further classified based on their respective transcription factors and their cytokine profile (136). 

ILC1, which include NK cells, express T-bet and produce IFNγ. Most of the ILC1 cells, 

including NK cells, are capable of causing granule-mediated cytotoxicity by producing perforin 

and granzymes (137) (138). ILC1 are also associated with the pathogenesis of Crohn’s disease, 

as they are abundant in LP of the intestine from patients (139) (138). ILC2 express RORα and 

GATA3 and, produce Th2 associated cytokines, such as IL4 IL5 and IL13. Like Th2, they are 

associated with helminth infection and allergy. ILC3 cells, which also include LTi, express the 

transcription factor RORγt and, secrete IL17 and IL22. Most ILC3 cells reside in the mucosa of 

the intestine where they play a key role in keeping epithelial barrier integrity and immunity 

against extracellular bacteria (138) (140). 

 

COLONIZATION OF THE GUT  

 Tightly protected by the amniotic membrane and the presence of the antimicrobial 

factors in the amniotic fluid, the fetus has been considered to be in a sterile environment in 

utero. However, this has been challenged by recent findings, which suggest microbial transfer 

from mother to fetus during gestation, as bacterial DNA has been detected in the placenta (141) 

and viable bacteria have been found in the meconium (142). Nevertheless, the main microbial 

colonization starts during delivery (143) (144) and continues to develop until it reaches a 

relative stability in adulthood. The early infant microbiota composition is highly dynamic and 

relatively low in diversity. It is dominated by facultative anaerobe species, such as 

Staphylococcus, Streptococcus, Enterobacteriaceae, Enterococcus, Bifiodobacterium and 

Lactobacillus. However, once the oxygen in the gut is consumed by these facultative 

anaerobes, the environment is more favorable for strict anaerobes, such as Bacteroides and 

Clostridia, to dominate in the first year of life (145). Eventually, the microbiota composition 

becomes successively more diversified (146); in adults the number of bacteria in the human 

microbiota is estimated to be 10
14

 consisting of 500-1000 different species (147) (148). The 

bacterial diversity and density along the gut vary, with the highest number of bacterial colonies 

residing in the colon. Also, the composition varies along the intestinal sites. In the colon, the 

Bacteroidetes and Firmicutes are the main colonizers, while in SI the Firmicutes, Bacteroidetes, 



 

16 
 

Proteobacteria and Actinobacteria phyla dominate (147) (148). The SI also contains an 

adherent microbiota, such as Streptococcus and Neisseria (147).  

 

Major factors that influence the microbiota composition  

The gut microbiota in humans seems to be plastic and different factors can affect its 

composition, particularly at the early age. Mode of delivery, diet, environmental factors, 

antibiotics use and host genetics are the main factors. 

 

1. Mode of delivery 

 The mode of delivery is crucial for the establishment of the postnatal intestinal 

microbiota. The early gut microbiota composition of vaginally born children resembles that of 

the maternal vagina microbiota, which is best typified by the presence of Lactobacillus and 

Prevotella (144) (149). On the contrary, those born with Caesarean section acquire maternal 

skin flora or environmental bacteria at an early age, which are represented by the dominance of 

Streptococcus, Corynebacterium, and Propionibacterium (144) (149). In addition, a recent 

study has also shown that Cesarean section-delivered infants lack Bacteroidetes in their gut, 

and the total microbial diversity is lower compared that of vaginally delivered infants (150).   

 It has also been shown that the gestational age of the neonate can influence the 

composition of the infant microbiota. For instance, Proteobacteria is the main colonizer in the 

gut of the preterm infants that lack Bifidobacterium and Lactobacillus which are common 

genera in the gut of healthy term infants (151).  

   

2. Diet 

 Members of the microbiota have particular nutritional requirements that could 

determine their survival in the niche, making the diet important in shaping the early infant gut 

nicrobiota. For instance, there is a substantial difference in the gut microbial composition 

between breast-fed and formula-fed infants. The gut of breastfed infants contains staphylococci, 

streptococci, and lactic acid bacteria (152) (153). Moreover, oligosaccharides from breast milk 

favor the growth of Bifidobacterium species. Eventually with weaning, the gut microbiota is 

more diverse and relatively established throughout life and more related to the choice of diet 

(154). Globally, differences in dietary habits between different populations can cause variation 

in the intestinal microbiota composition. For example, the intestinal microbiota of children in 
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rural village in Burkina Faso was dominated by Bacteroidetes and lower in Firmicutes 

compared to age matched Italian children. Due to the agrarian life style in that area, the Burkina 

Faso children consume a plant-based diet, which is rich in cellulose and xylans. Members of 

the Bacteroidetes can utilize these fibers as a nutrient and generate higher levels of short-chain 

fatty acids (SCFA) (155). Acetate, butyrate, and propionate are the main SCFAs that result 

from fermentation of carbohydrates and amino acids in the diet (156). In general, intake of diet 

that includes fruits, vegetables and fibers are associated with dense and diverse gut microbiota. 

 

3. Environmental factors 

 In addition environmental factors, such as standard of living, exposure to pets, number 

of siblings and being raised in a rural area, can affect the exposure to different microbes, which 

could further shape the gut flora composition (157-159). Standard of living can contribute to 

striking differences in colonization patterns of infants from different countries. For instance, the 

gut microbiota diversity of infants from USA was lower than that of both Malawian infants and 

Venezuelan Amazonian infants. The differences were also evident at the species level and 

functional gene repertoires (160). Although general socio-economic differences can explain 

such differences, also genetic variation and dietary preferences might contribute as well. 

However, studies on genetically similar populations, such as Swedish and Estonian children 

also revealed variation in colonization patterns, supporting a strong environmental impact 

(161). The importance of environment was further strengthened with a study on genetically 

similar piglets that were kept in a natural outdoor environment, or housed in very hygienic 

indoor facility (162). Although there were no differences in microbial diversity, piglets reared 

outside had higher Firmicutes, particularly Lactobacillus strains in their gut compared to 

hygienic indoor piglets. 

 

4. Antibiotics  

 Significant changes in the gut microbiota in response to antibiotics include a significant 

reduction of indigenous commensal bacteria and diminishing the taxonomic diversity. The 

altered microbiota composition persists, even after ceasing to use antibiotics. For instance, it 

has been shown that short-term use (7 d) of broad-spectrum antibiotics (e.g., Clindamycin) can 

affect the diversity of Bacteroides in the gut, up to 2 years post-treatment (163) (164). In 

addition to the alteration of the normal gut microbial diversity, the persistent use of antibiotics 

paves the way for the dominance of antibiotic-resistant pathobionts (potential pathogens) in the 

gut (165). The other major concern is the likelihood of horizontal transfer of antibiotic 
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resistance gene to normal gut microbes. Therefore, it is important to take caution in the use of 

broad-spectrum antibiotics. 

 

 

5. Host genetics 

 In humans, a common method to investigate the correlation between host genetics and 

microbiota composition is by comparing the gut microbiota of monozygotic and dizygotic 

twins (166). A recent study from UK, showed that the abundance of many microbial taxa were 

influenced by host genetics (167). On the contrary, other studies involving metagenomics and 

16S ribosomal RNA gene sequencing of the gut microbiota DNA from siblings, monozygotic 

and dizygotic twins in the US, Venezuela and Malawi showed that the genetic contribution was 

much less than expected and rather gave support for a strong environmental influence on 

microbiota composition (160). However, under the control of the non-genetic factors (for 

example diet), host genes associated with metabolism can play a role in shaping the microbiota 

as leptin-deficient obese mice have been shown to have altered gut microbiota (168) (169). 

Leptin-deficient mice have the tendency to over-eat, which may contribute to the change in 

their microbial community. It has also been shown that fasting in mice changed the microbial 

composition in the gut (170). In addition, host immune system, both innate and adaptive, can 

impose pressure by secreting AMPs and releasing IgA into the lumen (171). However, one 

should recall that this is the result of a cross-talk as some of the factors that trigger the immune 

system have been shown to be the microbes themselves (117) (123). 

 

Methods for studying microbial composition in the gut 

Most of our previous knowledge of the gut microbiota composition is derived from 

basic microbial culture techniques in the laboratory. Microbial culture is essential for the 

isolation of a pure culture of a bacterium to further characterize the individual phenotypes 

and functions, to study the interaction between the individual bacteria with the host in an in 

vitro or in vivo model and to isolate the biologically active molecules produced by the 

individual microbe. The shortcoming of this technique is that, due to their selective growth 

requirements, it is hard to cultivate the majority of the gut microbes in the laboratory. The use 

of culture-independent approaches has helped enormously to characterize microbial diversity. 

One of the efficient and affordable culture-independent methods is the use of 16S rRNA gene, 
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which is highly conserved among bacterial species. 16S rRNA genes contain bacteria 

conserved regions but also species-variable regions that allow identifying bacteria up to the 

species level. The technique involves extraction of DNA from samples, amplification of 16S 

rRNA gene using primers, followed by quantitative real-time PCR detection and quantification 

to reveal bacterial identity (172). Still, 16S rRNA gene-based analysis also has its 

shortcomings. Some bacteria may have several copies of 16S rRNA genes, which makes it 

difficult during sequence annotation (173). Another limitation of 16S rRNA gene based 

analysis is the variability in extraction of DNA from different bacteria. For example, DNA 

can be extracted easily from Gram-negative bacteria, such as Bacteroides and 

Enterobacteriaceae, while some Gram-positive bacteria, such as Enterococcus and 

Staphylococcus, have very thick and strong cell walls, which makes it difficult to access the 

DNA of these bacteria (163). Therefore, sequencing of the 16S rRNA gene is being replaced 

by new high-throughput sequencing methods that allow sequencing the entire nucleotide pool 

(165). These techniques have enabled scientists in the field to have a broad view on the 

diversity of the microbiota community in the gut (174). Understanding the composition of the 

microbial community alone does not necessarily give a full picture of its function. Using a high 

throughput next generation sequencing, it is now possible to sequence the total microbial 

community DNA, and even compare the sequences to already identified functional genes. 

However, unless it is supported by a proteomic or metabolic study, evidence on functional 

capabilities from metagenomic studies will remain to be a prediction. Therefore, the way 

forward is to include functional profiling, which encompasses protein and metabolite profiling 

(175). 

 

MICROBIOTA-HOST INTERACTION  

In the interlinked mutualistic relationship of the gut microbiota and the host, the host 

provides niches and nutrients, which are vital for the existence of the microbes in the gut. On 

the other hand, the microbes contribute to the digestion and fermentation of indigestible 

carbohydrates, production of vitamins, organogenesis and protection against pathogens. In 

addition, commensal microbes are believed to influence the development and response of the 

host immune system (176). 

The interaction between the microbiota and the host is complex. It involves the 

individual microbes, the epithelium and the mucosal and systemic immune system (Figure 2) 
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(177). The microbe can bind to the epithelium and directly interact with the epithelium, leading 

to the response of the epithelium, which will further impact the underlying immune cells (178). 

It can also directly interact with members of the immune cells, such as DC and MΦ, which can 

protrude through the epithelium and sample the luminal antigen (23) (14). In addition, 

molecules produced by the microbes make their way through the tight junction of the 

epithelium, especially in a leaky-gut situation, or taken up through transcytosis, as observed by 

M cells and goblet cells (6) (9). The microbiota can also impose its impact in a diet-dependent 

manner, i.e., the microbe acts on the nutrient present in the intestine, leading to the formation of 

metabolites, such as, indole-3-aldehyde (IDO) and SCFA, which have the potential to modulate 

the immune system. The next sections will focus on the impact of these interactions (179-181). 

 

 

 

 

 

 

Microbiota-epithelial cell interaction 

Commensal bacteria influence the function and development of IEC in a multitude of 

ways. They use bioactive molecules, which are produced in a diet-independent or diet-

dependent manner. The main diet-independent products are the bacterial cell wall components, 

such as LPS, polysaccharide A (PSA) and peptidoglycans, which are ligands for TLR4, TLR2, 

and NOD, respectively (182). They play a role in protecting the barrier function of the intestinal 

Figure 2. Examples of gut microbiota-IEC-immune cells interaction. Clostridium clusters IV, XIVa, and XVIII 

promote Treg cell differentiation in the colon by inducing TGFβ production in IEC. SCFA derived from 

microbes may also facilitate Treg cell generation either direct interaction through GPCR 43 or indirectly via 

IEC. Bacteroides fragilis derived Polysaccharide A (PSA) directly induce Treg cell differentiation via TLR2 or 

indirectly by modulating DC. SFB promote Th17 differentiation either via serum amyloid A (SAA) or via IL1β 

produced by mononuclear phagocytes. Commensal bacteria use ATP to induce Th17 differentiation. 

Commensal induce BAFF, APRIL and TGFβ production by IEC, which in turn activate B cell differentiation 

into IgA producing plasma cells. Reprinted with the permission from the Trends in Immunology (177) 
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epithelium. For instance, reduced mucous layer thickness in GF mice can be corrected by 

treatment with TLR ligands, showing that commensal bacteria can regulate mucus production 

by goblet cells through TLR signaling (183). In addition, even though some AMP e.g -

defensins are constitutively expressed by IEC, secretion of others such as RegIIIγ is mediated 

by sensing of commensal-derived LPS (177), as oral administration of LPS induced expression 

of RegIII only when TLR4 was expressed in IEC (184). In the colon, there are two mucus 

layers, in which the inner layer is devoid of microbes. RegIIIγ is crucial in keeping the bacteria 

free zone in the inner mucus layer (185).  

In addition to bactericidal activity, AMP can influence chemotaxis, TLR signalling and 

wound repair (177). For example, RegIIIγ is upregulated in damaged mucosa and participate in 

the rapid recovery of the epithelial layer by inducing IEC proliferation (186). Another example 

of commensal microbes enabling antimicrobial protection of epithelial cells, is the capability 

of Lactobacillus-produced lactic acid to disrupt the outer membrane of bacterial cell walls to 

pave the way for lysozyme-mediated antimicrobial activity (187). Diet-dependent microbial 

products such as SCFAs have also been shown to induce the expression of the antimicrobial 

peptide cathelicidin (188-190).  

 Butyrate, a short chain fatty acid metabolite derived from commensal microbes, 

enhances the integrity of intestinal epithelium barrier, by facilitating rapid repair and tight 

junction assembly (191). Similarly Bifidobacterium-derived acetate promotes antiapoptotic 

responses in IEC and thereby protects the IEC from damage, following challenge with 

enterohaemorrhagic Escherichia coli (E. coli) infection (192). Furthermore, both diet-

dependent and independent commensal products influence IEC cytokine production. For 

instance commensal microbes uses TLR signalling to induce cytokine production by IEC, such 

as CCL20, CCL28, APRIL, TGF-β1 and thymic stromal lymphoietin (TSLP), which in turn 

influence the responses of the underlying immune cells, which will be discussed in detail later 

on (193-196). Similarly, diet derived microbiota products, such as butyrate triggers IL-18 

production in IEC through G protein-coupled receptor (GPR) 109A, which in turn inhibits 

colitis-associated colon cancer (177) (197) (198). Moreover, Clostridium species were shown 

to enhance expression of matrix metalloproteinases (MMPs) by IEC, which converts latent 

TGFβ into its active form (199). 

In this complex interaction between the gut microbe and the host, the conundrum facing 

the intestinal epithelium is to distinguish the commensal microbe from the pathogenic microbe. 

Both the commensal microbe and the host epithelium have developed a mechanism to avoid 
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inappropriate responses. The intestinal epithelium regulates the expression and distribution of 

its MAMPs on the apical and basolateral side of its epithelial cells (200). In concordance with 

controlling TLR signaling, during the postnatal period epithelial cells increase the expression of 

the NFκB inhibitor IκBα, to prevent the expression of pro-inflammatory cytokines regulated by 

NFκB (4). Similarly, there are other molecules, such as SIGIRR, TOLLIP, PPARγ and A20, 

which implement a different mechanism to regulate the excessive proinflammatory response of 

IEC via TLR signaling (28). For example A20 that is quickly activated following TLR 

stimulation of IEC, interferes with a TLR-dependent response by ubiquitin editing. A20-

deficient mice exhibit excessive inflammation in different organs including the intestine. 

Commensal microbes have the capacity to use these negative regulators to their advantage. For 

examples, Bacteroides thetaiotaomicron dampens CXCL8 and TNF production by epithelial 

cells by inducing the expression of peroxisome-proliferation-activated receptor γ (PPARγ), 

which prevent the translocation of NFκB to the nucleus (201). Similarly, IEC from SIGIRR 

deficient mice exhibit excessive cytokine production in response to the commensal microbiota 

(202). It has also been shown commensal microbes use SCFA to down-regulate IL-1β induced 

IL-8 production by Caco-2 cells, an intestinal epithelial cell line that is frequently used to study 

microbe-IEC interaction, in vitro (203). 

 

Epithelial cell-regulation of immune cell function 

It is clear by now that the IEC are not passive barriers, and they can interact with the 

luminal content and respond in appropriate manner. As already mentioned, IEC produce 

cytokines, such as TSLP, TGFβ, APRIL, BAFF, CCL20 and CCL28 in response to gut 

microbe-derived signals (193-196). These cytokines are vital in regulating the development and 

the function of the underlying immune cells. For instance, IEC-derived TSLP, TGFβ, and 

retinoic acid (RA) promote the development of tolerogenic DCs and MФ, which are educated 

to produce IL10, TGFβ and retinoic acid and subsequently regulate the generation of Treg cells 

and IgA producing B cells (204) (193). IEC can also indirectly regulate ILC3 in response to 

commensal bacteria-derived signals. For example, IEC-derived IL25 dampens IL23 production 

by MФ, which in turn decrease IL22 production by ILC3 (205). On the contrary, commensal 

bacteria induce IL7 by IEC (206), and have been shown to enhance the production of IL22 by 

ILC3 through stabilization of RORγt (206) (207). IEC can also directly influence B cell 

recruitment and differentiation by secreting CCL20, CCL28, APRIL and BAFF (193-196). 
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Expression of polymeric Ig receptor (pIgR) – a receptor that is responsible for the shuffling 

of the IgA into the lumen - is also regulated by commensal microbes (196). Further, M cells 

and goblet cells transfer luminal antigens to the local DC and MФ, which subsequently 

present the antigen to the adaptive immune cells in the GALT (6) (9). Although IEC express 

MHC molecules to present processed antigen, they lack the co-stimulatory molecules for 

MHC-TCR complex (208). Antigen presentation by IEC in the absence of co-stimulation may 

promote anergy, which might aid in local and systemic T cell tolerance. Alternatively, memory 

T cells are less in need for co-stimulatory molecules, thus, the ability of IEC to present antigen 

may be more important for memory T cell function.  

The underlying immune cells also protect the epithelium. For instance, luminal IgA 

prevents microbes from attacking the IEC. Similarly, IL22 from ILC3 has been shown to 

improve the epithelial barrier. At steady state, mice lacking ILC3 are more vulnerable to 

microbial translocation from the intestinal lumen to peripheral organs (209) (210), and this can 

be reversed by the administration of IL-22 (209). 

 

Microbiota-immune system interaction 

The microbiota plays a vital role in orchestrating the structural and functional 

development of the immune system in the gut. Studies with germ-free (GF) mice revealed that 

the gut microbiota is required for the proper development of GALT (211) (212). Although, GF 

mice do not lack functional PP, the number and the size of the PP are smaller in GF mice than 

those of specific-pathogen-free (SPF) mice, and their MLN contain fewer cells and are smaller 

in size. Notably, the development and maturation of ILF and CP are impaired in GF mice 

(120).  These ILF are restored following the introduction of gut bacteria into GF mice, which 

indicates a dynamic relationship between the immune system and the microbiota (212). In 

addition to its defect in its inductive site, GF mice have smaller numbers of IEL than 

conventionally reared mice and again, restoring the intestinal microbiota was enough to correct 

the defect (213) (214). In the next sections, I will discuss the effect of the gut microbes at the 

cellular level on both mucosal and systemic immunity. 

 

Effects of microbiota on mucosal immune cells 

The benefits of microbiota have been indicated by their involvement in the recruitment 

and development of immune cells in the mucosal surfaces. GF mice have a lower number of 
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resident DC and MФ. In addition, GF mice have decreased numbers of Treg cells in the LP 

(199) (213) and the numbers of IgA secreting plasma cells are also affected resulting in reduced 

amounts of secreted IgA (215).  

The microbiota uses different mechanisms to modulate the response of the mucosal 

immune cells. For instance, PSA from commensal B. fragilis facilitates the development of 

IL10-producing Foxp3
+
 Treg cells (216) through direct interaction with TLR2 on T 

lymphocytes (217), or indirectly through TLR2-dependent conditioning of DC (218) (219). In 

addition, oral inoculation of mice with Clostridium clusters IV, XIVa and XVIII can initiate the 

differentiation of Treg cells in the colon (199) (220). Some evidence suggests that Clostridia 

enhance TGFβ production within the colon to promote FOXP3
+
 Treg cell differentiation (199). 

In addition, SCFA produced by colonic bacteria can regulate the generation of Treg cells in the 

colon. For instance, butyrate can induce histone H3 acetylation of the FOXP3 promoter and the 

conserved non-coding sequence 1 in the Foxp3 enhancer to promote Treg cell differentiation in 

the colon (221) (222). Similarly the SCFAs propionate, butyrate, and acetate can also drive the 

expansion of IL10-producing FOXP3
+ 

Treg cells in the colon, by binding to SCFA receptor 

GPCR43 (223).  Segmented filamentous bacteria (SFB) on the other hand, promote Th17 cells 

differentiation in the SI (224). It has been proposed SFB colonization increases serum amyloid 

A protein (SAA) in the SI, which facilitates IL6 and IL23 production by CD11c
+
 cells to drive 

Th17 cell development (225). Similarly, ATP secreted from commensal bacteria activates 

CX3CR1
+
 cells in a TLR-independent manner to promote Th17 cell generation in the gut (226). 

Other cell types, including DC, have also emerged as targets of SCFA from commensal 

bacteria. In DC, treatment with butyrate decreased the expression of IL12 and increased 

expression of IL10 and IL23 (227) (228). It has also been shown that butyrate can regulate the 

expression of the antigen-presentation machinery of the DC, including CD40, CD80, CD86 and 

major histocompatibility complex class II (227) (228). However, treatment with butyrate did 

not limit DC to elicit IL17 and IL10 production by T cells (227). In addition to SCFA, other 

metabolites of commensal bacteria, such as tryptophan catabolites have also been shown to 

modulate the function of immune cells. Lactobacillus-produced indole-3 aldehyde from 

tryptophan promotes IL22 production by ILC3, which confers protection against Candida 

albicans (229). Gut microbiota species can also use their glycolipids to modulate the response 

of the NKT cells in a CD1d-dependent manner (132). 
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Effects of microbiota on systemic immune function 

The influence of the gut microbes extends beyond the intestinal tract and also affects 

the systemic immune system. Under GF conditions, the Th1- Th2 balance is shifted towards a 

Th2-dominated response including IgE production that was normalized by exposure to a 

diverse microbiota during early life. However, colonizing GF mice in adulthood fails to 

decrease the serum IgE level (230), which also shows the ability for the microbiota to educate 

the naïve neonatal immune system, an education that could last for life. It has also been shown 

that administration of PSA from B. fragilis into GF mice is enough to induce T-cell expansion 

and also corrects the Th1-Th2 imbalance in the periphery (231). In addition, higher intensity of 

B. fragilis at an early age was found to inversely relate to TLR4 mRNA expression in 

peripheral blood mononuclear cells (PBMC) from 12-month old infants. As a consequence, 

LPS induced CXCL8 and IL17 levels were also negatively correlated with B. fragilis 

colonization for a week after birth (232), which could indicate an influence of bacterial 

colonization in the induction of tolerance. Similarly, the feeding of a diet rich in fermentable 

carbohydrates increased the Bacteroidetes phylum in the gut and subsequently enhanced serum 

level of SCFA, acetate and propionate. The SCFA, in turn, increase the hematopoiesis of DC 

precursors in the bone marrow (233). The generated DC were inept to initiate allergy-prone 

Th2 responses in the lung. On the other hand, colonization with SFB has been linked to 

exacerbated autoimmune arthritis through the induction of auto-antigen specific Th17 cells in a 

mouse model for arthritis (234). 

 

Lactobacilli and Staphylococcus aureus in the gut 

Both lactobacilli and S. aureus are Gram-positive bacteria. Lactobacilli, which are 

members of the phylum Firmicutes, are commonly detected in the human gut, where L. 

salivarius, L. rhamnosus, and L. paracasei are the dominant species (235).  S. aureus is 

commonly found on the skin and in the nasal mucosa. However, S. aureus is nowadays 

frequently detected in fecal samples from children in Westernized countries (236) (237). Breast 

milk contains nutrients for these bacteria to grow and favors early colonization and stability of 

both lactobacilli and S. aureus in the gut of infants (238-240). It is already well known that 

lactobacilli are common in the gut of vaginally delivered infants. However, recent finding has 

shown that S. aureus is also more abundant in vaginally born infants (241). S. aureus is known 

to produce staphylococcal exotoxins (SE) and toxic shock syndrome toxin (TSST) (242). SE 

and TSST from S. aureus can act as superantigens and can cause non specific binding of the 
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MHC complex on APC with TCR on T cells, leading to uncontrolled T cell activation and 

cytokine production, which can have pathological ramification of causing septic shock. 

Although S. aureus is considered as pathobiont in the gut, several strains colonize the infants 

gut without causing gastrointestinal complication (243). However, early-life colonization with 

S. aureus has previously been associated with development of non-infectious diseases, such as 

allergy (244), while early colonization with lactobacilli seemed to decrease the risk of allergy 

later in life (237). In addition, peripheral immune cells from infants co-colonized with 

lactobacilli and S. aureus at an early age have a regulated cytokine response ex-vivo, when 

compared with cells from infants colonized with S. aureus alone (245). Although the intestine 

harbors many genera and species, repeated studies clearly show that S. aureus and different 

lactobacilli have strong immunomodulatory properties and that their presence in the early gut 

associate with immune-mediated disease later in life  (232) (237) (244-246). How these 

bacteria influence the immune system is not clear. That is why in paper I, we investigated the 

effect of S. aureus and lactobacilli in modulating the response of IEC and how these indirectly 

affect the immune cells response in vitro. Similarly in paper II, we studied the effects of L. 

reuteri and S. aureus on the DC differentiation and its subsequent effect on T cells.  

 

The therapeutic use of lactobacilli as probiotics, prebiotics or postbiotics  

An altered microbial composition, also known as dysbiosis, destroys the beneficial 

influence of gut microbes on host immune physiology, a condition associated with 

susceptibility to immune-associated diseases, such as necrotizing enterocolitis (NEC), IBD, 

allergies, type 2 diabetes, diarrhea and infection (247) (248). Probiotics have been shown to 

correct some of these disorders. Probiotics are defined as “live microorganisms, which when 

administered in adequate amounts confer a health benefit on the host” (249). Lactobacilli are 

the most widely used probiotic strain. They have been shown to modulate the immune response 

both in vitro and in vivo (250). Although, there is a strain difference in function, collectively, 

lactobacilli contribute to increased intestinal barrier integrity, regulated IEC and DC responses, 

enhanced IgA responses, and induction of Treg cells (251). The dilemma of using probiotics is 

that they are live-bacteria, which might be a bit hazardous to give to an individual whose gut 

barrier is already compromised. The other major challenge is that some of the probiotics are 

antibiotic resistant, which might be transferred to more pathogenic bacteria through horizontal 

gene transfer (252) (253). An alternative means of treatment with more or less similar effects as 

probiotics is to use prebiotics. Prebiotics are defined as ”selectively fermented ingredients that 
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allow specific changes both in the composition and in the activity of the gastrointestinal 

microflora, which confer benefits upon host well being and health” (251). For instance, oral 

administration of prebiotics such as inulin and fructo-oligosaccharides has been shown to 

facilitate the growth of lactobacilli (251) (254). Despite this, there are still contentions in the 

use of prebiotic as a treatment, since the oral administration of these substrates could favor the 

growth of unwanted microbes that could induce a pro-inflammatory response.  

A relatively new paradigm is to use postbiotics, for treatment. Postbiotics are non-

viable bacterial products or metabolic byproducts from probiotic microorganisms that have 

biologic activity in the host. In a strain different manner, lactobacilli-derived postbiotics have 

already been shown to have potential in modulating epithelial tight junctions and in attenuating 

tissue inflammation by regulating immune cells (255). However, the way forward is to 

encourage more research in developing means to deliver the postbiotics to the target site in the 

host. Since most of these soluble factors are sensitive to host enzymatic activity, they might be 

degraded before reaching the target site. In addition, identifying optimal postbiotic substances 

is vital. That is why in paper III, we focused on studying the postbiotic potential of a well-

known and well-tolerated probiotic strain, L. reuteri 17938, in modulating the phenotype and 

response of DC. 
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PRESENT STUDY 

 

General aim: 

 To investigate how common gut microbes - lactobacilli and S. aureus - influence the 

immune development and responses in vitro 

Specific aims: 

 To investigate how different strains of lactobacilli and S. aureus influence the response 

of gut epithelial cells and peripheral immune cells in vitro (paper I). 

 To investigate the influence of L. reuteri and S. aureus on the differentiation of 

monocyte to DC in vitro, as well as how the generated DC function in regulating T cell 

production of cytokines, in co-cultures (paper II). 

 To investigate the postbiotic effect of L. reuteri on modulating RA-generated-mucosal-

like-DC response and their effect on Treg cells in vitro (paper III). 

 

 

 

 



 

29 
 

Material and Methods  

Detailed descriptions of the material and methods are found in the specified sections of 

papers I, II and III, respectively.  

 

Paper I 

In paper I, we used seven Lactobacillus (L.) strains (L. reuteri DSM 17938, L. reuteri 

ATCC PTA 4659, L. rhamnosus kx151A1, L. rhamnosus GG, L. casei LMG 6904, L. casei 

Shirota, L. paracasei F19) and three Staphylococcus (S.) aureus strains (S. aureus 139:3, S. 

aureus 151:2 and S. aureus 161:2), which were grown in their respective growth media (MRS 

broth and BHI broth). Sterile cell free supernatants (CFS) were separated by pelleting the 

bacteria by centrifugation, followed by sterile filtration of the CFS. 

Intestinal epithelial cell lines (IEC) (HT29 and SW480) were treated with different 

lactobacilli-CFS and S. aureus-CFS. In addition, IEC were stimulated with UV-killed bacteria 

(L. reuteri DSM 17938 and/or S. aureus 161:2) alone or with their respective bacteria-CFS.  To 

assess the involvement of TLR signaling in the IEC response to S. aureus, the MyD88 

expression in the IEC was knockdown by using siRNA. Further, to assess the effect of the 

bacteria-CFS on immune cells, PBMC and cord blood mononuclear cells (CBMC) from 

healthy donors were treated directly with bacteria-CFS or with bacteria-conditioned IEC-CFS. 

The level of cytokines and chemokines in the IEC and PBMC/CBMC-CFS were analyzed 

using human proteomic array (36 cytokines/chemokines) and ELISA. In addition, PBMC were 

stimulated with bacteria-CFS in vitro and intracellular staining of T cells for IFN-γ and IL-17 

was performed and analyzed by flow cytometry. 

To investigate the role of histamine in lactobacilli-mediated immune modulation, 

histamine levels were measured in bacteria-CFS using ELISA. Further, the histamine receptors 

on PBMC were blocked using ranitidine (the histamine receptor blocking agent) before treating 

the cells with the bacteria-CFS. To investigate the proteolytic effect of Lactobacillus-CFS on 

cytokines, recombinant (r) IL-17 and rIFN-γ were pre-incubated with L. reuteri 17938-CFS and 

then the respective proteins levels were measured with ELISA. 

 

Paper II 

In paper II, we used L. reuteri DSM 17938-CFS and S. aureus 161:2-CFS, which were 

obtained in a similar manner as in paper I. 
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Using magnetic beads, monocytes were negatively purified from PBMC from healthy donors. 

The monocytes were kept in complete media with GM-CSF and IL-4 for 3 days, before 

replacing it with a new complete media, which contained either L. reuteri-CFS, S. aureus-CFS, 

a combination of L. reuteri-CFS +S. aureus-CFS. As a control the differentiating DC were just 

kept in culture medium. On day 6, the generated DC were characterized in terms of surface 

marker expression (flow cytometry) and cytokine production (ELISA). We further assessed the 

phagocytic ability of the bacteria-conditioned DC by incubating them with enzyme-labeled 

Escherichia (E.) coli particles, followed by permeabilization of the cells and incubation with 

substrate. Then, the reaction was stopped and the optical density (OD) value was measured 

using a spectrophotometer. 

The generated DC were further stimulated with LPS followed by an analysis of gene 

expression of 84 DC-related genes. In addition, the LPS stimulated bacteria-CFS generated DC 

were co-cultured with autologous T cells, negatively isolated from thawed PBMC using 

magnetic beads. In addition, Mo-DC were pre-treated with bacteria-CFS, before co-cultured 

with T cells. The cytokine production of the T cells was analyzed using both ELISA and 

intracellular staining and T cell proliferation was evaluated using flow cytometry.   

 

In paper III 

In paper III, we used L. reuteri DSM 17938-CFS, which was obtained in a similar 

manner as in paper I. 

 Monocytes were isolated as described above for Paper II. The monocytes were kept in 

complete media with GM-CSF and IL-4 with or without RA. On day 6, the generated DC (Mo-

DC or RA-DC) were characterized in terms of surface marker expression (flow cytometry) and 

cytokine production (ELISA and proteome array). Moreover, the Mo-DC and RA-DC were 

then treated with L. reuteri-CFS, LPS or kept in culture media followed by an analysis of gene 

expression of 84 DC-related genes as above. In addition, the L. reuteri treated RA-DC and Mo-

DC were co-cultured with autologous T cells, isolated as above, followed by intracellular 

staining of the T cells for FOXP3 and IL10 expression. 
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Results and Discussion 

Previous work in our group has shown that an early colonization with lactobacilli is 

associated with a regulated immunological profile and a reduced allergy risk at five years of 

age (232) (237) (246) (245). On the contrary, early colonization with S. aureus, in the absence 

of co-colonization with lactobacilli, is associated with excessive in vitro responses of the 

immune cells from these children (245). To understand the mechanism how these microbes 

influence the immune response and development, our group is working on three parallel tracks. 

First we perform in vitro studies of immune cells from children participating in a prospective 

allergy cohort and relate these findings to their early-life gut colonization. Here we also 

perform more mechanistic studies of interactions between bacterial factors and immune- and 

epithelial cells. Second, we work with an in vivo animal model, where GF mice are colonized 

with a defined flora from the infants mentioned above and their immune development is 

characterized. Finally we participate in a randomized placebo controlled probiotic study of 

preterm neonates where we follow the immune development in relation to probiotic 

supplementation, gut colonization etc ex vivo. Although I was lucky enough to be involved in 

all three approaches, the focus of my thesis is on the in vitro studies of interactions between 

bacterial factors and immune- and epithelial cells, in order to better understand how early co-

colonization with lactobacilli and S. aureus affects the host immune system.  

The initial microbe-host interaction in the gut takes place between IEC and bacteria. In 

paper I, we aimed to assess the effect of lactobacilli and S. aureus on IEC responses. We 

initially exposed IEC-lines (HT29 and SW480) to CFS from two specific strains, S. aureus 

161:2 and L. reuteri DSM 17938, using human cytokine proteome array (including 36 different 

cytokines and chemokines). Both HT29 and SW480 produced relatively few factors upon 

stimulation, but distinctively the IEC-lines stimulated with S. aureus produced the pro-

inflammatory chemokines CXCL8 and CXCL1. To confirm these findings, we further studied 

the effect of CFS from seven different Lactobacillus strains and three different S. aureus strains 

in inducing CXCL8 production in HT29 cells. It was only S. aureus 161:2 (having the genes for 

enterotoxin A and H) that induced CXCL8 production by IEC (as measured by ELISA). The 

other S. aureus strains (expressing the toxic shock syndrome toxin or lacking enterotoxin genes 

respectively) did not induce a response in the IEC-lines. We also measured the levels of TSLP, 

APRIL and TGFβ1 with ELISA as these factors are considered to be produced by IEC upon 

interaction with bacteria and have vital immune regulatory function. However, none of these 

cytokines were upregulated in IEC-lines upon stimulation with any of the bacteria-CFS tested.  
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Both HT29 and SW480 are non-polarized IEC-line obtained from adults, and the 

generality of these findings could be questioned. However, we have further tested the response 

of the fetal IEC-line (FHS-74 int) and the polarized adult IEC-line (Caco2). Irrespective of the 

type of IEC-line used, S. aureus-CFS was able to stimulate CXCL8 production (Haileselassie, 

Holmlund, Nordlander et al unpublished observations).   

To elucidate whether the bacteria themselves also could induce and/or potentiate this 

pro-inflammatory response by IEC, we stimulated HT29 with UV-killed bacteria, bacteria-CFS 

or a combination of both. Our results showed that the IEC-response towards S. aureus was 

driven by products present in the CFS and not by the UV-killed bacteria. In addition, a 

combination of both UV-killed bacteria and the bacteria-CFS did not alter the effect of the 

supernatant alone on IEC.   

TLR-signaling in IEC contribute to the maintenance of intestinal barrier and production 

of soluble factors by IEC (256) (200). To investigate whether the S. aureus-induced IEC 

response was TLR dependent we performed MyD88 silencing of the IEC, which partially 

dampened the S. aureus induced IEC-response. Although this indicates that S. aureus-CFS 

induce CXCL8 production by IEC via TLR-signaling, stimulating the IEC with representative 

TLR2 ligands, such as peptidoglycan (PGN) and PAM3CSK4, did not induce CXCL8 

production. This could be a matter of kinetics and dosage, but might also indicate that the 

bioactive molecule in the S. aureus-CFS inducing CXCL8 is not a TLR ligand. 

Microbes in the gut can further influence the response of immune cells; either indirectly 

via IEC or via a direct bacteria-immune cell interactions e.g. through immune cell sampling of 

luminal antigens and bacterial soluble factors passing the IEC barrier. To investigate the effect 

of secreted factors from lactobacilli and S. aureus on the responses of the immune cells, and 

whether the presence of IEC-secreted factors could alter these responses, PBMC were 

stimulated with L. reuteri 17938-CFS and S. aureus 161:2-CFS directly or with supernatant 

from IEC conditioned with the same bacteria. In general, the bacteria-CFS treated PBMC were 

able to produce a wide range of cytokines. However, only S. aureus treated PBMC with or with 

IEC-CFS produced the T-cell associated cytokines IL-2, IL17 and IFNγ. The presence of IEC-

derived factors did not modify the response of PBMC. 

The restricted production of different cytokine by the IEC-lines and their inability to 

influence the PBMC response is somewhat in contrast with the other reports (193) (257) (258). 

Although we have confirmed our findings using both polarized and non-polarized cells and in 

cells of different degrees of maturity (adult versus fetal), this could be attributed to the fact that 

the IEC-lines used in this experiment are not primary cells. We have recently carried out a set 
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of experiments in primary murine cells, where we have stimulated colonic crypts. Also here, 

we see a relatively restricted epithelial response to microbial ligands (Petursdottir, Nordlander, 

Haileselssie et al unpublished observations).  

To investigate whether the effect is bacteria strain specific or general, we measured IL6, 

IL17, IFNγ, IL2 and TNFα in PBMC-CFS stimulated each Lactobacillus- and S. aureus strain 

included in this study. Both S. aureus and lactobacilli were able to induce IL6 production by 

PBMC, showing the potential of lactobacilli to activate the immune system, but in other ways, 

primarily via innate cells. However, it was only S. aureus that was capable to induce IL17 (S. 

aureus 161:2 and 139:3), IFNγ, IL2 and TNFα production (S. aureus 161:2). In similar manner, 

S. aureus readily induced a vigorous IFNγ response by CBMC, which indicates that the 

response to S. aureus is not a secondary response from a memory T cells pool found in adult 

donors. 

Previously, we have observed that early co-colonization with lactobacilli and S. aureus 

strains are associated with regulated cytokine production in vitro (245). Here we stimulated the 

PBMC with S. aureus 161:2-CFS alone or S. aureus 161:2-CFS in combination with each 

Lactobacillus-CFS included in this study. While the presence of lactobacilli did not mitigate the 

response of IEC to S. aureus 161:2-CFS, it actually dampened S. aureus161:2-CFS induced 

IL17, IFNγ, IL2 and TNFα production by PBMC. Flow cytometry analysis of intracellular 

staining of T cells further confirmed that IFNγ and IL17 production following S. aureus 

stimulation was mainly from CD4
+ 

Tcells and co-stimulation with L. reuteri DSM 17938-CFS 

and S. aureus 161:2-CFS decreased the percentage of IFNγ positive cells. In addition, S. aureus 

upregulated CTLA-4 and induced the production of IL10 in Treg cells. Recent findings by our 

group concur with this finding on the influence of S. aureus on the Treg cell responses (105). 

It is vital to identify the biologically active molecules present in the CFS of S. aureus 

161:2 and the different lactobacilli, which are responsible in modulating the response of the 

IEC and PBMC. SE from S. aureus strains can act as superantigens and strongly activate T 

cells, which results in a strong polyclonal activation of T cells. However, its effect on the IEC-

lines and observed differences between S. aureus-CFS and pure SE in some settings made us 

believe that S. aureus 161:2-CFS also contains other immune-modulatory factors. Therefore we 

looked at adenosine triphosphate (ATP), since it is known that extracellular ATP from 

microbes can induce Th17 in the gut (226) and S. aureus can produce extracellular ATP (259). 

By treating the S. aureus 161:2-CFS with apyrase (ATP hydrolyzing agent), we tried to ablate 

S. aureus161:2-CFS induced IL17 production. However, treatment with apyrase did not affect 

the efficiency of S. aureus161:2-CFS to induce IL17 production.  
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Understanding how lactobacilli regulated the S. aureus induced cytokine production by 

immune cell is also vital. Previous work has shown that histamine secreted by a Lactobacillus 

strain tune down inflammatory responses by binding to H2 receptors expressed on monocytes 

(260). However, most of our lactobacilli strains did not produce histamine and pre-incubating 

PBMC with ranitidine (H2 receptor blocking agent) before exposure to bacteria-CFS did not 

alter the effect of lactobacilli on the PBMC response to S. aureus 161:2. More recent work in 

our group have identified that lactate might be responsible for some of the dampening, at least 

in some cell types (Johansson, Björkander et al submitted). Based on heat-inactivation and 

fractionation studies we have further shown that it might be different factors that are involved 

in dampening IFN and IL17 (Mata Forsberg et al, unpublished observations). 

The dampening effect observed, was not due to a reduced cell-viability in PBMC 

stimulated with lactobacilli-CFS. To confirm that the modulatory effect of the lactobacilli is at 

cellular level, and not just a mere degradation of the cytokines in the supernatant by the 

lactobacilli-CFS, we also investigated the proteolytic potential of the lactobacilli-CFS against 

secreted cytokine by pre-incubating rIL17 and rIFNγ with L. reuteri-CFS before measuring the 

cytokine with their respective ELISA. Pretreatment did not hinder their detection by ELISA. 

Moreover, our flow cytomtery intracellular assays of the cytokine production indicate that the 

regulation is at cellular level. 

In paper II, we aimed to further understand how these microbes influence the phenotype and 

function of immune cells in early life. For obvious reasons, this is difficult to do in vivo in 

humans and we therefore designed an in vitro experimental system to study the effects L. 

reuteri, and S. aureus, on the differentiation of monocytes to DC, as well as how the generated 

DC influenced T cell cytokine production in the absence of antigen.  

Different signals drive the monocyte migration into the gut (64). However, it is not fully 

clear what drives the differentiation of monocytes into DC and how the microenvironment 

modulates the generation of the DC and their phenotype. We generated DC from peripheral 

blood-derived monocytes according to standard procedures. However on day 3 of DC 

generation, the respective bacteria-CFS were added. Generated DC were investigated at base-

line on day 6, and they expressed CD11c but lacked CD14, as expected of monocyte-derived 

DC. Although it was a general phenotype of the bacteria conditioned DC, DC generated in the 

presence of L. reuteri-CFS had a more profound upregulation of the maturation markers (HLA-

DR, CD86, and CD83), characteristic of intestinal DC (261) (262). This suggests that the gut 

DC phenotype is (partly) driven by gut microbes, which might be very important for gut 
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homeostasis as the absence of some of these markers on DC worsens pathology and disease in 

a colitis model (262). The increase in expression of these markers indicate that the bacteria 

conditioned-DC have a mature DC phenotype.  

Interestingly, DC generated in the presence of L. reuteri-CFS have lower DC-SIGN 

expression. DC-SIGN has been associated with different pathological conditions. HIV uses this 

receptor for invasion (263) (264). In addition, DC isolated from ulcerative colitis patients have 

enhanced expression of DC-SIGN and altered gut DC phenotype, which was reverted by 

conditioning with serine-threonine peptide from L. plantarum (265).  Moreover, Ara h1, one of 

the major peanut allergen, can bind to DC-SIGN to initiate allergy associated Th2 response 

(264). Our result might again indicate the potential of L. reuteri-CFS to modulate the DC-SIGN 

expression on DC and avert a disease condition, such as allergy, which might be a contributing 

mechanism behind our previous finding where early life colonization with lactobacilli is 

associated with a decreased risk of developing allergy later in life  (244) (246) (237).  

Similar to gut DC (48), the L. reuteri-CFS treated DC have a reduced phagocytic ability, which 

might be linked to the decrease in DC-SIGN expression that has a role in antigen capture (27) 

(266).  

The gene expression data of the LPS-stimulated DC revealed a profound L. reuteri 

induced re-programming of the DC population. In general we saw a profound suppression of 

gene expression for many different genes associated with activation, maturation and T cell 

interaction. Among other things we observed that L. reuteri-CFS-conditioned DC had an 

altered secretory profile compared with LPS stimulated control Mo-DC, but also in relation to 

S. aureus-CFS exposed DC. Further, several chemokines were significantly downregulated 

while most chemokine receptors showed an opposite pattern. This could suggest that the L. 

reuteri-treated DC are more sensitive to its environment with their increased receptor 

expression and thereby more readily sense changes in chemokine gradients. They would in 

contrast be less likely to attract other cells due to a decreased chemokine production, perhaps in 

line with a more tolerogenic phenotype. We also observed an increase in TGFβ gene expression 

for L. reuteri-CFS-treated DC, something that also speaks in favor of L. reuteri-CFS being 

capable of inducing regulatory DC. However, the enhanced TGFβ was not observed at the 

protein level, promoting further investigations with different kinetics here.  

In order to see how these bacteria-exposed DC populations would influence adjacent T 

cells in the absence of any antigenic insult (i.e. as a model of a steady state situation in the 

intestine) we investigated T cell cytokines following co-cultures of these DC with autologous T 

cells. In order to prevent carryover of bacterial factors, we washed our DC extensively before 
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adding the T cells. The L. reuteri-CFS treated DC equalled conventional Mo-DC in T cell 

activation; while the S. aureus-CFS treated DC induced IL2, IFNγ and a tendency also for 

IL17.  

This was a similar pattern to what we observed in paper I, where S. aureus-CFS 

induced these three cytokines in PBMC cultures. Whether this immunostimulatory capacity of 

S. aureus is beneficial for the neonatal immune system or not is debated. Early-life colonization 

with bacteria promoting a T cell pool prone to be hyperresponsive could therefore contribute to 

allergy development. Indeed, early-life colonization with S. aureus has been linked to an 

increased risk of allergy (244) and we also observed a tendency of increased S. aureus 

colonization in early life in children who later developed allergy (245). However, we also noted 

that S. aureus colonization was very common during the first months of life also in non-allergic 

children, suggesting that it cannot be a risk factor for allergy per se. Indeed it has rather been 

suggested to be beneficial for immune development and protecting against allergy development 

in other studies (267) (268). We think that the presence of S. aureus in the gut does not confer a 

risk for allergy development as long as other bacteria like lactobacilli are there to modulate the 

S. aureus-induced immune stimulation. An overall increase in cytokine production is associated 

with allergy (269) and we could further demonstrate exaggerated immune responses in children 

that were S. aureus colonized but lacked lactobacilli in early life.  

Although superantigens produced by S. aureus drive uncontrolled T cell activation, they 

can also have other effects on the immune system. We have recently demonstrated that the S. 

aureus-CFS used in our study potently induces FOXP3
+
 cells and promotes a diverse 

phenotype with production of regulatory (IL10) and pro-inflammatory (IFN and IL17) 

cytokines in a partly monocyte-dependent manner (105). Also, others have shown that DC 

isolated from SE treated mice tend to be more efficient in priming FoxP3 expression and gut 

homing phenotype (α4β7) on T cells compared to DC from sham-fed mice (270).  

In our model it is likely that S. aureus is activating the T cells via SE bound to MHC 

during DC generation and that we have not been able to remove them despite extensive 

washing. But SE also have other mechanisms to activate cells. For example, SE from S. aureus 

can bind to other surface proteins, such as gp130 that leads to downstream STAT3 

phosphorylation (271). STAT3 phosphorylation in turn can regulate cytokine production by the 

immune cells. Moreover, epithelial cells do express gp130 (272). It is possible that the S. 

aureus 161:2 might have used this pathway to activate both epithelial cells and immune cells. 

We are at present trying to understand how S. aureus and purified enterotoxins activate the 
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immune system more in detail (Björkander, Mata-Forsberg et al, unpublished observations) as 

we have noted that S. aureus-CFS readily activates both conventional and unconventional T 

cells as well as NK cells (Johansson, Björkander et al submitted).  

There are conflicting findings on the generation of DC from monocytes in the gut at 

steady condition (273) (55) (48). However, there are well established data that monocytes give 

rise to DC depending on the nature of the environmental signal, for instance inflammatory 

conditions (274) (54). Therefore one can argue in neonate, where the mucosal barrier are not 

tight, luminal antigens (microbial factors and dietary factors) can have access to modulate 

monocytes and further differentiate them to DC. In the context of gut microbe-immune cell 

interaction, our data might stress the importance of signals from different microbes in shaping 

the development and response of immune cells, such as DC. It is important for gut DC to 

develop a tolerogenic phenotype, but yet be responsive to keep the homeostasis of the gut.  

In addition to gut microbes, diet contributes to the development and response of the 

immune system. Breast milk takes the lion share by indirectly and directly influencing the 

immune system development (275). Breast milk inoculates the infant gut with commensal 

microbes, such as lactobacilli, bifidobacteria and staphylococci (241). Oligosaccharides from 

breast milk maintain the microbes in the gut (276). In addition, breast milk contains soluble 

factors, such as cytokines, antimicrobial peptides and antibodies that can provide protection at 

early age (277). It contains both anti-inflammatory and pro-inflammatory cytokines and we 

have previously shown that there is a substantial individual variation in breast milk cytokine 

and chemokine content that is further influenced environmental factors and number of children 

(278). These differences in breast milk composition influence the cellular response of both 

immune cells and intestinal epithelial cells (279), and should be considered when neonatal 

immune responses are evaluated. 

In addition to breast milk, vitamins also regulate the immune system. In particular, 

vitamin A plays a multifaceted role, through its bioactive metabolite, RA (280). RA influences 

proliferation and gut homing phenotype of both B- and T cells. In addition, RA directs the 

intestinal DC in to the MLN and subsequently promotes the generation of Treg cells (281). In 

vitro, RA induces CD103 expression and enhances α4β7 and CCR9 expression on Mo-DC 

(37), promoting mucosal-like DC phenotype. In paper III, we investigated the influence of 

soluble factors produced by L. reuteri 17938 in modulating the response of the RA-derived 

mucosal-like DC. L. reuteri 17938 is one of the most commercially and clinically recognized 

probiotics, which is derived from L. reuteri ATCC 55730, first isolated from human breast milk 

(282). The probiotic potential of L. reuteri 17938 has been shown in several studies. For this 
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thesis, its influence on NEC is of particular interest. In an experimental study, treatment with L. 

reuteri 17938 mitigated the inflammatory response in the intestine (283-285). L. reuteri 17938 

also reduced the severity of experimental necrotizing enterocolitis disease in mice by 

modulation of the balance between T effector/memory (Tem) cells and regulatory T (Treg) 

cells (286). Due to its potential to support the gastrointestinal tract, we have initiated a study 

where the premature, extremely low birth weight infants are treated with L. reuteri 17938, and 

these children are monitored for e.g. microbiota establishment and immune development.  

Normally, probiotics do not cause disease. However, introducing live bacteria to 

individuals where the gut barrier is compromised or under-developed, as in the extreme 

prematures mentioned above, might confer a risk. An alternative mechanism is to use secreted 

factors from the probiotics, i.e. postbiotics, to modulate the immune response. However, the 

knowledge about whether bacteria-derived products can mimic the probiotic effects is very 

limited. 

In paper III we generated DC from monocytes in the presence of RA. We combined 

investigations of gene- and protein expressions to get a detailed characterization of RA-DC and 

Mo-DC. RA-DC showed downregulation of a majority of the genes, when compared with Mo-

DC. For example, RA-DC exhibited a reduced expression of TNF and NFκB1. The regulated 

expression of these genes in RA-DC supports the tolerogenic phenotype of these cells. Among 

the few genes that were significantly increased in the RA-DC were IL6 and IL10, which was 

also confirmed at protein level for IL10. In line with previous work (287) the RA-DC also had 

up-regulated CCR7 surface protein, a molecule that drives CD103
+
 DC to the MLN in vivo 

(288).   

In general, RA-DC expressed less chemokine mRNA compared to Mo-DC. However, 

both at gene and protein level, CCL2 and CCL7, which are CCR2 ligands, were expressed 

higher in RA-DC. CCL2 seems important in recruiting CCR2 positive mononuclear phagocytes 

into the intestine (57). RA might play a role in upregulating CCL2 on DC, which in turn 

attracts more phagocytic cells in the gut. In addition, CCL2 and CCL7 have been shown to 

regulate IL4 production and protect against infection (289), mechanisms that might be used by 

DC under certain circumstances to maintain tissue integrity. Stimulation of the RA-DC and 

Mo-DC with LPS revealed that more genes are up-regulated in the Mo-DC than in RA-DC, 

showing that RA-DC are more refractory to activation, further supporting its tolerogenic 

profile.  

We were then interested to see whether postbiotic L. reuteri treatment modulated these 

two types of DC in different ways. Treatment with L. reuteri-CFS induced IL6, IL23 and IL10 
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by both RA-DC and Mo-DC, while TGFβ1 levels did not change. In the gut, the production of 

IL6 and IL23 is not always detrimental. IL23 can trigger the production of IL22 that is 

important in maintaining the epithelial barrier (290). IL6, on the other hand, plays a role in IgA 

production (291) (292).  

L. reuteri-CFS also induced the production of several chemokines, including CXCL1, 

CXCL5, CCL3, CCL15 and CCL20 in both RA-DC and Mo-DC, which are involved in gut 

homeostasis. In the intestine, local CXCL5 production control the migration of neutrophils, at 

steady state. CXCL5
-/-

 mice are devoid of neutrophils in the gut (293). CCL15 functions as an 

antimicrobial peptide in steady state conditions in the gut (257). CXCL1 is vital in maintaining 

the intestinal barrier (294) and CCL3 and CCL20 appear to be involved in the recruitment of 

mononuclear phagocytes (295). Although epithelial cells are the main CCL3 and CCL20 

producers in the gut, DC might serve as an additional source of CCL3 and CCL20.  

As we used the whole bacteria-CFS, we do not know what factor(s) that are responsible 

for the stimulatory effects of L. reuteri-CFS on DC cytokine and chemokine gene- and protein 

expressions. It could be argued that LPS derived from L. reuteri is present in the supernatant 

and can mediate the observed effects. However, we do not think this is very likely. The gene 

expression profile induced by L. reuteri-CFS is distinctly different from that following LPS 

exposure, for both RA-DC and Mo-DC. Further, although LPS readily induced IEC CXCL8-

response in paper I, we did not observe any CXCL8 production by IEC following lactobacilli-

exposure. 

L. reuteri-CFS exposure made a notable impact on the surface marker expression on 

RA-DC. Although RA-DC had a higher proportion of CD14
+ 

cells to start with, L. reuteri 

treatment further enhanced the percentage of CD14
+
 cells in the RA-DC, a phenotype 

characteristic of tolerogenic DC (296), which suggests that L. reuteri is able to promote this 

phenotype. The driving factor in L. reuteri-CFS that enhanced the CD14 expression is 

unknown. However, histamine has been shown to induce CD14 expression in DC (297). 

Indeed, in the histamine measurement we performed on the lactobacilli-CFS in paper I, we 

found low but detectable histamine production by L. reuteri DSM 17938. In paper II we see a 

decreased expression of DC-SIGN on DC generated in the presence of L. reuteri-CFS, and in 

paper III we further observe that L. reuteri-CFS down-regulates DC-SIGN expression on RA-

DC. This might be important for the tolerogenic phenotype that L. reuteri conferred to the DC 

in our studies, in line with previous observations where lactobacilli have been implicated to 

induce a regulatory phenotype in DC via DC-SIGN (298) (299). 

In the gut, DC up-regulate CCR7 in order to migrate from LP to the MLN and interact 
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with T cells.  Here, L. reuteri-CFS increased CCR7 expression on the surface of RA-DC, which 

shows its migratory potential to get into contact with T cells. By co-culturing the RA-DC with 

autologous T cells, we observed that the RA-DC were superior in inducing FOXP3- and IL-10 

expression in Treg cells compared with Mo-DC. Although our data fit with previously 

published findings, we observe less notable effects than others (288). This might be due to 

variations in the experimental setups. However, we have repeated our experiments using both 

longer co-cultures as well as allogeneic instead of autologous T cells, without notable 

difference in our results.  

A previous study where NEC was induced experimentally in mice showed that L. 

reuteri DSM 17938 treatment increases the frequency of FOXP3
+
 Treg cells and mitigate the 

disease (284). In our hands, pretreatment of RA-DC with L. reuteri-CFS did not further 

improve their ability to induce Treg cells. This shows that the in vitro setting has its limitations 

and that probiotic L. reuteri-CFS probably needs to act on other cells in the gut, such as IEC to 

reinforce the DC ability to induce T cells. To further answer this, we would have to establish an 

in vivo model in mice. It is also possible that live probiotic L. reuteri DSM 17938 are required 

to induce the Treg cell responses reported in vivo. It has previously been shown that feeding 

probiotic lactic acid bacteria to mice induces endogenous RA activity in intestinal DC, which in 

turn drive T reg cells (300). Very recent data from our group indicates that feeding mice with 

live probiotic bacteria impacts the “IL-17-Tfh cell-IgA” axis in the gut (Petursdottir, 

Nordlander, Carvalho-Queiroz, Qazi et al, unpublished observations).  

 

General conclusion  

In general, these papers shed light on the influence of the two common gut microbes, S. 

aureus and lactobacilli on host immune homeostasis. In paper I, S. aureus-CFS induced an 

inflammatory response by IEC and a diverse cytokine response by PBMC. Interestingly, co-

stimulation with CFS from Lactobacillus strains down-regulated the responses induced by S. 

aureus-CFS in immune cells but not in IEC. Subsequently, in paper II, the simultaneous 

presence of both L. reuteri-CFS and S. aureus-CFS during DC-differentiation generated a 

DC, which were less responsive to LPS stimulation than conventional Mo-DC yet very 

efficient in inducing T cell responses. Today, S. aureus is commonly found in the infant gut. 

For long, it was considered as an enemy, however, paper II, along with other recent papers 

suggests that in the presence of other bacteria, such as lactobacilli that can balance the 

stimulatory effects, S aureus might contribute in the development and response of host 
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immune system. Paper III indicates the importance of diet in the interaction of microbes and 

immune cells and broadens our previous knowledge on the impact of RA on the DC 

phenotype. Further it indicates the potential of L. reuteri-CFS to be used as a postbiotic, with 

its ability to regulate the response and phenotype of DC. Its ability to dampen excessive 

immune responses and influence the generation of tolerogenic DC suggests that is a good 

candidate to explore further for maintaining gut homeostasis and regulating excessive 

inflammation in diseases, such as NEC.  

It is undeniable that the gut microbiota is complex and these two species are definitely 

not the only species that could influence the immune response in the gut. Also, isolated 

bacteria might behave differently when they are together with other species in their natural 

habitat. However, our studies in humans and in mice, in vitro and in vivo, together with the 

work of many others cited here, strongly suggest that these two bacteria have a profound 

influence on the developing immune system.  

 

FUTURE PERSPECTIVES 

Our investigations on how lactobacilli and S. aureus are interacting with the immune 

system both in vivo and in vitro are continuing. We are aiming to understand the interactions 

between these bacteria and immune cells more in detail together with their relevance for the in 

vivo situation, as indicated at several places in the Result and Discussion section.  

My own work has generated several pieces of information that would be interesting to 

pursue further. The transcriptome data will serve as a platform for future studies. We have 

identified molecules, such as Fc epsilon RI (FCεRI) and thrombospondin 1 (THBS1) that were 

regulated by L. reuteri-CFS. FCεRI expression on DC has previously been associated to 

initiating allergic responses (301). However, recent paper claims FCεR
+
 DC helps to contain 

the IgE allergic inflammation at mucosal site (302). On the other hand, THBS1 production by 

DC has been shown to have anti-inflammatory effect by negatively regulating IL12 and TNFα 

production (303). We will study whether the impact of L. reuteri-CFS on these molecules is 

evident also at protein level, and whether it influences DC functions.  

Manipulation of monocytes in vitro to generate DC and retransferring the generated DC 

to recipient host is the frontline in future individualized immunotherapy for several diseases 

(304). However in vivo, the DC experience a tissue-specific micromillieu during differentiation 

that shape their phenotype and function. With the profound differences of RA-DC and Mo-DC 

depicted here in mind, including microbial signals and vital diet metabolites during the 
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generation of DC from monocytes might be very important to consider in future approaches 

when aiming at treating gut related ailments, such as colonic cancer. 
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easy. Keberes’ family, thank you for always inviting me in all the Ethiopian holidays (Thanks 

to you I did not have home sickness). Johny Asrat and Peter Paul, thank you for the moral 

support and your care. Gulle, I thank you for being a spiritual big brother. Beresh and Sami, 

you made my weekend filled with fun. Girume, thank you for always being there for me. Bini, 

my old roommate, we had some memorable times. Neba, my bro, I have never encountered a 

knowledgeable person like you. I am really proud of you. The passionate host team members 

at Hillsong, I love my Sunday with you guys. 

 

Ghazal and Maryam, my Persian sisters, thank you for helping with obtaining journals from 

KI library. Miki, it is so nice to have a friend for life. Thank you for always making my US 
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journey memorable. Wuhibo, Johny and Ela, my high school friends end up in Sweden. It was 

always nice having you around Lappis. 

Lord, you are my shepherd and redeemer. Your love is my strength. Stor är Din trofasthet! 
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