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“Always remember that, no matter how overwhelmed you feel about 

your own life, bigger and more significant events are relentlessly 

occurring in the world” 

Unknown	  	    
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Barn föds med ett omoget immunsystem vilket leder till en ökad infektionsrisk. En korrekt 

utmognad av immunsystemet är viktigt för att motverka immunmedierade sjukdomar, vilka 

tros orsakas av ett obalanserat immunsvar. Många faktorer påverkar immunsystemets 

utmognad, inklusive den tarmflora som vi koloniseras med tidigt i livet. En lägre eller ändrad 

exponering för mikrober, både patogener och tarmflorabakterier, tros bidra till fördröjd eller 

felaktig utmognad av immunsystemet och en ökad risk för allergi. Två vanliga tarmbakterier 

hos spädbarn är Staphylococcus aureus (S. aureus) och laktobaciller. S. aureus är också en 

patogen som aktiverar vårt immunsystem och kolonisering associerar med ett förhöjt 

immunsvar tidigt i livet. Närvaro av laktobaciller i tarmen hos småbarn har rapporterats 

minska risken för allergi och laktobaciller kan modulera aktiveringen av immunceller. 

I denna avhandling har vi studerat hur lösliga faktorer (LF) från S. aureus och laktobaciller 

påverkar immunceller och hur tidig kolonisering med dessa bakterier påverkar hur 

immunsystemet mognar hos barn. Vi har renat fram immunceller från vuxna och barn i olika 

åldrar och främst studerat regulatoriska T-celler, konventionella T-celler, okonventionella T-

celler samt NK-celler. Vissa av barnen deltar i en kohort där vi har undersökt allergisk 

sjukdom och samlat in plasma upp till tio års ålder, och samlat in avförings-prover under 

spädbarnstiden för att undersöka förekomsten av S. aureus och laktobaciller.  

S. aureus-LF ökade andelen regulatoriska T-celler och påverkade deras uttryck av CD161, 

vilket var kopplat till ett ökat cytokin-uttryck (Studie I). Vi såg samma mönster hos barn, 

men med en lägre aktiveringsgrad, vilket kan kopplas till en generell omognad hos barns T-

celler (Studie II). S. aureus-LF aktiverade alla T-cells-typer och NK-celler. Rena 

enterotoxiner från S. aureus aktiverade okonventionella T-celler och NK-celler genom okända 

mekanismer (Studie III). Tidig kolonisering med S. aureus och laktobaciller kunde kopplas 

till regulatoriska T-cellers fenotyp och aktivering (Studie II). Laktobacill-LF minskade S. 

aureus-medierad aktivering av alla sorters lymfocyter (Studie II, III). Allergiska barn hade 

högre plasma-nivåer av vissa kemokiner och var i lägre utsträckning koloniserade med 

laktobaciller tidigt i livet. Laktobacill-kolonisering var associerad med läge nivåer av de 

kemokiner som var förhöjda i allergiska barn (Studie IV).    

Våra fynd ökar kunskapen om hur S. aureus aktiverar lymfocyter och hur laktobaciller kan 

modulera lymfocyt-aktivering. Tidig kolonisering verkar kunna påverka immunsystemets 

utmognad och utvecklingen av allergier. Dessa fynd belyser betydelsen av att undersöka 

tidiga tarmflorabakterier i relation till immunsystemets utmognad och funktion hos barn.   
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SCIENTIFIC SUMMARY 
At birth, the immune system is immature and the gut microbiota influences immune 

maturation. Staphylococcus aureus (S. aureus) and lactobacilli are part of the neonatal gut 

microbiota and have seemingly opposite effects on the immune system. S. aureus is a potent 

immune activator and early-life colonization associates with higher immune responsiveness 

later in life. Lactobacilli-colonization associates with reduced allergy-risk and lower immune 

responsiveness. Further, lactobacilli modulate immune-activation and have probiotic features. 

Here, we investigated S. aureus-induced activation of human lymphocytes, including T 

regulatory cells (Tregs), conventional T-cells (CD4+ and CD8+), unconventional T-cells (γδ T-

cells and MAIT-cells) and NK-cells from children and adults, together with the modulatory 

effect of lactobacilli on immune-activation. Further, early-life colonization with these bacteria 

was related to lymphocyte-maturation, plasma cytokine- and chemokine-levels and allergy.   

S. aureus cell free supernatant (CFS) and staphylococcal enterotoxin (SE) A induced an 

increased percentage of FOXP3+ Tregs and of CD161+, IL-10+, IFN-γ+ and IL-17A+ Tregs 

(Paper I). The same pattern was observed in children with a lower degree of activation, 

possibly due to lower CD161-expression and poor activation of naive T-cells (Paper II). S. 

aureus-CFS induced IFN-γ-expression, proliferation and cytotoxic capacity in conventional 

and unconventional T-cells, and NK-cells. SEA, but not SEH, induced activation of 

unconventional T-cells and NK-cells by unknown mechanism(s) (Paper III, extended data). 

Lactobacilli-CFS reduced S. aureus-induced lymphocyte activation without the involvement 

of IL-10, Tregs or monocytes, but possibly involving lactate (Paper III). Early-life 

colonization with S. aureus associated with increased percentages of CD161+ and IL-10+ Tregs 

while lactobacilli-colonization negatively correlated with the percentage of IL-10+ Tregs later 

in life (Paper II). Allergic disease in childhood associated with double allergic heredity, 

being born wintertime and with higher plasma levels of TH2-, TH17- and TFH-related 

chemokines early in life. Lactobacilli-colonization associated with lower prevalence of 

allergy, reduced chemokine-levels and increased levels of IFN-γ in plasma (Paper IV).    

This thesis provides novel insights into S. aureus- and SE-mediated activation of Tregs, 

unconventional T-cells and NK-cells and suggests an overall impairment of immune-

responsiveness towards this bacterium in children. Further, S. aureus-colonization may 

influence the maturation of peripheral Tregs. Our data show that lactobacilli potently dampen 

lymphocyte-activation in vitro and that colonization associates with Treg-responsiveness, 

altered plasma cytokine- and chemokine-levels and with remaining non-allergic, thereby 

supporting the idea of lactobacilli as important immune-modulators.        
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ABBREVIATIONS 
 

AD Atopic dermatitis     

APC Antigen presenting cell 

B. fragilis Bacteroides fragilis 

BCR B-cell receptor 

CB Cord blood 

CBMC Cord blood mononuclear cell 

CFS Cell-free supernatant 

CTLA-4 Cytotoxic T lymphocyte antigen 4 

DAMP Danger associated molecular pattern 

DC Dendritic cell 

E. coli Escherichia coli 

EAE Autoimmune encephalomyelitis 

FOXP3 Forkhead box P3 

GALT Gut-associated lymphoid tissue 

GATA-3 Gata binding protein 3 

GC Germinal centre 

GF Germ free 

HMB-PP 4-hydroxy-3-methyl-but-2-enyl pyrophosphate 

IBD Inflammatory bowel disease 

IEC Intestinal epithelial cell 

IFN Interferon 

Ig Immunoglobulin 

IL Interleukin 

ILC Innate lymphoid cell 

L Ligand 

L. Lactobacillus 

LGG Lactobacillus rhamnosus GG 

LLT-1  Lectin-like transcript 1 

LPS Lipopolysaccharide 

LTA Lipoteichoic acid  

MAIT-cell Mucosal Associated Invariant T-cell 

MHC Major histocompatibility complex 
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MLN Mesenteric lymph node 

MS Multiple sclerosis 

NET Neutrophil extracellular trap 

NK-cell Natural killer cell 

NKT-cell Natural killer T-cell 

PAMP Pathogen-associated molecular pattern 

PBMC Peripheral blood mononuclear cell 

PGN Peptidoglycan 

PHA Phytohaemagglutinin 

PP Peyer’s patches 
PRR Pattern recognition receptor 

PSA Polysaccharide A 

PSM Phenol-soluble modulins 

pTreg Peripherally derived T regulatory cell 

R Receptor 

RA Rheumatoid arthritis 

RORγt RAR-related orphan receptor gamma t 

S. Staphylococcus 

SCFA Short-chained fatty acids 

SE Staphylococcal enterotoxin 

SE A/B/H Staphylococcal enterotoxin A/B/H 

SPT Skin prick test 

T-bet T-box expressed in T-cells 

TC T-cytotoxic  

TCR T-cell receptor 

TF Transcription factor 

TFH T follicular helper 

TGF-β Transforming growth factor β 

TH T-helper 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

Treg T regulatory cell 

tTreg Thymic-derived T regulatory cell 
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INTRODUCTION 
 

THE IMMUNE SYSTEM – A BRIEF OVERVIEW 
The immune system has evolved throughout millions of years to protect us from invading 

pathogens. Physical barriers like the skin and mucus layers protect against pathogen entry. 

Inside the body, chemical barriers such as pH, antimicrobial molecules and lysozymes limit 

the pathogens’ opportunity to cause infection. If necessary, cells and effector molecules of the 

immune system perform a broad range of effector functions to ensure the accuracy of the 

conducted responses and the final elimination of the pathogen.  

The human immune system is generally divided into the innate and the adaptive branch. The 

innate immune system acts rapidly by detection of pathogens through pattern recognition 

receptors (PRRs) or through detection of altered self. Major cell types of the innate immune 

system are granulocytes (neutrophils, basophils, eosinophils and mast cells), antigen-

presenting cells (APC) including monocytes, macrophages and dendritic cells (DC), innate 

lymphoid cells (ILC) and Natural Killer-cells (NK-cells). The adaptive immune system 

encompasses lymphocytes such as antibody-producing B-cells and several conventional T-

cell populations, with T-helper (TH) and T-cytotoxic (TC) cells as the most abundant 

subpopulations in peripheral blood. TH-cells are divided into subsets (e.g. H1, H2, H17), which 

show distinct functions and secretion of effector molecules. T regulatory cells (Tregs) control 

and limit effector responses and promote tolerance. Adaptive lymphocytes express high 

affinity antigen-specific receptors that narrow down their specificity, which results in 

powerful effector functions and the formation of immunological memory. In addition, 

unconventional T-cell populations like the γδ T-cells, Natural Killer T-cells (NKT-cells) and 

Mucosal Associated Invariant T-cells (MAIT-cells) show features of both innate and adaptive 

immunity and are described to bridge both branches of the immune system.  

Throughout life, we depend on our immune system to conduct appropriate effector 

functions. Babies are born with an immature immune system, rendering them more 

susceptible to infections. The immune system gradually matures during the first years of life 

and the early years of childhood provide a window of opportunity in shaping the developing 

immune system. Environmental cues like microbial exposure are of significant importance for 

proper immune development in early life. 
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INNATE IMMUNITY 
The innate immune system is referred to as the first line of defence and quickly senses 

infection. Generally it has been described as unspecific, recognizing and responding to 

pathogens in a generic way without formation of immunological memory. Lately, a higher 

degree of specificity and capacity to form memory have been attributed to the innate immune 

system.  

 
PATTERN RECOGNITION RECEPTORS 

In case of pathogen entry, PRRs, including the Toll-like receptors (TLRs) rapidly recognize 

conserved microbial structures like PAMPs and DAMPs (pathogen/danger associated 

molecular patterns) [1]. Conserved structures commonly recognized by PRRs are bacterial 

cell wall components like lipopolysaccharide (LPS) and peptidoglycan (PGN), and viral ss/ds 

RNA or CpG DNA motifs. PRRs can be expressed on the cell surface, intracellular or be 

secreted into blood and tissue. Activation of PRRs leads to inflammation, induction of pro-

inflammatory signalling via the NF-κB pathway, secretion of antimicrobial peptides, 

cytokines, chemokines and other soluble mediators, to phagocytosis and to complement 

activation [2]. PRR-binding of PAMPs or DAMPs may also set of signalling-cascades that 

result in activation of caspases. This leads to the formation of inflammasomes and the 

activation of caspase-1 that proteolytically cleaves the precursors of interleukin (IL)-1β and 

IL-18, which are cytokines that initiate anti-microbial, pro-inflammatory responses [3].                                   

  

INNATE IMMUNE CELLS 

Professional APC like monocytes, macrophages and DC, together with granulocytes, 

express PRRs and are activated upon tissue injury or infection. Their production of cytokines 

and chemokines and up-regulation of co-stimulatory molecules further activate the adaptive 

immune system [2].  

Monocytes originate in the bone marrow and later migrate to the blood, where they acquire 

the capacity to phagocytise, produce cytokines and present antigen. Peripheral monocytes are 

commonly divided into two main subsets: the “classical” (CD14+CD16–) and the “non-

classical” or “pro-inflammatory“ (CD14+CD16+) monocytes, which have differences in 

migratory behaviour, cytokine-secretion and antigen-presenting capacity [4].     

Macrophages are tissue-resident phagocytes with a crucial role in host homeostatic 

processes such as clearance of erythrocytes and subsequent recycling of haemoglobin, 
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clearance of cellular debris from necrotic cells and in wound healing and tissue repair. During 

infection, macrophages are activated by pro-inflammatory cytokines (e.g. interferon (IFN)-γ), 

which induce them to produce a variety of inflammatory mediators, promote TH1 and TH17-

cells and perform intracellular killing [5, 6]. 

DC are professional APC that bridge innate and adaptive immunity. Present in lymph nodes, 

or positioned in barrier surfaces to later migrate to draining lymph nodes, DC sample 

pathogenic material and present pathogen-derived peptides to T-cells. After pathogen-

recognition, DC mature and thereafter express cytokines and co-stimulatory markers 

necessary to activate T-cells. Different types of pathogens induce distinct DC-responses, 

which in turn polarize the adaptive response. Plasmacytoid DC produce large amounts of 

IFN-α after viral infection. They are poor antigen presenters and induce a tolerogenic 

phenotype in CD4+ T-cells. Myeloid DC are potent antigen presenters and prime naive T-cells 

to initiate adaptive immunity [7–9]. DC are also involved in inducing T-cell tolerance within 

tissues, partly by induction of Tregs [10, 11]. Up until now, monocytes were described as the 

precursors of macrophages and DC. Indeed, monocytes can give rise to macrophages and DC 

during inflammatory conditions [12, 13] and monocytes can generate monocyte-derived DC 

in vitro. Still, tissue macrophages regenerate without contribution from monocytes [14] and 

splenic, conventional DC develop independently from monocytes [15].  

Granulocytes migrate from the blood to participate in the immediate response against 

infection and are vital for microbial clearance in tissue. Neutrophils are the most abundant 

phagocytes in the circulation and leave the blood stream to quickly reach the site of infection 

where they perform phagocytosis, release anti-microbial compounds and form neutrophil 

extracellular traps (NETs). Basophils and eosinophils further contribute to tissue 

inflammation through the release of compounds and through secretion of cytokines [16].  

Mast cells have a widespread distribution and are mainly found at the border between the 

host and the external environment. They respond to a variety of stimuli, where after they 

release both effector molecules to directly solve the infection as well as numerous 

immunological mediators affecting both innate and adaptive immunity. In allergic disorders, 

IgE-mediated mast cell activation is the key driver [17]. 
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SIGNALLING MOLECULES OF THE IMMUNE SYSTEM 
Cytokines and chemokines are small, secreted glycoproteins that control cell migration and 

the development and homeostasis of immune organs and tissues. They are involved in the 

growth, differentiation, trafficking and activation of immune cells. The nature of an immune 

response determines which factors that will be produced and subsequently if the resulting 

immune reaction will be cell-mediated or humoral.  

 

CYTOKINES 

The cells of the immune system produce a great variety of cytokines, which can be of pro-

inflammatory, anti-inflammatory or regulatory nature. Two of the most prominent cytokine-

groups are the interferons (IFN) and the interleukins (IL). These groups show a broad range of 

functions and allow for the identification of distinct TH-subsets (described later). Cytokines 

relevant for this thesis are described below.  

     

INTERFERON-γ 

IFN-γ is as a pro-inflammatory cytokine supporting cellular immunity. It is secreted from 

both innate and adaptive immune cells under the influence of innate-derived cytokines like 

IL-12 and IL-18. IFN-γ was first described for its antiviral activity but is today known to 

protect against several types of microbial infection [18, 19] and mice deficient in IFN-γ or 

IFN-γ-receptors show impaired resistance to microbial challenge [20]. IFN-γ promotes CD8 

T-cell cytotoxic responses and up-regulation of class II antigen presentation to increase 

antigen-specific activation of CD4 TH-cells. Further, it drives naive CD4+ T-cells to commit 

towards a TH1 phenotype. In addition, IFN-γ can inhibit cell growth and induce apoptosis to 

reduce the TH2 population [18, 19]. Interestingly, IFN-γ-conditioning of DC-activated CD4+ 

T-cells induces Tregs that prevent allograft rejection, induces conversion of non-Treg precursors 

and suppresses TH2 and TH17-responses [21].     
 
INTERLEUKIN-12 

IL-12-production by innate cells forms an important link between innate and adaptive 

immunity. IL-12 induces proliferation, enhances cytotoxicity and promotes secretion of 

effector cytokines, most notably of IFN-γ, from NK-cells and various subsets of T-cells. It 

also supports the differentiation of TH1-cells and of other cells that produce TH1-type 
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cytokines such as IFN-γ. Later in an infection, IFN-γ promotes additional IL-12-production 

[22, 23].  

 

INTERLEUKIN-10 

IL-10 is an important immune-regulatory cytokine involved in the regulation of infection-

induced pathology and inflammation, allergy and autoimmunity. Cells of the innate branch, 

together with B-cells and several T-cell populations all produce IL-10, and in turn, IL-10 

regulates both innate and adaptive immunity [24]. IL-10 inhibits TLR-mediated activation of 

APC, reduces APC-stimulatory cytokines like IFN-γ and reduces the expression of major 

histocompatibility complex (MHC) class II and co-stimulatory molecules on APC. These 

events all contribute to lower the ability of APC to present antigen to naive CD4+ T-cells [25]. 

Under TH17-polarizing in vitro conditions, IL-10 reduces IL-17-production [26] and T-cell-

derived IL-10 controls IL-17-production from TH17-cells in vivo [27]. IL-10 also promotes 

Treg-function by maintaining Forkhead box P3 (FOXP3)-expression and suppressive capacity 

[28]. Interestingly, Treg-derived IL-10 drives the maturation of memory CD8+ T-cells during 

the resolution of infection [29], indicating pleiotropic roles for this cytokine.  

IL-10-blocking leads to improved clearance of intracellular infection and higher survival-

rate due to enhanced adaptive immune responses. Still, a prolonged blockade of IL-10 results 

in detrimental immune responses [30]. Mice deficient of IL-10 have increased mortality due 

to increased cellular infiltration and elevated levels of pro-inflammatory cytokines during 

infection with Toxoplasma gondii [31]. This shows that IL-10-production must be balanced 

during the course of an infection. IL-10 is important for immune homeostasis and IL-10-

deficient mice spontaneously develop mucosal inflammation, partly involving the resident 

bacteria [32, 33]. Also, IL-10 produced by APC regulates T-cell responses to commensal 

bacteria [34]. Although Treg-derived IL-10 is essential for immune control at tissue sites like 

colon and lung, it does not seem to be a key factor for regulating systemic autoimmunity [35].  

 

INTERLEUKIN-4, 5 AND 13 
Type 2-immunity, characterized by production of IL-4, IL-5 and IL-13 from TH2-cells, 

APC, granulocytes and innate lymphocytes, confers protection against parasitic infection, 

primarily in the gut. Also, type 2-cytokines suppress TH1-driven inflammation and thereby act 

regulatory, while type-2-cytokine overproduction drives allergic disease [36]. IL-4 is the 

major driver of TH2-immunity and induces immunoglobulin (Ig) E class switching in B-cells 

together with enhanced B-cell function, while inhibiting TH1-immunity. IL-5 promotes 
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proliferation, activation, differentiation and adhesion of eosinophils and their recruitment to 

the lungs. IL-13 enhances IgE-production and B-cell activation, together with activation and 

recruitment of mast cells and eosinophils. The IL-13R is up-regulated during viral infection 

indicating a broader protective role for IL-13 [37].  

 

INTERLEUKIN-6 
IL-6 is a truly pleiotropic cytokine with broad effects on immune and non-immune cells and 

displays both pro-inflammatory and anti-inflammatory properties. IL-6 is produced by most 

immune cells and regulates acute-phase responses as well as B-cell and T-cell activation, 

expansion and differentiation. IL-6-deficiency impairs innate and adaptive immunity to 

several types of infections. While early IL-6-production promotes inflammation, sustained 

levels later limit inflammation through inhibition of pro-inflammatory cytokines. IL-6 was 

previously described to enhance TH2-immunity and inhibit TH1-responses. However, IL-6 is 

probably not involved in TH1/TH2-commitment, but rather control the proliferation and 

survival of these cells during inflammation [38]. In opposite, the commitment to the TH17-

linage is controlled by IL-6, and IL-6 is a key driver in IL-17-secretion [39, 40]. IL-6 can both 

inhibit the function of Tregs [41] and induce Tregs to express the TH1 transcription factor (TF) 

T-bet and the TH17 TF RORγt [42]. 

 

INTERLEUKIN-17A 

IL-17A is a pro-inflammatory cytokine crucial for the protection against extracellular 

bacteria and drives an inflammatory response by promoting the influx of neutrophils and 

other innate cells. This cytokine is mainly produced by TH17-cells and, at certain conditions, 

by cells of the innate immune system [43–45], with γδ T-cells as important producers in the 

early stages of infection [46–48]. Mice deficient in IL-17A or IL-17AR have increased 

susceptibility to a variety of pathogens [49]. IL-17A appears to be specifically important for 

maintaining the mucosal barrier, keeping immune homeostasis in the gut and for protection 

against pathogens within the gut mucosa [50]. IL-17A is also linked to tissue homeostasis 

outside of the gut, since it affects the expression of chemokines in lung epithelial cells and IL-

17A-blocking contributes to altered disease outcome in experimental autoimmune 

encephalomyelitis (EAE) [51]. Pathogenic IL-17-producing cells are main drivers in 

autoimmune conditions such as rheumatoid arthritis (RA) and colonic inflammatory diseases 

[52]. 
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INTERLEUKIN-23 
IL-23 is involved in the expansion and maintained activation of differentiated TH17-cells. 

As naive T-cells lack IL-23R, this cytokine does not mediate TH17-differentiation. IL-23 is 

produced by phagocytic cells in peripheral tissues and mainly acts on activated and memory 

T-cells, NK-cells and APC to maintain a TH17-milieu [53].  

 

INTERLEUKIN-21 

IL-21 is a pleiotropic cytokine produced mainly by NKT-cells, T follicular helper (TFH)-

cells and TH17-cells, and affects a broad range of immune cells. In humans, IL-21 induces 

IgG-production by naive B-cells and enhances IL-4-induced IgE-production. In synergy with 

transforming growth factor (TGF)-β, IL-21 induces IgA isotype switching and mucosal 

homing. Further, IL-21 drives the differentiation of naive B-cells into plasma cells. In 

germinal centres (GC), TFH-cell-derived IL-21 is crucial for B-cell development, activation 

and differentiation. IL-21 exerts inhibitory effects on DC and Tregs and promotes TH17-

function through increase of IL-23R-expression, thereby enhancing anti-bacterial responses. 

IL-21 stimulates CD8+ T-cells and promotes adaptive immunity during viral infection [54]. 

 

CHEMOKINES 

Chemokines orchestrate the homing and migration of immune cells during both homeostatic 

and inflammatory conditions. This involves recruitment and activation of leukocytes at 

inflammatory sites as well as lymphocyte trafficking during hematopoiesis. Chemokines also 

mediate antigen sampling in secondary lymphoid tissue and thereby connect innate and 

adaptive immunity. Chemokines and chemokine receptors can be expressed constitutively or 

upon activation and the expression of chemokine receptors varies depending on the 

surrounding milieu. Chemokines direct T-cell priming and TH-differentiation, and chemokine 

receptor expression serves as a marker for the maturation and differentiation-status of innate 

and adaptive immune cells [55]. Among many chemokines, MIG/CXCL9, IP-10/CXCL10 

and I-TAC/CXCL11 bind to the TH1-related chemokine receptor CXCR3. They affect TH1-

responses and the trafficking of TH1-, CD8- and NK-cells. BCA-1/CXCL13 binds to CXCR5 

and directs the positioning of B-cells and TFH-cells in lymph nodes. TARC/CCL17 and 

MDC/CCL22 direct TH2-cell responses and migration through binding to CCR4. CCR4-

ligand interactions also mediate Treg migration. MIP-3α/CCL20 binds to CCR6, controls 

TH17-responses and promotes the migration of B-cells and DC to gut-associated lymphoid 

tissues (GALT) [56]. 
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ANTIGEN PRESENTATION 
Antigen presenting cells of the immune system have the crucial role to present antigens to 

T-cells and thereby induce protective T-cell responses, but also to promote and maintain self-

tolerance. Professional APC, including monocytes, macrophages, DC and B-cells, are 

specialized in presenting exogenous peptides and to provide necessary co-stimulatory signals 

to ensure successful T-cell activation. Additionally, all nucleated cells in the body can present 

endogenous peptides and act as non-professional APC.    

The human leukocyte antigen gene complex represents an individual’s immunological self 

and encodes for the MHC-molecules used to present antigens. MHC-class I molecules are 

present on all nucleated cells in the body and present peptides processed from endogenous 

antigens, such as fragments from intracellular viruses or self-peptides. Cytosolic proteins are 

degraded to peptide fragments by the proteasome, which are then transported to the 

endoplasmatic reticulum, loaded on MHC class I-molecules and transported to the cell surface 

through the Golgi. Professional APC present peptides derived from exogenous antigens in the 

context of MHC class II molecules. Antigens are internalized through endocytosis or 

phagocytosis and thereafter taken up by endosomes, which fuse with lysosomes to degrade 

the antigen, and ultimately load it on MHC class II-molecules displayed on the cell surface of 

the APC. In order to assure proper T-cell activation, APC express co-stimulatory molecules 

such as CD80 and CD86, which bind to T-cell-expressed molecules like CD28 and 

CD152/CTLA-4 (cytotoxic T lymphocyte antigen 4). These interactions mediate both 

activating and inhibitory signals, which are important for fine-tuning the immune response. In 

addition, APC produce a variety of cytokines that polarize the activated T-cell [57, 58]. 

 

 

ADAPTIVE IMMUNITY 
Although innate immunity efficiently prevents and controls infection through various effector 

mechanisms, the cure and elimination of pathogens require involvement of the adaptive 

immune system. Adaptive B- and T-lymphocytes harbour antigen specific B-cell receptors 

(BCR) or T-cell receptors (TCR) respectively. Upon antigenic challenge, specific B- and T-

cell clones expand, which is followed by development of immunological memory that ensures 

rapid immune activation upon secondary challenge. To reduce the risk of immune-mediated 

diseases, self-reactive B- and T-cell clones are eliminated during development in the primary 
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lymphoid organs and lymphocytes are taught to discriminate between harmless and 

pathogenic antigens [59]. 
 

B-CELLS 

B-cells are antibody-producing lymphocytes that conduct the humoral responses of the 

adaptive immune system. They develop in the bone marrow where they rearrange their Ig 

genes to create a diverse repertoire of antigen-specific BCRs. From the bone marrow, 

immature B-cells migrate to secondary lymphoid organs where they differentiate into either 

follicular or marginal zone B-cells. In the secondary lymphoid organs, B-cells bind antigens 

matching their specificity and respond in a T-cell independent (TI) or dependent (TD) 

manner. TI-antigens, like polysaccharides and CpG DNA, are able to rapidly activate B-cells 

without the involvement of T-cells. TD antigens are taken up, processed and presented by 

MHC class II molecules on antigen-specific B-cells, resulting in the activation of antigen-

specific TFH-cells. TFH-cells then provide necessary co-stimulatory signals like CD40L and 

IL-4, which results in B-cell activation and formation of short-lived plasma cells. Activated 

B-cells enter lymphoid follicles to form GC, where they proliferate, undergo class switch 

recombination and affinity maturation through somatic hypermutation. Finally, B-cells 

differentiate into antibody-secreting long-lived plasmablasts or into memory cells.  

Antibodies can be membrane-bound or secreted. By changing the constant region of the Ig-

heavy chain, B-cells switch their initial production of IgM and IgD to IgG, IgE or IgA without 

altering antigen-specificity. Antibodies are important for pathogen control as they can block 

receptors needed for pathogen entry, activate the complement system, induce phagocytosis 

through opsonisation of pathogens and promote antibody-dependent cell-mediated 

cytotoxicity [60]. B-cells also have the ability to affect immune responses without the 

involvement of antibodies. They present antigens to T-cells, thereby modulating T-cell 

activation and differentiation, and facilitate T-cell-DC contact in lymphoid tissues [61]. The 

concept of regulatory B-cells (Bregs) has been introduced, describing B-cells as important 

immune regulators and maintainers of tolerance in both animal models and human 

autoimmune conditions. Bregs display several suppressive mechanisms, primarily IL-10-

production [62].  
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T-CELLS 

T-cells include both unconventional T-cells (described later) and conventional CD4+ and 

CD8+ T-cells. Conventional T-cells express the classical αβ TCR and their antigen-

recognition is restricted by MHC class II and I respectively. They display a large variety of 

effector functions and have helper, regulatory or cytotoxic phenotypes. After infection, they 

form memory subsets that promote effective protection upon secondary challenge.  

 

T-CELL DEVELOPMENT, ACTIVATION AND MEMORY FORMATION 

T-cells originate from the bone marrow and develop in the thymus where T-cell progenitors 

expand and generate a population of immature thymocytes. During development, T-cells shift 

from being CD4–CD8– to CD4+CD8+ and then commit to being either CD4+ or CD8+ T-cells. 

In this process, T-cells undergo positive selection to ensure MHC-restriction and negative 

selection to eliminate self-reactive clones. It is suggested that the strength and duration of the 

TCR-signal during positive selection influence the CD4 or CD8 lineage commitment [63]. 

Naive T-cells migrate from blood to secondary lymphoid tissues where they interact with 

antigen-presenting DC. Upon activation, antigen-specific T-cells clonally proliferate in 

response to IL-2, generating antigen-specific terminal effector T-cells and memory T-cell 

subsets. These cells will exit secondary lymphoid tissues to circulate to peripheral tissues, and 

also re-circulate back to lymphoid organs. Effector T-cells and memory T-cell subsets show 

great heterogeneity in effector functions, location and trafficking properties [64–66]. 

  During T-cell development and differentiation, the surface marker CD45 supports T-cell 

development, differentiation, activation and apoptosis. Throughout the life of the T-cell, this 

marker is differentially glycosylated and appears as different isoforms. Naive T-cells, which 

are destined to lymphoid tissue homing, express CD45RA while activated and memory T-

cells express CD45RO, which facilitates their re-activation and circulation throughout the 

body [67]. While naive T-cells show a CD45RA+CCR7+CD62L+ phenotype, memory T-cells 

are divided into central memory (TCM), effector memory (TEM) and terminally differentiated 

effector memory (TEMRA) subsets. TCM cells show a CD45RA–CCR7+CD62L+ phenotype that 

allows their migration to secondary lymphoid organs where they provide positive feedback to 

DC and B-cells, while TEM are CD45RA–CCR7–CD62L–, and the loss of CCR7 and CD62L-

expression allows them to migrate to peripheral sites and inflamed tissue where they conduct 

effector functions [68–70]. The ultimate fate of activated T-cells and their commitment into 

pure effector or memory subsets depends, among other factors, on TCR signal strength, 

cytokines, tissue environment and expression of TFs [66].  
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CD4+ T-HELPER CELLS 

Mature CD4+ TH-cells are involved in the activation of antigen-specific B-cells and 

activation of innate cells to re-enforce TH-cell commitment. In addition, TH-cells are major 

producers of cytokines and chemokines, which prime and mediate homing of immune effector 

cells. TH-cells thereby control both the initiation and course of immune responses.  

 

PRIMING OF NAIVE T-CELLS AND DIFFERENTIATION OF TH-CELL SUBSETS 

Upon interaction with professional APC, antigen-specific naive CD4+ T-cells are primed 

and differentiate into either TH or Treg cells. The cytokines produced by APC in response to 

pathogens will induce expression of master TFs, which promote or inhibit the differentiation 

of distinct TH-subsets [71].  

Upon infection with intracellular pathogens, DC-secreted IL-12 triggers differentiation of 

TH1-cells through induction of the TF T-bet and the chemokine receptor CXCR3. This leads 

to T-cell production of effector cytokines like IL-2 and IFN-γ, which promote 

monocyte/macrophage-activation, NK-cell cytotoxicity and IgG-production by B cells [71–

73]. TH1-cells contribute to pathogenesis in autoimmune conditions like EAE in mice and 

multiple sclerosis (MS) in humans [74]. 

Upon helminthic or fungal infection, DC will secrete IL-4, which leads to up-regulation of 

the TF Gata binding protein 3 (GATA-3) and chemokine receptor CRTh2, thus inducing TH2-

cells [71, 75]. Aberrant activation of TH2-cells is involved in allergic disease, where IgE leads 

to histamine-release from activated granulocytes [76]. 

TH17-derived IL-17 is crucial in the response to infections with extracellular bacteria and 

fungi, as it ultimately leads to neutrophil recruitment. TH17-derived factors are further 

involved in promoting antimicrobial defences and epithelial integrity at barrier sites [77, 78]. 

The TFs RORγt in mice and RORC2 in humans direct the differentiation of TH17-cells [79–

81] and cytokine-requirements for TH17-cell differentiation in humans include TGF-β, IL-1β, 

IL-6 and IL-23 [82, 83]. Also, human TH17-cells were found to originate from CD161+ T-cell 

precursors in cord blood (CB) that differentiated into IL-17-producing cells requiring only IL-

1β and IL-23 [84]. Interestingly, TGF-β induces expression of FOXP3 in CD4+CD25– T-cells, 

while pro-inflammatory cytokines involved in TH17-differentiation inhibit this process. This 

suggests that TH17-cells and peripherally derived (p)Tregs share a reciprocal development 

pathway dictated by the cytokine availability [85]. Pathogenic TH17-cells are linked to human 

immune-mediated conditions like psoriasis, MS, RA and inflammatory bowel disease (IBD), 

and allergy [52].  
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In addition, there are several less well-described TH-subsets like TH9, TH22 and TFH-cells. 

IL-21-producing TFH-cells are required for the formation of GC and are specialized in 

providing B-cell help. This ensures the generation of high-affinity antibodies and long-lived 

memory formation [86]. 

 

FLEXIBILITY OF TH-CELLS 

The TH-phenotype is not fixed and TH-cells show great plasticity. TH-subsets can be 

converted into other subsets under the influence of appropriate signals and this feature helps 

to balance and direct the immune response in the best possible way. Specialized TH-cells may 

shift their lineage commitment in response to prolonged infection or antigen re-stimulation 

[71]. Human TH1-cells respond to and produce IL-4 upon TCR-stimulation while TH2-cells 

are less plastic [87], and T-cells may co-express TH1 and TH2-markers like CXCR3, CCR4, 

CRTh2, GATA-3 and T-bet [88, 89]. In order to avoid excessive inflammation during chronic 

infection, pro-inflammatory TH1 and TH2-cells can secrete IL-10 [90, 91]. IL-10-secretion by 

TH1-cells seems to depend on the TF Notch and transcriptional regulator Blimp-1 [92, 93]. 

Pathogenic TH17-cells can acquire the ability to produce IL-10 upon antigen-stimulation in 

the presence of TGF-β and transcriptional regulators [27].  

 

 
FIGURE 1. After pathogen encounter, APC and the surrounding cytokine environment prime and direct the 

differentiation of naive CD4+ T-cells into specialized TH-subsets. These subsets are characterized by production 

of effector cytokines and expression of TFs that maintain their linage commitment. From Russ BE et al, 

Frontiers in Genetics [94]. 
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The powerful effector functions of the immune system are crucial parts of our survival. Still, 

exaggerated and aberrant immune responses might be damaging or lethal to the host or 

contribute to the development of immune-mediated diseases. Regulatory immune cells 

influence the direction and duration of immune responses and dysfunctional regulatory cells 

are involved in the pathogenesis of immune-mediated diseases. Today, subpopulations with 

regulatory properties exist within both innate and adaptive subsets. Still, the FOXP3+ CD4 T-

cell is the most prominent and well-studied regulatory immune cell.  

 

FOXP3+ CD4 T-CELLS 

CD4+ T-cells that express the TF FOXP3 constitute an immune-suppressive subpopulation 

known as Tregs. Present in both lymphoid and non-lymphoid tissues, they maintain immune 

homeostasis by controlling the duration and strength of immune responses towards self and 

non-self antigens and by preventing autoimmunity. They express a wide array of chemokine 

receptors, enabling their migration to widespread sites of the body [95, 96]. Tregs are crucial 

during pregnancy, as they promote maternal tolerance towards the fetus and regulate immune 

responses at the fetal-maternal interface [97, 98].    

FOXP3 is the master regulator of Tregs and is required for their development, differentiation 

and peripheral maintenance [99]. Induced lack of FOXP3 in mature Tregs results in loss of 

suppressive function and acquisition of effector T-cell responses [100] and FOXP3-deficiency 

leads to autoimmunity in mice [101]. In addition to FOXP3, Tregs are characterized by high 

expression of the IL-2R α-chain CD25, CTLA-4 as well as a network of receptors and TFs 

that together ensure the stability and function of Tregs [102]. Further, low expression of IL-

7R/CD127 discriminates between Tregs and activated T-cells [103, 104]. 

 

THYMIC-DERIVED AND PERIPHERALLY DERIVED TREGS 

Tregs develop in the thymus and are present at an early gestational age. Treg-development and 

FOXP3-induction in the thymus is initiated by a combination of antigen-recognition and 

micro-environmental cues [105]. Treg lineage commitment in mice requires TCR-stimulation, 

and this is likely to be true also in humans. Thymic-derived Tregs (tTregs) are thought to be 

enriched for self-reactive TCRs, meaning that tTregs leaving for the periphery have a self-

skewed TCR-repertoire and control tolerance to self-antigens [106, 107]. Indeed, mice with 

impaired tTreg development suffer from multi-organ autoimmunity [108]. Further, continuous 

TCR-signalling is required to maintain the activated phenotype, homeostasis and suppressive 

activity of Tregs in the periphery [109].  
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Expression of FOXP3 and a functionally suppressive phenotype can be induced in 

CD4+FOXP3– T-cells [110–113]. pTregs develop in the periphery from CD4+ T-cells exposed 

to self-antigens not presented in the thymus and to foreign antigens derived from commensals 

and pathogens [114–120]. For example, mice deficient in pTregs develop intestinal allergic 

inflammation [115]. TGF-β is described as a key factor in the induction of functional Tregs in 

mice. The requirements for induction of Tregs in humans have not been fully established, but 

may include TGF-β, retinoic acid and the mTOR-inhibitor rapamycin [121–123].  

The question whether tTregs and pTregs represent more or less the same cell subset with 

similar features or if there are critical differences in their function and antigen-specificity is 

not fully clarified as both subpopulations recognize both self and non-self antigens [114, 124–

126]. Since expression of CD25 and FOXP3 is up-regulated on effector T-cells after 

stimulation, it is challenging to distinguish effector responses mediated by tTregs from pTregs. 

Several markers are suggested to identify tTregs. A debated marker still used is HELIOS, a 

member of the Ikaros family of TFs [127–130]. tTregs express high levels of CTLA-4/CD152 

and the tumor necrosis factor (TNF)-receptor GITR, however both these markers are up-

regulated by effector T-cells upon activation. In mice, CD62L seems to identify a 

subpopulation with superb regulatory function [131] and several studies suggest that the cell 

surface marker Neuropilin-1 (Nrp1) is a reliable marker for tTregs [132, 133]. 

 

 
FIGURE 2. In the thymus, CD4+CD8+ T-cells become Tregs under the influence of negative selection, TCR-

strength and cytokines. In the periphery, CD4+ T-cells differentiate into pTregs after encounter of antigen and in 

the presence of TGF-β and IL-2. From Nie et al, Frontiers in Immunology [134]. 
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TREG SUPPRESSIVE MECHANISMS 

Tregs suppress exaggerated immune responses in several ways. Inhibitory cytokines such as 

IL-10 and TGF-β can suppress the function of effector T-cells and of TH2-driven allergic 

responses, and secretion of IL-10 is often mentioned as a key regulatory mechanism of Tregs 

[135–138]. Treg-derived IL-10 is crucial for maintaining immune homeostasis at 

environmental interfaces like colon and lungs in mice [35]. It is not clear if tTregs secrete IL-

10 as a suppressor function since pTregs secrete IL-10 upon stimulation and cannot be 

distinguished from tTregs [131].  

Tregs affect DC-function and their subsequent induction of effector T-cell-activation. Tregs 

down-regulate DC-receptors and processes involved in antigenic uptake [139]. CTLA-4-

expression by Tregs blocks DC-function through interaction with CD80/86, leading to reduced 

antigen-presentation [140] and Tregs are able to selectively restrain TH1-cells by down-

regulating CD70-expression on DC [141]. Tregs also localize T-cell-DC aggregates and 

prevent T-cell activation [142] as well as inhibit stable contacts between DC and T-cells 

[143]. In addition, Tregs direct monocyte differentiation into alternatively activated 

macrophages, which display a regulatory phenotype and reduced capacity to respond to LPS 

[144].  

Tregs efficiently suppress the proliferation and cytokine-production of effector T-cells in a 

cell-cell contact dependent manner. They mediate metabolic disruption of target T-cells, were 

IL-2-depletion is one suggested mechanism, and are capable of performing cytolysis of target 

cells via the perforin/granzyme pathway [145]. Tregs mediate suppression of both T-cells and 

DC by increasing cyclic (c)AMP-levels in the target cell. This is induced by Treg-mediated 

influx of cAMP through gap junctions or through the usage of CD39 and CD73 surface 

receptors on Tregs. CD39 degrades extracellular ATP to AMP, which is then degraded to 

adenosine by CD73. Adenosine binds surface receptors on target cells, leading to increased 

intracellular levels of cAMP resulting in reduced activation and changes in migratory 

behaviour [146–150]. Indeed, human CD39+ Tregs are highly suppressive [151–153].  

 

TREG PLASTICITY 

Tregs display great plasticity and are suggested to differentiate into specialized populations 

that regulate corresponding TH-subsets. Expression of chemokine receptors, TFs and 

cytokines identifies Treg-subsets with phenotypes equivalent to TH1, TH2, TH17 and TH22 

effector cells [154]. The expression of TH1, TH2 and TH17-related TFs by Tregs induces their 

suppression of the corresponding TH-effector subset [155–157]. Further, intrinsic expression 
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of GATA-3 and/or T-bet is required for Treg-function in steady state and in inflammatory 

settings [158, 159]. Tregs express the TH1-related chemokine receptor CXCR3, which 

promotes their migration to inflammatory sites [156, 160], e.g. CXCR3+ Tregs accumulate in 

ovarian carcinomas and limit protective TH1-responses [161]. Induction of IL-17-production 

in Tregs is accompanied by up-regulation of TH17-related markers like RORγt and CCR6 [162, 

163]. IFN-γ and IL-17A-producing Tregs have been described as dys-regulated in autoimmune 

and pathological conditions [164]. However, “pro-inflammatory” Tregs also maintain their 

suppressive function [165–167]. Further, the respective contribution of tTregs and pTregs in the 

pool of pro-inflammatory cytokine-producing Tregs is not clear. The presence of 

HELIOS+IFN-γ+ Tregs suggests a pool of tTregs that are pre-destined to produce IFN-γ [168]. 

The capacity of Tregs to produce pro-inflammatory cytokines is connected to expression of the 

surface receptor CD161. Notably, CD161+ Tregs accumulate in the joints of RA-patients but 

the role for these cells in the tissue inflammation is not fully understood [169, 170]. 

 

CD8+ CYTOTOXIC T-CELLS 

In lymphoid organs, naive CD8+ T-cells are activated by professional APC presenting 

antigen in the context of MHC class I. TCR-signalling, co-stimulation and the pro-

inflammatory cytokines IFN-γ and IL-12 are needed for their optimal expansion and 

differentiation. At sites of infection, signals from APC and TH-cells promote further homing, 

activation and differentiation [171]. Interestingly, IL-12-induced expression of the TH1 TF T-

bet separates cytotoxic T-cells (TC) into short-lived effector cell and long-lasting memory cell 

populations [172].    

Effector and memory CD8+ T-cells or TC provide impressing effector functions to 

effectively control bacteria and viruses. These effector functions include cytolytic killing of 

infected cells, either through release of cytoplasmic granules containing pore-forming 

perforin and granzymes, or via binding of Fas ligand (CD95L) to the Fas receptor on target 

cells. TC-cells are also potent producers of cytokines like IFN-γ and TNF, which are important 

for pathogen control and for further priming of TH1-immunity [171]. Interestingly, TC-cells 

can produce IL-10 at inflammatory sites and may aid in resolving local inflammation [173, 

174]. 
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INNATE LYMPHOCYTES 
The innate immune system initiates rapid semi-specific responses towards pathogens while 

the adaptive immune system provides strong and antigen-specific effector functions and 

immunological memory. However, innate immunity cannot provide necessary adaptive 

effector functions such as cytokine-production and cytotoxicity, and the slower kinetics of the 

adaptive immune system prevents effector functions in the earliest stages of infection. These 

facts highlight the importance of innate lymphocytes that act rapidly and with a limited 

antigen receptor repertoire to rapidly provide adaptive T-cell effector functions.  

 
NK-CELLS 

NK-cells are innate lymphocytes involved in host defence against a variety of pathogens 

and in the killing of tumor cells [175]. NK-cell commitment and education occur mainly in 

the bone marrow, but can also occur at peripheral sites. NK-cells are distributed in blood, and 

in lymphoid and peripheral tissues, and mainly consist of two major subsets. In blood, the 

CD56dimCD16+ subpopulation predominates, while the CD56brightCD16– subpopulation is 

more abundant in tissues. The two subpopulations were originally described as functionally 

distinct, with mainly cytolytic and cytokine-producing capacity respectively. However we 

now know that both subsets can perform both tasks under the influence of appropriate 

stimulation and co-stimulatory signals [176]. In the normal state, inhibitory receptors on NK-

cells interact with MHC class I on healthy cells, which prevent NK-cell activation. Infected, 

stressed or tumorigenic cells may down-regulate MHC-expression and NK-cells then 

recognize the absence of MHC, leading to their activation (“missing-self “ recognition) [177]. 

Upon infection, accessory cells such as DC may up-regulate molecules and secret cytokines 

that lead to recruitment and activation of NK-cells. Production of IL-12, IL-15 and IL-18 

from accessory cells induce proliferation, cytotoxicity and IFN-γ-production in NK-cells, 

which further promotes additional IL-12-production [178]. NK-cell-mediated killing requires 

direct contact with the target cell and involves cytoplasmic granules containing lytic proteins 

(granzyme and perforin) that induce apoptosis, or the binding of death-receptors on targets 

cells by NK-cell-expressed ligands [179]. 
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UNCONVENTIONAL T-CELLS 

Unconventional T-cells include both αβ T-cells (NKT-cells and MAIT-cells) and γδ T-cells. 

These cell subsets are usually present at low numbers in the periphery but can be highly 

abundant in various tissues. They have innate properties as they recognize a limited set of 

antigens and quickly secret cytokines and act cytotoxic upon immune challenge. Still, they 

create and express TCRs through V(D)J recombination and their activation is, at least partly, 

TCR-dependent. These cells are non-MHC restricted and instead recognize foreign or self-

lipids presented by non-classical MHC-molecules [180, 181].      

 

MUCOSAL ASSOCIATED INVARIANT T-CELLS 

MAIT-cells are new players in the family of unconventional T-cells that constitute a small, 

peripheral T-cell population but with high abundance in the gut, liver and other tissue sites. 

MAIT-cells express a semi-variant αβ TCR with the fixed variable (V) α-chain 7.2 and are 

characterized by high expression of CD161 [182]. The MHC-related molecule MR1 restricts 

their antigen-recognition and is required for their thymic selection. In contrast to conventional 

T-cells, MAIT-cells acquire effector capacity before leaving the thymus, but also expand and 

adapt in the circulation [183–185]. Their selection and expansion require B-cells and they are 

absent in germ free (GF) mice, indicating that the microbiota is involved in their expansion in 

the lamina propria [183]. In normal settings, MAIT-cells respond to bacteria-derived vitamin 

B metabolites, i.e. organic compounds originating from the riboflavin biosynthetic pathway, 

in an APC-dependent manner [186, 187].  

MAIT-cells are important effector cells during bacterial infections and respond to a wide 

variety of bacteria. Upon infection, they produce pro-inflammatory cytokines and have 

cytolytic capacity [186, 188, 189]. Recently, MAIT-cells were shown to be crucial for optimal 

immune responses during in vivo pulmonary infection in mice [190], however their role in 

human immunity is still unclear.  

 

γδ T-CELLS 

During the double negative-phase of T-cell development in the thymus, a minor subset of T-

cells carrying γδ TCRs diverge from the αβ lineage and form a unique T-cell population. γδ 

T-cells are the first T-cells to develop in vertebrates and are readily activated early in life, 

suggesting an important role for these cells in infant immunity [191–193].  

γδ T-cell activation can be both TCR-dependent or induced through PRR-stimulation. γδ T-

cells recognize a great variety of ligands implicating an array of receptors involved in their 
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activation [194, 195]. They also recognize MHC class I-like and stress-induced proteins, 

indicating a role in elimination of altered cells. Overall, APC seem to have a general role in 

displaying antigens to γδ T-cells [181]. γδ T-cells are important effector cells during infection 

and secrete pro-inflammatory cytokines, predominantly IFN-γ, and have cytolytic capacity. 

They are highly plastic as they can take on TH-effector functions and a diverse migratory 

pattern depending on the surrounding cytokine milieu [196]. In addition, γδ T-cells are 

implicated in DC maturation, monocyte differentiation, macrophage recruitment, humoral 

immunity, but also as potent APC [197–201].  

The Vγ9+Vδ2+ subpopulation, which is near to absent at birth, quickly expands early in life 

and dominates the adult γδ T-cell pool in blood, while the Vδ1+ subpopulation is more 

abundant at tissue sites [202]. The Vγ9+Vδ2+ subpopulation recognizes small metabolites 

called phosphoantigens, and in particular the bacteria-derived phosphoantigen HMB-PP (4-

hydroxy-3-methyl-but-2-enyl pyrophosphate), which is highly potent in inducing their 

activation [203]. γδ T-cells are non-MHC restricted and phosphoantigen-induced activation of 

γδ T-cells is mediated by butyrophilin 3A1/CD277 expressed on accessory cells [204, 205].  

 

 
 

FIGURE 3. γδ T-cells and MAIT-cells recognize bacterial metabolites in a non-MHC restricted manner. (a) In 

APC, HMB-PP derived from extracellular bacteria or from phagocytosis of, or intracellular infection with HMB-

PP+ bacteria, are bound to BTN3A1, which mediates activation of Vγ9+Vδ2+ γδ T-cells in an unknown manner. 

(b) APC present vitamin B2 metabolites, released from extracellular bacteria, after phagocytosis or upon 

intracellular infection, through MR1-molecules interacting with the MAIT-cell TCR. From Liuzzi AR et al, 

Current Opinion in Immunology [206]. 
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CD161-EXPRESSION 
The innate immune system relies on different classes of PRRs including C-type lectin 

receptors (CLR). CLR-activation leads to production of pro-inflammatory cytokines and 

induction of adaptive immunity. Also, CLR-mediated induction of anti-inflammatory 

responses like IL-10 is suggested to be indispensable for immune homeostasis [207].  

The CLR CD161 is mainly expressed on NK-cells and subsets of circulating and tissue-

infiltrating conventional and unconventional T-cells. Different subpopulations of CD161-

expressing T-cells appear to have distinct migratory patterns and tissue-homing properties. 

Expression of CD161 identifies T-cells with a shared transcriptional and functional phenotype 

[208]. Still, the function of CD161 is unknown and blocking experiments have shown 

deviating results on human NK-cell and NKT-cell activation [209]. In both adults and 

children, T-cell-expression of CD161 is mainly evident on effector and central memory 

populations [210, 211]. CD8+ T-cells divide into two populations differed by intermediate 

(CD161int) or high (CD161hi) CD161-expression where IFN-γ is produced mainly by the 

intermediate population [212]. CD8+CD161hi T-cells are potent secretors of IL-17 and have 

high expression of CCR2, CCR6 and CXCR6, and down-regulation of CXCR3 [213]. The 

CD161+ subpopulation of CD4+ T-cells produce more cytokines compared to the CD161– 

subpopulation [212]. CD161 is a characterising marker for TH17-cells and IL-17-producing 

CD4+ T-cells originate from CD161+ naive cells in CB. Today, CD161 is considered as a 

marker for IL-17-producing, circulating lymphocytes including CD4+, CD8+, CD4–CD8– and 

γδ T-cells [84, 214]. CD161 is expressed by Tregs and suggested to characterize a 

subpopulation capable of producing pro-inflammatory cytokines [169, 170].  

Human lectin-like transcript 1 (LLT-1) has been identified as a CD161-ligand and shows 

homology with the murine NKR-P1 receptor-family, which binds C-type lectin related 

molecules. CD161-LLT-1 interaction inhibits NK-cell cytotoxicity and IFN-γ-production but 

enhances IFN-γ-production from TCR-stimulated T-cells [209, 215]. Also, co-engagement of 

CD161 and CD3 increases IL-17-secretion. LLT-1-expressing B-cells inhibit NK-cell 

function but stimulate IFN-γ-secretion from CD161+ T-cells [210]. LLT-1-expression on 

circulating leukocytes is induced upon activation and IFN-γ amplifies LLT-1-expression on 

APC. High expression of LLT-1 was found on B-cells in GC and triggering of LLT-1 

supported their activation. Also, follicular DC were found to express high levels of CD161 

suggesting as role for CD161-LLT-1 interactions in B-cell maturation [216].     
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IMMUNE FUNCTION IN EARLY LIFE 
Babies are born with an immature immune system, which gradually matures during their 

first years of life. This maturation is dependent on environmental contacts such as 

establishment of the gut microbiota and exposure to various infections, but also on exposure 

to non-pathogenic microbial substances. The type, quantity and timing of microbe-encounter 

will affect the maturing immune system and these types of interactions between the 

surrounding environment and the neonate will provide the child with an immune system that 

knows how to react and also to which antigens it should respond.  

 

IS THE NEONATAL IMMUNE SYSTEM DEFECTIVE? 

The infant immune system diverges from adult immunity in multiple compartments 

rendering young children more susceptible to infection. However, the general view of the 

neonatal immune system as overall impaired is changing towards a more balanced 

understanding where neonatal immune responses are lower in some instances but fully 

competent in other settings [217]. The degree of immune hypo-responsiveness observed in 

children varies greatly depending on culture conditions, kinetics and stimuli, suggesting that 

the neonatal immune system is not defective, but rather different from later in life. Recently, 

CD71+ erythroid cells in neonatal mice and human CB were shown to be potent immune-

suppressors and the production of innate cytokines by adult cells was diminished after co-

culture with neonatal splenocytes. Lack of CD71+ cells in neonatal mice paralleled with 

reduced immune suppression and increased responsiveness to pathogens [218]. This study 

suggests that active immune suppression in early life is fundamentally important to ensure 

tolerance to the overwhelming amounts of bacteria upon colonization. Further, it is important 

to remember that the majority of studies on childhood immunity have been conducted on CB-

cells, and might not properly reflect immune function later in life. 

 

INTESTINAL FUNCTION 

Directly after birth, children are forced to handle the immense influx of microbial and other 

environmental antigens. The proper maturation of intestinal structures and of the mucosal 

immune system is important to establish tolerance towards microbes and dietary components 

as well as to mediate protection against pathogens. During gestation, immature epithelial cells 

differentiate under the influence of signals partly unique in fetuses and there is also 

development of GALT including mesenteric lymph nodes (MLN) and organized Peyer’s 

patches (PP) containing DC and lymphocytes. The neonatal gut immune system is structurally 
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complete but undergoes further expansion and maturation during the neonatal period [219]. In 

mice, maternal IgG and IgA help to dampen mucosal TH-responses towards commensal 

bacteria after birth [220]. Secretory (s) IgA from breast-milk represents the first source of 

protective antibodies and promotes intestinal homeostasis, microbial tolerance and pathogen-

protection in the new-born child [221]. Human breast-milk contains immune cells, cytokines, 

growth factors and hormones important for the development of intestinal function [219]. 

 

FIRST LINE OF DEFENCE AND INNATE IMMUNITY 

Newborns have lower secretion of proteases and antimicrobial peptides [222], show reduced 

complement function and impaired neutrophil phagocytosis, intracellular killing and NET-

formation [223]. There also seems to be fundamental differences between CB monocyte and 

DC function. CB DC have reduced expression of HLA-DR and CD86 [224] and are impaired 

in IL-12p70-secretion upon TLR-stimulation, while showing potent secretion of IL-10 and 

TNF [224, 225]. In contrast, CB monocytes have impaired TNF-release but are equally 

abundant as in adults. Further, CB monocytes show similar expression of co-stimulatory 

molecules and production of IL-12 as adult monocytes [226, 227] and even more potent IL-6-

production [228]. Interestingly, factors present in neonatal plasma were shown to polarize the 

adult peripheral blood mononuclear cell (PBMC)-response to TLR4-stimulation towards low 

IL-12 and high IL-10 [229]. Newborns show alterations in the CD40-CD40L co-stimulatory 

pathway, suggesting a reduced capacity to present antigen [230].  

 

LYMPHOCYTES 

The cytokine-producing and cytotoxic capacities of CB NK-cells have been described as 

impaired [231, 232] as well as equal [233] compared to adults, while NK-cells from children 

show potent cytotoxic responses [234]. B and T-cell populations undergo significant changes 

during childhood [235]. CB γδ T-cells produce pro-inflammatory cytokines and are superior 

compared to CB αβ T-cells, even though they are overall less efficient compared to adult γδ 

T-cells, when stimulated with PMA/IO [192]. TH-cells, TC-cells and B-cells from newborns 

and adults show comparable up-regulation of the early activation marker CD69, but CB CD3+ 

T-cells are impaired in IFN-γ-production [236]. T-cell-production of IFN-γ and TNF is also 

positively correlated to age [237]. Upon stimulation with staphylococcal enterotoxin (SE) B, 

T-cells from young children have impaired IFN-γ-expression but potent up-regulation of 

CD69 [238]. Recently, the T-cell population in newborns was shown to produce extensive 

amounts of IL-8 compared to adults, indicating pro-inflammatory capacity also early in life, 
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possibly through induction of γδ T-cells [239]. Despite the higher susceptibility to infection in 

infants, neonatal TH17-responses are suggested to be fully functional [240–242].  

Fetal Tregs express FOXP3, CTLA-4 and are functionally suppressive [243]. Peripheral Tregs 

appear to be equally abundant in neonates and adults [235, 244, 245] while the proportion is 

higher in preterm babies [244, 245]. The majority of Tregs show a naive phenotype during 

infancy whereas memory/effector Tregs become more abundant later in childhood [235]. In 

contrast to adult Tregs, CB Tregs lack suppressive capacity ex vivo [246]. However, Tregs can be 

similarly expanded from CB and adult blood by polyclonal or allo-antigenic stimulus and 

these CB Tregs show potent suppression of proliferation and cytokine-production [246–248]. 

Neonatal Tregs inhibit expression of co-stimulatory molecules on DC but show reduced 

capacity to suppress the formation of DC-effector T-cell aggregates [249].  

TH2- and IL-10-biased immunity is reported in the intra-uterine environment to protect from 

maternal TH1 effector responses aimed at the semi-allogeneic fetus. This TH2-bias is also seen 

at birth, illustrated by the selective impairment of IL-12p70-secretion by CB DC [224]. 

Infancy should include a switch from the TH2-biased phenotype to a more TH1/TH2-balanced 

response, and neonates maintaining a strong TH2-skewing are at higher risk to develop allergy 

[250]. Contrasting to the idea of TH2-skewing in early life, is a large human study that failed 

to detect TH2-bias in early life, despite a large number of included individuals [251]. 

  

 
FIGURE 4. Neonatal T-cell immunity is commonly described as skewed towards TH2 and Treg-differentiation 

with defects in TH1, TH17 and TFH-differentiation. From Debock I et al, Frontiers in Immunology [241]. 
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THE HUMAN MICROBIOTA AND GUT COLONIZATION 
From birth and throughout life, humans are bound to their gut microbiota and we are 

colonized by a huge variety of microbes. The importance of the gut microbiota has long been 

acknowledged and the relationship between the microbiota and host ensures proper nutrient 

uptake, energy balance, gut homeostasis, protection against pathogens and accurate 

maturation of the immune system [252, 253]. 

Colonization of the infant gut starts at birth and the first colonizers are facultative anaerobes 

like enterococci, lactobacilli, streptococci, enterobacteriace and staphylococci. These bacteria 

reduce environmental oxygen levels through metabolic processes, and thereby facilitate the 

colonization of strict anaerobes dominated by Bifidobacterium, Clostridium and Bacteroides 

ssp. Individual infants display variations in their colonization pattern. Later, the colonization 

pattern stabilizes and develops towards a more adult-like composition. Even though the adult 

microbiota can change with stress and diet, it remains more or less stable and constitutes of 

two predominant phyla: the Firmicutes (mostly Clostridia) and the Bacteriodetes consisting of 

hundreds of species and thousands of strains [254–256]. 

Even though the intrauterine environment is considered as sterile, recent studies suggest that 

the first exposure of microbes may occur during pregnancy since bacterial DNA from 

bifidobacteria and lactobacilli was found in the human placenta [257]. Genetic factors 

contribute to the intestinal colonization process. In addition, the mode of delivery strongly 

impacts colonization [258–260], but also after birth, several factors will affect the gut 

colonization process. Breast-milk contains many of the bacteria found in the infant intestine 

and thereby influences microbiota-composition. Also, other environmental cues together with 

antibiotic administration will impact the microbiota [259]. 

 

 

THE MICROBIOTA AND THE IMMUNE SYSTEM 

 
THE GUT IMMUNE SYSTEM 

The intestinal immune system constitutes of organized GALT like PP and MLN that 

develop during fetal life, as well as structures developing after birth such as isolated lymphoid 

follicles, small intestinal crypto-patches and colonic patches in the large intestine. The 

mammalian intestine includes 3 layers: the outer smooth muscle layer, the stromal tissue and 

the inner mucosal layer covered with intestinal epithelial cells (IEC). IEC include enterocytes 



	   36 

(absorbers of nutrients, fluid and ions), Goblet cells (mucus secretion), enteroendocrine cells 

(hormone-producers) and Paneth cells (produces antimicrobial peptides). IEC cover the 

intestinal surface, where they sense and respond to microbial stimuli, and participate in both 

tolerance induction and anti-pathogenic immune responses. The epithelial barrier prevents 

microbial attachment and invasion, and the mucus layer separates luminal microbiota from 

the epithelial surface. IEC thereby constitute the barrier between microbes in the intestinal 

lumen and the host, thus enabling the coexistence of commensals and immune cells. IEC 

express an array of PRRs and produce a number of factors promoting tolerogenic immunity, 

such as thymic stromal lymphopoietin (TLSP), IL-10, TGF-β and retinoic acid [261–263]. 

M-cells are found in the GALT and PP. They are specialized in the uptake of antigens and 

mediate the crossing of particles across the epithelia, which they deliver to APC and T-cells. 

M-cells are further involved in the initiation of mucosal immunity [264]. Myeloid cells such 

as DC sample the lumen for antigens and migrate to PP and MLN, where they prime naive 

lymphocytes to induce effector responses and promote tolerance through induction of Tregs. 

Activated or memory αβ or γδ T-cells as well as specialized TH17-cells and Tregs produce 

cytokines that protect against pathogens and maintain gut homeostasis [253]. In addition, 

there are abundant numbers of immune cells present in the lamina propria and in the 

epithelium including unconventional T-cells and ILC. ILC lack lymphocyte-features such as 

antigen-specific receptors yet express cytokines and TFs associated with different TH-subsets. 

Thus, these cells represent the innate counterpart of TH-cells. Even though they represent only 

a small fraction of the total immune cell population, their cross talk with the microbiota and 

other immune cells is suggested as crucial for gut homeostasis [265, 266].   

 

MICROBIOTA AND GUT IMMUNITY 

Gut bacteria induce activation of innate immune signalling, which in turn favours 

maturation of the innate and adaptive immune system and maintenance of intestinal integrity. 

Bacterial colonization requires functional epithelial barriers and mucosal immunity to ensure 

immune homeostasis. The intestinal mucosa restricts gut bacteria to the intestinal lumen, and 

must learn to discriminate commensals from pathogens in yet unknown ways that includes a 

cross-talk between microbiota, host cells and the epithelium [267, 268]. 

Mice colonized with conventional microbiota display lower expression of pro-inflammatory 

chemokine receptors and genes involved in antigen-presentation, whereas genes involved in 

TLR-signalling are up-regulated, compared to GF mice, suggesting increased microbial 

detection and reduced pro-inflammatory responses [269]. Signals from the microbiota may 



	   37 

drive B-cell development in the lamina propria and influence the Ig-repertoire [270]. sIgA is 

the major antibody isotype present in the gut. During the neonatal period, B-cells expand and 

produce IgA in response to microbial ligands. DC secrete the B-cell stimulatory factors 

APRIL and BAFF, thereby promoting IgA-production in a T-cell independent manner, but 

also T-cell-secreted IL-10 and TGF-β govern IgA. sIgA is also acquired through breast 

feeding. sIgA acts in an antimicrobial way without promoting inflammation and is crucial to 

maintain homeostatic control of the gut microbiota [268, 271]. Functionally, sIgA restricts 

bacteria to the epithelium, regulates CD4+ T-cell specific responses against commensal 

antigens, reduces microbial-induced pro-inflammatory signalling and promotes survival of 

selected bacteria [268, 272–274]. 

GF mice have alterations in intestinal morphology and in GALT and form fewer GC [275]. 

MyD88-mediated signalling induced by bacterial products leads to increased permeability of 

the mucosa and lower tissue-repair capacity in mice [276]. In GF mice, NKT-cells accumulate 

in the lamina propria and cause IBD [277], whereas MAIT-cells are absent [183]. In most 

studies investigating the role of the gut microbiota in immune regulation there is evidence to 

support an influence on effector and Treg populations within the gut of mice, and that 

inaccurate T-cell responses caused by dysbiosis lead to exaggerated inflammation and loss of 

regulation [276, 278–280]. tTregs are highly abundant in the lymphoid intestinal organs and 

their TCR-repertoire is strongly influenced by the microbiota composition [126]. 

Polysaccharide A (PSA) produced by Bacteroides fragilis (B. fragilis) protects mice from 

intestinal inflammation and shape the TH1/TH2-balance [281, 282]. The maturation and 

differentiation of intestinal T-cells are also affected by gut commensals as B. fragilis and B. 

fragilis-derived PSA can direct the differentiation of CD4+ T-cells into IL-10-producing 

FOXP3+ Tregs during colonization [283]. Overall, Tregs probably play key roles in mediating 

tolerance to commensal bacteria. 

 

MICROBIOTA AND SYSTEMIC IMMUNITY 

Recent studies suggest that also peripheral and systemic immune responses are shaped by 

the gut microbiota and this is further linked to systemic autoimmune diseases. Translocation 

of microbial products from the luminal side into the circulation could mediate such effects. 

Neutrophils isolated from the bone marrow of antibiotic-treated or GF mice were less capable 

of killing ex vivo, and neutrophil function was linked to the translocation of PGN from the gut 

to the circulation [284]. GF mice show accelerated type-1 diabetes but reduced severity of 

EAE. Mice with an altered gut microbiota have alterations in splenic TH17-cells, which affect 
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their response to infection, IgG-production and disease severity in several autoimmune 

models [285]. B. fragilis and B. fragilis-derived PSA induce protective expansion of Tregs in 

EAE [286] and PSA induces FOXP3-expression and IL-10-secretion in human naive CD4+ T-

cells [287]. Bacterial-derived short-chained fatty acids (SCFA) promote extrathymic 

differentiation of Tregs and boost peripheral Treg-numbers [288]. In an induced-arthritis model, 

the gut microbiota promoted cytokine-driven differentiation of Bregs in spleen [289]. 

 

MICROBIOTA AND IMMUNE MATURATION  

Microbial colonization during infancy is one of the most important factors affecting immune 

maturation and education. During a short window of opportunity, infants must learn to 

tolerate an enormous amount of microbial antigens. Studies in GF mice reveal a major impact 

of the microbiota on mucosal immune maturation and function [290], and the absence of a 

microbiota in infancy can result in irreversible immune defects. Not only specific bacterial 

species but also the timing of colonization of young mice affects the production of cytokines 

from MLN cells [291]. GF mice have a different transcriptional profile in the intestine, 

indicating that colonization during this important “window of opportunity” is necessary for 

complete intestinal immune development [292]. GF mice show accumulation of hyper-

responsive NKT-cells, only to be reversed if colonization occurs during the first two weeks of 

life [277]. Exposure to house dust mite-antigen during the first two weeks of life induces an 

asthma-protective HELIOS– Treg-subset in the murine lung, but not in the absence of lung-

colonization [293]. GF mice have increased levels of serum IgE due to enhanced class 

switching in PP and MLN, and levels could only be normalized by colonization with standard 

microbiota before four weeks of age [294].  

Since the microbiota is involved in systemic immune function, early-life colonization will 

likely affect the maturation and functional responses of systemic immunity in humans [222]. 

Infant Tregs uniquely express high levels of the gut homing chemokine receptor α4β7, 

suggesting a preferable Treg-migration to the gut during infancy and a interplay between Tregs 

and gut commensals in early life [295]. In addition, early colonization patterns associate with 

the peripheral number of memory B-cells in young children [296] and colonization with B. 

fragilis associates with IgA and IgM-responses [297]. We have previously shown that 

colonization with bifidobacteria and lactobacilli correlates with salivary sIgA and LPS-

induced production of cytokines from child PBMC [298], and colonization with 

Staphylococcus aureus (S. aureus) and lactobacilli associates with the number of cytokine-

secreting PBMC at two years of age after stimulation with phytohaemagglutinin (PHA) [299].   
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MICROBIOTA AND IMMUNE-MEDIATED DISEASES 

The hygiene hypothesis suggests that excessive cleanliness and reduced exposure to 

microbes during early childhood lead to insufficient priming of the immune system [300]. 

Lately, the “extended hygiene hypothesis” suggests that reduced Treg-activity caused by lower 

microbial exposure disturbs immune homeostasis and causes immune-mediated diseases 

[222].  

The interaction between the microbiota and the immune system should maintain host 

tolerance and control immune responses. Dysbiosis in gut colonization is associated with the 

development of immune-mediated diseases. Administration of antibiotics to neonatal, but not 

adult, mice reduces microbial diversity and increases allergic asthma [301]. In humans, the 

use of antibiotics before six months of age increases susceptibility to allergy and asthma later 

in life [302]. The MIA (maternal immune activation) mouse model, which displays features of 

autism spectrum disorders, is characterized by gastrointestinal barrier defects and microbiota 

alterations. Oral treatment of MIA-offspring with B. fragilis improves gut permeability, 

behavioural symptoms and alters metabolite-levels [303]. Specific commensal bacteria in the 

human meconium are linked to maternal atopic eczema and infant respiratory problems [304]. 

Intestinal inflammatory disorders like necrotizing enterocolitis and IBD are connected to 

alterations in the microbiota-composition [305]. Several bacterial species in infant feces or 

breast-milk are linked to protection or development of asthma and allergies in both mice and 

humans [306, 307]. The prevalence of immune-stimulatory bacteria like clostridia, 

Escherichia coli (E. coli) and S. aureus is higher in children developing allergies [308, 309] 

and enrichment of Faecalibacterium prausnitzii subspecies in the gut clearly associates with 

atopic dermatitis (AD) [310]. In contrast, early-life colonization with immune-modulatory 

bacteria like lactobacilli and bifidobacteria is linked to protection against allergy [311, 312].  

 

ALLERGIC DISEASE 
Misdirected immune responses towards harmless antigens may result in hypersensitivity 

reactions. In allergic disease, a type-I hypersensitivity reaction towards an allergen is 

characterized by a TH2 immune response, which would normally protect against parasitic 

infection. Sensitization and allergy often start early in childhood and manifests as eczema and 

food allergy that later develop into respiratory-related reactions like asthma. Initially, the 

allergen is processed and presented to naive T-cells by APC in the context of MHC class II. In 

this process, innate cells and epithelial cells may drive a TH2-skewed milieu with production 

of IL-4. This leads to differentiation of IL-4/IL-13-secreting TH2-cells that promote B-cell-
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production of allergen-specific IgE, which binds to high affinity receptors on mast cells, 

thereby sensitizing the individual. Upon later exposure, allergens bind to IgE-coated mast 

cells, which induce their production of active mediators like histamine, leukotriene and 

prostaglandin that cause allergic symptoms in surrounding tissue [313, 314]. 

Genetic predisposition likely contributes to the TH2-skewed environment needed to provoke 

allergy. Still, the rapid increase of allergic disease in westernized countries is likely co-driven 

by environmental factors including decreased or altered exposures to viruses and bacteria, 

which may lead to an inadequate TH1/TH2-balance. Although the involved mechanisms are 

not clear, farm environment and exposure to high endotoxin-levels reduce the risk of 

developing allergy [315–317].  

Allergic disease is a major burden on public health. Even though discrepancies exist 

between clinical- and self-diagnosis, around 30% of the Swedish population is estimated to 

suffer from allergy according to the Swedish Asthma and Allergy Association. The proportion 

of children suffering from symptoms varies between 5-20% depending on the type of allergic 

disease (e.g. asthma, allergic rhinitis, atopic eczema). Common allergens causing allergy in 

children include pollen, furry pets, foodstuff and mites.     

 

STAPHYLOCOCCUS AUREUS 
S. aureus is a commensal and pathogenic, gram-positive bacterium which is commonly 

found in the nasopharynx and on the skin. Humans are frequently exposed and an encounter 

can be potentially lethal due to serious infections such as food poisoning or toxic shock 

syndrome. At the same time, S. aureus is frequently found as part of the human gut 

microbiota. The immune response against S. aureus is complex, innate immunity is readily 

activated and bacterial clearance is suggested to rely solely on innate responses. Nevertheless, 

adaptive immune cells are potently activated by S. aureus. Immune responses directed 

towards S. aureus probably reflect the location of bacterial encounter, tolerance needs to be 

induced within the gut, while systemic infection should lead to rapid elimination [318].  

 

INNATE IMMUNE RESPONSES 

Several structures of S. aureus are recognized by the innate immune system, including PGN, 

lipoteichoic acid (LTA), SEs and exotoxins. S. aureus-structures are sensed by epithelial cells 

though PRRs, where TLR2 is highlighted. This recognition is suggested to allow colonization 

and tolerance while preventing invasion. Also, ILC might contribute to S. aureus tolerance at 

mucosal sites [319, 320]. S. aureus secretes phenol-soluble modulins (PSMs) that bind 
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neutrophils through the formyl-peptide receptor 2 and mediate their disruption at low 

concentrations. Interestingly, this ability highly correlates to the aggressiveness of the 

staphylococci and may be important in establishing tolerance to non-pathogenic strains [321]. 

DC respond strongly to S. aureus-structures and are more potent presenters of SEs 

compared to monocytes and B-cells. Overall, S. aureus induces IL-12-production in human 

DC, thus enabling induction of TH1-immunity. This is associated with increased expression of 

HLA-DR and co-stimulatory molecules. Additionally, PGN and lipoproteins induce IL-23-

secretion by DC and thereby promote IL-17-responses and bacterial nucleic acids may induce 

IFN-α-secretion in plasmacytoid DC [322]. Mice deficient in DC have higher mortality, 

higher bacterial load and abolished IL-12-production upon S. aureus-infection [323].  

Unconventional T-cells including γδ T-cells and NKT-cells highly contribute to protection 

through IL-17-responses [324–326]. NK-cells are activated by S. aureus in a APC-dependent 

manner, however their role in protection is not established [320, 327]. 

 

ADAPTIVE IMMUNE RESPONSES  

B- and T-cells were reported as non-essential in the clearing of S. aureus-infection [328]. 

Still, human serum contains a large repertoire of S. aureus-specific IgG showing activation of 

B-cells and the involvement of S. aureus-specific TH-cells [318]. Kolata et al. recently 

identified a large number of S. aureus-specific memory T-cells in humans, suggesting that 

those cells might contribute to the inflammation upon bacterial exposure [329]. Colonization 

also influences the systemic antibody repertoire and most likely also the cells of the systemic 

cellular immune system [330]. We have previously shown that early-life S. aureus gut 

colonization is associated with increased numbers of IL-4 and IL-10-producing PBMC later in 

life [299]. T-cells and T-cell-derived IFN-γ appear to have dual roles, mediating both 

increased protection and immunopathology with worsened outcome upon infection [331]. 

However, prior exposure to S. aureus leads to the production of IFN-γ upon recurrent 

infection, and adoptive transfer of antigen-specific T-cells is protective in mice. Memory 

antigen-specific T-cells are also expanded upon infection [332].  

 

STAPHYLOCOCCAL ENTEROTOXINS 

SEs are superantigens that potently stimulate the immune system and S. aureus produces at 

least 23 different enterotoxins or enterotoxin-like compounds: A-E, G-X and toxic shock 

syndrome toxin 1. The enterotoxins are separated into 5 groups (I-V), which differently 

interact with the MHC and TCR. SEA and other group III-members crosslink both the α and β 
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chain of the MHC class II, the exception being SEH that binds in an unknown way. On the T-

cell, SEA binds to the TCR β chain while SEH uniquely binds the TCR α-chain [333–335]. 

During conventional antigen-presentation and TCR-mediated activation, Lck-signalling is 

triggered by CD4 and CD8. SEs can circumvent this pathway and trigger an yet unknown 

TCR-signalling pathway that may explain why SE-MHC class II binding activates both TH 

and TC cells [336]. SE-mediated activation of T-cells requires binding to CD28, and blocking 

of the CD28-SEB interaction inhibits lethal toxic shock in mice [337]. 

SEs are the only known bacterial virulence factors that deliberately force activation of the 

adaptive immune system. SE-mediated activation of T-cells does not require antigen 

processing and classical antigen presentation, and results in polyclonal stimulation of huge 

numbers of T-cells and massive induction of TH1-cytokines (e.g. IL-2, IFN-γ and TNF). This 

can lead to T-cell exhaustion and anergy and thereby suppress the immune responses against 

S. aureus [334]. Treatment of PBMC with enterotoxin-producing S. aureus induces secretion 

of TNF, IL-6, IFN-γ and IL-17 [338]. SEA induces FOXP3-expression and production of 

IFN-γ and IL-10 from Tregs, which might further promote tolerance [339].    

 

IMMUNE EVASION MECHANISMS 

S. aureus has several modes of immune-evasion and harbours a vast array of virulence 

factors. Besides SEs which may induce T-cell anergy, pore-forming toxins such as hemolysin-

α, leukotoxins and PSMs lyse human neutrophils, APC and lymphocytes thereby reducing 

immune responsiveness [340]. Induction of IL-10 is suggested as an immune evasion 

mechanism applied by S. aureus. DC stimulated with PSMs have reduced endocytosis, 

reduced TLR2-induced TNF, IL-6 and IL-12-secretion and increased IL-10-secretion. Further, 

PSM-stimulated DC are impaired in T-cell-activation and instead induce IL-10-secreting Tregs 

[341]. Staphylococcal PGN can trigger a TLR2-induced and CD14-independent IL-10-

production in monocytes and macrophages. This innate IL-10 subsequently triggers adaptive 

IL-10-responses, counteracting TLR2-mediated IL-12-secretion by DC and robust TH1-

responses [342]. Staphylococcal LTA temporarily reduces CD3/CD28-induced activation of 

T-cell cytokine-production and proliferation in a TLR2-independent manner [343]. 

Staphylococcal protein A has the ability to bind immunoglobulins and polyclonally stimulates 

B-cells, resulting in massive proliferation and cell death [344].   
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COLONIZATION – IMPLICATIONS IN HYPERSENSITIVITY AND MATURATION 

Humans are recurrently exposed to S. aureus and colonized for either long or short periods 

throughout life. The primary sites for colonization are the anterior nares, followed by the skin, 

throat, perineum, vagina and gastrointestinal tract. In adults, the nares is often the original 

source of bacteria, mediating colonization elsewhere. Neonates first become colonized during 

birth and through parental skin-to-skin contact [330] and a majority of infants are colonized 

with S. aureus during the first year of life [308, 312, 345]. The majority of colonizing S. 

aureus-strains express virulence factors, and strains expressing SE-genes have higher counts 

in infant stool compared to strains lacking SE-genes [346].  

Skin colonization with S. aureus is connected to AD and eczema [347] and gut colonization 

with S. aureus in early life has been linked to allergy development [308]. S. aureus and SEs 

have also been connected to asthma [348–350]. Interestingly, SEA promotes TH2-responses in 

allergen-specific CD4+ T-cells and subsequent asthma [351].  

But the relationship between S. aureus-colonization and immune modulation is complex. S. 

aureus and SEs are also suggested to beneficially modulate immune maturation. Colonization 

with SE-producing S. aureus strains correlates with plasma IgA levels, which in turn 

negatively correlate with eczema development [352]. Also, colonization with S. aureus, but 

not with other common infant bacteria, positively correlates with soluble (s)CD14-levels in 

plasma, and children with food allergy tend to have lower sCD14 [353]. S. aureus is further 

implicated in oral tolerance by promoting the function of tolerogenic CD103+ DC [354, 355]. 

 

LACTOBACILLI 

Lactobacilli are lactic acid-producing bacteria and commensals of the human infant gut. In 

vivo and in vitro studies have shown their modulatory effects on gut and systemic immunity 

indicating a possible contribution to beneficial immune maturation during the crucial 

“window of opportunity” early in life. They rarely colonize the adult gut but can confer health 

benefits to adults when used as probiotic supplements. 

  

LACTOBACILLI COLONIZATION  

Lactobacilli colonize the infant gut early in life. Peaking at six months of age, about half of 

investigated infants were colonized. Lactobacilli-colonization correlates negatively with age 

and one third of infants were colonize at 18 months of age [356]. Early-life lactobacilli-

colonization appears to affect immune maturation later in life. We and others have shown that 

children developing allergy during childhood are less often colonized with lactobacilli in 
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infancy [311, 312, 357]. Children colonized early in life with lactobacilli have lower PBMC 

cytokine-responses compared to children lacking lactobacilli [299].  

 

LACTOBACILLI AND THE IMMUNE SYSTEM  

Most information regarding lactobacilli-mediated immune modulation has been obtained 

after lactobacilli-supplementation or in vitro studies. Here we have learned that lactobacilli 

promote gut integrity, epithelial function and development [358, 359] and IgA-production 

[360, 361]. Lactobacilli may further modulate immunity through induction of tolerogenic DC 

and Tregs [362]. Lactobacilli act anti-viral, possibly by promoting IL-12-secretion from APC, 

and prebiotic and probiotic treatment with L. rhamnosus lowers the incidence of viral 

respiratory tract infections during the first year of life of preterm infants [363]. 

Several studies have aimed to elucidate whether lactobacilli-supplementation can influence 

the development of allergy and/or allergic symptoms. Indeed, administration of lactobacilli 

decreases gastrointestinal symptoms in children with AD [364]. The offspring of L. 

rhamnosus GG (LGG)-supplemented dams have reduced allergic airway inflammation [365] 

and supplementation of new-born mice with LGG cell-free supernatant (CFS) protected 

against allergic airway inflammation with reduced eosinophil numbers, lung inflammation, 

goblet cell number and altered TH-cytokine production [366]. Lactobacilli-administration in 

childhood associates with reduced eczema and reduces the risk of symptoms in children with 

a genetic predisposition to develop eczema [367, 368]. L. paracasei-intake during the first 

year of life associates with protection against eczema at 13 months of age but not at a later 

follow up [369, 370]. Studies have also shown a lack of effect or even adverse effects on 

atopic disease after lactobacilli-supplementation [371, 372]. Supplementation during the first 

six months of life did not affect innate immune maturation, while pre- and postnatal 

supplementation with L. reuteri reduced TLR2-responsiveness later in life [373, 374].  
Several factors might contribute to the inconsistent data regarding lactobacilli-associated 

effects on atopic disease and immune modulation, including if the bacteria were administered 

to mothers during pregnancy or to the children, if the probiotics were administered directly 

from birth or introduced in early childhood before the onset of atopic disease, or if they were 

given later in life. Also, the cohorts used in these studies likely include different proportions 

of children with allergic heredity, a fact that will further influence the outcome. 
In vitro studies reveal that lactobacilli mainly activate the innate and adaptive immune 

system through cell surface components-PRR interactions. LGG decreases Salmonella-

induced TNF mRNA-expression and cytokine-responses in human fetal and adult gut [375]. 
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L. paracasei from infant feces reduces pro-inflammatory cytokines and chemokines in 

Salmonella-stimulated intestinal-like DC. Simultaneously, other features of innate immunity 

are enhanced, such as TLR9 transcription [376]. L. plantarum modulates the expression of 

tight-junction related genes and may affect intestinal barrier function [377], and L. plantarum 

and LGG inhibit the adherence of pathogenic E. coli to HT-29 IEC through the induction of 

mucins [378]. LGG DNA diminishes membrane integrity-reduction induced by TNF [379] 

and the DNA from L. plantarum modulates LPS-induced activation of human monocytes 

[380]. L. rhamnosus 35 induces up-regulation of HLA-DR, CD83, CD86 and CCR7 and 

promotes a “semi-mature” phenotype in DC. Also, DC-genes mainly involved in immune and 

inflammatory processes, antigen presentation via MHC, intracellular signalling and signal 

transduction were up or down-regulated in a MOI-dependent manner [381]. LGG reduces 

immunological events involved in IBD, such as IL-17-expression [382]. 

Whole lactobacilli and lactobacilli soluble factors induce production of IL-10, IL-12p70, 

IFN-γ and TNF from a variety of human immune cells [383]. Lactobacilli-derived factors 

further down-regulate T-cell pro-inflammatory cytokines induced by S. aureus [384] and 

lactobacilli reduced SEA-induced PBMC-production of IL-4 and IL-5 more efficiently in 

healthy subjects compared to allergic donors [385].   
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PRESENT STUDY 
 

OBJECTIVES 
The overall aim of this thesis was to investigate how Staphylococcus aureus and lactobacilli, 

microbes with immune stimulatory potential and that are frequently found in the gut in early 

life, affect peripheral immune maturation during childhood and modulate lymphocyte-

activation in vitro. 

 

 

SPECIFIC AIMS 

 

• To investigate the effect of Staphylococcus aureus-CFS and purified staphylococcal 

enterotoxins on peripheral FOXP3+ CD4 T-cells, CD4+ and CD8+ T-cells, γδ T-cells, 

MAIT-cells and NK-cells in vitro (Paper I, II, III). 

 

• To investigate the maturation of phenotype and microbial responsiveness of innate and 

adaptive lymphocytes, with a focus on FOXP3+ CD4 T-cells, during childhood (Paper 

II, extended data). 

 

• To investigate how soluble factors derived from probiotic lactobacilli modulate 

Staphylococcus aureus-induced activation of innate and adaptive lymphocytes in vitro 

(Paper II, III).  

 

• To investigate if early-life colonization with S. aureus and lactobacilli associates with 

the phenotype and functional responses of CD4+FOXP3+ T-cells (Paper II) and with 

allergy development and plasma cytokine- and chemokine-levels (Paper IV), later in 

childhood. 
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MATERIAL AND METHODS 
For details concerning the experimental setup, please see the Material and Methods section 

specific for each paper.  

 
THE COHORT 

The cohort used in this thesis includes a total of 281 children participating in a prospective 

allergy cohort recruited to the Sachs Children´s Hospital. The cohort has been described in 

detail elsewhere [386, 387]. The children were followed from birth and were clinically 

examined at 6, 12 and 18 months and at 2, 5 and 10 years of age. Skin prick test (SPT) was 

performed against food and inhalant antigens according to the manufacturer´s instructions 

(ALK, Copenhagen, Denmark) with histamine chloride and allergen diluent serving as 

positive and negative control respectively. The SPT was considered positive if the wheal 

diameter was ≥ 3mm after 15 minutes. Serological analysis of specific IgE was performed 

using ImmunoCAP (Phadia AB, Uppsala, Sweden) and levels ≥ 0.35 kU/l were considered as 

positive. Children were considered sensitized if positive for at least 1 SPT or/and allergen-

specific IgE and allergic if SPT or/and IgE was accompanied by allergic symptom(s). A total 

of 72 children were analysed for bacterial species in fecal samples taken at one and two weeks 

and one and two months of age. Real time PCR (details described in [312]) was used to detect 

the presence and amounts of C. difficile, S. aureus, bifidobacteria ssp and a group of 

lactobacilli (L. casei, L. paracasei and L. rhamnosus) in feces.  

 

PAPER I 

S. aureus 161:2, S. aureus 139:3, S. carnosus or S. epidermidis were cultured for 72h in 

BHI-broth and L. reuteri 17938 was cultured for 20h in MRS-broth before CFS were 

collected by centrifugation. PBMC from healthy, adult blood donors (n=38) were isolated by 

Ficoll-Paque gradient centrifugation and used directly or stored in liquid nitrogen. Magnetic 

separation was used to deplete monocytes from PBMC-cultures or to isolate CD14+ 

monocytes, naive CD4+CD45RO– T-cells, CD4+CD25high T-cells or CD4+CD25-depleted T-

cells from PBMC. Whole PBMC, monocyte-depleted PBMC or isolated T-cell populations 

were stimulated with CFS from the different staphylococci, SEA or CD3/CD28-beads. 

Isolated T-cells were cultured together with autologous monocytes. For co-culture 

experiments, isolated monocytes were stimulated with staphylococcal-CFS, SEA, L. reuteri-

CFS, LPS, PGN or Pam3Cys, extensively washed and cultured together with autologous 



	   48 

monocyte-depleted PBMC. After stimulation, cells were stained with a Live/Dead cell marker 

and thereafter stained with cell surface antibodies (CD4, CD25, CD127, CD161, CD14, HLA-

DR, CD86). Cells were then fixed and permeabilized before being stained with antibodies to 

intracellular targets (cytokines, FOXP3, HELIOS, CTLA-4). The FACSVerse instrument was 

used to acquire flow cytometry data on CD4+ T-cells or CD14+ monocytes. IL-6-levels in cell 

culture supernatants were measured by ELISA. Statistical analysis was made with the non-

parametric Wilcoxon matched pairs test.     

 

PAPER II 

PBMC from 25 two-year old children were selected from the prospective birth cohort. 

Children were included based on available information regarding the presence of DNA from 

S. aureus and a group of lactobacilli strains (L. casei, L. paracasei and L. rhamnosus) in fecal 

samples at three occasions during infancy: one week, two weeks and two months of age. 

Additionally, PBMC were collected from healthy donors at birth (CB, n=12), age seven 

(n=15) and adulthood (n=19) to investigate immune maturation. For some experiments, naive 

CD4+CD45RO– T-cells or CD14+ monocytes were isolated by magnetic separation. PBMC or 

isolated cell populations were stained for extracellular and intracellular markers (see markers 

for Paper I + CXCR3, T-bet, GATA-3 and RORγt) and analysed by flow cytometry after 3h 

of resting (basal phenotyping) or after 24h stimulation with CFS derived from S. aureus 161:2 

and/or L. reuteri DSM 17938. Secreted cytokine-levels in PBMC-cultures were measured 

with ELISA. Immune data were analysed in relation to age groups (CB, two and seven years 

of age, adults). Further, the presence and amounts of S. aureus and lactobacilli in feces were 

correlated to immune data at two years of age. The non-parametric Kruskal-Wallis test, 

Mann-Whitney U-test, Wilcoxon matched pairs test and the Spearman rank correlation test 

were used for comparisons. 

 

PAPER III 

CFS from S. aureus 161:2, L. reuteri 17938 and LGG were used for stimulations. For most 

assays, PBMC from adult human donors were stimulated with S. aureus-CFS, CD3/CD28-

beads or SEA either alone or in combination with CFS from L. reuteri or LGG for 24h. 

Alternatively, PBMC were incubated with lactobacilli-CFS for 5h followed by extensive 

washing and addition of stimuli. For some experiments, L-lactate was used instead of 

lactobacilli-CFS in combination with stimuli. Proliferation was measured with CellTraceTM 

Violet after 5 days of culture. Cytotoxic potential was evaluated after 18 hours of stimulation 
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in the presence of α-CD107a antibodies. The effect of IL-12 and IL-10 on PBMC-responses 

was examined by blocking these cytokines with neutralizing antibodies during stimulation. 

CD14+ monocytes were isolated or depleted from PBMC-cultures through magnetic 

separation. CD14-depleted PBMC were stimulated as described above while isolated 

monocytes were stimulated with S. aureus-CFS, L. reuteri-CFS, LPS or Pam3Cys.  

After stimulation, cells were stained with a Live/Dead cell marker and thereafter stained 

with cell surface antibodies. Cells were then fixed, permeabilized and stained with antibodies 

to intracellular targets (IFN-γ). The FACSVerse instrument was used to acquire flow 

cytometry data on TH cells (CD3+CD4+), TC-cells (CD3+CD8+), MAIT-cells 

(CD3+CD161+Vα7.2+), γδ T-cells (CD3+Pan γδ TCR+) and NK-cells (CD3–CD56+). ELISA 

was used to measure secreted cytokine-levels in cell-cultures. The Wilcoxon matched pairs 

test was used for statistical comparisons. 

 
PAPER IV 

281 children participating in a prospective birth cohort were clinically examined at 6 

months and 1, 2, 5 and 10 years of age. SPT against food and inhalant antigens and 

serological analysis of specific IgE was performed. Fecal samples from 72 children were 

collected during infancy and the presence of lactobacilli was investigated with real time PCR. 

Plasma levels of IFN-γ, IL-4, IL-5, IL-10, IL-13, IL-17A, IL-21, IL-23, MIG/CXCL9, IP-

10/CXCL10, I-TAC/CXCL11, BCA-1/CXCL13, TARC/CCL17, MIP-3α/CCL20 and 

MDC/CCL22 were quantified by ELISA or Luminex. Allergic heredity, birth season, 

immunological parameters and lactobacilli-colonization were investigated in relation to 

allergy. Independent groups were compared with the non-parametric Kruskal-Wallis test and 

if significant, comparisons between two groups were made with the Mann-Whitney U-test. 

 
EXTENDED DATA 

In general, the methods used to generate the extended data presented in this thesis are similar 

to those used in PAPER I-III.  
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RESULTS, EXTENDED DATA AND DISCUSSION 
For this section, figures originating from the included publications or preliminary manuscript 

are referred to as: (Paper I-IV, Fig #), while extended data is referred to as: (Fig #).  

 

 

STAPHYLOCOCCUS AUREUS-MEDIATED ACTIVATION OF T-CELLS 

AND NK-CELLS 

 
S. aureus is a common human pathogen and a frequent cause of severe bacterial infection. 

At the same time, S. aureus is a frequent colonizer of the human skin and mucosal tissues. 

This bacterium potently activates the innate immune system, however it’s impact on human 

lymphocytes is less studied. Considering that peripheral immunity is influenced by 

colonization and/or by bacterial metabolites, we aimed to investigate how CFS derived from 

S. aureus 161:2 (S. aureus-CFS) and purified SEs affect peripheral human FOXP3+ CD4 T-

cells, conventional T-cells, unconventional T-cells and NK-cells in vitro (Paper I, II, III).    

 
FOXP3+ CD4 T-CELLS 

To investigate S. aureus-induced activation of Tregs, we stimulated human PBMC with S. 

aureus-CFS. This resulted in an increased percentage of CD4+ T-cells with a 

CD25+FOXP3+CD127low phenotype (referred to as FOXP3+ cells) and increased intracellular 

expression of CTLA-4 in FOXP3+ cells (Paper I, Fig 2), suggesting induction of a regulatory 

phenotype. Even though we also observed increased expression of CTLA-4 in the FOXP3– 

subpopulation of CD4+ T-cells, it was not at all comparable to that of FOXP3+ cells (Fig 5). 

The induction of FOXP3 and CTLA-4 in the CD4 T-cell compartment is in line with results 

from others. S. aureus is suggested to deliberately induce activation of Tregs to promote 

tolerance, and both S. aureus and SEA induce FOXP3-expression in CD4+ T-cells [339, 388]. 

SEA also induces regulatory characteristics in CD8+ T-cells [389] implying that S. aureus 

promotes a strong regulatory phenotype in human T-cells. 
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As a further sign of a regulatory phenotype, S. aureus-CFS induced expression of IL-10 in 

FOXP3+ T-cells (Paper I, Fig 3). This might contribute to the immune evasion strategy 

applied by S. aureus and may deliberately promote immune tolerance [330]. Staphylococcal 

molecules have previously been shown to induce IL-10 in both innate and adaptive cells. 

SEA-stimulated Tregs express IL-10 [339] and staphylococcal PSMs promote IL-10-secreting 

DC, which are impaired in T-cell-activation and rather induce IL-10-secreting Tregs [341]. 

Also, staphylococcal PGN triggers IL-10-production that counteracts IL-12-secretion by DC 

and thereby also subsequent robust TH1-responses [342]. 

Still, S. aureus-CFS also induced expression of the pro-inflammatory cytokines IFN-γ and 

IL-17A in FOXP3+ cells (Paper 1, Fig 3). For IFN-γ, this correlated well with an S. aureus- 

induced population of FOXP3+T-bet+ cells after stimulation, while RORγt was not expressed 

despite IL-17A-expression (Fig 6). Since IL-17A+ Tregs should express RORγt [162, 163], we 

investigated whether S. aureus-CFS instead induced a population of T-cells co-expressing 

IFN-γ and IL-17A, however this was not the case (Fig 7). Tregs expressing chemokine 

receptors, TFs and cytokines normally associated with T effector-subsets are indubitably 

functional in terms of suppression and are important upon activation [154, 156, 160, 162, 

165–167, 390, 391]. Studies of this TH-mimicking indicate that specific populations of Tregs 

expressing TH-associated TFs suppress the corresponding effector TH-population [155–157]. 

Further, the Treg-population might have this plasticity to efficiently act as multi-potent 

suppressors of effector T-cells [392].  

 

Unstimulated S. aureus 161:2
0

2000

4000

6000

8000

C
TL

A
-4

 M
FI

 (F
O

XP
3+  

ce
lls

)

**

Unstimulated S. aureus 161:2
0

2000

4000

6000

8000
C

TL
A

-4
 M

FI
 (C

D
4+  

ce
lls

)

**

Unstimulated S. aureus 161:2
0

2000

4000

6000

8000

C
TL

A
-4

 M
FI

 (F
O

XP
3–  

ce
lls

)

**

FIGURE 5. Human PBMC were stimulated with S. aureus 161:2-CFS for 24h and the 
intracellular expression of CTLA-4 in CD4 T-cells and in the FOXP3– subpopulation of CD4 T-
cells (left/middle) in comparison with FOXP3+ cells (right) was investigated by Flow Cytometry. 
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Treg-production of pro-inflammatory cytokines is contradictory and may be a remaining 

feature of pTregs originating from effector T-cells. The suppressive capacity of “pro-

inflammatory” Tregs might not connect to the cytokine-production but rather to the up-

regulation of FOXP3 during in vivo relevant activation. Perhaps, Treg-production of pro-

inflammatory cytokines helps to prime surrounding cells into adopting a Treg-phenotype 

during inflammation. In contrast, this feature could polarize surrounding cells and repress 

immune-suppression in the early stages of infection to promote inflammation and clearance. 

An additional alternative is that Tregs could be an important source of pro-inflammatory 

cytokines in some settings, as their presence associates with elevated systemic levels of IFN-γ 

in mice mimicking human toxic shock syndrome after treatment with SEB [393]. 
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FIGURE 6. Human PBMC were stimulated with S. aureus 161:2-CFS for 48h and the intracellular 
expression of T-bet, FOXP3 and RORγt in CD4 T-cells was investigated by Flow Cytometry. 

FIGURE 7. Human PBMC were stimulated with S. aureus 161:2-CFS for 24h and the intracellular 
expression of IFN-γ and IL-17A in FOXP3+ cells was investigated by Flow Cytometry. 
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One major issue in the Treg-field is to distinguish tTregs from pTregs. In this study, the 

increased percentage of FOXP3+ cells could be partly explained by de novo induced 

expression of FOXP3 in isolated CD4+CD25– cells after stimulation with S. aureus-CFS 

(Paper I, Fig 2). However, we cannot exclude expansion of tTregs. De novo induced FOXP3+ 

cells expressed IL-10 and IFN-γ, while isolated CD4+CD25hi cells failed to express cytokines, 

also after 40h stimulation (Paper I, Fig 3). Still, these results should be interpreted with 

caution since the purity of the isolated CD4+CD25hi cells was suboptimal and the co-culture 

conditions with autologous monocytes might not be optimal for activation. To be able to draw 

more firm conclusions, we would need to repeat experiments by co-culturing FACS-sorted 

Tregs with DC, which are more potent primers of Tregs. Then it would also be possible to 

examine Treg-mediated suppression of effector T-cell and APC-responses. The cell surface 

markers CD39 and CD73, which are involved in Treg-suppression [147], may be used to 

identify FOXP3+ T-cells with potent suppressive capacity after S. aureus-stimulation, 

regardless if these are tTregs or pTregs. 

Is the pro-inflammatory capacity discussed above solely a feature of pTregs? This is still not 

totally clear as other studies have demonstrated that tTregs up-regulate expression of T-bet, 

CXCR3 and IFN-γ in response to IL-12 without loosing HELIOS and remaining 

demethylated at the TSDR [394].  

 

Treg-secretion of pro-inflammatory cytokines is linked to CD161-expression [169, 170]. 

After stimulation with S. aureus-CFS, we observed an increased percentage of FOXP3+ cells 

expressing CD161 in PBMC-cultures; also de novo induced FOXP3+ cells had increased 

expression of CD161 (Paper I, Fig 4). As expected, the percentage of IFN-γ and IL-17A-

expressing cells was higher in the CD161+ subpopulation of FOXP3+ cells, however also the 

CD161– subpopulation clearly secreted cytokines. In addition, we made the novel finding that 

IL-10-secretion was connected to CD161-expression (Paper I, Fig 4). This indicates that 

rather than being connected to a pro-inflammatory phenotype, CD161-expression might link 

to a higher cytokine-producing capacity in general.  

 

The majority of FOXP3+ cells expressed the TF HELIOS at unstimulated conditions and the 

percentage was reduced upon stimulation with S. aureus-CFS. After stimulation, a lack of 

HELIOS was generally connected to expression of cytokines in FOXP3+ cells (Paper I, Fig 

5), as has been reported by others [130, 395, 396]. Activated effector T-cells have been shown 

to up-regulate HELIOS [128], however we observed no alterations in HELIOS-expression in 
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FOXP3– T-cells upon stimulation with S. aureus-CFS (Paper I, Fig 5). Interestingly, IL-17A-

expression seemed to be induced regardless of HELIOS-expression within both the FOXP3+ 

and FOXP3– populations, suggesting a different regulation of this cytokine.  

We further investigated the co-expression of CD161 and HELIOS in FOXP3+ cells. Both 

CD161+HELIOS+ and CD161+HELIOS– cells existed within the FOXP3+ population, but only 

the CD161+HELIOS– subpopulation increased upon stimulation with S. aureus-CFS. Both 

CD161+-subpopulations expressed cytokines, while CD161–HELIOS+ cells were close to 

unresponsive (Paper I, Fig 5). Together, our results suggest that the cytokine-producing 

capacity of Tregs is more linked to CD161-expression than to lack of HELIOS. 

 

The results presented in Paper I strongly indicate that enterotoxins mediate the activation of 

FOXP3+ cells induced by S. aureus-CFS. Only CFS derived from S. aureus 161:2 (expressing 

the genes for SEA and SEH), but not from S. aureus 139:3 (previously described not to 

induce TH-activation [384]) or from the two non-pathogenic staphylococci S. epidermidis and 

S. carnosus, induced expression of IL-10, IFN-γ or IL-17A in CD4+ T-cells (Paper I, Fig 1). 

Also, only 161:2-CFS induced an increased percentage of FOXP3+ cells (Paper I, Fig 2). 

Pure SEA mimicked the activation seen with S. aureus 161:2-CFS (Paper I). Pre-stimulation 

of monocytes with S. aureus 161:2-CFS or SEA, followed by subsequent washing and co-

culture with autologous monocyte-depleted PBMC, induced activation of FOXP3+ T-cells and 

an increase in CD161+ and cytokine-expressing FOXP3+ cells. In contrast, CFS from other 

staphylococci or L. reuteri DSM 17938 did not induce FOXP3, and only low expression of 

IL-10 and IFN-γ (Paper I, Fig 6). This further suggests a prominent role for the SEs in the 

activation of FOXP3+ T-cells.  

Still, other molecules, like PAMPs, in the S. aureus 161:2 supernatant could contribute to T-

cell activation. Monocytes stimulated with Pam3Cys or PGN increased the expression of 

CD161 and IL-17A in FOXP3+ cells (Paper I, Fig 6), possibly through the production of IL-

6, which is one of the cytokine requirements for IL-17A-induction. In our setup, we did not 

combine SEA-stimulation with PRR-ligands. This could have been interesting as another 

study has shown that LPS-primed monocytes induce the expression of pro-inflammatory 

cytokines from Tregs in the presence of T-cell stimulation [397]. The importance of other 

immune cells in the S. aureus-CFS-mediated activation of FOXP3+ cells is further supported 

by our finding that depletion of monocytes from PBMC-cultures reduced the activation of 

FOXP3+ cells (Paper I, Fig 6). Still, the activation was not completely abolished indicating 

the presence of other cells expressing MHC class II, such as B-cells or T-cells themselves, or 
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the presence of additional S. aureus-derived molecules with the potential to activate 

lymphocytes. We are currently trying to confirm the presence of SEA and SEH in CFS from 

S. aureus 161:2.  

 

CONVENTIONAL T-CELLS 

The role for conventional T-cells in the response against S. aureus is not clear and we 

sought to determine how these cells respond to S. aureus-CFS and SEA in vitro. Upon 

stimulation of PBMC, CD4+ and CD8+ T-cells showed potent effector responses in terms of 

IFN-γ-expression, proliferation and cytotoxic capacity (Paper III, Fig 2, 5, 6). The cytotoxic 

response by CD8+ T-cells might be important for pathogen clearance both in the acute phase 

of infection as well as in re-activation during the chronic phase. In both mice and humans, 

conventional T-cells vigorously proliferate in the acute phases of S. aureus-exposure, while 

T-cell proliferation is abolished in chronic infection [398]. S. aureus-CFS also induced 

secretion of IL-2 from PBMC-cultures (data not shown). After 96h stimulation with S. 

aureus-CFS or SEA, PBMC-cultures secreted mainly IFN-γ, followed by relatively high 

amounts of IL-17A, and also low but clearly detectable amounts of IL-10 and IL-13 (Fig 8). 

The strong induction of IFN-γ and IL-17A was expected, as S. aureus induces a critical TH1-

response and IFN-γ together with IL-17A act to mediate protective immunity in mice [332, 

399]. IFN-γ will likely promote the bactericidal activity of phagocytes and the activation of 

other T-cells. Further, the majority of T-cell clones responding to non-superantigenic S. 

aureus-derived antigens mainly produce IFN-γ and IL-17A [329]. In vivo infection with S. 

aureus results in TH1 and TH17-responses, however the presence of these T-cells does not 

seem to promote bacterial clearance [328].  

We observed expression of T-bet but not of RORγt in CD4+ T-cells after stimulation with S. 

aureus-CFS (Fig 6 and Paper II, Fig 1 and E1). This could be explained by the fact that the 

pool of memory TH17-cells is small in peripheral blood from healthy donors and that TH17-

cells do not proliferate in response to TCR triggering. TH17-cells may shift into a TH1 

phenotype in the presence of IL-12, which is most likely induced by S. aureus-CFS [400]. 

CD4+ T-cells did not express GATA-3 after stimulation with S. aureus-CFS (Paper II, Fig 

E1); in agreement with a lack of secreted IL-4 from PBMC-cultures. In contrast, both S. 

aureus-CFS and SEA induced secretion of IL-13. IL-13-secretion by TH2-cells is dependent 

on GATA-3 [401], indicating that the source of IL-13 may be innate cells like monocytes, 

NKT-cells or NK-cells.  
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UNCONVENTIONAL T-CELLS AND NK-CELLS 

Unconventional T-cells, including γδ T-cells and MAIT-cells, and NK-cells potently and 

rapidly induce effector immune responses upon encounter with pathogens, including bacteria. 

γδ T-cells contribute to protection against S. aureus through secretion of IL-17 [325, 326]. 

NK-cells are activated by S. aureus in a APC-dependent manner and protect in pulmonary S. 

aureus-infection in mice [327, 402], however their full contribution is not established. MAIT-

cells are activated by S. aureus [188, 403] but their role in S. aureus infection is unclear. 

 

Here, we were particularly interested in studying SEA- and S. aureus-mediated activation of 

innate lymphocytes (Paper III). Interestingly, both SEA and S. aureus-CFS readily induced 

activation of MAIT-cells, γδ T-cells and NK-cells in terms of IFN-γ-expression and cytotoxic 

capacity (Paper III, Fig 2, 6). MAIT-cells respond in an APC and MR1-restricted manner to 

bacteria-derived compounds originating from the riboflavin pathway [186, 187] and MAIT-

cells are described to be activated by S. aureus through this pathway [188, 403]. Still, the CFS 

from S. aureus 139:3 did not induce IFN-γ-expression (data not shown), indicating that the 

amount of riboflavin metabolites in the CFS is too low to induce activation of MAIT-cells and 

rather that SEs present in the 161:2-CFS are the main activating factors.  

The peripheral human γδ T-cell pool mainly constitutes of the Vδ2+ subpopulation, which 

responds to the bacterial metabolite HMB-PP. Despite the fact that S. aureus is HMB-PP 

negative, γδ T-cells still responded towards S. aureus-CFS and SEA, and also NK-cells 

(lacking a TCR) responded well to both S. aureus-CFS and SEA.  
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This leads to the question whether SEs are able to directly activate unconventional T-cells 

and NK-cells? Or is their activation indirectly mediated by APC? Blocking of IL-12 clearly 

inhibited S. aureus-CFS and SEA-mediated induction of IFN-γ in innate lymphocytes, and to 

a lesser extent in conventional T-cells (Paper III, Fig 3). APC-derived IL-12 is a key 

cytokine in S. aureus and SEA-mediated NK-cell activation [327, 404, 405]. We also 

observed a key role for APC in NK-cell activation as the depletion of monocytes from 

PBMC-cultures clearly reduced the percentage or IFN-γ+ NK-cells but not of IFN-γ+ CD8 T-

cells (Fig 9). 

 

 

 

This indicates that cytokines released by innate cells upon S. aureus-stimulation induce 

indirect activation of innate lymphocytes. Some support comes from other studies showing 

that patients who survived infection with avian H7H9 influenza pneumonia had higher 

numbers of peripheral MAIT-cells, compared to patients that succumbed. In vitro, human 

MAIT-cells produced robust IFN-γ and granzyme B upon co-culture with influenza A virus-

infected lung epithelial cells. In contrast to NK-cells, MAIT-cell responses were not IL-12-

dependent but instead depended on IL-18, showing that innate lymphocytes have different 

requirements for activation [406]. S. aureus induces IL-18-secretion from PBMC [407] and 

MAIT-cells express high levels of the IL-18R [408], indicating that IL-18 is an important 

cytokine in S. aureus-mediated activation of MAIT-cells and that this pathway is an important 

route of TCR-independent microbial activation of MAIT-cells.  

In mice, αβ T-cells promote the activation of γδ T-cells and NK-cells upon inhalation of 

SEA [409], further suggesting that the activation of innate lymphocytes is indirect. 
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γδ T-cells, MAIT-cells and NK-cells displayed different kinetics upon activation with SEA 

and S. aureus-CFS. After 24h stimulation, SEA induced an overall comparable percentage of 

IFN-γ+ cells, which increased with time within the γδ T-cell and MAIT-cell populations, but 

not in the NK-cell population. The difference in kinetics was evident also after stimulation 

with S. aureus-CFS (Fig 10). In summary, this could indicate that NK-cells are more 

influenced by early innate-derived cytokines, while γδ T-cells and MAIT-cells may be 

directly activated by SEA.    

   

 

 

 

To further investigate this, we purified monocytes and stimulated them with S. aureus-CFS 

and SEA, which was followed by subsequent washing (to remove produced cytokines and 

free SEA), and co-cultured them with autologous monocyte-depleted PBMC. In this setting, 

γδ T-cells, MAIT-cells and NK-cells were even more potently activated than CD4+ and CD8+ 

T-cells (Fig 11).  
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However, the activation of γδ T-cells, MAIT-cells and NK-cells could be indirect also in 

this experimental setup. Therefore, irradiated APC should be co-cultured with purified T-cell 

populations or NK-cells, to reveal if SEA directly activates these cell types.  

The S. aureus 161:2 strain carries the genes for both SEA and SEH. We therefore compared 

the response of T-cells and NK-cells towards these SEs. Upon stimulation of PBMC-cultures, 

SEH induced lower levels of IL-10, IFN-γ and IL-17A compared to SEA (Fig 12). This 

pattern was also seen with intracellular staining of IFN-γ-expression in T-cell and NK-cell 

populations (Fig 13), indicating a smaller pool of activated cells. SEA mediates T-cell 

activation through several TCR Vβ-chains, while SEH uses a limited number of Vα-chains to 

induce activation. Previous studies show that γδ T-cells proliferate in response to SEs [410]. 

Indeed, bovine γδ T-cells are directly activated by SEA and SEB [411] and structural research 

of the Vδ1 and Vδ2 TCR showed a binding site for SEA [412], hence SEA-mediated 

activation of γδ T-cells could be similar to that of conventional T-cells.  

MAIT-cells have a fixed TCR Vα-chain that can pair with a variety of Vβ-chains [413]. In 

accordance with our data, MAIT-cells carrying the appropriate Vβ-chain could be activated 

by SEA, while SEH, which binds a Vα-chain different from the one carried by MAIT-cells, 

would not induce activation. 
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SEB directly activates NK-cells by an unknown mechanism, possibly involving up-

regulation of MHC class II molecules on NK-cells [414]. The fact that SEH fails to activate 

NK-cells implicates that SEA-mediated activation of NK-cells is not solely indirect due to 

APC-derived cytokines. To confirm this conclusion, the activation of innate cells should be 

compared after stimulation with SEA and SEH.  

SEA binds to the IL-6 signal transducer gp130/CD130 when expressed on adipocytes [415]. 

Thus, another possibility also exists, namely that SEs mediate activation of unconventional T-

cells and NK-cells through alternative receptors, like CD130.  
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FIGURE 13. Human PBMC were stimulated with S. aureus 161:2-CFS and 50 ng/ml of SEA or SEH for 
48h. The percentage of IFN-γ+ cells among CD4+ and CD8+ T-cells (A) and among γδ T-cells, MAIT-cells 

and NK-cells (B) was determined by Flow Cytometry. 
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IMMUNE MATURATION AND THE INFLUENCE OF S. AUREUS AND 

LACTOBACILLI 

 
The process and direction of immune maturation is understudied in human infants and 

children. Due to material limitation, CB-cells or single-samples from one time-point during 

childhood are often used when studying immune function in early life, however these data 

might not properly reflect immune capacity later in childhood. In this thesis, we had the 

unique opportunity to investigate the maturation of immune cells and immunological factors 

at several time points up to ten years of age (Paper II, IV).    

Tregs play a crucial role to maintain immune homeostasis and a well-balanced immune 

response throughout life. Although the function of Tregs in CB has been extensively examined, 

few studies have investigated this population during childhood –a key period for the 

developing immune system. We investigated this population at two time-points during early 

childhood: two and seven years of age, in comparison to CB and adult Tregs. Notably, the 

percentage of CD25+FOXP3+ cells among CD4+ T-cells was similar between the age groups 

(Paper II, Fig 1), in agreement with results by others [235, 245]. 

The percentage of naive CD45RA+ cells among the FOXP3+ population negatively correlated 

with age, again confirming previous studies [235]. The percentage of HELIOS+ cells among 

the FOXP3+ population was significantly reduced with age and support that HELIOS-

expression defines tTregs, as argued by Ayyoub et al [416] (Paper II, Fig 1). The role of 

HELIOS as a marker for tTregs is controversial. The first FOXP3+ cells to appear in mouse 

thymus and spleen are indeed exclusively HELIOS+ and display an activated phenotype 

whereas FOXP3+HELIOS– cells do not appear in the spleen until ten days of life and then 

display a naive phenotype indicating later peripheral maturation. Also, FOXP3+ cells induced 

in vitro by TGF-β or in a in vivo model of oral tolerance are HELIOS– [127]. Tregs can be 

divided into functionally distinct subpopulations based on HELIOS-expression where 

HELIOS+ cells are mainly CCR7– TEM, whereas HELIOS– cells are CCR7+ TCM cells [417]. 

Tregs in the colon of GF mice express high levels of HELIOS, while expressing lower levels in 

colonized mice, indicating peripheral education of HELIOS– Tregs [118].  

 However, in humans, HELIOS– cells are found within the naive subpopulation of FOXP3+ 

cells, which is inconsistent with the general thought that pTregs are antigen-experienced. 

HELIOS– FOXP3+ cells are suppressive and show linage stability [130]. Also, HELIOS-

expression has been found both in in vitro and in vivo induced Tregs [129, 418]. In mice, 
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HELIOS-expression is connected to TH2 and TFH-differentiation in vivo, indicating a broader 

function extending beyond identifying different types of Tregs [419].   

Interestingly, the percentage of HELIOS+ cells among total CD4+ and CD4+FOXP3– T-cells 

in CB was around 50% and drastically decreased with age (Paper II, Fig E2). In a recent 

study, CD4+HELIOS+ and CD4+HELIOS– cells similarly expressed CD31, a marker for 

recent thymic emigrant cells. Further, HELIOS+ cells among both the CD4+FOXP3– and 

CD4+FOXP3+ populations were enriched for memory and effector phenotypes leading the 

authors to the conclusion that HELIOS-expression is connected to activated T-cells [128]. In 

agreement, we found that the majority of adult FOXP3+ cells were HELIOS+CD45RA–, 

however in children, the majority of HELIOS+ cells co-expressed CD45RA (Fig 14). A 

mature phenotype of HELIOS+ Tregs does not exclude the possibility of thymic origin, since 

also tTregs may encounter antigen in the periphery resulting in their maturation. 

 

 

Regardless if HELIOS identifies tTregs, this TF is important for Treg-function. Impaired 

expression of HELIOS in FOXP3+ cells results in defective regulation and autoimmunity and 

HELIOS-deficient Tregs have reduced FOXP3-expression and increased production of effector 

cytokines [420]. HELIOS regulates IL-2-production in Tregs and thereby maintains their 

anergic phenotype. In opposite, forced HELIOS-expression in FOXP3– cells results in loss of 

IL-2-production [421].  

 

Tregs from seven-year-olds more resembled Tregs from two-year-olds than those from adults, 

in terms of naivety (CD45RA and HELIOS), indicating a slow maturation of these cells in the 

Swedish children. A slow maturation process might have consequences for health later in life 
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- a reduced microbial burden during childhood is suggested to decrease the activity of Tregs 

and contribute to the increase in immune-mediated diseases seen in developed countries 

[222]. It would therefore be interesting to compare our data with Tregs from children living in 

areas with higher microbial burden. 

 

In order to investigate the functionality of FOXP3+ cells in childhood, we stimulated 

PBMC from children and adults with S. aureus 161:2-CFS. The percentage of FOXP3+ cells 

increased for both children and adults (Paper II, Fig 1). This was accompanied by an 

increased expression of CTLA-4 in FOXP3+ cells, which was positively associated with age 

(Fig 15). We do not know the functional relevance of lower CTLA-4-expression in childhood, 

but could speculate that either FOXP3+ cells from children are impaired in APC-regulation or 

that APC in children are less activated than in adults, and therefore require less regulation.   

 

 

The percentages of IL-10+ and IFN-γ+ cells among the FOXP3+ population after stimulation 

with S. aureus-CFS increased with age (Paper II, Fig 1). Data regarding impairment of IL-

10-production during childhood is conflicting, while lymphocyte IFN-γ-production is clearly 

impaired in early life, at least in CB [236]. More specifically, the frequency of CD4+IFN-γ+ 

T-cells positively correlates with age after in vitro stimulation of human whole blood with 

SEB [238]. The capacity of FOXP3+ cells to express IL-17A was more similar at all ages 

investigated (Paper II, Fig 1). 

 

To explore if FOXP3+ cells had features of TH-cells during childhood, we investigated basal 

expression of the TH1-related chemokine receptor CXCR3 and the TH17-associated marker 

CD161. CD161-expression on Tregs positively correlates with age during childhood [170]. 
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With our defined age groups, we show that the percentage of CD161+ cells among the 

FOXP3+ population gradually increased with age, while the percentage of CXCR3+ cells was 

lower in CB but similar between the other age groups (Fig 16 and Paper II, Fig 1). This 

suggests that Treg-expression of these markers is differently regulated during childhood, 

maybe due to different types of exposures. Also, CD161+ and CXCR3+ non-Treg CD4+ T-cells 

might differently up-regulate FOXP3-expression throughout childhood. CD161-expression 

was strictly associated with a non-naive phenotype (CD45RA–), which was not the case for 

CXCR3 (data not shown), and increased CD161-expression during childhood might mirror an 

increase in memory cells within the FOXP3+ population. 

   

 

 

Stimulation of PBMC from children with S. aureus 161:2-CFS increased the percentage of 

CD161+ cells and CD161 surface expression among FOXP3+ cells. However, this increase 

was not as pronounced as in adults (Paper II, Fig 1). Likely, the age-associated increase in 

cytokine-expressing FOXP3+ cells relates to an increased CD161-expression with age. 

Expression of CD161 is associated with T-cell homing and CD161+ T-cells express high 

levels of CCR6 indicating gut homing properties. Further, blood CD161+ CD4 T-cells express 

high levels of integrin β7 compared to CD161– cells. Integrin β7 is up-regulated by T-cells 

upon priming by intestinal DC suggesting that circulating CD161+ T-cells have been primed 

in the intestine [422], possibly explaining why CD161+ T-cells show a predominantly non-

naive phenotype. It is intriguing to speculate that the age-related increase in peripheral 

CD161+ Tregs is linked to a continuous priming and migration of Tregs in and from the gut.  

The lower cytokine-responses of FOXP3+ cells from children were mirrored by a lower 

percentage of cytokine-expressing cells among the total CD4+ and CD8+ T-cell populations 

after stimulation with S. aureus-CFS (data not shown). Further, PBMC-cultures from children 
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secreted lower levels of IL-10, IFN-γ and IL-17A compared to adults (Paper II, Fig E3). 

Together, this supports a general impairment in the cytokine-producing capacity of the 

conventional T-cell compartment upon stimulation with S. aureus. In contrast, the capacity of 

CD8+ T-cells in PBMC from two-year olds to proliferate and up-regulate CD107a in response 

to S. aureus-CFS was comparable to adults (data not shown). 

 

Children are highly susceptible to infection, possibly due to a higher number of naive T-

cells. We therefore investigated the activation and differentiation of naive CD4+ T-cells co-

cultured with autologous monocytes after stimulation with S. aureus-CFS. After stimulation, 

naive CD4+ T-cells down-regulated CD45RA and up-regulated CD45RO (Fig 17), and had 

reduced cell surface expression of CD62L indicating a maturing phenotype (Fig 18).  
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Overall, S. aureus-CFS promoted a TH1 phenotype in naive CD4+ T-cells. T-bet was 

notably induced in some donors while induction of FOXP3 was less evident (Fig 19). 

Expression of GATA-3 or RORγt was not detected (Paper II, Fig E1). 

 

 

 

Cultures of naive CD4+ T-cells + autologous monocytes secreted IL-2 (data not shown), IL-

10, IL-13 and IFN-γ after stimulation with S. aureus-CFS (Fig 20). Most likely, monocytes 

contributed to secretion of IL-10 and IL-13 but intracellular stainings are needed to determine 

the cellular origin of the secreted cytokines.  

 

 
 

IL-17A was not detected in naive CD4+ T-cell cultures (Fig 20). In contrast, monocytes 

stimulated with whole S. aureus have been shown to induce IL-17, CCR6 and RORγt-

expression in naive CD4+ T-cells [423], suggesting that the CFS does not induce cytokines 

required for TH17-differentiation. Also, naive cells from children were found to be poor IL-

17-producers following contact with superantigen-producing S. aureus [338]. This is 
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somewhat contradictory to the fact that neonatal TH17-responses are believed to be fully 

functional at birth [240–242]. DC from human newborns potently secrete IL-23 which could 

support an existing IL-17 axis and compensate for defective TH1-immunity in early life [424]. 

However, IL-23 does not drive TH17-differentiation and naive T-cells lack the IL-23R, 

arguing against IL-23 as a driving force of TH17-immunity in the first years of life [53]. 

Skin colonization with S. aureus is connected to AD and eczema [347]. In patients with AD, 

skin-colonization positively associates with food allergy [425] and the secretome from S. 

aureus in AD skin induces a pro-inflammatory profile in monocyte-derived DC and promotes 

proliferation of allogeneic CD4+ T-cells [426]. Gut colonization with S. aureus in early life 

has been linked to allergy development [308]. SEA promotes TH2-responses in allergen-

specific CD4+ T-cells and subsequent asthma by induction of TH2 cytokines from allergen 

non-specific Tregs [351]. Asthmatic patients have higher serum concentrations of IgE specific 

for S. aureus-enterotoxins [348, 349] and nasal colonization positively associates with asthma 

in children and young adults [350]. S. aureus-CFS induced low amounts of secreted IL-13 but 

failed to induce IL-4-production and GATA-3-expression in naive CD4+ T-cells (Fig 20 + 

Paper II, Fig E1). As toxin concentration and source of APC might influence TH-

differentiation [427], this could suggest that our conditions were inadequate for TH2-

induction. Naive CD4+ T-cells from CB and infants are poised to run a non-classical IL-4 

program with a preferred expression of GATA-3 [428], suggesting that the lack of TH2-

differentiation in naive T-cells from adults might not hold true in children. Due to the limited 

number of cells available from children, we were restricted to the usage of adult, naive CD4+ 

T-cells. 

 

The process of immune maturation is clearly influenced by the gut microbiota. Gut 

colonization is linked to the development of allergic disease and other immune-mediated 

disorders [305–307, 311, 312]. In humans, the early-life gut microbiota associates with 

peripheral immune maturation and responsiveness [296, 298, 299]. In murine models, 

colonization influences Treg-development and function in the gut [117, 118, 283]. Further, 

microbial-derived products promote Treg-function in the gut and periphery [288, 429]. Upon 

TCR-stimulation, neonatal CD4+FOXP3– T-cells were found to generate into Tregs by default, 

while only 10% of adult T-cells up-regulated FOXP3 [430], suggesting that signals from the 

gut microbiota may influence Tregs uniquely during early childhood and supporting the 

importance of studying infant Tregs and environmental cues that affect their maturation.  
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Today, limited data describe how gut colonization influences peripheral Tregs in humans. 

Considering the pronounced in vitro activation of FOXP3+ cells by S. aureus, we investigated 

if early-life colonization with this bacterium associates with the phenotype and functional 

responses of peripheral FOXP3+ cells at two years of age. 

 

In accordance with other studies [308, 345], the majority of children investigated were 

colonized by S. aureus at all time points analysed (one week, two weeks and two months of 

age). Five out of 25 children were negative for S. aureus at all investigated time-points. 

PBMC from two-year old children colonized with S. aureus early in life contained a higher 

percentage of CD161+ cells among the FOXP3+ population (Paper II, Fig 2) and the relative 

amounts of S. aureus in feces from all time points positively correlated with the percentage of 

CD161+ cells. Further, the cell surface expression of CD161 after stimulation with S. aureus-

CFS positively correlated with S. aureus-amounts at two weeks of age (data not shown). As 

CD161-expression is connected to a mature phenotype, this would then suggest that S. aureus 

exposure drives maturation of the FOXP3+ compartment. Indeed, S. aureus-colonization 

negatively correlated with the percentage of naive CD45RA+ cells, however these results 

were not statistically significant (data not shown). S. aureus is a potent inducer of T-cell 

activation, and colonization might promote systemic activation and an increase in cells with 

memory features. Interestingly, circulating CD161+ T-cells show signs of intestinal priming 

[422]. The percentage of IL-10+ cells among the FOXP3+ population increased after 

stimulation with S. aureus-CFS, and also positively correlated with S. aureus-amounts (Paper 

II, Fig 2). This might be a consequence of the increased percentage of CD161+ cells, as we 

demonstrated that CD161 is a marker for cytokine-production in FOXP3+ T-cells (Paper I). 

Still, S. aureus-colonization did not associate with higher percentages of IFN-γ+ and IL-17A+ 

FOXP3+ cells. Perhaps the low responsiveness and percentage of cytokine-expressing cells in 

the two-year old children mask differences in cytokine-producing capacity.  

 

Lactobacilli are present at relatively low numbers in the adult gut, but more frequently 

found in children. Half of the children included in this study were colonized by lactobacilli at 

one or more time points investigated (one week, two weeks and two months of age). 

Lactobacilli-colonized children had a lower percentage of IL-10-expressing FOXP3+ cells 

after stimulation with S. aureus-CFS (Paper II, Fig 2). This might not only be related to the 

FOXP3+ compartment as we have previously shown that colonization with lactobacilli 

associates with fewer IL-10-producing PBMC after PHA-stimulation [299].  
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Lactobacilli promote an increase in Tregs, both after in vitro stimulation and in vivo after 

supplementation in murine models [431, 432]. Administration of lactobacilli generates an 

increase in splenic Tregs and alters cytokine-production by splenic TH-cells [362]. Our results 

showed that lactobacilli-colonization did not correlate with the percentage of FOXP3+ cells 

later in life. Here, we only investigated the presence of three lactobacilli-species; therefore a 

more comprehensive study needs to be conducted to investigate if the amount of lactobacilli 

in the gut correlates with peripheral Treg frequency.  

 

We and others have shown that lactobacilli-colonization and supplementation negatively 

associates with allergy [311, 312, 366]. An altered microbial exposure, including changes in 

the gut microbiota, might drive improper TH1-maturation and prolong TH2-skewing, thereby 

increasing the risk for allergy.  

In our prospective birth cohort, we investigated allergic disease during childhood in relation 

to the early-life gut microbiota and circulating plasma cytokine- and chemokine-levels. 

Further, the inclusion of children with both non-allergic and allergic parents, makes our 

results representative to the general population, in opposite to the majority of other studies 

aimed at investigating childhood allergy, which only include high-risk children.  

The prevalence of allergic disease increased between two and five years of age (Paper IV, 

Fig 1), but was overall lower compared to the cumulative prevalence of allergy in another 

Swedish cohort [433]. Having two allergic parents associated with allergic disease (Paper IV, 

Fig 2). Indeed, double parental heredity (DH) and having several allergic family members 

increase the risk to develop allergy [434, 435].  

Allergic disease was connected to autumn/winter birth (Paper IV, Fig 3). The season of 

birth associates with both epigenetic and immunological changes [436, 437], suggesting that 

such events may partly underlie the observed effect of birth season on allergy development.    

Higher levels of TH2, TH17 and TFH-related chemokines in early life associated with later 

becoming allergic, and this was most evident in children being persistently allergic up to five 

or ten years of age (Paper IV, Fig 4, 5). Indeed, TH2-related chemokines are connected to 

allergy [438, 439], and may promote or prolong TH2-skewing in early life. The altered 

chemokine-profile did not reflect in differences in cytokine-levels between allergic and non-

allergic children. Still, having higher levels of certain chemokines may influence the 

subsequent TH-response upon encounter with stimulatory agents, such as allergens.    
Interestingly, infant lactobacilli-colonization associated with lower chemokine-levels early 

in life (Paper IV, Fig 8), and with increased IFN-γ-levels in plasma from five-year olds 
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(Paper IV, Fig 9). Whether lactobacilli-colonization directly influences circulating cytokine- 

and chemokine-levels, especially as late in life as five years of age, is yet to be investigated. 

Perhaps, lactobacilli-colonization is representative of a more proper immune maturation that 

associates with a decreased risk to develop allergy. Indeed, lactobacilli-colonization 

associated with remaining non-allergic up to ten years of age (Paper IV, Fig 7). Although 

there was a higher percentage of children with DH in the lactobacilli-negative group, we still 

observed a negative association between lactobacilli-colonization and allergy (Paper IV, Fig 

6, 7).               

The mechanisms by which lactobacilli are able to influence allergic disease are not known. 

Considering the dramatic increase in allergic prevalence and severity [440, 441], it is of great 

importance to further examine how lactobacilli might concert protective effects to prevent 

allergy. In a pilot experiment, lactobacilli-CFS reduced GATA-3-expression in naive CD4+ T-

cells, induced by S. aureus-CFS + rhIL-4. This prompts for further investigation of 

lactobacilli-mediated effects on TH2-differentiation, particularly in children (Fig 21). 
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FIGURE 21. Whole PBMC or isolated naive CD4+ T-cells + autologous monocytes were left 
unstimulated or stimulated with S. aureus 161:2-CFS +/– lactobacilli-CFS in the presence of rhIL-4 for 

48h. The intracellular expression of GATA-3 in CD4+ T-cells was investigated by Flow Cytometry. 
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It is important to stress that the results presented in Paper IV are preliminary. We have not 

yet performed a complete statistical analysis of the data and results are yet to be corrected for 

confounding factors. We will proceed with investigating if other species of the infant gut, e.g. 

S. aureus, bifidobacteria and C. difficile, relate to allergy development and plasma cytokines 

and chemokines. Further, we need to examine different types of allergy, like asthma and food 

allergy, among the allergic children in association with age, allergic heredity, birth season, gut 

colonization and plasma factors.    
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LACTOBACILLI-MEDIATED MODULATION OF IMMUNE ACTIVATION 

IN VITRO 
 

Human ex vivo studies suggest that certain species of bacteria associate with beneficial 

effects when present in the gut or when administered as probiotics. Still, the mechanisms by 

which gut microbes influence human immune cells and mediate their effects in vivo are 

difficult to study and therefore often conducted with human PBMC or IEC-lines. Still, it is 

important to remember that the peripheral cellular composition and immunological milieu 

differ from that in the gut, when interpreting generated data.  

The experimental design is important for the outcome of studies investigating lactobacilli-

immune system interactions. Live or heat-treated L. paracasei differentially stimulate 

monocytes in PBMC-cultures [442]. Further, bacterial metabolites cross the epithelial barrier, 

retain bioactive properties and affect peripheral immunity in vitro and in vivo [288, 443, 444]. 

Whole LGG and its soluble factors similarly activate human blood APC [445]. In contrast, L. 

rhamnosus CNCMI-4036 soluble factors were less efficient compared to live bacteria in 

inducing pro-inflammatory cytokines in human DC [446]. While cell surface components of 

lactobacilli induced an array of cytokines in human PBMC, the CFS mainly induced IL-10 

[443], suggesting that soluble factors are effective in inducing an anti-inflammatory response, 

while cell-surface components of lactobacilli seems to have an opposite effect.  

   Here, we aimed to investigate if lactobacilli-derived soluble factors could modulate the 

activation of innate and adaptive lymphocytes (Paper II, III). 

 

We have shown that the CFS from several lactobacilli-species dampen TH-related cytokine-

responses in PBMC and that lactobacilli-colonization is associated with fewer cytokine-

secreting PBMC after PHA-stimulation [299, 384]. In the presence of L. reuteri DSM 17938-

CFS (L. reuteri-CFS), the increase in the percentage of FOXP3+ cells induced by S. aureus-

CFS was reduced (Fig 22).  
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L. reuteri-CFS also dampened S. aureus-induced expression of CD161 and cytokines in 

FOXP3+ cells and reduced IFN-γ and IL-17A-secretion from PBMC-cultures in both children 

and adults (Paper II, Fig 2, Fig E3).  
The presence of either L. reuteri- or LGG-CFS reduced the percentage of IFN-γ-expressing 

T-cells and NK-cells in PBMC-cultures stimulated with S. aureus-CFS, SEA or CD3/CD28-

beads (Paper III, Fig 4). Further, lactobacilli-CFS dampened S. aureus-CFS-induced 

proliferation of CD4+ and CD8+ T-cells (Paper III, Fig 5) and reduced the percentage of 

CD107a+ CD8 T-cells, γδ T-cells and NK-cells, indicating a reduction in cytotoxic capacity 

(Paper III, Fig 6). Dampening of IFN-γ-expression was evident also when PBMC were pre-

incubated with lactobacilli-CFS, washed and stimulated with S. aureus-CFS (Paper III, Fig 

7). This indicates that the lactobacilli-CFS halts T-cell-activation by rendering them less 

responsive upon subsequent stimulation. Here it would be interesting to continue with a 

prolonged S. aureus-stimulation to investigate if this effect was sustained or only temporary.  

L. rhamnosus and L. reuteri impede the cell cycle progression of epithelial cervical cells and 

induce accumulation of cells in the G1-phase of the cell cycle. Further, bacteria-derived 

supernatants and pure lactic acid reduce cell proliferation [447]. L. helveticus inhibits LPS-

induced proliferation of murine T-cells through reduced phosphorylation of the c-Jun N-

terminal kinase (JNK), which halters the cell cycle in the G2/M phase and prevents cell cycle 

progression [448]. L. gasseri RNA has been shown to dampen the proliferation of mouse 

CD4+ T-cells [449]. L. paracasei ssp suppressed the proliferation of isolated human CD4+ and 

CD8+ T-cells after stimulation with CD3/CD28-beads without affecting cytokine-production. 

This effect was linked to inhibition of the monocarboxylate transporter MCT-1 and reduced 

intracellular pH [450].  

Lactobacilli produce lactic acid, which could affect immune cell activation through reduced 

pH. Still, the usage of pH-neutralized CFS in our studies excludes acidification of the cell 

medium as a key mechanism for the dampening. Interestingly, lactate, the non-acidic product 

of lactic acid, reduces NK-cell cytotoxicity [451]. Lactate was present in CFS from both 

lactobacilli-strains used in our study (Paper III, Table 1) and commercial lactate selectively 

reduced the percentage of IFN-γ-expressing unconventional T-cells and NK-cells (Paper III, 

Fig 9). Differences in metabolic status and cell subset composition between innate and 

adaptive lymphocytes could result in differing sensitivity to lactate [452, 453]. Our data 

suggests that lactate may contribute to lactobacilli-mediated dampening of innate 

lymphocytes, which is in line with the higher relative dampening observed in these cell types. 

Still, additional factors are clearly involved.  
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Lactobacilli soluble factors are suggested to mediate immune-modulatory effects. The 

protein p40 reduces intestinal epithelial apoptosis thereby preventing and treating intestinal 

inflammation in mice [454] and histamine suppresses TNF-production by monocytes [455]. 

The role for histamine and the histamine receptor on cytokine-production is mostly limited to 

myeloid cells and TNF-production. Further, we have previously investigated the histamine-

production by L. reuteri DSM 17938 and LGG, and found low levels in L. reuteri-CFS (<100 

pg/ml) and non-detectable levels in LGG-CFS [384]. Therefore, the effects seen in this thesis 

are most likely not mediated by histamine. 

Further, we observe dampening of cytokine-responses also when using whole, killed 

lactobacilli (Mata Forsberg et al, unpublished observation). Thus, the possibility exists, that 

shed cell surface components mediate dampening. To the best of our knowledge, the 

modulatory effect of whole lactobacilli on lymphocyte-activation has not been thoroughly 

investigated. We are currently examining the lactobacilli-CFS in greater detail. Size 

fractionation of the CFS revealed that IFN-γ and IL-17A-responses are modulated by factors 

of different size and fractions of interest are currently being analysed by HPLC. Neither the 

removal of lipids from the CFS nor treatment with RNAse or DNAse has given further 

information regarding the responsible molecules (Mata Forsberg et al, unpublished data). 

Lactobacilli induce Tregs in vitro and in vivo [362, 431], still we did not observe alterations 

in the FOXP3+ compartment after stimulation with lactobacilli-CFS, indicating that Tregs are 

not involved in the dampening. Other studies suggest that lactobacilli-induced IL-10-

production may contribute to their immune-modulatory capacity [443, 456–458]. As 

expected, lactobacilli-CFS induced IL-10-secretion from monocyte- and PBMC-cultures in 

our experiments, however blocking of IL-10 did not prevent dampening. It should be noted 

that the IL-10-blocking was effective by other means and resulted in higher secretion of IFN-γ 

from S. aureus-stimulated PBMC-cultures (Paper III, Fig 7). We should therefore further 

investigate if lactobacilli-CFS induces secretion of other cytokines capable of modulating T-

cell activation.   

DC matured in the presence of L. rhamnosus decrease the proliferation and cytokine-

production of TCR-stimulated naive T-cells [459] indicating an involvement of APC in 

lactobacilli-mediated modulation of lymphocytes. However, depletion of monocytes from 

PBMC-cultures did not affect dampening of IFN-γ (Paper III, Fig 7), and purified monocytes 

stimulated with S. aureus-CFS + lactobacilli-CFS did not mediate a clear dampening of 

lymphocyte IFN-γ-expression compared to S. aureus-CFS alone (Fig 23). 
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To rule out that the potent capacity of the lactobacilli-CFS to dampen immune activation 

was due to toxic compounds in the CFS, we always checked viability of immune cells after 

stimulation. Throughout the studies, we never observed a reduced viability of cells exposed to 

lactobacilli-CFS. Further, stimulation with lactobacilli-CFS increased the expression of the 

activation marker CD69 on γδ T-cells and MAIT-cells despite reduced IFN-γ-expression (Fig 

24). Lactobacilli-CFS also induced secretion of IL-6 and IL-10 from PBMC-cultures (Paper 

III, Fig 7). In fact, lactobacilli soluble factors decrease TNF-secretion from murine 

macrophages without affecting IL-10-secretion, indicating selective immune modulatory 

effects [460].  

Initially, we carefully evaluated how the lactobacilli-growth medium (MRS) influenced 

immune cells and did not observe any effects compared with RPMI [384]. The usage of pure 

MRS as a negative control is problematic, since the initial MRS-composition will greatly 

differ compared to after 20h of bacterial culture. We have therefore started to culture the 

bacteria in RPMI-1640+glucose without serum. There are no differences in the dampening of 

induced IFN-γ, IL-17A and proliferation between MRS-CFS and RPMI-CFS. In our recent 

publication, DC maturation and activation was investigated after exposure to lactobacilli-CFS. 
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FIGURE 23. Purified human monocytes were stimulated with S. aureus 161:2-CFS or SEA in the absence 
or presence of lactobacilli-CFS for 4h before subsequent washing and co-culture with autologous monocyte-
depleted PBMC. The percentage of IFN-γ+ cells among CD4+ and CD8+ T-cells (A) and among γδ T-cells, 

MAIT-cells and NK-cells (B) was determined by Flow Cytometry. 
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Here we used RPMI-CFS as a control, with MRS-CFS used for the main body of 

experiments. No differences were observed [461]. 

 

 
 

 
 

In summary, our results show that lactobacilli-CFS dampen the activation of T-cells and 

NK-cells, while maintaining the capacity to induce activation of innate cells. A reduced T-cell 

cytokine-response could be one mechanism explaining the reduced risk of atopic disease 

connected to lactobacilli. Indeed, an overall increased cytokine profile is connected to allergy 

development [462, 463]. Interestingly, LGG suppresses genes encoding for allergy-related 

high affinity IgE receptor subunits alpha and gamma, and the histamine H4 receptor in in 

vitro-stimulated mast cells [464].  
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FIGURE 24. PBMC from two-year 
old children were stimulated with L. 

reuteri-CFS for 24h and the 
expression of CD69 on MAIT-cells 
(top row) and on Vδ2– and Vδ2+ γδ 

T-cells (lower row) was investigated 
by Flow Cytometry. 
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NEW INSIGHTS IN IMMUNE MATURATION – UNCONVENTIONAL T-

CELLS 
Even though the focus of this thesis is on FOXP3+ T-cells and the responses of adult 

lymphocytes to S. aureus and lactobacilli, one of the original main goals of my PhD studies 

was to investigate the maturation of γδ T-cells and MAIT-cells in childhood. The phenotype 

and functional responses of these cells have been examined in utero and in CB, while very 

few studies have investigated their functional capacity, especially after microbial stimulation, 

later in childhood. Here, we had the unique opportunity to investigate the phenotype and 

functionality of γδ T-cells and MAIT-cells at birth and during childhood.  

 

In adults, the Vγ9+Vδ2+ subpopulation dominates the γδ T-cell compartment in blood, while 

this population is close to absent in CB. The pan γδ TCR+ population clearly increased 

between birth and seven years of age, with a clear expansion of the Vδ2+ subpopulation (Fig 

25A). The expansion of Vδ2+ cells might be linked to an increased encounter of HMB-PP+ 

microorganisms during childhood.  

In opposite, the percentage of MAIT-cells was significantly higher in adults compared with 

children (Fig 25B). 

 

 

We have observed an age-related impairment in γδ T-cell-responses towards certain 

pathogens, perhaps those not producing HMB-PP. In the case of S. aureus, this might be 

linked to the presence of SEs or to molecules activating through PRRs. In a mouse model of 

RSV infection, neonatal mice failed to induce IL-17-producing γδ T-cells, worsening disease 

outcome [465]. In comparison, S. aureus-CFS induced a lower, non-significant, percentage of 

IFN-γ+ NK-cells in PBMC from two-year old children compared to adults (data not shown). 
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FIGURE 25. CBMC and PBMC from two- and seven-year old children and adults were rested for 
3h and the percentage of pan γδ TCR+ cells among the CD3 population (A), of Vδ2+ cells among γδ 
T-cells (A) and of MAIT-cells among the CD3 population (B) was evaluated by Flow Cytometry. 
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NK-cell-responsiveness towards S. aureus strongly relies on monocyte-derived cytokines and 

the maturation of NK-cell responses in childhood may depend on monocyte-functionality.  

Due to the low percentage of MAIT-cells in children, we were not able to evaluate cytokine-

expression in this compartment. 

 

Studies suggest that early life encounters with both bacteria and viruses are important for 

the expansion and maturation of innate lymphocytes. HMB-PP+ microorganisms may drive 

the expansion of Vδ2+ cells. Cytomegalovirus (CMV) affects the maturation of NK-cells 

[466–468] and elicit γδ T-cell activation in utero [469]. Colonization may affect the 

maturation of unconventional T-cells since MAIT-cells are absent in GF mice [183]. 

Microbial colonization drives the expansion of IL-1R1- and IL-17-expressing γδ T-cells and 

IL-17+ γδ T-cells selectively expand in response to pathogens and environmental signals [470, 

471]. To the best of our knowledge, the early-life gut microbiota has not been connected to γδ 

T-cell maturation in humans. We found that the percentage of γδ T-cells and Vδ2+ γδ T-cells 

was higher in two-year old children colonized by lactobacilli in infancy, while S. aureus-

colonization did not associate with γδ T-cell phenotype. Further, children that were 

seropositive for CMV at two years of age had a lower percentage of naive cells and a higher 

percentage of terminally differentiated effector memory cells within the Vδ2– population.  

 

Our results showed a strong correlation between age and CD161-expression in CD4+ T-cells 

and FOXP3+ cells (Paper II). Similarly, the percentage of CD161+ cells among the CD8+ T-

cell population was clearly related to age (data not shown). Further, the lower percentage of 

MAIT-cells in children could be a result of lower CD161-expression and not of the proportion 

of Vα7.2+ cells. In contrast, CD161-expression among innate lymphocytes was not as clearly 

connected to age. The percentage of CD161+ NK-cells was similar between two-year olds and 

adults, and NK-cells from two-year olds had a higher cell surface expression of CD161 

compared to adults. The percentage of CD161+ cells among the Vδ2– population increased 

with age, which was not the case for the Vδ2+ population, and Vδ2– and Vδ2+ cells from 

children displayed a higher cell surface expression of CD161 compared to adults.  

The different pattern of CD161-expression in relation to age between innate and adaptive 

lymphocytes suggests distinct functions of this marker on different lymphocyte subsets. 

Interestingly, IL-2 and IL-12 are suggested to modulate CD161-expression in NK-cells and T-

cells [472, 473], thus the cytokine-environment in childhood could favour CD161-expression 

on distinct lymphocyte populations. 
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GENERAL CONCLUSIONS 
Many factors, both genetic and environmental, will shape the developing immune system in 

children. Species of the gut microbiota may be one source of signals encountered during the 

early “window of opportunity” when the immune system is shaped and directed. The 

availability of immune cells from children is often limited. Therefore, studies on CB and adult 

cells, as well as cell lines, are important to gain basic knowledge on how species of the gut 

microbiota affect immune cells. In this thesis, we also had unique access to PBMC and 

plasma from children. By studying childhood immunity, we acquire novel insights in how the 

immune system functions, matures and responds. This knowledge can provide a deeper 

understanding of  “what happens on the way” towards adult immunity.  

We conclude that S. aureus induces a pleiotropic response in Tregs and that early-life S. 

aureus-colonization may influence Treg peripheral maturation, also indicating their importance 

upon S. aureus-infection. Further, S. aureus and staphylococcal enterotoxins are potent 

activators of unconventional T-cells and NK-cells, highlighting the need to further investigate 

the role for these cells in the response towards S. aureus. As the majority of S. aureus-strains 

that colonize the infant gut express enterotoxins, this could be one mechanism by which S. 

aureus influences the innate lymphocyte compartment in situ. Interestingly, both innate and 

adaptive lymphocytes show an age-related impairment of activation by S. aureus. 

Soluble components from lactobacilli dampened the activation of innate and adaptive 

lymphocytes in vitro, while still activating innate responses. Thus, lactobacilli can concert 

selective regulation of the immune system and may be important immune-modulators. Indeed, 

lactobacilli-colonization was associated with remaining non-allergic and with reduced levels 

of chemokines that might promote type-2 immunity.   

In the future, one key to understand the developing immune system and the diseases 

associated with a dysregulated immune development will be to investigate the total microbial 

community in different compartments and its impact on the immune system.    
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FUTURE PERSPECTIVES 
 

THE IMPACT OF S. AUREUS AND LACTOBACILLI ON THE DIFFERENTIATION 

OF NAIVE T-CELLS FROM INFANTS 

S. aureus-CFS and SEA induced TH1 and Treg-phenotypes in adult CD4+ T-cells, including 

the naive compartment. Still, S. aureus is known to induce both TH2 and TH17 responses in 

vivo. Therefore, we will investigate the requirements of S. aureus-mediated induction of TH2 

and TH17 immunity in adult naive CD4+ T-cells. We will use DC in our co-culture system to 

ensure optimal priming of T-cells. Further, we will study the differentiation of naive CD3+ T-

cells from children since we believe that early childhood provides a window of opportunity 

for gut bacteria to profoundly influence the maturing immune system. Further, TH2-skewness 

indicates that T-cells from children might respond differently to S. aureus. Lactobacilli will 

be examined for their potential to modulate S. aureus-induced T-cell differentiation.   

 

ENTEROTOXIN-MEDIATED ACTIVATION OF INNATE LYMPHOCYTES 

SEs may be able to directly activate innate lymphocytes. To further investigate this, we will 

co-culture irradiated monocytes or DC with purified CD3+ T-cells or NK-cells in the presence 

of several SEs. Also, the supernatant of SE-stimulated APC will be transferred to isolated 

unconventional T-cells or NK-cells to investigate indirect effects. We will use a 

CD130/gp130-expressing, MHC class II-negative adipocyte cell line to investigate if this cell 

surface receptor can mediate lymphocyte activation by SEs.  

 

MATURATION OF UNCONVENTIONAL T-CELLS IN CHILDHOOD 

Unconventional T-cells may be of crucial importance in early life. We will further 

investigate their maturation in relation to gut colonization and examine their effector 

responses upon stimulation with pathogenic bacteria and species of the gut microbiota. 

 

CHILDHOOD ALLERGY AND ASTHMA, PLASMA CYTOKINE/CHEMOKINE-

LEVELS AND THE EARLY GUT MICROBIOTA 

We will further analyse allergy development in relation to plasma cytokine/chemokine 

levels and the early-life gut microbiota, including lactobacilli and bifidobacteria. 

Additionally, the incidence of wheezing/asthma up to two years of age and lung capacity at 

five and ten years of age will be investigated in relation to the early gut microbiota.  



	   81 

ACKNOWLEDGEMENTS 
 
I believe that every person that you meet, and every place you ever visit, no matter how brief, 
will shape you and make you grow. Therefore, I am grateful to have engaged with so many 
amazing persons and places throughout my PhD. I want to express my sincerest gratitude to 
colleagues, co-authors and collaborators for their immense contributions. 

 
To my supervisor Eva Sverremark-Ekström. I am grateful that you believed in my capacity 
to do a PhD. You have given me the confidence to work freely, by always offering me as 
much responsibility as I wanted and the freedom to follow my own ideas, in combination with 
unlimited support and feedback. 

 
To my co-supervisor Ulrika Holmlund. You believed in me and cared about me from the 
start. You have taught me to be helpful, humble and critical of my own work. I want you to 
know how much I appreciate everything you have done for me!   
 
To the seniors of the old Immunology Department: Marita Troye-Blomberg, Carmen 
Fernandez, Eva Severinson and Klavs Berzins, for the valuable input throughout the years. 
 
I would like to thank my colleagues in the Infection and Immunobiology focus area and 
especially the people in the F5 corridor, for providing a friendly and interactive atmosphere! 
 
My gratitude to the Institution for supporting my PhD-studies and for creating a fruitful 
research environment. In addition, I wish to thank our funding sources that have made these 
studies possible (funders are listed in the papers).  
 
I want to give my appreciation to the administrative and technical staff for giving excellent 
help during these years. My warmest thanks to Bea, you have been so incredibly helpful and 
always with a smile on your face! Sometimes, you light up my dayJ. Thanks to Margareta 
“Maggan” Hagstedt for great help during the first years of my PhD-studies.  
 
To my amazing collaborators and co-authors, for your invaluable contributions and for further 
educating me in the field of immunology and beyond: For managing the prospective allergy 
cohort, Caroline Nilsson at the Karolinska Institute and Sachs Children’s Hospital. For 
measurements of plasma-factors, Claudia Carvalho-Queiroz at the Karolinska Institute. For 
experimental design and input, Maria C Jenmalm at Linköping University. For providing the 
bacterial supernatants, Stefan Roos at BioGaia and SLU. For excellent knowledge on 
unconventional T-cells and an eager to help, Matthias Eberl with group at Cardiff 
University. For trying to teach me the spectratyping technique and for data discussions, David 
Vermijlen at the Free University of Brussels. For providing staphylococcal enterotoxins and 
new ideas, Karin Lindkvist and Paulina Regenthal at Lund University. To Paul 
Klenerman with group at Oxford University for giving me the opportunity to take part in 
their research. To Katarina Bremme and the staff at Kvinnohälsan and the delivery ward 
at Karolinska Hospital for collaborations and sample collection.       



	   82 

Many, many thanks to past and present colleagues: Maria Johansson, Manuel Mata 
Forsberg, Dagbjört Petursdottir, Sofia Nordlander, Yeneneh Haileselassie, Khaleda 
“Mukti” Rahman Qazi, Claudia Carvalho-Queiroz, Ioana Bujila, Stéphanie Boström, 
Ebba Sohlberg, Shanie Saghafian-Hedengren, Minghui He, Linda Westermark, 
Efthymia “Themis” Kokkinou, Marit Navis, Maria Salvany Celades, and many more. I 
consider myself lucky to have worked side-by-side, and shared countless coffee breaks, fikas 
and glasses of bubbly with all of you! 
 
Manu, how two people with so completely different day-rhythms can work so well together 
is a mystery. Thank you for always helping me out! Maria, our projects really grew together, 
and we have generated some awesome data! Dag, I hope that you know how much I valued 
having you around, thank you for always knowing the answers to my questions! Sofia, your 
knowledge, professionalism and friendly heart inspire me, and thank you for sharing the 
hottest and dirtiest hotel room ever! Steffi, for showing me the routines when I first started 
and for friendship outside work! Ioana, for well-needed coffee/talks/fika-breaks when (often) 
needed! Yeneneh, we have walked side-by-side for many years now, thank you for always 
being so helpful and friendly!  
 
I owe many thanks to the amazing students that I have had the pleasure to supervise! 
Especially to Lena Hell, Julia Bittmann, Gintare Lasaviciute and Anna Schönbichler. 
I am thankful for your eager to work and countless hours of trying out new experiments, 
FACS-time, optimizations and struggles with kinetics. 
 
 
MY WARMEST HUGS 
 
To friends here in Stockholm, that continue to fill my life with fun and great memories! 
To friends from old, that I meet too seldom, and that I miss dearly! 
 
To Ann and Anders, for all the support and care you have given me these last years! 
 
To my beloved family. My parents, Lena and Sivert, and brother Staffan, for your never-
ending support, interest, encouragement and love. I could not have done this without you! 
To my grandfather Torsten, for implementing a curiosity for science and knowledge early on. 
 
 
Jonas, thank you for being my solid rock and for always making me laugh!  
 

”All  because  of  you  I  believe  in  angels,  not  the  kind  with  wings  no,  not  the  kind  with  halos.  The  kind  that  bring  

you  home  when  home  becomes  a  strange  place”  

Rise  Against  
Jag älskar dig	  	     



	   83 

REFERENCES 

1.  Turvey SE., Broide DH. (2010) Innate immunity. J Allergy Clin Immunol 125:S24–32 

2.  Janeway CA., Medzhitov R. (2002) Innate immune recognition. Annu Rev Immunol 

20:197–216 

3.  Bauernfeind F., Hornung V. (2013) Of inflammasomes and pathogens--sensing of 

microbes by the inflammasome. EMBO Mol Med 5:814–26 

4.  Ziegler-Heitbrock L. (2015) Blood Monocytes and Their Subsets: Established Features 

and Open Questions. Front Immunol 6:423 

5.  Mosser DM., Edwards JP. (2008) Exploring the full spectrum of macrophage 

activation. Nat Rev Immunol 8:958–69 

6.  Wynn TA., Chawla A., Pollard JW. (2013) Macrophage biology in development, 

homeostasis and disease. Nature 496:445–55 

7.  MacDonald KPA., Munster DJ., Clark GJ., Dzionek A., Schmitz J., Hart DNJ. (2002) 

Characterization of human blood dendritic cell subsets. Blood 100:4512–20 

8.  Farkas L., Kvale EO., Lund-Johansen F., Jahnsen FL. (2006) Plasmacytoid dendritic 

cells induce a distinct cytokine pattern in virus-specific CD4+ memory T cells that is 

modulated by CpG oligodeoxynucleotides. Scand J Immunol 64:404–11 

9.  Geginat J., Nizzoli G., Paroni M., Maglie S., Larghi P., Pascolo S., Abrignani S. (2015) 

Immunity to Pathogens Taught by Specialized Human Dendritic Cell Subsets. Front 

Immunol 6:527 

10.  Kushwah R., Hu J. (2011) Role of dendritic cells in the induction of regulatory T cells. 

Cell Biosci 1:20 

11.  Zanoni I., Granucci F. (2011) The regulatory role of dendritic cells in the induction and 

maintenance of T-cell tolerance. Autoimmunity 44:23–32 

12.  Geissmann F., Jung S., Littman DR. (2003) Blood Monocytes Consist of Two Principal 

Subsets with Distinct Migratory Properties. Immunity 19:71–82 

13.  Geissmann F., Manz MG., Jung S., Sieweke MH., Merad M., Ley K. (2010) 

Development of monocytes, macrophages, and dendritic cells. Science 327:656–61 

14.  Hashimoto D., Chow A., Noizat C., et al. (2013) Tissue-resident macrophages self-

maintain locally throughout adult life with minimal contribution from circulating 



	   84 

monocytes. Immunity 38:792–804 

15.  Varol C., Landsman L., Fogg DK., Greenshtein L., Gildor B., Margalit R., Kalchenko 

V., Geissmann F., Jung S. (2007) Monocytes give rise to mucosal, but not splenic, 

conventional dendritic cells. J Exp Med 204:171–80 

16.  Geering B., Stoeckle C., Conus S., Simon H-U. (2013) Living and dying for 

inflammation: neutrophils, eosinophils, basophils. Trends Immunol 34:398–409 

17.  da Silva EZM., Jamur MC., Oliver C. (2014) Mast cell function: a new vision of an old 

cell. J Histochem Cytochem 62:698–738 

18.  Akdis M., Burgler S., Crameri R., et al. (2011) Interleukins, from 1 to 37, and 

interferon-γ: receptors, functions, and roles in diseases. J Allergy Clin Immunol 

127:701–21.e1–70 

19.  Schroder K., Hertzog PJ., Ravasi T., Hume DA. (2004) Interferon-gamma: an overview 

of signals, mechanisms and functions. J Leukoc Biol 75:163–89 

20.  Huang S., Hendriks W., Althage A., Hemmi S., Bluethmann H., Kamijo R., Vilcek J., 

Zinkernagel RM., Aguet M. (1993) Immune response in mice that lack the interferon-

gamma receptor. Science 259:1742–5 

21.  Feng G., Gao W., Strom TB., Oukka M., Francis RS., Wood KJ., Bushell A. (2008) 

Exogenous IFN-gamma ex vivo shapes the alloreactive T-cell repertoire by inhibition 

of Th17 responses and generation of functional Foxp3+ regulatory T cells. Eur J 

Immunol 38:2512–27 

22.  Macatonia SE., Hosken NA., Litton M., Vieira P., Hsieh CS., Culpepper JA., Wysocka 

M., Trinchieri G., Murphy KM., O’Garra A. (1995) Dendritic cells produce IL-12 and 

direct the development of Th1 cells from naive CD4+ T cells. J Immunol 154:5071–9 

23.  Trinchieri G. (2003) Interleukin-12 and the regulation of innate resistance and adaptive 

immunity. Nat Rev Immunol 3:133–46 

24.  Ng THS., Britton GJ., Hill E V., Verhagen J., Burton BR., Wraith DC. (2013) 

Regulation of adaptive immunity; the role of interleukin-10. Front Immunol 4:129 

25.  Mittal SK., Roche PA. (2015) Suppression of antigen presentation by IL-10. Curr Opin 

Immunol 34:22–7 

26.  Heo Y., Joo Y., Oh H., et al. (2010) IL-10 suppresses Th17 cells and promotes 

regulatory T cells in the CD4+ T cell population of rheumatoid arthritis patients. 



	   85 

Immunol Lett Jan 4:150–156 

27.  Huber S., Gagliani N., Esplugues E., et al. (2011) Th17 cells express interleukin-10 

receptor and are controlled by Foxp3− and Foxp3+ regulatory CD4+ T cells in an 

interleukin-10-dependent manner. Immunity 34:554–65 

28.  Murai M., Turovskaya O., Kim G., Madan R., Karp CL., Cheroutre H., Kronenberg M. 

(2009) Interleukin 10 acts on regulatory T cells to maintain expression of the 

transcription factor Foxp3 and suppressive function in mice with colitis. Nat Immunol 

10:1178–84 

29.  Laidlaw BJ., Cui W., Amezquita RA., et al. (2015) Production of IL-10 by CD4(+) 

regulatory T cells during the resolution of infection promotes the maturation of 

memory CD8(+) T cells. Nat Immunol 16:871–9 

30.  Iyer SS., Cheng G. (2012) Role of interleukin 10 transcriptional regulation in 

inflammation and autoimmune disease. Crit Rev Immunol 32:23–63 

31.  Gazzinelli RT., Wysocka M., Hieny S., Scharton-Kersten T., Cheever A., Kühn R., 

Müller W., Trinchieri G., Sher A. (1996) In the absence of endogenous IL-10, mice 

acutely infected with Toxoplasma gondii succumb to a lethal immune response 

dependent on CD4+ T cells and accompanied by overproduction of IL-12, IFN-gamma 

and TNF-alpha. J Immunol 157:798–805 

32.  Kühn R., Löhler J., Rennick D., Rajewsky K., Müller W. (1993) Interleukin-10-

deficient mice develop chronic enterocolitis. Cell 75:263–74 

33.  Sellon RK., Tonkonogy S., Schultz M., Dieleman LA., Grenther W., Balish E., 

Rennick DM., Sartor RB. (1998) Resident enteric bacteria are necessary for 

development of spontaneous colitis and immune system activation in interleukin-10-

deficient mice. Infect Immun 66:5224–31 

34.  Liu B., Tonkonogy SL., Sartor RB. (2011) Antigen-presenting cell production of IL-10 

inhibits T-helper 1 and 17 cell responses and suppresses colitis in mice. 

Gastroenterology 141:653–62, 662.e1–4 

35.  Rubtsov YP., Rasmussen JP., Chi EY., et al. (2008) Regulatory T cell-derived 

interleukin-10 limits inflammation at environmental interfaces. Immunity 28:546–58 

36.  Wynn TA. (2015) Type 2 cytokines: mechanisms and therapeutic strategies. Nat Rev 

Immunol 15:271–82 



	   86 

37.  Akdis M., Aab A., Altunbulakli C., et al. (2016) Interleukins (from IL-1 to IL-38), 

interferons, transforming growth factor β, and TNF-α: Receptors, functions, and roles 

in diseases. J Allergy Clin Immunol. doi: 10.1016/J.JACI.2016.06.033 

38.  Hunter CA., Jones SA. (2015) IL-6 as a keystone cytokine in health and disease. Nat 

Immunol 16:448–57 

39.  Zhou L., Ivanov II., Spolski R., Min R., Shenderov K., Egawa T., Levy DE., Leonard 

WJ., Littman DR. (2007) IL-6 programs T(H)-17 cell differentiation by promoting 

sequential engagement of the IL-21 and IL-23 pathways. Nat Immunol 8:967–74 

40.  Acosta-Rodriguez E V., Napolitani G., Lanzavecchia A., Sallusto F. (2007) 

Interleukins 1beta and 6 but not transforming growth factor-beta are essential for the 

differentiation of interleukin 17-producing human T helper cells. Nat Immunol 8:942–9 

41.  Fujimoto M., Nakano M., Terabe F., et al. (2011) The influence of excessive IL-6 

production in vivo on the development and function of Foxp3+ regulatory T cells. J 

Immunol 186:32–40 

42.  Sharma MD., Huang L., Choi J-H., et al. (2013) An inherently bifunctional subset of 

Foxp3+ T helper cells is controlled by the transcription factor eos. Immunity 38:998–

1012 

43.  Miossec P., Korn T., Kuchroo VK. (2009) Interleukin-17 and type 17 helper T cells. N 

Engl J Med 361:888–98 

44.  Jin W., Dong C. (2013) IL-17 cytokines in immunity and inflammation. Emerg 

Microbes Infect 2:e60 

45.  Geddes K., Rubino SJ., Magalhaes JG., et al. (2011) Identification of an innate T 

helper type 17 response to intestinal bacterial pathogens. Nat Med 17:837–44 

46.  Lockhart E., Green AM., Flynn JL. (2006) IL-17 production is dominated by 

gammadelta T cells rather than CD4 T cells during Mycobacterium tuberculosis 

infection. J Immunol 177:4662–9 

47.  Hamada S., Umemura M., Shiono T., et al. (2008) IL-17A produced by gammadelta T 

cells plays a critical role in innate immunity against listeria monocytogenes infection in 

the liver. J Immunol 181:3456–63 

48.  Cho JS., Pietras EM., Garcia NC., et al. (2010) IL-17 is essential for host defense 

against cutaneous Staphylococcus aureus infection in mice. J Clin Invest 120:1762–73 



	   87 

49.  Aujla SJ., Chan YR., Zheng M., et al. (2008) IL-22 mediates mucosal host defense 

against Gram-negative bacterial pneumonia. Nat Med 14:275–81 

50.  Blaschitz C., Raffatellu M. (2010) Th17 cytokines and the gut mucosal barrier. J Clin 

Immunol 30:196–203 

51.  Park H., Li Z., Yang XO., et al. (2005) A distinct lineage of CD4 T cells regulates 

tissue inflammation by producing interleukin 17. Nat Immunol 6:1133–41 

52.  Wilke CM., Bishop K., Fox D., Zou W. (2011) Deciphering the role of Th17 cells in 

human disease. Trends Immunol 32:603–11 

53.  Teng MWL., Bowman EP., McElwee JJ., Smyth MJ., Casanova J-L., Cooper AM., 

Cua DJ. (2015) IL-12 and IL-23 cytokines: from discovery to targeted therapies for 

immune-mediated inflammatory diseases. Nat Med 21:719–729 

54.  Spolski R., Leonard WJ. (2014) Interleukin-21: a double-edged sword with therapeutic 

potential. Nat Rev Drug Discov 13:379–95 

55.  Commins SP., Borish L., Steinke JW. (2010) Immunologic messenger molecules: 

cytokines, interferons, and chemokines. J Allergy Clin Immunol 125:S53–72 

56.  Griffith JW., Sokol CL., Luster AD. (2014) Chemokines and chemokine receptors: 

positioning cells for host defense and immunity. Annu Rev Immunol 32:659–702 

57.  Blum JS., Wearsch PA., Cresswell P. (2013) Pathways of antigen processing. Annu Rev 

Immunol 31:443–73 

58.  Chen L., Flies DB. (2013) Molecular mechanisms of T cell co-stimulation and co-

inhibition. Nat Rev Immunol 13:227–42 

59.  Schenten D., Medzhitov R. (2011) The control of adaptive immune responses by the 

innate immune system. Adv Immunol 109:87–124 

60.  LeBien TW., Tedder TF. (2008) B lymphocytes: how they develop and function. Blood 

112:1570–80 

61.  León B., Ballesteros-Tato A., Misra RS., Wojciechowski W., Lund FE. (2012) 

Unraveling effector functions of B cells during infection: the hidden world beyond 

antibody production. Infect Disord Drug Targets 12:213–21 

62.  Mauri C., Menon M. (2015) The expanding family of regulatory B cells. Int Immunol 

27:479–86 



	   88 

63.  D’Acquisto F., Crompton T. (2011) CD3+CD4-CD8- (double negative) T cells: 

saviours or villains of the immune response? Biochem Pharmacol 82:333–40 

64.  Sallusto F., Lanzavecchia A. (2002) The instructive role of dendritic cells on T-cell 

responses. Arthritis Res 4 Suppl 3:S127–32 

65.  Bromley SK., Thomas SY., Luster AD. (2005) Chemokine receptor CCR7 guides T 

cell exit from peripheral tissues and entry into afferent lymphatics. Nat Immunol 

6:895–901 

66.  Chang JT., Wherry EJ., Goldrath AW. (2014) Molecular regulation of effector and 

memory T cell differentiation. Nat Immunol 15:1104–15 

67.  Earl LA., Baum LG. (2008) CD45 glycosylation controls T-cell life and death. 

Immunol Cell Biol 86:608–15 

68.  Sallusto F., Lenig D., Förster R., Lipp M., Lanzavecchia A. (1999) Two subsets of 

memory T lymphocytes with distinct homing potentials and effector functions. Nature 

401:708–12 

69.  Campbell JJ., Murphy KE., Kunkel EJ., et al. (2001) CCR7 expression and memory T 

cell diversity in humans. J Immunol 166:877–84 

70.  Sallusto F., Geginat J., Lanzavecchia A. (2004) Central memory and effector memory 

T cell subsets: function, generation, and maintenance. Annu Rev Immunol 22:745–63 

71.  Geginat J., Paroni M., Maglie S., Alfen JS., Kastirr I., Gruarin P., De Simone M., 

Pagani M., Abrignani S. (2014) Plasticity of human CD4 T cell subsets. Front Immunol 

5:630 

72.  Shortman K., Heath WR. (2010) The CD8+ dendritic cell subset. Immunol Rev 

234:18–31 

73.  Nizzoli G., Krietsch J., Weick A., et al. (2013) Human CD1c+ dendritic cells secrete 

high levels of IL-12 and potently prime cytotoxic T-cell responses. Blood 122:932–42 

74.  Damsker JM., Hansen AM., Caspi RR. (2010) Th1 and Th17 cells: adversaries and 

collaborators. Ann N Y Acad Sci 1183:211–21 

75.  Zheng W., Flavell RA. (1997) The Transcription Factor GATA-3 Is Necessary and 

Sufficient for Th2 Cytokine Gene Expression in CD4 T Cells. Cell 89:587–596 

76.  Endo Y., Hirahara K., Yagi R., Tumes DJ., Nakayama T. (2014) Pathogenic memory 

type Th2 cells in allergic inflammation. Trends Immunol 35:69–78 



	   89 

77.  Ma CS., Chew GYJ., Simpson N., Priyadarshi A., Wong M., Grimbacher B., Fulcher 

DA., Tangye SG., Cook MC. (2008) Deficiency of Th17 cells in hyper IgE syndrome 

due to mutations in STAT3. J Exp Med 205:1551–7 

78.  Korn T., Bettelli E., Oukka M., Kuchroo VK. (2009) IL-17 and Th17 Cells. Annu Rev 

Immunol 27:485–517 

79.  Ivanov II., McKenzie BS., Zhou L., Tadokoro CE., Lepelley A., Lafaille JJ., Cua DJ., 

Littman DR. (2006) The Orphan Nuclear Receptor RORγt Directs the Differentiation 

Program of Proinflammatory IL-17+ T Helper Cells. Cell 126:1121–1133 

80.  Mangan PR., Harrington LE., O’Quinn DB., Helms WS., Bullard DC., Elson CO., 

Hatton RD., Wahl SM., Schoeb TR., Weaver CT. (2006) Transforming growth factor-

beta induces development of the T(H)17 lineage. Nature 441:231–4 

81.  Crome SQ., Wang AY., Kang CY., Levings MK. (2009) The role of retinoic acid-

related orphan receptor variant 2 and IL-17 in the development and function of human 

CD4+ T cells. Eur J Immunol 39:1480–93 

82.  Manel N., Unutmaz D., Littman DR. (2008) The differentiation of human T(H)-17 

cells requires transforming growth factor-beta and induction of the nuclear receptor 

RORgammat. Nat Immunol 9:641–9 

83.  McGeachy MJ., Chen Y., Tato CM., Laurence A., Joyce-Shaikh B., Blumenschein 

WM., McClanahan TK., O’Shea JJ., Cua DJ. (2009) The interleukin 23 receptor is 

essential for the terminal differentiation of interleukin 17-producing effector T helper 

cells in vivo. Nat Immunol 10:314–24 

84.  Cosmi L., De Palma R., Santarlasci V., et al. (2008) Human interleukin 17-producing 

cells originate from a CD161+CD4+ T cell precursor. J Exp Med 205:1903–16 

85.  Bettelli E., Carrier Y., Gao W., Korn T., Strom TB., Oukka M., Weiner HL., Kuchroo 

VK. (2006) Reciprocal developmental pathways for the generation of pathogenic 

effector TH17 and regulatory T cells. Nature 441:235–8 

86.  Ma CS., Deenick EK., Batten M., Tangye SG. (2012) The origins, function, and 

regulation of T follicular helper cells. J Exp Med 209:1241–53 

87.  Messi M., Giacchetto I., Nagata K., Lanzavecchia A., Natoli G., Sallusto F. (2003) 

Memory and flexibility of cytokine gene expression as separable properties of human 

T(H)1 and T(H)2 lymphocytes. Nat Immunol 4:78–86 



	   90 

88.  Rivino L., Messi M., Jarrossay D., Lanzavecchia A., Sallusto F., Geginat J. (2004) 

Chemokine receptor expression identifies Pre-T helper (Th)1, Pre-Th2, and 

nonpolarized cells among human CD4+ central memory T cells. J Exp Med 200:725–

35 

89.  Peine M., Rausch S., Helmstetter C., Fröhlich A., Hegazy AN., Kühl AA., Grevelding 

CG., Höfer T., Hartmann S., Löhning M. (2013) Stable T-bet(+)GATA-3(+) Th1/Th2 

hybrid cells arise in vivo, can develop directly from naive precursors, and limit 

immunopathologic inflammation. PLoS Biol 11:e1001633 

90.  Gerosa F., Paganin C., Peritt D., Paiola F., Scupoli MT., Aste-Amezaga M., Frank I., 

Trinchieri G. (1996) Interleukin-12 primes human CD4 and CD8 T cell clones for high 

production of both interferon-gamma and interleukin-10. J Exp Med 183:2559–69 

91.  Del Prete G., De Carli M., Almerigogna F., Giudizi MG., Biagiotti R., Romagnani S. 

(1993) Human IL-10 is produced by both type 1 helper (Th1) and type 2 helper (Th2) T 

cell clones and inhibits their antigen-specific proliferation and cytokine production. J 

Immunol 150:353–60 

92.  Rutz S., Janke M., Kassner N., Hohnstein T., Krueger M., Scheffold A. (2008) Notch 

regulates IL-10 production by T helper 1 cells. Proc Natl Acad Sci U S A 105:3497–

502 

93.  Neumann C., Heinrich F., Neumann K., et al. (2014) Role of Blimp-1 in programing 

Th effector cells into IL-10 producers. J Exp Med 211:1807–1819 

94.  Russ BE., Prier JE., Rao S., Turner SJ. (2013) T cell immunity as a tool for studying 

epigenetic regulation of cellular differentiation. Front Genet 4:218 

95.  Sather BD., Treuting P., Perdue N., Miazgowicz M., Fontenot JD., Rudensky AY., 

Campbell DJ. (2007) Altering the distribution of Foxp3(+) regulatory T cells results in 

tissue-specific inflammatory disease. J Exp Med 204:1335–47 

96.  Campbell DJ., Koch MA. (2011) Phenotypical and functional specialization of 

FOXP3+ regulatory T cells. Nat Rev Immunol 11:119–30 

97.  Tilburgs T., Roelen DL., van der Mast BJ., de Groot-Swings GM., Kleijburg C., 

Scherjon SA., Claas FH. (2008) Evidence for a selective migration of fetus-specific 

CD4+CD25bright regulatory T cells from the peripheral blood to the decidua in human 

pregnancy. J Immunol 180:5737–45 



	   91 

98.  Leber A., Teles A., Zenclussen AC. (2010) Regulatory T cells and their role in 

pregnancy. Am J Reprod Immunol 63:445–59 

99.  Fontenot JD., Gavin MA., Rudensky AY. (2003) Foxp3 programs the development and 

function of CD4+CD25+ regulatory T cells. Nat Immunol 4:330–6 

100.  Williams LM., Rudensky AY. (2007) Maintenance of the Foxp3-dependent 

developmental program in mature regulatory T cells requires continued expression of 

Foxp3. Nat Immunol 8:277–84 

101.  Zhou X., Bailey-Bucktrout SL., Jeker LT., Penaranda C., Martínez-Llordella M., 

Ashby M., Nakayama M., Rosenthal W., Bluestone JA. (2009) Instability of the 

transcription factor Foxp3 leads to the generation of pathogenic memory T cells in 

vivo. Nat Immunol 10:1000–7 

102.  Liston A., Gray DHD. (2014) Homeostatic control of regulatory T cell diversity. Nat 

Rev Immunol 14:154–65 

103.  Liu W., Putnam AL., Xu-Yu Z., et al. (2006) CD127 expression inversely correlates 

with FoxP3 and suppressive function of human CD4+ T reg cells. J Exp Med 

203:1701–11 

104.  Seddiki N., Santner-Nanan B., Martinson J., et al. (2006) Expression of interleukin 

(IL)-2 and IL-7 receptors discriminates between human regulatory and activated T 

cells. J Exp Med 203:1693–700 

105.  Hsieh C-S., Lee H-M., Lio C-WJ. (2012) Selection of regulatory T cells in the thymus. 

Nat Rev Immunol 12:157–67 

106.  Lee H-M., Bautista JL., Scott-Browne J., Mohan JF., Hsieh C-S. (2012) A broad range 

of self-reactivity drives thymic regulatory T cell selection to limit responses to self. 

Immunity 37:475–86 

107.  Caramalho Í., Nunes-Cabaço H., Foxall RB., Sousa AE. (2015) Regulatory T-Cell 

Development in the Human Thymus. Front Immunol 6:395 

108.  Ju S-T., Sharma R., Gaskin F., Kung JT., Fu SM. (2012) The Biology of Autoimmune 

Response in the Scurfy Mice that Lack the CD4+Foxp3+ Regulatory T-Cells. Biology 

(Basel) 1:18–42 

109.  Vahl JC., Drees C., Heger K., et al. (2014) Continuous T cell receptor signals maintain 

a functional regulatory T cell pool. Immunity 41:722–36 



	   92 

110.  Walker MR., Kasprowicz DJ., Gersuk VH., Benard A., Van Landeghen M., Buckner 

JH., Ziegler SF. (2003) Induction of FoxP3 and acquisition of T regulatory activity by 

stimulated human CD4+CD25- T cells. J Clin Invest 112:1437–43 

111.  Curotto de Lafaille MA., Lino AC., Kutchukhidze N., Lafaille JJ. (2004) CD25- T cells 

generate CD25+Foxp3+ regulatory T cells by peripheral expansion. J Immunol 

173:7259–68 

112.  Morgan ME., van Bilsen JHM., Bakker AM., et al. (2005) Expression of FOXP3 

mRNA is not confined to CD4+CD25+ T regulatory cells in humans. Hum Immunol 

66:13–20 

113.  Ziegler SF. (2007) FOXP3: not just for regulatory T cells anymore. Eur J Immunol 

37:21–3 

114.  Pacholczyk R., Kern J., Singh N., Iwashima M., Kraj P., Ignatowicz L. (2007) Nonself-

antigens are the cognate specificities of Foxp3+ regulatory T cells. Immunity 27:493–

504 

115.  Josefowicz SZ., Niec RE., Kim HY., Treuting P., Chinen T., Zheng Y., Umetsu DT., 

Rudensky AY. (2012) Extrathymically generated regulatory T cells control mucosal 

TH2 inflammation. Nature 482:395–9 

116.  Samstein RM., Josefowicz SZ., Arvey A., Treuting PM., Rudensky AY. (2012) 

Extrathymic generation of regulatory T cells in placental mammals mitigates maternal-

fetal conflict. Cell 150:29–38 

117.  Lathrop SK., Bloom SM., Rao SM., Nutsch K., Lio C-W., Santacruz N., Peterson DA., 

Stappenbeck TS., Hsieh C-S. (2011) Peripheral education of the immune system by 

colonic commensal microbiota. Nature 478:250–4 

118.  Atarashi K., Tanoue T., Shima T., et al. (2011) Induction of colonic regulatory T cells 

by indigenous Clostridium species. Science 331:337–41 

119.  Atarashi K., Tanoue T., Oshima K., et al. (2013) Treg induction by a rationally selected 

mixture of Clostridia strains from the human microbiota. Nature 500:232–6 

120.  Kretschmer K., Apostolou I., Hawiger D., Khazaie K., Nussenzweig MC., von 

Boehmer H. (2005) Inducing and expanding regulatory T cell populations by foreign 

antigen. Nat Immunol 6:1219–27 

121.  Chen W., Jin W., Hardegen N., Lei K-J., Li L., Marinos N., McGrady G., Wahl SM. 



	   93 

(2003) Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+ regulatory 

T cells by TGF-beta induction of transcription factor Foxp3. J Exp Med 198:1875–86 

122.  Tran DQ., Ramsey H., Shevach EM. (2007) Induction of FOXP3 expression in naive 

human CD4+FOXP3 T cells by T-cell receptor stimulation is transforming growth 

factor-beta dependent but does not confer a regulatory phenotype. Blood 110:2983–90 

123.  Schmidt A., Eriksson M., Shang M-M., Weyd H., Tegnér J. (2016) Comparative 

Analysis of Protocols to Induce Human CD4+Foxp3+ Regulatory T Cells by 

Combinations of IL-2, TGF-beta, Retinoic Acid, Rapamycin and Butyrate. PLoS One 

11:e0148474 

124.  Belkaid Y., Rouse BT. (2005) Natural regulatory T cells in infectious disease. Nat 

Immunol 6:353–60 

125.  Suffia IJ., Reckling SK., Piccirillo CA., Goldszmid RS., Belkaid Y. (2006) Infected 

site-restricted Foxp3+ natural regulatory T cells are specific for microbial antigens. J 

Exp Med 203:777–88 

126.  Cebula A., Seweryn M., Rempala GA., Pabla SS., McIndoe RA., Denning TL., Bry L., 

Kraj P., Kisielow P., Ignatowicz L. (2013) Thymus-derived regulatory T cells 

contribute to tolerance to commensal microbiota. Nature 497:258–62 

127.  Thornton AM., Korty PE., Tran DQ., Wohlfert EA., Murray PE., Belkaid Y., Shevach 

EM. (2010) Expression of Helios, an Ikaros transcription factor family member, 

differentiates thymic-derived from peripherally induced Foxp3+ T regulatory cells. J 

Immunol 184:3433–41 

128.  Akimova T., Beier UH., Wang L., Levine MH., Hancock WW. (2011) Helios 

expression is a marker of T cell activation and proliferation. PLoS One 6:e24226 

129.  Gottschalk RA., Corse E., Allison JP. (2012) Expression of Helios in peripherally 

induced Foxp3+ regulatory T cells. J Immunol 188:976–80 

130.  Himmel ME., MacDonald KG., Garcia R V., Steiner TS., Levings MK. (2013) Helios+ 

and Helios- cells coexist within the natural FOXP3+ T regulatory cell subset in 

humans. J Immunol 190:2001–8 

131.  Schmetterer KG., Neunkirchner A., Pickl WF. (2012) Naturally occurring regulatory T 

cells: markers, mechanisms, and manipulation. FASEB J 26:2253–76 

132.  Yadav M., Louvet C., Davini D., et al. (2012) Neuropilin-1 distinguishes natural and 



	   94 

inducible regulatory T cells among regulatory T cell subsets in vivo. J Exp Med 

209:1713–22, S1–19 

133.  Weiss JM., Bilate AM., Gobert M., et al. (2012) Neuropilin 1 is expressed on thymus-

derived natural regulatory T cells, but not mucosa-generated induced Foxp3+ T reg 

cells. J Exp Med 209:1723–42, S1 

134.  Nie J., Li YY., Zheng SG., Tsun A., Li B. (2015) FOXP3+ Treg Cells and Gender Bias 

in Autoimmune Diseases. Front Immunol 6:493 

135.  Uhlig HH., Coombes J., Mottet C., Izcue A., Thompson C., Fanger A., Tannapfel A., 

Fontenot JD., Ramsdell F., Powrie F. (2006) Characterization of Foxp3+CD4+CD25+ 

and IL-10-secreting CD4+CD25+ T cells during cure of colitis. J Immunol 177:5852–

60 

136.  Maynard CL., Weaver CT. (2008) Diversity in the contribution of interleukin-10 to T-

cell-mediated immune regulation. Immunol Rev 226:219–33 

137.  Chaudhry A., Samstein RM., Treuting P., et al. (2011) Interleukin-10 signaling in 

regulatory T cells is required for suppression of Th17 cell-mediated inflammation. 

Immunity 34:566–78 

138.  Ostmann A., Paust H-J., Panzer U., Wegscheid C., Kapffer S., Huber S., Flavell RA., 

Erhardt A., Tiegs G. (2013) Regulatory T cell-derived IL-10 ameliorates crescentic 

GN. J Am Soc Nephrol 24:930–42 

139.  Navarrete A-M., Delignat S., Teillaud J-L., Kaveri S V., Lacroix-Desmazes S., Bayry 

J. (2011) CD4+CD25+ regulatory T cell-mediated changes in the expression of 

endocytic receptors and endocytosis process of human dendritic cells. Vaccine 

29:2649–2652 

140.  Wing K., Onishi Y., Prieto-Martin P., Yamaguchi T., Miyara M., Fehervari Z., Nomura 

T., Sakaguchi S. (2008) CTLA-4 control over Foxp3+ regulatory T cell function. 

Science 322:271–5 

141.  Dhainaut M., Coquerelle C., Uzureau S., et al. (2015) Thymus-derived regulatory T 

cells restrain pro-inflammatory Th1 responses by downregulating CD70 on dendritic 

cells. EMBO J 34:1336–48 

142.  Onishi Y., Fehervari Z., Yamaguchi T., Sakaguchi S. (2008) Foxp3+ natural regulatory 

T cells preferentially form aggregates on dendritic cells in vitro and actively inhibit 



	   95 

their maturation. Proc Natl Acad Sci U S A 105:10113–8 

143.  Tadokoro CE., Shakhar G., Shen S., Ding Y., Lino AC., Maraver A., Lafaille JJ., 

Dustin ML. (2006) Regulatory T cells inhibit stable contacts between CD4+ T cells 

and dendritic cells in vivo. J Exp Med 203:505–11 

144.  Tiemessen MM., Jagger AL., Evans HG., van Herwijnen MJC., John S., Taams LS. 

(2007) CD4+CD25+Foxp3+ regulatory T cells induce alternative activation of human 

monocytes/macrophages. Proc Natl Acad Sci U S A 104:19446–51 

145.  Goodman WA., Cooper KD., McCormick TS. (2012) Regulation generation: the 

suppressive functions of human regulatory T cells. Crit Rev Immunol 32:65–79 

146.  Bopp T., Becker C., Klein M., et al. (2007) Cyclic adenosine monophosphate is a key 

component of regulatory T cell-mediated suppression. J Exp Med 204:1303–10 

147.  Deaglio S., Dwyer KM., Gao W., et al. (2007) Adenosine generation catalyzed by 

CD39 and CD73 expressed on regulatory T cells mediates immune suppression. J Exp 

Med 204:1257–65 

148.  Schuler PJ., Saze Z., Hong C-S., et al. (2014) Human CD4+ CD39+ regulatory T cells 

produce adenosine upon co-expression of surface CD73 or contact with CD73+ 

exosomes or CD73+ cells. Clin Exp Immunol 177:531–43 

149.  Ring S., Pushkarevskaya A., Schild H., Probst HC., Jendrossek V., Wirsdörfer F., 

Ledent C., Robson SC., Enk AH., Mahnke K. (2015) Regulatory T cell-derived 

adenosine induces dendritic cell migration through the Epac-Rap1 pathway. J Immunol 

194:3735–44 

150.  Rueda CM., Jackson CM., Chougnet CA. (2016) Regulatory T-Cell-Mediated 

Suppression of Conventional T-Cells and Dendritic Cells by Different cAMP 

Intracellular Pathways. Front Immunol 7:216 

151.  Fletcher JM., Lonergan R., Costelloe L., Kinsella K., Moran B., O’Farrelly C., Tubridy 

N., Mills KHG. (2009) CD39+Foxp3+ regulatory T Cells suppress pathogenic Th17 

cells and are impaired in multiple sclerosis. J Immunol 183:7602–10 

152.  Jenabian M-A., Seddiki N., Yatim A., et al. (2013) Regulatory T cells negatively affect 

IL-2 production of effector T cells through CD39/adenosine pathway in HIV infection. 

PLoS Pathog 9:e1003319 

153.  Herrath J., Chemin K., Albrecht I., Catrina AI., Malmström V. (2014) Surface 



	   96 

expression of CD39 identifies an enriched Treg-cell subset in the rheumatic joint, 

which does not suppress IL-17A secretion. Eur J Immunol 44:2979–89 

154.  Duhen T., Duhen R., Lanzavecchia A., Sallusto F., Campbell DJ. (2012) Functionally 

distinct subsets of human FOXP3+ Treg cells that phenotypically mirror effector Th 

cells. Blood 119:4430–40 

155.  Chaudhry A., Rudra D., Treuting P., Samstein RM., Liang Y., Kas A., Rudensky AY. 

(2009) CD4+ regulatory T cells control TH17 responses in a Stat3-dependent manner. 

Science 326:986–91 

156.  Koch MA., Tucker-Heard G., Perdue NR., Killebrew JR., Urdahl KB., Campbell DJ. 

(2009) The transcription factor T-bet controls regulatory T cell homeostasis and 

function during type 1 inflammation. Nat Immunol 10:595–602 

157.  Zheng Y., Chaudhry A., Kas A., deRoos P., Kim JM., Chu T-T., Corcoran L., Treuting 

P., Klein U., Rudensky AY. (2009) Regulatory T-cell suppressor program co-opts 

transcription factor IRF4 to control T(H)2 responses. Nature 458:351–6 

158.  Wohlfert EA., Grainger JR., Bouladoux N., et al. (2011) GATA3 controls Foxp3+ 

regulatory T cell fate during inflammation in mice. J Clin Invest 121:4503–15 

159.  Yu F., Sharma S., Edwards J., Feigenbaum L., Zhu J. (2015) Dynamic expression of 

transcription factors T-bet and GATA-3 by regulatory T cells maintains 

immunotolerance. Nat Immunol 16:197–206 

160.  Hoerning A., Koss K., Datta D., et al. (2011) Subsets of human CD4(+) regulatory T 

cells express the peripheral homing receptor CXCR3. Eur J Immunol 41:2291–302 

161.  Redjimi N., Raffin C., Raimbaud I., Pignon P., Matsuzaki J., Odunsi K., Valmori D., 

Ayyoub M. (2012) CXCR3+ T regulatory cells selectively accumulate in human 

ovarian carcinomas to limit type I immunity. Cancer Res 72:4351–60 

162.  Koenen HJPM., Smeets RL., Vink PM., van Rijssen E., Boots AMH., Joosten I. (2008) 

Human CD25highFoxp3pos regulatory T cells differentiate into IL-17-producing cells. 

Blood 112:2340–52 

163.  Ayyoub M., Deknuydt F., Raimbaud I., Dousset C., Leveque L., Bioley G., Valmori D. 

(2009) Human memory FOXP3+ Tregs secrete IL-17 ex vivo and constitutively 

express the T(H)17 lineage-specific transcription factor RORgamma t. Proc Natl Acad 

Sci U S A 106:8635–40 



	   97 

164.  Pandiyan P., Zhu J. (2015) Origin and functions of pro-inflammatory cytokine 

producing Foxp3+ regulatory T cells. Cytokine 76:13–24 

165.  Beriou G., Costantino CM., Ashley CW., Yang L., Kuchroo VK., Baecher-Allan C., 

Hafler DA. (2009) IL-17-producing human peripheral regulatory T cells retain 

suppressive function. Blood 113:4240–9 

166.  Stroopinsky D., Avivi I., Rowe JM., Avigan D., Katz T. (2009) Allogeneic induced 

human FOXP3(+)IFN-gamma(+) T cells exhibit selective suppressive capacity. Eur J 

Immunol 39:2703–15 

167.  Voo KS., Wang Y-H., Santori FR., et al. (2009) Identification of IL-17-producing 

FOXP3+ regulatory T cells in humans. Proc Natl Acad Sci U S A 106:4793–8 

168.  Daniel V., Wang H., Sadeghi M., Opelz G. (2013) Interferon-Gamma Producing 

Regulatory T Cells as a Diagnostic and Therapeutic Tool in Organ Transplantation. Int 

Rev Immunol. doi: 10.3109/08830185.2013.845181 

169.  Afzali B., Mitchell PJ., Edozie FC., et al. (2013) CD161 expression characterizes a 

subpopulation of human regulatory T cells that produces IL-17 in a STAT3-dependent 

manner. Eur J Immunol 43:2043–54 

170.  Pesenacker AM., Bending D., Ursu S., Wu Q., Nistala K., Wedderburn LR. (2013) 

CD161 defines the subset of FoxP3+ T cells capable of producing proinflammatory 

cytokines. Blood 121:2647–58 

171.  Zhang N., Bevan MJ. (2011) CD8(+) T cells: foot soldiers of the immune system. 

Immunity 35:161–8 

172.  Joshi NS., Cui W., Chandele A., Lee HK., Urso DR., Hagman J., Gapin L., Kaech SM. 

(2007) Inflammation directs memory precursor and short-lived effector CD8(+) T cell 

fates via the graded expression of T-bet transcription factor. Immunity 27:281–95 

173.  Sun J., Madan R., Karp CL., Braciale TJ. (2009) Effector T cells control lung 

inflammation during acute influenza virus infection by producing IL-10. Nat Med 

15:277–84 

174.  Palmer EM., Holbrook BC., Arimilli S., Parks GD., Alexander-Miller MA. (2010) 

IFNγ-producing, virus-specific CD8+ effector cells acquire the ability to produce IL-10 

as a result of entry into the infected lung environment. Virology 404:225–230 

175.  Tu MM., Mahmoud AB., Makrigiannis AP. (2016) Licensed and Unlicensed NK Cells: 



	   98 

Differential Roles in Cancer and Viral Control. Front Immunol 7:166 

176.  Melsen JE., Lugthart G., Lankester AC., Schilham MW. (2016) Human Circulating and 

Tissue-Resident CD56bright Natural Killer Cell Populations. Front Immunol 7:262 

177.  Li Y., Mariuzza RA. (2014) Structural basis for recognition of cellular and viral ligands 

by NK cell receptors. Front Immunol 5:123 

178.  Chijioke O., Münz C. (2013) Dendritic cell derived cytokines in human natural killer 

cell differentiation and activation. Front Immunol 4:365 

179.  Smyth MJ., Cretney E., Kelly JM., Westwood JA., Street SEA., Yagita H., Takeda K., 

Dommelen SLH van., Degli-Esposti MA., Hayakawa Y. (2005) Activation of NK cell 

cytotoxicity. Mol Immunol 42:501–510 

180.  Gao Y., Williams AP. (2015) Role of Innate T Cells in Anti-Bacterial Immunity. Front 

Immunol 6:302 

181.  Godfrey DI., Uldrich AP., McCluskey J., Rossjohn J., Moody DB. (2015) The 

burgeoning family of unconventional T cells. Nat Immunol 16:1114–23 

182.  Napier RJ., Adams EJ., Gold MC., Lewinsohn DM. (2015) The Role of Mucosal 

Associated Invariant T Cells in Antimicrobial Immunity. Front Immunol 6:344 

183.  Treiner E., Duban L., Bahram S., Radosavljevic M., Wanner V., Tilloy F., Affaticati 

P., Gilfillan S., Lantz O. (2003) Selection of evolutionarily conserved mucosal-

associated invariant T cells by MR1. Nature 422:164–9 

184.  Gold MC., Eid T., Smyk-Pearson S., Eberling Y., Swarbrick GM., Langley SM., 

Streeter PR., Lewinsohn DA., Lewinsohn DM. (2013) Human thymic MR1-restricted 

MAIT cells are innate pathogen-reactive effectors that adapt following thymic egress. 

Mucosal Immunol 6:35–44 

185.  Gold MC., Lewinsohn DM. (2013) Co-dependents: MR1-restricted MAIT cells and 

their antimicrobial function. Nat Rev Microbiol 11:14–9 

186.  Le Bourhis L., Martin E., Péguillet I., et al. (2010) Antimicrobial activity of mucosal-

associated invariant T cells. Nat Immunol 11:701–8 

187.  Kjer-Nielsen L., Patel O., Corbett AJ., et al. (2012) MR1 presents microbial vitamin B 

metabolites to MAIT cells. Nature 491:717–23 

188.  Gold MC., Cerri S., Smyk-Pearson S., et al. (2010) Human mucosal associated 

invariant T cells detect bacterially infected cells. PLoS Biol 8:e1000407 



	   99 

189.  Le Bourhis L., Dusseaux M., Bohineust A., et al. (2013) MAIT cells detect and 

efficiently lyse bacterially-infected epithelial cells. PLoS Pathog 9:e1003681 

190.  Meierovics A., Yankelevich W-JC., Cowley SC. (2013) MAIT cells are critical for 

optimal mucosal immune responses during in vivo pulmonary bacterial infection. Proc 

Natl Acad Sci U S A 110:E3119–28 

191.  De Rosa SC., Andrus JP., Perfetto SP., Mantovani JJ., Herzenberg LA., Herzenberg 

LA., Roederer M. (2004) Ontogeny of gamma delta T cells in humans. J Immunol 

172:1637–45 

192.  Gibbons DL., Haque SFY., Silberzahn T., Hamilton K., Langford C., Ellis P., Carr R., 

Hayday AC. (2009) Neonates harbour highly active gammadelta T cells with selective 

impairments in preterm infants. Eur J Immunol 39:1794–806 

193.  Vantourout P., Hayday A. (2013) Six-of-the-best: unique contributions of γδ T cells to 

immunology. Nat Rev Immunol 13:88–100 

194.  Bonneville M., O’Brien RL., Born WK. (2010) Gammadelta T cell effector functions: 

a blend of innate programming and acquired plasticity. Nat Rev Immunol 10:467–78 

195.  Born WK., Kemal Aydintug M., O’Brien RL. (2013) Diversity of γδ T-cell antigens. 

Cell Mol Immunol 10:13–20 

196.  Caccamo N., Todaro M., Sireci G., Meraviglia S., Stassi G., Dieli F. (2013) 

Mechanisms underlying lineage commitment and plasticity of human γδ T cells. Cell 

Mol Immunol 10:30–4 

197.  Leslie DS., Vincent MS., Spada FM., Das H., Sugita M., Morita CT., Brenner MB. 

(2002) CD1-mediated gamma/delta T cell maturation of dendritic cells. J Exp Med 

196:1575–84 

198.  Eberl M., Roberts GW., Meuter S., Williams JD., Topley N., Moser B. (2009) A rapid 

crosstalk of human gammadelta T cells and monocytes drives the acute inflammation 

in bacterial infections. PLoS Pathog 5:e1000308 

199.  Skeen MJ., Freeman MM., Ziegler HK. (2004) Changes in peritoneal myeloid 

populations and their proinflammatory cytokine expression during infection with 

Listeria monocytogenes are altered in the absence of gamma/delta T cells. J Leukoc 

Biol 76:104–15 

200.  Brandes M., Willimann K., Lang AB., Nam K-H., Jin C., Brenner MB., Morita CT., 



	   100 

Moser B. (2003) Flexible migration program regulates gamma delta T-cell involvement 

in humoral immunity. Blood 102:3693–701 

201.  Brandes M., Willimann K., Moser B. (2005) Professional antigen-presentation function 

by human gammadelta T Cells. Science 309:264–8 

202.  Vermijlen D., Prinz I. (2014) Ontogeny of Innate T Lymphocytes - Some Innate 

Lymphocytes are More Innate than Others. Front Immunol 5:486 

203.  Gu S., Nawrocka W., Adams EJ. (2014) Sensing of Pyrophosphate Metabolites by 

Vγ9Vδ2 T Cells. Front Immunol 5:688 

204.  Vavassori S., Kumar A., Wan GS., et al. (2013) Butyrophilin 3A1 binds 

phosphorylated antigens and stimulates human γδ T cells. Nat Immunol 14:908–16 

205.  Sandstrom A., Peigné C-M., Léger A., Crooks JE., Konczak F., Gesnel M-C., 

Breathnach R., Bonneville M., Scotet E., Adams EJ. (2014) The intracellular B30.2 

domain of butyrophilin 3A1 binds phosphoantigens to mediate activation of human 

Vγ9Vδ2 T cells. Immunity 40:490–500 

206.  Liuzzi AR., McLaren JE., Price DA., Eberl M. (2015) Early innate responses to 

pathogens: pattern recognition by unconventional human T-cells. Curr Opin Immunol 

36:31–37 

207.  Yan H., Ohno N., Tsuji NM. (2013) The role of C-type lectin receptors in immune 

homeostasis. Int Immunopharmacol 16:353–7 

208.  Fergusson JR., Smith KE., Fleming VM., et al. (2014) CD161 Defines a 

Transcriptional and Functional Phenotype across Distinct Human T Cell Lineages. Cell 

Rep 9:1075–1088 

209.  Aldemir H., Prod’homme V., Dumaurier M-J., Retiere C., Poupon G., Cazareth J., Bihl 

F., Braud VM. (2005) Cutting edge: lectin-like transcript 1 is a ligand for the CD161 

receptor. J Immunol 175:7791–5 

210.  Germain C., Meier A., Jensen T., et al. (2011) Induction of lectin-like transcript 1 

(LLT1) protein cell surface expression by pathogens and interferon-γ contributes to 

modulate immune responses. J Biol Chem 286:37964–75 

211.  Fergusson JR., Hühn MH., Swadling L., et al. (2016) CD161(int)CD8+ T cells: a novel 

population of highly functional, memory CD8+ T cells enriched within the gut. 

Mucosal Immunol 9:401–13 



	   101 

212.  Takahashi T., Dejbakhsh-Jones S., Strober S. (2006) Expression of CD161 (NKR-P1A) 

defines subsets of human CD4 and CD8 T cells with different functional activities. J 

Immunol 176:211–6 

213.  Billerbeck E., Kang Y-H., Walker L., et al. (2010) Analysis of CD161 expression on 

human CD8+ T cells defines a distinct functional subset with tissue-homing properties. 

Proc Natl Acad Sci U S A 107:3006–11 

214.  Maggi L., Santarlasci V., Capone M., et al. (2010) CD161 is a marker of all human IL-

17-producing T-cell subsets and is induced by RORC. Eur J Immunol 40:2174–81 

215.  Rosen DB., Cao W., Avery DT., Tangye SG., Liu Y-J., Houchins JP., Lanier LL. 

(2008) Functional consequences of interactions between human NKR-P1A and its 

ligand LLT1 expressed on activated dendritic cells and B cells. J Immunol 180:6508–

17 

216.  Llibre A., López-Macías C., Marafioti T., et al. (2016) LLT1 and CD161 Expression in 

Human Germinal Centers Promotes B Cell Activation and CXCR4 Downregulation. J 

Immunol 196:2085–94 

217.  Adkins B., Leclerc C., Marshall-Clarke S. (2004) Neonatal adaptive immunity comes 

of age. Nat Rev Immunol 4:553–64 

218.  Elahi S., Ertelt JM., Kinder JM., et al. (2013) Immunosuppressive CD71+ erythroid 

cells compromise neonatal host defence against infection. Nature 504:158–62 

219.  Stockinger S., Hornef MW., Chassin C. (2011) Establishment of intestinal homeostasis 

during the neonatal period. Cell Mol Life Sci 68:3699–712 

220.  Koch M., Reiner G., Lugo K., Kreuk L., Stanbery A., Ansaldo E., Seher T., Ludington 

W., Barton G. (2016) Maternal IgG and IgA antibodies dampen mucosal T helper cell 

responses in early life. Cell 5:827–841 

221.  Rogier EW., Frantz AL., Bruno MEC., Wedlund L., Cohen DA., Stromberg AJ., 

Kaetzel CS. (2014) Secretory antibodies in breast milk promote long-term intestinal 

homeostasis by regulating the gut microbiota and host gene expression. Proc Natl Acad 

Sci U S A 111:3074–9 

222.  Martin R., Nauta AJ., Ben Amor K., Knippels LMJ., Knol J., Garssen J. (2010) Early 

life: gut microbiota and immune development in infancy. Benef Microbes 1:367–82 

223.  Strunk T., Currie A., Richmond P., Simmer K., Burgner D. (2011) Innate immunity in 



	   102 

human newborn infants: prematurity means more than immaturity. J Matern Fetal 

Neonatal Med 24:25–31 

224.  Langrish CL., Buddle JC., Thrasher AJ., Goldblatt D. (2002) Neonatal dendritic cells 

are intrinsically biased against Th-1 immune responses. Clin Exp Immunol 128:118–23 

225.  Kollmann TR., Crabtree J., Rein-Weston A., et al. (2009) Neonatal innate TLR-

mediated responses are distinct from those of adults. J Immunol 183:7150–60 

226.  Levy O., Zarember KA., Roy RM., Cywes C., Godowski PJ., Wessels MR. (2004) 

Selective impairment of TLR-mediated innate immunity in human newborns: neonatal 

blood plasma reduces monocyte TNF-alpha induction by bacterial lipopeptides, 

lipopolysaccharide, and imiquimod, but preserves the response to R-848. J Immunol 

173:4627–34 

227.  Sohlberg E., Saghafian-Hedengren S., Bremme K., Sverremark-Ekström E. (2011) 

Cord blood monocyte subsets are similar to adult and show potent peptidoglycan-

stimulated cytokine responses. Immunology 133:41–50 

228.  Angelone DF., Wessels MR., Coughlin M., Suter EE., Valentini P., Kalish LA., Levy 

O. (2006) Innate immunity of the human newborn is polarized toward a high ratio of 

IL-6/TNF-alpha production in vitro and in vivo. Pediatr Res 60:205–9 

229.  Belderbos ME., Levy O., Stalpers F., Kimpen JL., Meyaard L., Bont L. (2012) 

Neonatal plasma polarizes TLR4-mediated cytokine responses towards low IL-12p70 

and high IL-10 production via distinct factors. PLoS One 7:e33419 

230.  Han P., McDonald T., Hodge G. (2004) Potential immaturity of the T-cell and antigen-

presenting cell interaction in cord blood with particular emphasis on the CD40-CD40 

ligand costimulatory pathway. Immunology 113:26–34 

231.  Guilmot A., Hermann E., Braud VM., Carlier Y., Truyens C. (2011) Natural killer cell 

responses to infections in early life. J Innate Immun 3:280–8 

232.  Guilmot A., Carlier Y., Truyens C. (2014) Differential IFN-γ production by adult and 

neonatal blood CD56+ natural killer (NK) and NK-like-T cells in response to 

Trypanosoma cruzi and IL-15. Parasite Immunol 36:43–52 

233.  Nomura A., Takada H., Jin C., Tanaka T., Ohga S., Hara T. (2001) Functional analyses 

of cord blood natural killer cells and T cells: a distinctive interleukin-18 response. Exp 

Hematol Oct 29:1169–1176 



	   103 

234.  Gasparoni A., Ciardelli L., Avanzini A., Castellazzi AM., Carini R., Rondini G., 

Chirico G. (2003) Age-related changes in intracellular TH1/TH2 cytokine production, 

immunoproliferative T lymphocyte response and natural killer cell activity in 

newborns, children and adults. Biol Neonate 84:297–303 

235.  van Gent R., van Tilburg CM., Nibbelke EE., et al. (2009) Refined characterization and 

reference values of the pediatric T- and B-cell compartments. Clin Immunol 133:95–

107 

236.  Cérbulo-Vázquez A., Valdés-Ramos R., Santos-Argumedo L. Activated umbilical cord 

blood cells from pre-term and term neonates express CD69 and synthesize IL-2 but are 

unable to produce IFN-gamma. Arch Med Res 34:100–5 

237.  Härtel C., Adam N., Strunk T., Temming P., Müller-Steinhardt M., Schultz C. (2005) 

Cytokine responses correlate differentially with age in infancy and early childhood. 

Clin Exp Immunol 142:446–53 

238.  Hanna-Wakim R., Yasukawa LL., Sung P., Fang M., Sullivan B., Rinki M., DeHovitz 

R., Arvin AM., Gans HA. (2009) Age-related increase in the frequency of CD4(+) T 

cells that produce interferon-gamma in response to staphylococcal enterotoxin B during 

childhood. J Infect Dis 200:1921–7 

239.  Gibbons D., Fleming P., Virasami A., Michel M-L., Sebire NJ., Costeloe K., Carr R., 

Klein N., Hayday A. (2014) Interleukin-8 (CXCL8) production is a signatory T cell 

effector function of human newborn infants. Nat Med 20:1206–10 

240.  Black A., Bhaumik S., Kirkman RL., Weaver CT., Randolph DA. (2012) 

Developmental regulation of Th17-cell capacity in human neonates. Eur J Immunol 

42:311–9 

241.  Debock I., Flamand V. (2014) Unbalanced Neonatal CD4(+) T-Cell Immunity. Front 

Immunol 5:393 

242.  Dijkstra KK., Hoeks SBEA., Prakken BJ., de Roock S. (2014) TH17 differentiation 

capacity develops within the first 3 months of life. J Allergy Clin Immunol 133:891–

4.e5 

243.  Darrasse-Jèze G., Marodon G., Salomon BL., Catala M., Klatzmann D. (2005) 

Ontogeny of CD4+CD25+ regulatory/suppressor T cells in human fetuses. Blood 

105:4715–21 



	   104 

244.  Takahata Y., Nomura A., Takada H., Ohga S., Furuno K., Hikino S., Nakayama H., 

Sakaguchi S., Hara T. (2004) CD25+CD4+ T cells in human cord blood: an 

immunoregulatory subset with naive phenotype and specific expression of forkhead 

box p3 (Foxp3) gene. Exp Hematol 32:622–9 

245.  Dirix V., Vermeulen F., Mascart F. (2013) Maturation of CD4+ regulatory T 

lymphocytes and of cytokine secretions in infants born prematurely. J Clin Immunol 

33:1126–33 

246.  Fujimaki W., Takahashi N., Ohnuma K., Nagatsu M., Kurosawa H., Yoshida S., Dang 

NH., Uchiyama T., Morimoto C. (2008) Comparative study of regulatory T cell 

function of human CD25CD4 T cells from thymocytes, cord blood, and adult 

peripheral blood. Clin Dev Immunol 2008:305859 

247.  Wing K., Larsson P., Sandström K., Lundin SB., Suri-Payer E., Rudin A. (2005) CD4+ 

CD25+ FOXP3+ regulatory T cells from human thymus and cord blood suppress 

antigen-specific T cell responses. Immunology 115:516–25 

248.  Fan H., Yang J., Hao J., Ren Y., Chen L., Li G., Xie R., Yang Y., Gao F., Liu M. 

(2012) Comparative study of regulatory T cells expanded ex vivo from cord blood and 

adult peripheral blood. Immunology 136:218–30 

249.  Rueda CM., Moreno-Fernandez ME., Jackson CM., Kallapur SG., Jobe AH., Chougnet 

CA. (2015) Neonatal regulatory T cells have reduced capacity to suppress dendritic cell 

function. Eur J Immunol 45:2582–92 

250.  Jenmalm MC. (2011) Childhood immune maturation and allergy development: 

regulation by maternal immunity and microbial exposure. Am J Reprod Immunol 66 

Suppl 1:75–80 

251.  Halonen M., Lohman IC., Stern DA., Spangenberg A., Anderson D., Mobley S., Ciano 

K., Peck M., Wright AL. (2009) Th1/Th2 patterns and balance in cytokine production 

in the parents and infants of a large birth cohort. J Immunol 182:3285–93 

252.  Dethlefsen L., Eckburg PB., Bik EM., Relman DA. (2006) Assembly of the human 

intestinal microbiota. Trends Ecol Evol 21:517–23 

253.  Littman DR., Pamer EG. (2011) Role of the commensal microbiota in normal and 

pathogenic host immune responses. Cell Host Microbe 10:311–23 

254.  Eckburg PB., Bik EM., Bernstein CN., Purdom E., Dethlefsen L., Sargent M., Gill SR., 



	   105 

Nelson KE., Relman DA. (2005) Diversity of the human intestinal microbial flora. 

Science 308:1635–8 

255.  Palmer C., Bik EM., DiGiulio DB., Relman DA., Brown PO. (2007) Development of 

the human infant intestinal microbiota. PLoS Biol 5:e177 

256.  Adlerberth I., Wold AE. (2009) Establishment of the gut microbiota in Western infants. 

Acta Paediatr 98:229–38 

257.  Satokari R., Grönroos T., Laitinen K., Salminen S., Isolauri E. (2009) Bifidobacterium 

and Lactobacillus DNA in the human placenta. Lett Appl Microbiol 48:8–12 

258.  Dominguez-Bello MG., Costello EK., Contreras M., Magris M., Hidalgo G., Fierer N., 

Knight R. (2010) Delivery mode shapes the acquisition and structure of the initial 

microbiota across multiple body habitats in newborns. Proc Natl Acad Sci U S A 

107:11971–5 

259.  Matamoros S., Gras-Leguen C., Le Vacon F., Potel G., de La Cochetiere M-F. (2013) 

Development of intestinal microbiota in infants and its impact on health. Trends 

Microbiol 21:167–73 

260.  Jakobsson HE., Abrahamsson TR., Jenmalm MC., Harris K., Quince C., Jernberg C., 

Björkstén B., Engstrand L., Andersson AF. (2014) Decreased gut microbiota diversity, 

delayed Bacteroidetes colonisation and reduced Th1 responses in infants delivered by 

Caesarean section. Gut 63:559–66 

261.  Abreu MT. (2010) Toll-like receptor signalling in the intestinal epithelium: how 

bacterial recognition shapes intestinal function. Nat Rev Immunol 10:131–44 

262.  Rescigno M. (2011) The intestinal epithelial barrier in the control of homeostasis and 

immunity. Trends Immunol 32:256–64 

263.  Peterson LW., Artis D. (2014) Intestinal epithelial cells: regulators of barrier function 

and immune homeostasis. Nat Rev Immunol 14:141–53 

264.  Mabbott NA., Donaldson DS., Ohno H., Williams IR., Mahajan A. (2013) Microfold 

(M) cells: important immunosurveillance posts in the intestinal epithelium. Mucosal 

Immunol 6:666–77 

265.  Kumar V. Innate lymphoid cells: new paradigm in immunology of inflammation. 

Immunol Lett 157:23–37 

266.  Hepworth MR., Monticelli LA., Fung TC., et al. (2013) Innate lymphoid cells regulate 



	   106 

CD4+ T-cell responses to intestinal commensal bacteria. Nature 498:113–7 

267.  Artis D. (2008) Epithelial-cell recognition of commensal bacteria and maintenance of 

immune homeostasis in the gut. Nat Rev Immunol 8:411–20 

268.  Hooper L V., Macpherson AJ. (2010) Immune adaptations that maintain homeostasis 

with the intestinal microbiota. Nat Rev Immunol 10:159–69 

269.  Fink LN., Metzdorff SB., Zeuthen LH., Nellemann C., Kristensen MB., Licht TR., 

Frøkiær H. (2012) Establishment of tolerance to commensal bacteria requires a 

complex microbiota and is accompanied by decreased intestinal chemokine expression. 

Am J Physiol Gastrointest Liver Physiol 302:G55–65 

270.  Wesemann DR., Portuguese AJ., Meyers RM., Gallagher MP., Cluff-Jones K., Magee 

JM., Panchakshari RA., Rodig SJ., Kepler TB., Alt FW. (2013) Microbial colonization 

influences early B-lineage development in the gut lamina propria. Nature 501:112–5 

271.  Cerutti A., Rescigno M. (2008) The biology of intestinal immunoglobulin A responses. 

Immunity 28:740–50 

272.  Peterson DA., McNulty NP., Guruge JL., Gordon JI. (2007) IgA response to symbiotic 

bacteria as a mediator of gut homeostasis. Cell Host Microbe 2:328–39 

273.  Cong Y., Feng T., Fujihashi K., Schoeb TR., Elson CO. (2009) A dominant, 

coordinated T regulatory cell-IgA response to the intestinal microbiota. Proc Natl Acad 

Sci U S A 106:19256–61 

274.  Wesemann DR. (2015) Chapter Five – Microbes and B Cell Development. Adv. 

Immunol. pp 155–178 

275.  Sommer F., Bäckhed F. (2013) The gut microbiota--masters of host development and 

physiology. Nat Rev Microbiol 11:227–38 

276.  Kamada N., Seo S-U., Chen GY., Núñez G. (2013) Role of the gut microbiota in 

immunity and inflammatory disease. Nat Rev Immunol 13:321–35 

277.  Olszak T., An D., Zeissig S., et al. (2012) Microbial exposure during early life has 

persistent effects on natural killer T cell function. Science 336:489–93 

278.  Ostman S., Rask C., Wold AE., Hultkrantz S., Telemo E. (2006) Impaired regulatory T 

cell function in germ-free mice. Eur J Immunol 36:2336–46 

279.  Chinen T., Volchkov PY., Chervonsky A V., Rudensky AY. (2010) A critical role for 

regulatory T cell-mediated control of inflammation in the absence of commensal 



	   107 

microbiota. J Exp Med 207:2323–30 

280.  Belkaid Y., Bouladoux N., Hand TW. (2013) Effector and memory T cell responses to 

commensal bacteria. Trends Immunol 34:299–306 

281.  Mazmanian SK., Liu CH., Tzianabos AO., Kasper DL. (2005) An immunomodulatory 

molecule of symbiotic bacteria directs maturation of the host immune system. Cell 

122:107–18 

282.  Mazmanian SK., Round JL., Kasper DL. (2008) A microbial symbiosis factor prevents 

intestinal inflammatory disease. Nature 453:620–5 

283.  Round JL., Mazmanian SK. (2010) Inducible Foxp3+ regulatory T-cell development 

by a commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U S A 

107:12204–9 

284.  Clarke TB., Davis KM., Lysenko ES., Zhou AY., Yu Y., Weiser JN. (2010) 

Recognition of peptidoglycan from the microbiota by Nod1 enhances systemic innate 

immunity. Nat Med 16:228–31 

285.  Nishio J., Honda K. (2012) Immunoregulation by the gut microbiota. Cell Mol Life Sci 

69:3635–50 

286.  Ochoa-Repáraz J., Mielcarz DW., Ditrio LE., Burroughs AR., Begum-Haque S., 

Dasgupta S., Kasper DL., Kasper LH. (2010) Central nervous system demyelinating 

disease protection by the human commensal Bacteroides fragilis depends on 

polysaccharide A expression. J Immunol 185:4101–8 

287.  Telesford KM., Yan W., Ochoa-Reparaz J., Pant A., Kircher C., Christy MA., Begum-

Haque S., Kasper DL., Kasper LH. (2015) A commensal symbiotic factor derived from 

Bacteroides fragilis promotes human CD39(+)Foxp3(+) T cells and Treg function. Gut 

Microbes 6:234–42 

288.  Arpaia N., Campbell C., Fan X., et al. (2013) Metabolites produced by commensal 

bacteria promote peripheral regulatory T-cell generation. Nature 504:451–5 

289.  Rosser EC., Oleinika K., Tonon S., Doyle R., Bosma A., Carter NA., Harris KA., Jones 

SA., Klein N., Mauri C. (2014) Regulatory B cells are induced by gut microbiota-

driven interleukin-1β and interleukin-6 production. Nat Med 20:1334–9 

290.  Gensollen T., Iyer SS., Kasper DL., Blumberg RS. (2016) How colonization by 

microbiota in early life shapes the immune system. Science 352:539–44 



	   108 

291.  Hansen CHF., Nielsen DS., Kverka M., Zakostelska Z., Klimesova K., Hudcovic T., 

Tlaskalova-Hogenova H., Hansen AK. (2012) Patterns of early gut colonization shape 

future immune responses of the host. PLoS One 7:e34043 

292.  El Aidy S., Hooiveld G., Tremaroli V., Bäckhed F., Kleerebezem M. The gut 

microbiota and mucosal homeostasis: colonized at birth or at adulthood, does it matter? 

Gut Microbes 4:118–24 

293.  Gollwitzer ES., Saglani S., Trompette A., Yadava K., Sherburn R., McCoy KD., Nicod 

LP., Lloyd CM., Marsland BJ. (2014) Lung microbiota promotes tolerance to allergens 

in neonates via PD-L1. Nat Med 20:642–7 

294.  Cahenzli J., Köller Y., Wyss M., Geuking MB., McCoy KD. (2013) Intestinal 

microbial diversity during early-life colonization shapes long-term IgE levels. Cell 

Host Microbe 14:559–70 

295.  Grindebacke H., Stenstad H., Quiding-Järbrink M., Waldenström J., Adlerberth I., 

Wold AE., Rudin A. (2009) Dynamic development of homing receptor expression and 

memory cell differentiation of infant CD4+CD25high regulatory T cells. J Immunol 

183:4360–70 

296.  Lundell A-C., Björnsson V., Ljung A., Ceder M., Johansen S., Lindhagen G., Törnhage 

C-J., Adlerberth I., Wold AE., Rudin A. (2012) Infant B cell memory differentiation 

and early gut bacterial colonization. J Immunol 188:4315–22 

297.  Grönlund MM., Arvilommi H., Kero P., Lehtonen OP., Isolauri E. (2000) Importance 

of intestinal colonisation in the maturation of humoral immunity in early infancy: a 

prospective follow up study of healthy infants aged 0-6 months. Arch Dis Child Fetal 

Neonatal Ed 83:F186–92 

298.  Sjögren YM., Tomicic S., Lundberg A., Böttcher MF., Björkstén B., Sverremark-

Ekström E., Jenmalm MC. (2009) Influence of early gut microbiota on the maturation 

of childhood mucosal and systemic immune responses. Clin Exp Allergy 39:1842–51 

299.  Johansson MA., Saghafian-Hedengren S., Haileselassie Y., Roos S., Troye-Blomberg 

M., Nilsson C., Sverremark-Ekström E. (2012) Early-life gut bacteria associate with 

IL-4-, IL-10- and IFN-γ production at two years of age. PLoS One 7:e49315 

300.  Kramer A., Bekeschus S., Bröker BM., Schleibinger H., Razavi B., Assadian O. (2013) 

Maintaining health by balancing microbial exposure and prevention of infection: the 



	   109 

hygiene hypothesis versus the hypothesis of early immune challenge. J Hosp Infect 83 

Suppl 1:S29–34 

301.  Russell SL., Gold MJ., Hartmann M., et al. (2012) Early life antibiotic-driven changes 

in microbiota enhance susceptibility to allergic asthma. EMBO Rep 13:440–7 

302.  Risnes KR., Belanger K., Murk W., Bracken MB. (2011) Antibiotic exposure by 6 

months and asthma and allergy at 6 years: Findings in a cohort of 1,401 US children. 

Am J Epidemiol 173:310–8 

303.  Hsiao EY., McBride SW., Hsien S., et al. (2013) Microbiota modulate behavioral and 

physiological abnormalities associated with neurodevelopmental disorders. Cell 

155:1451–63 

304.  Gosalbes MJ., Llop S., Vallès Y., Moya A., Ballester F., Francino MP. (2013) 

Meconium microbiota types dominated by lactic acid or enteric bacteria are 

differentially associated with maternal eczema and respiratory problems in infants. Clin 

Exp Allergy 43:198–211 

305.  Li M., Wang M., Donovan SM. (2014) Early development of the gut microbiome and 

immune-mediated childhood disorders. Semin Reprod Med 32:74–86 

306.  Abrahamsson TR., Jakobsson HE., Andersson AF., Björkstén B., Engstrand L., 

Jenmalm MC. (2014) Low gut microbiota diversity in early infancy precedes asthma at 

school age. Clin Exp Allergy 44:842–50 

307.  Noval Rivas M., Burton OT., Wise P., et al. (2013) A microbiota signature associated 

with experimental food allergy promotes allergic sensitization and anaphylaxis. J 

Allergy Clin Immunol 131:201–12 

308.  Björkstén B., Sepp E., Julge K., Voor T., Mikelsaar M. (2001) Allergy development 

and the intestinal microflora during the first year of life. J Allergy Clin Immunol 

108:516–20 

309.  Penders J., Thijs C., van den Brandt PA., Kummeling I., Snijders B., Stelma F., Adams 

H., van Ree R., Stobberingh EE. (2007) Gut microbiota composition and development 

of atopic manifestations in infancy: the KOALA Birth Cohort Study. Gut 56:661–7 

310.  Song H., Yoo Y., Hwang J., Na Y-C., Kim HS. (2015) Faecalibacterium prausnitzii 

subspecies-level dysbiosis in the human gut microbiome underlying atopic dermatitis. J 

Allergy Clin Immunol 137:852–60 



	   110 

311.  Sjögren YM., Jenmalm MC., Böttcher MF., Björkstén B., Sverremark-Ekström E. 

(2009) Altered early infant gut microbiota in children developing allergy up to 5 years 

of age. Clin Exp Allergy 39:518–26 

312.  Johansson MA., Sjögren YM., Persson J-O., Nilsson C., Sverremark-Ekström E. 

(2011) Early colonization with a group of Lactobacilli decreases the risk for allergy at 

five years of age despite allergic heredity. PLoS One 6:e23031 

313.  Holgate ST., Polosa R. (2008) Treatment strategies for allergy and asthma. Nat Rev 

Immunol 8:218–30 

314.  Paul WE., Zhu J. (2010) How are T(H)2-type immune responses initiated and 

amplified? Nat Rev Immunol 10:225–35 

315.  Riedler J., Braun-Fahrländer C., Eder W., et al. (2001) Exposure to farming in early 

life and development of asthma and allergy: a cross-sectional survey. Lancet 

358:1129–1133 

316.  Braun-Fahrländer C., Riedler J., Herz U., et al. (2002) Environmental exposure to 

endotoxin and its relation to asthma in school-age children. N Engl J Med 347:869–77 

317.  Schuijs MJ., Willart MA., Vergote K., et al. (2015) Farm dust and endotoxin protect 

against allergy through A20 induction in lung epithelial cells. Science 349:1106–10 

318.  Bröker BM., Holtfreter S., Bekeredjian-Ding I. (2014) Immune control of 

Staphylococcus aureus - Regulation and counter-regulation of the adaptive immune 

response. Int J Med Microbiol 304:204–14 

319.  Bénédicte Fournier DJP. (2005) Recognition of Staphylococcus aureus by the Innate 

Immune System. Clin Microbiol Rev 18:521 

320.  Bekeredjian-Ding I., Stein C., Uebele J. (2015) The Innate Immune Response Against 

Staphylococcus aureus. Curr Top Microbiol Immunol. doi: 10.1007/82_2015_5004 

321.  Maren Rautenberg H-SJMOAP. (2011) Neutrophil responses to staphylococcal 

pathogens and commensals via the formyl peptide receptor 2 relates to phenol-soluble 

modulin release and virulence. FASEB J 25:1254 

322.  Wu X., Xu F. (2014) Dendritic cells during Staphylococcus aureus infection: subsets 

and roles. J Transl Med 12:358 

323.  Schindler D., Gutierrez MG., Beineke A., Rauter Y., Rohde M., Foster S., Goldmann 

O., Medina E. (2012) Dendritic cells are central coordinators of the host immune 



	   111 

response to Staphylococcus aureus bloodstream infection. Am J Pathol 181:1327–37 

324.  Doisne J-M., Soulard V., Bécourt C., et al. (2011) Cutting edge: crucial role of IL-1 

and IL-23 in the innate IL-17 response of peripheral lymph node NK1.1- invariant 

NKT cells to bacteria. J Immunol 186:662–6 

325.  Maher BM., Mulcahy ME., Murphy AG., Wilk M., O’Keeffe KM., Geoghegan JA., 

Lavelle EC., McLoughlin RM. (2013) Nlrp-3-driven interleukin 17 production by γδT 

cells controls infection outcomes during Staphylococcus aureus surgical site infection. 

Infect Immun 81:4478–89 

326.  Murphy AG., O’Keeffe KM., Lalor SJ., Maher BM., Mills KHG., McLoughlin RM. 

(2014) Staphylococcus aureus infection of mice expands a population of memory γδ T 

cells that are protective against subsequent infection. J Immunol 192:3697–708 

327.  Haller D., Serrant P., Granato D., Schiffrin EJ., Blum S. (2002) Activation of human 

NK cells by staphylococci and lactobacilli requires cell contact-dependent 

costimulation by autologous monocytes. Clin Diagn Lab Immunol 9:649–57 

328.  Schmaler M., Jann NJ., Ferracin F., Landmann R. (2011) T and B cells are not required 

for clearing Staphylococcus aureus in systemic infection despite a strong TLR2-

MyD88-dependent T cell activation. J Immunol 186:443–52 

329.  Kolata JB., Kühbandner I., Link C., Normann N., Vu CH., Steil L., Weidenmaier C., 

Bröker BM. (2015) The Fall of a Dogma? Unexpected High T-Cell Memory Response 

to Staphylococcus aureus in Humans. J Infect Dis 212:830–8 

330.  Brown AF., Leech JM., Rogers TR., McLoughlin RM. (2014) Staphylococcus aureus 

Colonization: Modulation of Host Immune Response and Impact on Human Vaccine 

Design. Front Immunol 4:507 

331.  Karauzum H., Datta SK. (2016) Adaptive Immunity Against Staphylococcus aureus. 

Curr Top Microbiol Immunol. doi: 10.1007/82_2016_1 

332.  Brown AF., Murphy AG., Lalor SJ., et al. (2015) Memory Th1 Cells Are Protective in 

Invasive Staphylococcus aureus Infection. PLoS Pathog 11:e1005226 

333.  Petersson K., Pettersson H., Skartved NJ., Walse B., Forsberg G. (2003) 

Staphylococcal enterotoxin H induces V alpha-specific expansion of T cells. J Immunol 

170:4148–54 

334.  Xu SX., McCormick JK. (2012) Staphylococcal superantigens in colonization and 



	   112 

disease. Front Cell Infect Microbiol 2:52 

335.  Saline M., Rödström KEJ., Fischer G., Orekhov VY., Karlsson BG., Lindkvist-

Petersson K. (2010) The structure of superantigen complexed with TCR and MHC 

reveals novel insights into superantigenic T cell activation. Nat Commun 1:119 

336.  Bueno C., Lemke CD., Criado G., Baroja ML., Ferguson SSG., Rahman AKMN-U., 

Tsoukas CD., McCormick JK., Madrenas J. (2006) Bacterial superantigens bypass 

Lck-dependent T cell receptor signaling by activating a Galpha11-dependent, PLC-

beta-mediated pathway. Immunity 25:67–78 

337.  Arad G., Levy R., Nasie I., Hillman D., Rotfogel Z., Barash U., Supper E., Shpilka T., 

Minis A., Kaempfer R. (2011) Binding of superantigen toxins into the CD28 

homodimer interface is essential for induction of cytokine genes that mediate lethal 

shock. PLoS Biol 9:e1001149 

338.  Islander U., Andersson A., Lindberg E., Adlerberth I., Wold AE., Rudin A. (2010) 

Superantigenic Staphylococcus aureus stimulates production of interleukin-17 from 

memory but not naive T cells. Infect Immun 78:381–6 

339.  Taylor AL., Llewelyn MJ. (2010) Superantigen-induced proliferation of human 

CD4+CD25- T cells is followed by a switch to a functional regulatory phenotype. J 

Immunol 185:6591–8 

340.  Otto M. (2014) Staphylococcus aureus toxins. Curr Opin Microbiol 17:32–7 

341.  Schreiner J., Kretschmer D., Klenk J., Otto M., Bühring H-J., Stevanovic S., Wang 

JM., Beer-Hammer S., Peschel A., Autenrieth SE. (2013) Staphylococcus aureus 

phenol-soluble modulin peptides modulate dendritic cell functions and increase in vitro 

priming of regulatory T cells. J Immunol 190:3417–26 

342.  Frodermann V., Chau TA., Sayedyahossein S., Toth JM., Heinrichs DE., Madrenas J. 

(2011) A modulatory interleukin-10 response to staphylococcal peptidoglycan prevents 

Th1/Th17 adaptive immunity to Staphylococcus aureus. J Infect Dis 204:253–62 

343.  Kaesler S., Skabytska Y., Chen K-M., et al. (2016) Staphylococcus aureus–derived 

lipoteichoic acid induces temporary T-cell paralysis independent of Toll-like receptor 

2. J Allergy Clin Immunol 0:70–78 

344.  Kobayashi SD., DeLeo FR. (2013) Staphylococcus aureus protein A promotes immune 

suppression. MBio 4:e00764–13 



	   113 

345.  Lindberg E., Adlerberth I., Matricardi P., Bonanno C., Tripodi S., Panetta V., 

Hesselmar B., Saalman R., Aberg N., Wold AE. (2011) Effect of lifestyle factors on 

Staphylococcus aureus gut colonization in Swedish and Italian infants. Clin Microbiol 

Infect 17:1209–15 

346.  Nowrouzian FL., Dauwalder O., Meugnier H., et al. (2011) Adhesin and superantigen 

genes and the capacity of Staphylococcus aureus to colonize the infantile gut. J Infect 

Dis 204:714–21 

347.  Brüssow H. (2016) Turning the inside out: the microbiology of atopic dermatitis. 

Environ Microbiol 18:2089–102 

348.  Bachert C., van Steen K., Zhang N., et al. (2012) Specific IgE against Staphylococcus 

aureus enterotoxins: an independent risk factor for asthma. J Allergy Clin Immunol 

130:376–81.e8 

349.  Liu JN., Shin YS., Yoo H-S., Nam YH., Jin HJ., Ye Y-M., Nahm D-H., Park H-S. 

(2014) The Prevalence of Serum Specific IgE to Superantigens in Asthma and Allergic 

Rhinitis Patients. Allergy Asthma Immunol Res 6:263–6 

350.  Davis MF., Peng RD., McCormack MC., Matsui EC. (2015) Staphylococcus aureus 

colonization is associated with wheeze and asthma among US children and young 

adults. J Allergy Clin Immunol 135:811–3.e5 

351.  Zeng W., McFarland MM., Zhou B., Holtfreter S., Flesher S., Cheung A., Mallick A. 

(2016) Staphylococcal enterotoxin A–activated regulatory T cells promote allergen-

specific TH2 response to intratracheal allergen inoculation. J Allergy Clin Immunol 

0:68–73 

352.  Lundell A-C., Hesselmar B., Nordström I., Saalman R., Karlsson H., Lindberg E., 

Aberg N., Adlerberth I., Wold AE., Rudin A. (2009) High circulating immunoglobulin 

A levels in infants are associated with intestinal toxigenic Staphylococcus aureus and a 

lower frequency of eczema. Clin Exp Allergy 39:662–70 

353.  Lundell A-C., Adlerberth I., Lindberg E., et al. (2007) Increased levels of circulating 

soluble CD14 but not CD83 in infants are associated with early intestinal colonization 

with Staphylococcus aureus. Clin Exp Allergy 37:62–71 

354.  Lönnqvist A., Ostman S., Almqvist N., Hultkrantz S., Telemo E., Wold AE., Rask C. 

(2009) Neonatal exposure to staphylococcal superantigen improves induction of oral 



	   114 

tolerance in a mouse model of airway allergy. Eur J Immunol 39:447–56 

355.  Stern A., Wold AE., Östman S. (2013) Neonatal mucosal immune stimulation by 

microbial superantigen improves the tolerogenic capacity of CD103(+) dendritic cells. 

PLoS One 8:e75594 

356.  Ahrné S., Lönnermark E., Wold AE., Åberg N., Hesselmar B., Saalman R., 

Strannegård I-L., Molin G., Adlerberth I. (2005) Lactobacilli in the intestinal 

microbiota of Swedish infants. Microbes Infect 7:1256–1262 

357.  Björkstén B., Naaber P., Sepp E., Mikelsaar M. (1999) The intestinal microflora in 

allergic Estonian and Swedish 2-year-old children. Clin Exp Allergy 29:342–6 

358.  Patel RM., Myers LS., Kurundkar AR., Maheshwari A., Nusrat A., Lin PW. (2012) 

Probiotic bacteria induce maturation of intestinal claudin 3 expression and barrier 

function. Am J Pathol 180:626–35 

359.  Yan F., Liu L., Cao H., Moore DJ., Washington MK., Wang B., Peek RM., Acra SA., 

Polk DB. (2016) Neonatal colonization of mice with LGG promotes intestinal 

development and decreases susceptibility to colitis in adulthood. Mucosal Immunol. 

doi: 10.1038/mi.2016.43 

360.  Kikuchi Y., Kunitoh-Asari A., Hayakawa K., Imai S., Kasuya K., Abe K., Adachi Y., 

Fukudome S-I., Takahashi Y., Hachimura S. (2014) Oral administration of 

Lactobacillus plantarum strain AYA enhances IgA secretion and provides survival 

protection against influenza virus infection in mice. PLoS One 9:e86416 

361.  Wang Y., Liu L., Moore DJ., Shen X., Peek RM., Acra SA., Li H., Ren X., Polk DB., 

Yan F. (2016) An LGG-derived protein promotes IgA production through upregulation 

of APRIL expression in intestinal epithelial cells. Mucosal Immunol. doi: 

10.1038/mi.2016.57 

362.  Smelt MJ., de Haan BJ., Bron PA., van Swam I., Meijerink M., Wells JM., Faas MM., 

de Vos P. (2012) L. plantarum, L. salivarius, and L. lactis attenuate Th2 responses and 

increase Treg frequencies in healthy mice in a strain dependent manner. PLoS One 

7:e47244 

363.  Luoto R., Ruuskanen O., Waris M., Kalliomäki M., Salminen S., Isolauri E. (2014) 

Prebiotic and probiotic supplementation prevents rhinovirus infections in preterm 

infants: a randomized, placebo-controlled trial. J Allergy Clin Immunol 133:405–13 



	   115 

364.  Rosenfeldt V., Benfeldt E., Valerius NH., Paerregaard A., Michaelsen KF. (2004) 

Effect of probiotics on gastrointestinal symptoms and small intestinal permeability in 

children with atopic dermatitis. J Pediatr 145:612–6 

365.  Blümer N., Sel S., Virna S., Patrascan CC., Zimmermann S., Herz U., Renz H., Garn 

H. (2007) Perinatal maternal application of Lactobacillus rhamnosus GG suppresses 

allergic airway inflammation in mouse offspring. Clin Exp Allergy 37:348–57 

366.  Harb H., van Tol EAF., Heine H., et al. (2013) Neonatal supplementation of processed 

supernatant from Lactobacillus rhamnosus GG improves allergic airway inflammation 

in mice later in life. Clin Exp Allergy 43:353–64 

367.  Kalliomäki M., Salminen S., Poussa T., Isolauri E. (2007) Probiotics during the first 7 

years of life: a cumulative risk reduction of eczema in a randomized, placebo-

controlled trial. J Allergy Clin Immunol 119:1019–21 

368.  Morgan AR., Han DY., Wickens K., Barthow C., Mitchell EA., Stanley T V., Dekker 

J., Crane J., Ferguson LR. (2014) Differential modification of genetic susceptibility to 

childhood eczema by two probiotics. Clin Exp Allergy 44:1255–65 

369.  West CE., Hammarström M-L., Hernell O. (2009) Probiotics during weaning reduce 

the incidence of eczema. Pediatr Allergy Immunol 20:430–7 

370.  West CE., Hammarström M-L., Hernell O. (2013) Probiotics in primary prevention of 

allergic disease--follow-up at 8-9 years of age. Allergy 68:1015–20 

371.  Prescott SL., Wiltschut J., Taylor A., Westcott L., Jung W., Currie H., Dunstan JA. 

(2008) Early markers of allergic disease in a primary prevention study using probiotics: 

2.5-year follow-up phase. Allergy 63:1481–90 

372.  Taylor AL., Dunstan JA., Prescott SL. (2007) Probiotic supplementation for the first 6 

months of life fails to reduce the risk of atopic dermatitis and increases the risk of 

allergen sensitization in high-risk children: a randomized controlled trial. J Allergy Clin 

Immunol 119:184–91 

373.  Taylor A., Hale J., Wiltschut J., Lehmann H., Dunstan JA., Prescott SL. (2006) 

Evaluation of the effects of probiotic supplementation from the neonatal period on 

innate immune development in infancy. Clin Exp Allergy 36:1218–26 

374.  Forsberg A., Abrahamsson TR., Björkstén B., Jenmalm MC. (2014) Pre- and postnatal 

administration of Lactobacillus reuteri decreases TLR2 responses in infants. Clin 



	   116 

Transl Allergy 4:21 

375.  Ganguli K., Collado MC., Rautava J., et al. (2015) Lactobacillus rhamnosus GG and its 

SpaC pilus adhesin modulate inflammatory responsiveness and TLR-related gene 

expression in the fetal human gut. Pediatr Res 77:528–35 

376.  Bermudez-Brito M., Muñoz-Quezada S., Gomez-Llorente C., Matencio E., Bernal MJ., 

Romero F., Gil A. (2012) Human intestinal dendritic cells decrease cytokine release 

against Salmonella infection in the presence of Lactobacillus paracasei upon TLR 

activation. PLoS One 7:e43197 

377.  Anderson RC., Cookson AL., McNabb WC., Park Z., McCann MJ., Kelly WJ., Roy 

NC. (2010) Lactobacillus plantarum MB452 enhances the function of the intestinal 

barrier by increasing the expression levels of genes involved in tight junction 

formation. BMC Microbiol 10:316 

378.  Mack DR., Michail S., Wei S., McDougall L., Hollingsworth MA. (1999) Probiotics 

inhibit enteropathogenic E. coli adherence in vitro by inducing intestinal mucin gene 

expression. Am J Physiol 276:G941–50 

379.  Ghadimi D., Vrese M de., Heller KJ., Schrezenmeir J. (2010) Effect of natural 

commensal-origin DNA on toll-like receptor 9 (TLR9) signaling cascade, chemokine 

IL-8 expression, and barrier integritiy of polarized intestinal epithelial cells. Inflamm 

Bowel Dis 16:410–27 

380.  Kim CH., Kim HG., Kim JY., Kim NR., Jung BJ., Jeong JH., Chung DK. (2012) 

Probiotic genomic DNA reduces the production of pro-inflammatory cytokine tumor 

necrosis factor-alpha. FEMS Microbiol Lett 328:13–9 

381.  Evrard B., Coudeyras S., Dosgilbert A., Charbonnel N., Alamé J., Tridon A., Forestier 

C. (2011) Dose-dependent immunomodulation of human dendritic cells by the 

probiotic Lactobacillus rhamnosus Lcr35. PLoS One 6:e18735 

382.  Ghadimi D., Helwig U., Schrezenmeir J., Heller KJ., de Vrese M. (2012) Epigenetic 

imprinting by commensal probiotics inhibits the IL-23/IL-17 axis in an in vitro model 

of the intestinal mucosal immune system. J Leukoc Biol 92:895–911 

383.  Hsieh P-S., An Y., Tsai Y-C., Chen Y-C., Chuang C-J., Zeng C-T., Wang C-T., An-Erl 

King V. (2013) Potential of probiotic strains to modulate the inflammatory responses 

of epithelial and immune cells in vitro. New Microbiol 36:167–79 



	   117 

384.  Haileselassie Y., Johansson MA., Zimmer CL., et al. (2013) Lactobacilli Regulate 

Staphylococcus aureus 161:2-Induced Pro-Inflammatory T-Cell Responses In Vitro. 

PLoS One 8:e77893 

385.  Ghadimi D., Fölster-Holst R., de Vrese M., Winkler P., Heller KJ., Schrezenmeir J. 

(2008) Effects of probiotic bacteria and their genomic DNA on TH1/TH2-cytokine 

production by peripheral blood mononuclear cells (PBMCs) of healthy and allergic 

subjects. Immunobiology 213:677–92 

386.  Nilsson C., Linde A., Montgomery SM., Gustafsson L., Näsman P., Blomberg MT., 

Lilja G. (2005) Does early EBV infection protect against IgE sensitization? J Allergy 

Clin Immunol 116:438–44 

387.  Saghafian-Hedengren S., Sverremark-Ekström E., Linde A., Lilja G., Nilsson C. (2010) 

Early-life EBV infection protects against persistent IgE sensitization. J Allergy Clin 

Immunol 125:433–8 

388.  Rabe H., Nordström I., Andersson K., Lundell A-C., Rudin A. (2014) Staphylococcus 

aureus convert neonatal conventional CD4(+) T cells into FOXP3(+) CD25(+) 

CD127(low) T cells via the PD-1/PD-L1 axis. Immunology 141:467–81 

389.  Taylor AL., Cross ELA., Llewelyn MJ. (2012) Induction of contact-dependent CD8(+) 

regulatory T cells through stimulation with staphylococcal and streptococcal 

superantigens. Immunology 135:158–67 

390.  Koenecke C., Lee C-W., Thamm K., et al. (2012) IFN-γ production by allogeneic 

Foxp3+ regulatory T cells is essential for preventing experimental graft-versus-host 

disease. J Immunol 189:2890–6 

391.  Chowdary Venigalla RK., Guttikonda PJ., Eckstein V., Ho AD., Sertel S., Lorenz H-

M., Tretter T. (2012) Identification of a human Th1-like IFNγ-secreting Treg subtype 

deriving from effector T cells. J Autoimmun 39:377–87 

392.  Tian L., Humblet-Baron S., Liston A. (2012) Immune tolerance: are regulatory T cell 

subsets needed to explain suppression of autoimmunity? Bioessays 34:569–75 

393.  Tilahun AY., Chowdhary VR., David CS., Rajagopalan G. (2014) Systemic 

inflammatory response elicited by superantigen destabilizes T regulatory cells, 

rendering them ineffective during toxic shock syndrome. J Immunol 193:2919–30 

394.  McClymont SA., Putnam AL., Lee MR., et al. (2011) Plasticity of human regulatory T 



	   118 

cells in healthy subjects and patients with type 1 diabetes. J Immunol 186:3918–26 

395.  Golding A., Hasni S., Illei G., Shevach EM. (2013) The percentage of FoxP3+Helios+ 

Treg cells correlates positively with disease activity in systemic lupus erythematosus. 

Arthritis Rheum 65:2898–906 

396.  Alexander T., Sattler A., Templin L., et al. (2013) Foxp3+ Helios+ regulatory T cells 

are expanded in active systemic lupus erythematosus. Ann Rheum Dis 72:1549–58 

397.  Walter GJ., Evans HG., Menon B., Gullick NJ., Kirkham BW., Cope AP., Geissmann 

F., Taams LS. (2013) Interaction with activated monocytes enhances cytokine 

expression and suppressive activity of human CD4+CD45ro+CD25+CD127(low) 

regulatory T cells. Arthritis Rheum 65:627–38 

398.  Bröker BM., Mrochen D., Péton V. (2016) The T Cell Response to Staphylococcus 

aureus. Pathog (Basel, Switzerland). doi: 10.3390/pathogens5010031 

399.  Lin L., Ibrahim AS., Xu X., Farber JM., Avanesian V., Baquir B., Fu Y., French SW., 

Edwards JE., Spellberg B. (2009) Th1-Th17 cells mediate protective adaptive 

immunity against Staphylococcus aureus and Candida albicans infection in mice. PLoS 

Pathog 5:e1000703 

400.  Annunziato F., Cosmi L., Liotta F., Maggi E., Romagnani S. (2013) Main features of 

human T helper 17 cells. Ann N Y Acad Sci 1284:66–70 

401.  Liang H-E., Reinhardt RL., Bando JK., Sullivan BM., Ho I-C., Locksley RM. (2012) 

Divergent expression patterns of IL-4 and IL-13 define unique functions in allergic 

immunity. Nat Immunol 13:58–66 

402.  Small C-L., McCormick S., Gill N., Kugathasan K., Santosuosso M., Donaldson N., 

Heinrichs DE., Ashkar A., Xing Z. (2008) NK cells play a critical protective role in 

host defense against acute extracellular Staphylococcus aureus bacterial infection in the 

lung. J Immunol 180:5558–68 

403.  Davey MS., Morgan MP., Liuzzi AR., Tyler CJ., Khan MWA., Szakmany T., Hall JE., 

Moser B., Eberl M. (2014) Microbe-specific unconventional T cells induce human 

neutrophil differentiation into antigen cross-presenting cells. J Immunol 193:3704–16 

404.  Ami K., Ohkawa T., Koike Y., Sato K., Habu Y., Iwai T., Seki S., Hiraide H. (2002) 

Activation of human T cells with NK cell markers by staphylococcal enterotoxin A via 

IL-12 but not via IL-18. Clin Exp Immunol 128:453–9 



	   119 

405.  Reinhardt R., Pohlmann S., Kleinertz H., Hepner-Schefczyk M., Paul A., Flohé SB. 

(2015) Invasive Surgery Impairs the Regulatory Function of Human CD56 bright 

Natural Killer Cells in Response to Staphylococcus aureus. Suppression of Interferon-γ 

Synthesis. PLoS One 10:e0130155 

406.  Loh L., Wang Z., Sant S., et al. (2016) Human mucosal-associated invariant T cells 

contribute to antiviral influenza immunity via IL-18-dependent activation. Proc Natl 

Acad Sci U S A. doi: 10.1073/pnas.1610750113 

407.  Böcker U., Manigold T., Watson JM., Singer M V., Rossol S. (2001) Regulation of 

Staphylococcus aureus-mediated activation of interleukin-18 in peripheral blood 

mononuclear cells. Eur Cytokine Netw 12:631–8 

408.  Ussher JE., Bilton M., Attwod E., et al. (2014) CD161++ CD8+ T cells, including the 

MAIT cell subset, are specifically activated by IL-12+IL-18 in a TCR-independent 

manner. Eur J Immunol 44:195–203 

409.  Kumar S., Colpitts SL., Ménoret A., Budelsky AL., Lefrancois L., Vella AT. (2013) 

Rapid αβ T-cell responses orchestrate innate immunity in response to Staphylococcal 

enterotoxin A. Mucosal Immunol 6:1006–15 

410.  Rust C., Orsini D., Kooy Y., Koning F. (1993) Reactivity of human gamma delta T 

cells to staphylococcal enterotoxins: a restricted reaction pattern mediated by two 

distinct recognition pathways. Scand J Immunol 38:89–94 

411.  Fikri Y., Denis O., Pastoret P., Nyabenda J. (2001) Purified bovine WC1+ gamma 

delta T lymphocytes are activated by staphylococcal enterotoxins and toxic shock 

syndrome toxin-1 superantigens: proliferation response, TCR V gamma profile and 

cytokines expression. Immunol Lett 77:87–95 

412.  Morita CT., Li H., Lamphear JG., Rich RR., Fraser JD., Mariuzza RA., Lee HK. 

(2001) Superantigen recognition by gammadelta T cells: SEA recognition site for 

human Vgamma2 T cell receptors. Immunity 14:331–44 

413.  Gold MC., McLaren JE., Reistetter JA., et al. (2014) MR1-restricted MAIT cells 

display ligand discrimination and pathogen selectivity through distinct T cell receptor 

usage. J Exp Med 211:1601–10 

414.  D’Orazio JA., Burke GW., Stein-Streilein J. (1995) Staphylococcal enterotoxin B 

activates purified NK cells to secrete IFN-gamma but requires T lymphocytes to 



	   120 

augment NK cytotoxicity. J Immunol 154:1014–23 

415.  Banke E., Rödström K., Ekelund M., Dalla-Riva J., Lagerstedt JO., Nilsson S., 

Degerman E., Lindkvist-Petersson K., Nilson B. (2014) Superantigen activates the 

gp130 receptor on adipocytes resulting in altered adipocyte metabolism. Metabolism 

63:831–40 

416.  Ayyoub M., Raffin C., Valmori D. (2013) Comment on “helios+ and helios- cells 

coexist within the natural FOXP3+ T regulatory cell subset in humans”. J Immunol 

190:4439–40 

417.  Raffin C., Pignon P., Celse C., Debien E., Valmori D., Ayyoub M. (2013) Human 

memory Helios- FOXP3+ regulatory T cells (Tregs) encompass induced Tregs that 

express Aiolos and respond to IL-1β by downregulating their suppressor functions. J 

Immunol 191:4619–27 

418.  Verhagen J., Wraith DC. (2010) Comment on “Expression of Helios, an Ikaros 

transcription factor family member, differentiates thymic-derived from peripherally 

induced Foxp3+ T regulatory cells”. J Immunol 185:7129; author reply 7130 

419.  Serre K., Bénézech C., Desanti G., et al. (2011) Helios is associated with CD4 T cells 

differentiating to T helper 2 and follicular helper T cells in vivo independently of 

Foxp3 expression. PLoS One 6:e20731 

420.  Kim H-J., Barnitz RA., Kreslavsky T., et al. (2015) Stable inhibitory activity of 

regulatory T cells requires the transcription factor Helios. Science (80- ) 350:334–339 

421.  Baine I., Basu S., Ames R., Sellers RS., Macian F. (2013) Helios induces epigenetic 

silencing of IL2 gene expression in regulatory T cells. J Immunol 190:1008–16 

422.  Kleinschek MA., Boniface K., Sadekova S., et al. (2009) Circulating and gut-resident 

human Th17 cells express CD161 and promote intestinal inflammation. J Exp Med 

206:525–34 

423.  Zielinski CE., Mele F., Aschenbrenner D., Jarrossay D., Ronchi F., Gattorno M., 

Monticelli S., Lanzavecchia A., Sallusto F. (2012) Pathogen-induced human TH17 

cells produce IFN-γ or IL-10 and are regulated by IL-1β. Nature 484:514–8 

424.  Vanden Eijnden S., Goriely S., De Wit D., Goldman M., Willems F. (2006) 

Preferential production of the IL-12(p40)/IL-23(p19) heterodimer by dendritic cells 

from human newborns. Eur J Immunol 36:21–6 



	   121 

425.  Jones AL., Curran-Everett D., Leung DYM. (2016) Food allergy is associated with 

Staphylococcus aureus colonization in children with atopic dermatitis. J Allergy Clin 

Immunol. doi: 10.1016/j.jaci.2016.01.010 

426.  Laborel-Préneron E., Bianchi P., Boralevi F., et al. (2015) Effects of the 

Staphylococcus aureus and Staphylococcus epidermidis Secretomes Isolated from the 

Skin Microbiota of Atopic Children on CD4+ T Cell Activation. PLoS One 

10:e0141067 

427.  Brandt K., van der Bosch J., Fliegert R., Gehring S. (2002) TSST-1 induces Th1 or Th2 

differentiation in naive CD4+ T cells in a dose- and APC-dependent manner. Scand J 

Immunol Dec;56:572–9 

428.  Hebel K., Weinert S., Kuropka B., Knolle J., Kosak B., Jorch G., Arens C., Krause E., 

Braun-Dullaeus RC., Brunner-Weinzierl MC. (2014) CD4+ T cells from human 

neonates and infants are poised spontaneously to run a nonclassical IL-4 program. J 

Immunol 192:5160–70 

429.  Furusawa Y., Obata Y., Fukuda S., et al. (2013) Commensal microbe-derived butyrate 

induces the differentiation of colonic regulatory T cells. Nature 504:446–50 

430.  Wang G., Miyahara Y., Guo Z., Khattar M., Stepkowski SM., Chen W. (2010) 

“Default” generation of neonatal regulatory T cells. J Immunol 185:71–8 

431.  Smits HH., Engering A., van der Kleij D., et al. (2005) Selective probiotic bacteria 

induce IL-10-producing regulatory T cells in vitro by modulating dendritic cell 

function through dendritic cell-specific intercellular adhesion molecule 3-grabbing 

nonintegrin. J Allergy Clin Immunol 115:1260–7 

432.  Karimi K., Inman MD., Bienenstock J., Forsythe P. (2009) Lactobacillus reuteri-

induced regulatory T cells protect against an allergic airway response in mice. Am J 

Respir Crit Care Med 179:186–93 

433.  Ballardini N., Kull I., Lind T., et al. (2012) Development and comorbidity of eczema, 

asthma and rhinitis to age 12: data from the BAMSE birth cohort. Allergy 67:537–44 

434.  Westman M., Kull I., Lind T., Melén E., Stjärne P., Toskala E., Wickman M., 

Bergström A. (2013) The link between parental allergy and offspring allergic and 

nonallergic rhinitis. Allergy 68:1571–8 

435.  Koplin JJ., Allen KJ., Gurrin LC., Peters RL., Lowe AJ., Tang MLK., Dharmage SC., 



	   122 

HealthNuts Study Team. (2013) The impact of family history of allergy on risk of food 

allergy: a population-based study of infants. Int J Environ Res Public Health 10:5364–

77 

436.  Lockett GA., Soto-Ramírez N., Ray MA., et al. (2016) Association of season of birth 

with DNA methylation and allergic disease. Allergy 71:1314–24 

437.  Thysen AH., Rasmussen MA., Kreiner-Møller E., Larsen JM., Følsgaard NV., 

Bønnelykke K., Stokholm J., Bisgaard H., Brix S. (2016) Season of birth shapes 

neonatal immune function. J Allergy Clin Immunol 137:1238–46.e1–13 

438.  Abrahamsson TR., Sandberg Abelius M., Forsberg A., Björkstén B., Jenmalm MC. 

(2011) A Th1/Th2-associated chemokine imbalance during infancy in children 

developing eczema, wheeze and sensitization. Clin Exp Allergy 41:1729–39 

439.  Reubsaet LL., Meerding J., de Jager W., de Kleer IM., Hoekstra MO., Prakken BJ., van 

Wijk F., Arets HG. (2013) Plasma chemokines in early wheezers predict the 

development of allergic asthma. Am J Respir Crit Care Med 188:1039–40 

440.  Pawankar R. (2014) Allergic diseases and asthma: a global public health concern and a 

call to action. World Allergy Organ J 7:12 

441.  Kattan J. (2016) The Prevalence and Natural History of Food Allergy. Curr Allergy 

Asthma Rep 16:47 

442.  Demont A., Hacini-Rachinel F., Doucet-Ladevèze R., Ngom-Bru C., Mercenier A., 

Prioult G., Blanchard C. (2016) Live and heat-treated probiotics differently modulate 

IL10 mRNA stabilization and microRNA expression. J Allergy Clin Immunol 

137:1264–1267.e10 

443.  Ashraf R., Vasiljevic T., Smith SC., Donkor ON. (2014) Effect of cell-surface 

components and metabolites of lactic acid bacteria and probiotic organisms on cytokine 

production and induction of CD25 expression in human peripheral mononuclear cells. J 

Dairy Sci 97:2542–58 

444.  Ménard S., Candalh C., Bambou JC., Terpend K., Cerf-Bensussan N., Heyman M. 

(2004) Lactic acid bacteria secrete metabolites retaining anti-inflammatory properties 

after intestinal transport. Gut 53:821–8 

445.  Fong FLY., Kirjavainen P V., El-Nezami H. (2016) Immunomodulation of 

Lactobacillus rhamnosus GG (LGG)-derived soluble factors on antigen-presenting cells 



	   123 

of healthy blood donors. Sci Rep 6:22845 

446.  Bermudez-Brito M., Muñoz-Quezada S., Gomez-Llorente C., Romero F., Gil A. (2014) 

Lactobacillus rhamnosus and its cell-free culture supernatant differentially modulate 

inflammatory biomarkers in Escherichia coli-challenged human dendritic cells. Br J 

Nutr 111:1727–37 

447.  Vielfort K., Weyler L., Söderholm N., Engelbrecht M., Löfmark S., Aro H. (2013) 

Lactobacillus decelerates cervical epithelial cell cycle progression. PLoS One 8:e63592 

448.  Hosoya T., Sakai F., Yamashita M., et al. (2014) Lactobacillus helveticus SBT2171 

inhibits lymphocyte proliferation by regulation of the JNK signaling pathway. PLoS 

One 9:e108360 

449.  Yoshida A., Yamada K., Yamazaki Y., Sashihara T., Ikegami S., Shimizu M., Totsuka 

M. (2011) Lactobacillus gasseri OLL2809 and its RNA suppress proliferation of 

CD4(+) T cells through a MyD88-dependent signalling pathway. Immunology 

133:442–51 

450.  Peluso I., Fina D., Caruso R., et al. (2007) Lactobacillus paracasei subsp. paracasei 

B21060 suppresses human T-cell proliferation. Infect Immun 75:1730–7 

451.  Husain Z., Huang Y., Seth P., Sukhatme VP. (2013) Tumor-derived lactate modifies 

antitumor immune response: effect on myeloid-derived suppressor cells and NK cells. J 

Immunol 191:1486–95 

452.  Frauwirth KA., Thompson CB. (2004) Regulation of T lymphocyte metabolism. J 

Immunol 172:4661–5 

453.  Buck MD., O’Sullivan D., Pearce EL. (2015) T cell metabolism drives immunity. J 

Exp Med 212:1345–60 

454.  Yan F., Polk DB. (2012) Characterization of a probiotic-derived soluble protein which 

reveals a mechanism of preventive and treatment effects of probiotics on intestinal 

inflammatory diseases. Gut Microbes 3:25–8 

455.  Thomas CM., Hong T., van Pijkeren JP., Hemarajata P., Trinh D V., Hu W., Britton 

RA., Kalkum M., Versalovic J. (2012) Histamine derived from probiotic Lactobacillus 

reuteri suppresses TNF via modulation of PKA and ERK signaling. PLoS One 

7:e31951 

456.  Niers LEM., Timmerman HM., Rijkers GT., van Bleek GM., van Uden NOP., Knol 



	   124 

EF., Kapsenberg ML., Kimpen JLL., Hoekstra MO. (2005) Identification of strong 

interleukin-10 inducing lactic acid bacteria which down-regulate T helper type 2 

cytokines. Clin Exp Allergy 35:1481–9 

457.  Di Giacinto C., Marinaro M., Sanchez M., Strober W., Boirivant M. (2005) Probiotics 

ameliorate recurrent Th1-mediated murine colitis by inducing IL-10 and IL-10-

dependent TGF-beta-bearing regulatory cells. J Immunol 174:3237–46 

458.  de Moreno de Leblanc A., Del Carmen S., Zurita-Turk M., Santos Rocha C., van de 

Guchte M., Azevedo V., Miyoshi A., Leblanc JG. (2011) Importance of IL-10 

modulation by probiotic microorganisms in gastrointestinal inflammatory diseases. 

ISRN Gastroenterol 2011:892971 

459.  Braat H., van den Brande J., van Tol E., Hommes D., Peppelenbosch M., van Deventer 

S. (2004) Lactobacillus rhamnosus induces peripheral hyporesponsiveness in 

stimulated CD4+ T cells via modulation of dendritic cell function. Am J Clin Nutr 

80:1618–25 

460.  Peña JA., Versalovic J. (2003) Lactobacillus rhamnosus GG decreases TNF-alpha 

production in lipopolysaccharide-activated murine macrophages by a contact-

independent mechanism. Cell Microbiol 5:277–85 

461.  Haileselassie Y., Navis M., Vu N., Qazi KR., Rethi B., Sverremark-Ekström E. (2016) 

Postbiotic Modulation of Retinoic Acid Imprinted Mucosal-like Dendritic Cells by 

Probiotic Lactobacillus reuteri 17938 In Vitro. Front Immunol 7:96 

462.  Smart JM., Kemp AS. (2002) Increased Th1 and Th2 allergen-induced cytokine 

responses in children with atopic disease. Clin Exp Allergy 32:796–802 

463.  Turner SW., Heaton T., Rowe J., et al. (2007) Early-onset atopy is associated with 

enhanced lymphocyte cytokine responses in 11-year-old children. Clin Exp Allergy 

37:371–80 

464.  Oksaharju A., Kankainen M., Kekkonen RA., Lindstedt KA., Kovanen PT., Korpela 

R., Miettinen M. (2011) Probiotic Lactobacillus rhamnosus downregulates FCER1 and 

HRH4 expression in human mast cells. World J Gastroenterol 17:750–9 

465.  Huang H., Saravia J., You D., Shaw AJ., Cormier SA. (2015) Impaired gamma delta T 

cell-derived IL-17A and inflammasome activation during early respiratory syncytial 

virus infection in infants. Immunol Cell Biol 93:126–35 



	   125 

466.  Saghafian-Hedengren S., Sundström Y., Sohlberg E., Nilsson C., Linde A., Troye-

Blomberg M., Berg L., Sverremark-Ekström E. (2009) Herpesvirus seropositivity in 

childhood associates with decreased monocyte-induced NK cell IFN-gamma 

production. J Immunol 182:2511–7 

467.  Saghafian-Hedengren S., Sohlberg E., Theorell J., Carvalho-Queiroz C., Nagy N., 

Persson J-O., Nilsson C., Bryceson YT., Sverremark-Ekström E. (2013) Epstein-Barr 

virus coinfection in children boosts cytomegalovirus-induced differentiation of natural 

killer cells. J Virol 87:13446–55 

468.  Sohlberg E., Saghafian-Hedengren S., Rasul E., Marchini G., Nilsson C., Klein E., 

Nagy N., Sverremark-Ekström E. (2013) Cytomegalovirus-seropositive children show 

inhibition of in vitro EBV infection that is associated with CD8+CD57+ T cell 

enrichment and IFN-γ. J Immunol 191:5669–76 

469.  Vermijlen D., Brouwer M., Donner C., Liesnard C., Tackoen M., Van Rysselberge M., 

Twité N., Goldman M., Marchant A., Willems F. (2010) Human cytomegalovirus 

elicits fetal gammadelta T cell responses in utero. J Exp Med 207:807–21 

470.  Duan J., Chung H., Troy E., Kasper DL. (2010) Microbial colonization drives 

expansion of IL-1 receptor 1-expressing and IL-17-producing gamma/delta T cells. 

Cell Host Microbe 7:140–50 

471.  Martin B., Hirota K., Cua DJ., Stockinger B., Veldhoen M. (2009) Interleukin-17-

producing gammadelta T cells selectively expand in response to pathogen products and 

environmental signals. Immunity 31:321–30 

472.  Azzoni L., Zatsepina O., Abebe B., Bennett IM., Kanakaraj P., Perussia B. (1998) 

Differential transcriptional regulation of CD161 and a novel gene, 197/15a, by IL-2, 

IL-15, and IL-12 in NK and T cells. J Immunol 161:3493–500 

473.  Poggi A., Costa P., Tomasello E., Moretta L. (1998) IL-12-induced up-regulation of 

NKRP1A expression in human NK cells and consequent NKRP1A-mediated down-

regulation of NK cell activation. Eur J Immunol 28:1611–6 

 


