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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Den här avhandlingen handlar om tarmfloran hos spädbarn och hur den kan påverka 
immunförsvaret samt utvecklingen av allergier. Som för de flesta sjukdomar är 
orsaken till allergi en samverkan mellan arv och miljö. Den ökning av allergier som 
skett de senaste decennierna kan däremot inte förklaras av arv (d.v.s. genetik), utan 
tillskrivs en förändring i vår levnadsmiljö. ¨Hygienhypotesen¨ myntades, och man 
menade att en alltför ren miljö och minskat antal infektioner låg bakom ökningen av 
allergisk sjukdom. Senare utvidgades den till att innefatta en mer allmän exponering 
för mikrober, vilka har bevisats vara viktiga för immunförsvarets mognad och 
utveckling. I vår forskning har vi använt fecesprover från spädbarn där vi analyserat 
olika arter av bakterier, bl a laktobaciller, bifidobakterier samt Staphylococcus (S.) 
aureus. Uppföljning av barnen gjordes frekvent under de första levnadsåren. Vid två 
års ålder togs blodprov där immunceller renades fram, och vid fem års ålder 
diagnosticerades barnen som allergiska eller icke-allergiska. Barnen klassificerades 
som allergiska vid positivt pricktest och/eller förekomst av allergen-specifika 
antikroppar i blodet tillsammans med allergiska symptom. Immuncellerna, från två 
års ålder odlades, in vitro, med aktiverande komponenter och olika lösliga faktorer 
producerade av S. aureus, varefter vi studerade hur immuncellerna svarade på 
komponenterna. Med en metod analyserade vi antalet immunceller som producerade 
vissa signalsubstanser och med en annan metod (flödescytometri), analyserade vi på 
cellnivå olika molekyler på cellens yta samt faktorer som produceras av just den 
cellen. 
I studie I undersökte vi förekomsten av laktobaciller, bifidobakterier och S. aureus i 
tarmfloran hos barn med allergiska- respektive icke-allergiska föräldrar. Vi visar att 
laktobaciller verkar vara mer vanligt förekommande hos barn med icke-allergiska 
föräldrar. Frekvensen laktobaciller är även högre i barn, som inte utvecklat allergi vid 
fem års ålder oavsett ärftlighet för allergi. För S. aureus, fanns det en tendens till det 
motsatta, d.v.s. barn som blir allergiska verkar ha en högre förekomst av S. aureus- 
bakterier. I studie II undersökte vi hur förekomst av vissa tarmbakterier under de 
första levnadsmånaderna associerade med immunsvaret vid två års ålder. Det vi visar 
är att om man har både laktobaciller och S. aureus så är immunsvaret mindre reaktivt 
jämfört med om man saknar laktobaciller och samtidigt har S. aureus i tarmfloran. I 
studie III undersökte vi immun-reglerande celler under barnaåren samt hur dessa 
svarar på mikrobiell exponering. Vi visar att med ökad ålder så svarar de 
regulatoriska cellerna mer reaktivt och de har en ökad mognadsgrad. Vi ser också att 
barn som var koloniserade med S. aureus, tidigt i livet hade fler regulatoriska celler, 
vilka har kapacitet att producera inflammatoriska faktorer. I studie IV, har vi odlat 
immunceller, i närvaro av lösliga faktorer producerade av S. aureus och laktobaciller 
för att undersöka hur immuncellerna svarar. Vi konstaterar att S. aureus aktiverar 
flera olika typer av immunceller samt att laktobacillerna verkar kunna motverka 
denna aktivering.  
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Våra fynd tyder på att den tidiga tarmfloran och att vara koloniserad av vissa 
specifika bakterier, har betydelse för mognaden av immunsvaret och också utveckling 
av allergier under barnaåren. Ytterligare forskning kring vad som kan anses vara en 
¨normal tarmflora¨ tidigt i livet samt hur dessa tarmbakterier påverkar och reglerar 
immunförsvaret kan bidra till kunskap om hur man kan förebygga vissa sjukdomar. 
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SCIENTIFIC SUMMARY 
The microbiota performs various functions important to the host. Postnatal maturation 
of the immune system, mediated by the microbiota is crucial, as demonstrated in 
animal studies. An aberrant microbiota has been implied in various inflammatory 
conditions, among them allergic disease. 
In PAPER I, we investigated the early life microbiota in relation to both parental 
allergy and allergic disease at age five in children participating in an allergy cohort. 
Furthermore, lactobacilli (Lactobacillus (L.) casei, L. rhamsosus, L. paracasei) were 
more frequently detected in children with non-allergic parents. In relation to allergy, 
the frequency of lactobacilli was higher among the children who were non-allergic at 
age five, regardless of allergic heredity.  
In PAPER II, we studied whether early colonization associated with cytokine 
responses at two years of age, after in vitro PHA stimulation. Early lactobacilli 
colonization associated with fewer numbers of cytokine secreting cells. In contrast, S. 
aureus colonization associated with increased numbers of cytokine secreting cells; 
however this was suppressed if co-colonization with lactobacilli occurred.  
In PAPER III, we investigated T regulatory cell phenotype and cytokine production 
during childhood. The T regulatory cells acquired a more mature phenotype with 
increasing age, and also the cytokine responses towards S. aureus, and staphylococcal 
enterotoxin A developed in an age-dependent manner. We also related early gut 
bacteria to T regulatory cell phenotypes at age two, and found that colonization with 
S. aureus associated with increased percentages of T regulatory cells expressing the 
CD161 marker, which is connected to cytokine production. 
In PAPER IV, we continued by investigating how peripheral blood mononuclear cells 
responded to soluble factors produced by lactobacilli and S. aureus in vitro. S. aureus 
induced proliferation, cytokine production and degranulation in T- and natural killer 
cells. Simultaneous lactobacilli (L. rhamnosus GG or L. reuteri DSM 17938) co-
culture was able to suppress all S. aureus-induced responses. 
 
This thesis supports that allergic heredity impacts the early life microbiota and that 
the microbiota composition further differ between children that develop allergy and 
those children that remain non-allergic. Furthermore, specific species in the 
microbiota associated with ex vivo immune responsiveness and T regulatory cell 
phenotype at two years of age. The in vitro findings support and strengthen our in 
vivo and ex vivo findings that lactobacilli seem to be modulators of immune 
responses. More research on how the lactobacilli species interact with the host is 
required as little is known about the mechanisms behind this immune modulation. 
Still, larger cohorts are required to thoroughly investigate what a ¨normal¨ early life 
microbiota is and how it relates to both allergic heredity and to future allergy 
development. 
 

 



 

 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 7 

LIST OF PAPERS 
This thesis is based on the two original papers listed below, which will be referred to 

by their roman numerals in the text. 

 

I. Johansson MA, Sjögren YM, Persson JO, Nilsson C, Sverremark-

Ekström E. 

Early Lactobacilli colonization decreases the risk for allergy at five  

years of age despite allergic heredity. PLoS ONE 2011 6(8): e23031. 

 

II. Johansson MA, Saghafian-Hedengren S, Haileselassie Y, Roos S, 

Troye-Blomberg M, Nilsson C, Sverremark-Ekström E.  

Early gut bacteria associate with IL-4, IL-10 and IFN-γ production at 

two years of age. PLoS ONE 2012 7(11): e49315. 

 

III.   Björkander S, Johansson MA, Hell L, Nilsson C, Holmlund U,     

   Sverremark-Ekström E.  

   T-regulatory cell maturity and cytokine responses to microbial  

   stimulation alter with age and associates with early gut colonization.  

   Manuscript, ready for submission  

 

IV.   Johansson MA, Björkander S, Qasi-Rahman K, Mata-Forsberg M, 

   Roos S, Nilsson C, Sverremark-Ekström E 

   Lactobacilli inhibit IFN-γ production, proliferation and degranulation 

   in T- and NK cells.  

   Manuscript  

 

 

 

 

 

 

 

 



 

 8 

LIST OF PAPERS (not included in the thesis) 
 
V. Holmlund U, Amodruz P*, Johansson MA*, Haileselassie  

 Y, Ongoiba A, Kayentao K, Traorè B, Doumbo S, Scholin  

 J, Doumbo O, Montgomery SM, Sverremark-Ekström E.  

 Maternal country of origin, breast milk characteristics and potential 

 influences on immunity in offspring 

 Clinical & Experimental Immunology 2010; 162(3):500-9 

 * Shared second authorship 

 

VI.  Haileselassie Y, Johansson MA, Zimmer CL, Björkander  

 S, Petursdottir DH, Dicksved J, Petersson M, Persson JO,  

 Fernandez C, Roos S, Holmlund U, Sverremark-Ekström  

 E. 

 Lactobacilli regulate Staphylococcus aureus 161:2-induced pro-

 inflammatory T-cell responses in vitro 

 PLoS ONE 2013 8(10): e77893 

 

 

VII. Björkander S, Hell L*, Johansson MA*, Mata-Forsberg  

 M, Roos S, Holmlund U, Sverremark-Ekström E. 

 Staphylococcus aureus 161.2 supernatant induces monocyte-mediated 

 expansion of FOXP3+CD161+ cytokine producing CD4 T cells 

 * Shared second authorship 

 Submitted  

 

 

 

 

 

 

 

 



 

 9 

TABLE OF CONTENTS 
INTRODUCTION...............................................................................................................................................11 
THE IMMUNE SYSTEM .................................................................................................................................11 
     INNATE IMMUNITY AND PATTERN RECOGNITION .............................................................12 
     INNATE IMMUNE CELLS..........................................................................................................................13 
          ANTIGEN PRESENTING CELLS.........................................................................................................13 
          NATURAL KILLER CELLS ....................................................................................................................14 
     CYTOKINES .....................................................................................................................................................14 
          IFN‐γ ...............................................................................................................................................................15 
          IL‐4..................................................................................................................................................................15 
          IL‐10 ...............................................................................................................................................................15 
          IL‐17A............................................................................................................................................................16 
     ADAPTIVE IMMUNITY ............................................................................................................................16 
     ADAPTIVE IMMUNE CELLS ....................................................................................................................17 
          B CELLS.........................................................................................................................................................17 
          T CELLS.........................................................................................................................................................17 
          UNCONVENTIONAL T CELLS AND INNATE LYMPHOID CELLS......................................21 
     ALLERGIC DISEASE ...................................................................................................................................22 
          THE ALLERGIC REACTION .................................................................................................................22 
          FACTORS INFLUENCING ALLERGY DEVELOPMENT............................................................24 
     THE MUCOSAL ASSOCIATED LYMPHOID TISSUE..................................................................26 
          THE GASTROINTESTINAL MICROBIOTA....................................................................................29 
          MICROBIOTA DEVELOPMENT AND COMPOSITION.............................................................30 
               LACTIC ACIDPRODUCING BACTERIA ....................................................................................................31 
               STAPHYLOCOCCUS AUREUS .....................................................................................................................32 
          IMMUNE MATURATION AND THE MICROBIOTA ..................................................................33 
          EARLY GUT MICROBIOTA AND ALLERGIC DISEASE............................................................34 
          PROBIOTIC SUPPLEMENTATION AND ALLERGY..................................................................35 
PRESENT STUDY .............................................................................................................................................36 
          OBJECTIVES................................................................................................................................................36 
          CLARIFICATION OF NOMENCLATURE USED ...........................................................................37 
          MATERIALS AND METHODS .............................................................................................................38 
          STUDY POPULATION.............................................................................................................................38 
          CLASSIFICATION OF ALLERGIC DISEASE ..................................................................................38 
          METHODS....................................................................................................................................................39 
          RESULTS AND DISCUSSION ...............................................................................................................41 
               PAPER I ....................................................................................................................................................41 
               PAPER II...................................................................................................................................................45 
               PAPER III .................................................................................................................................................48 
               PAPER IV .................................................................................................................................................51 
          PRELIMINARY DATA AND EXTENDED DISCUSSION............................................................54 
     GENERAL CONCLUSIONS.........................................................................................................................58 
     CLINICAL RELEVANCE..............................................................................................................................60 
FUTURE PERSPECTIVES.............................................................................................................................61 
     MICROBIAL RESPONSE OF UNCONVENTIONAL T CELLS AND INNATE LYMPHOID   
CELLS ......................................................................................................................................................................61 
     INTRACELLULAR SIGNALING INDUCED BY LACTOBACILLI................................................61 
ACKNOWLEDGEMENTS ..............................................................................................................................62 
REFERENCES......................................................................................................................................................64 

 
 
 



 

 10 
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APC Antigen-presenting cell 
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CD Cluster of differentiation 
CSR            Class switch recombination 
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DC Dendritic cell 
ELISpot Enzyme linked ImmunoSpot 
GALT  Gut associated lymphoid tissue 
GF Germ free 
IEC Intestinal epithelial cell 
IFN            Interferon 
Ig Immunoglobulin 
IL Interleukin 
ILC Innate lymphoid cell 
LAB Lactic acid bacteria 
LPS Lipopolysaccharide 
MALT Mucosal associated lymphoid tissue 
MHC  Major histocompatibility complex 
MLN  Mesenteric lymph node 
MO Monocyte 
MØ Macrophage 
NK Natural killer 
NKT Natural killer T 
NLR NOD like receptor 
PAMP Pathogen associated molecular pattern 
PBMC Peripheral blood mononuclear cell 
PHA Phytohaemagglutinin 
PP Peyer’s patch 
PRR Pattern recognition receptor 
RLR Rig-like receptor 
SE Staphylococcal enterotoxin 
SFB Segmented filamentous bacteria 
SCFA Short chain fatty acid 
SPT Skin prick test 
TCR  T-cell receptor 
TC            T cytotoxic 
TGF Transforming growth factor 
Th            T helper 
TLR Toll like receptor 
TNF Tumor necrosis factor 
Treg(s) T regulatory cell(s) 
TSST Toxic shock syndrome toxin 
TSLP Thymic stromal lymphopoietin 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INTRODUCTION 

THE IMMUNE SYSTEM 

The immune system is crucial for the defense against invading pathogens. It also 

faces challenging tasks such as discriminating pathogenic from non-pathogenic 

organisms and distinguishing self from non-self, in order to respond in a correct 

manner.  

We are protected by anatomical, chemical and physical barriers, such as skin, low pH 

in the stomach and lytic enzymes which all limit invasion of pathogens. In addition, 

the mucosal surfaces are important in reducing pathogenic invasion through the 

secretion of antimicrobial peptides. Further, different parts of the immune system 

perform various effector functions, all together responsible for an efficient 

inflammatory response and clearance of the pathogen. Our immune system can be 

divided into two branches, innate and adaptive immunity. The two branches 

(discussed separately later) are different in speed and specificity. The innate branch 

responds rapidly, however the recognition of pathogens is less specific whereas the 

adaptive response is slower to mobilize, but has a very high degree of antigenic 

specificity, diversity and also results in memory1. 

Components of the immune system are depicted in Figure 1. Innate cells like 

neutrophils, mast cells, macrophages (MØ), dendritic cells (DC) and Natural Killer 

(NK) cells are shown in the left circle while adaptive cells, like T- and B- 

lymphocytes are illustrated in the right circle. Cells, like γδ T cells and NK T cells, 

with both innate and adaptive features are consequently depicted within both circles. 

In addition to the cells of hematopoietic origin also nonhematopoietic cells, such as 

epithelial cells, are important in immunity as they secrete antimicrobial peptides at the 

mucosal surfaces, for instance in the gastrointestinal tract2. 

Cell-cell contact and/or signaling molecules, cytokines and chemokines, favor 

cooperation between immune cells and direct innate and adaptive responses thus 

facilitating the function of the immune system. For example, innate cells initiate and 

direct the inflammatory response, through the presentation of antigens to adaptive T 

lymphocytes, whereas the adaptive cells can increase the phagocytic function of the 

innate cells3.  
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INNATE IMMUNITY AND PATTERN RECOGNITION 
Microbial invasion instantly activates a wide range of innate effector cells and 

functions; through recognition either by soluble components or by membrane bound 

receptors. Soluble proteins, for example mannose-binding-lectin or acute phase 

proteins like C-reactive protein, activate complement proteins, which facilitate lysis 

of the pathogen and mediate opsonization, events that promote the uptake of the 

microbe by endocytosis or phagosytosis5. Neutrophils, the first cells to arrive at the 

site of infection, phagocytose invading microbes. Monocytes (MO), MØs and DCs 

recognize conserved microbial motifs, pathogen associated molecular patterns 

(PAMPs), on microorganisms through membrane bound or cytoplasmic pattern 

recognition receptors (PRRs). So far, many different PRRs have been discovered, of 

which the Toll-like receptors (TLRs) are the best studied. In humans, the TLR family 

consists of 10 receptors6. This enables the discrimination of different pathogens, as 

the expression is both intra- and extracellular, and the motif recognized varies for the 

different TLRs. TLR2 and TLR4 are expressed on the surface of the cells and sense 

peptidoglycan (PGN) and lipopolysaccharide (LPS), which are components of gram 

positive and gram negative bacteria, respectively. Intracellular expression of TLR3, 

TLR7/8 and TLR9 enable recognition of viral RNA/DNA (single or double stranded) 

and unmethylated CpG sequences, respectively in the cytoplasm. A second family of 

cell surface PRRs is the C-type lectin receptors (CLRs), which are expressed on a 

wide variety of immune cells, where they recognize carbohydrates on many different 

types of microbes7. In addition to the TLRs, intracellular Nod-like receptors detect 

endogenous danger signals and intracellular PAMPs occurring as a consequence of 

Figure 1. Shown in this 
figure are components of 
the immune system. The 
left circle presents cells 
belonging to innate 
immunity, whereas cells 
in the right circle depict 
adaptive cells. Cells 
depicted within both 
circles are cells with both 
innate and adaptive 
features. Reprinted with 
permission from Nature 
Reviews Cancer4. 
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infection or injury. Further, retinoic acid-inducible gene I-like receptors (RLRs) also 

reside inside the cell and are important in the recognition of viruses8.  

Ligation of PRRs activates antimicrobial and inflammatory responses through 

intracellular signaling cascades with cytokine and chemokine production as a 

consequence. Rapidly secreted cytokines, like tumor necrosis factor (TNF)-α, 

interleukin (IL)-1β and IL-6 are released upon PRR ligation. The cytokines released, 

act on both cells and surrounding tissue thus influencing their behavior. The 

recruitment of effector cells to the site of infection is favored by the release of 

chemokines and the increased expression of adhesion molecules on the vascular 

epithelium facilitating the extravasation into the tissue. Due to the potency of the 

cytokines, regulation of their production is essential as a consequence of excessive 

production can result in inflammatory disease or even in septic shock. 

Depending on the type of pathogen, the subsequent adaptive response generally 

differs; fighting extracellular pathogens requires a humoral response, while clearing 

intracellular pathogens demands mainly a cell-mediated response1. 

Although discussed separately, the innate and adaptive immune branches are both 

required for an effective immune response and cooperation between the two is 

necessary. Upon encounter with microbes antigen presenting cells (APCs) capture and 

process the antigen, express it on its surface in association with major-

histocompatibility (MHC) molecules, before migrating to either the lymph nodes or 

spleen where presentation to T cells occur, thus bridging innate and adaptive 

immunity. Also, APC secretion of cytokines supporting inflammation will further 

direct the following type of adaptive response initiated. 

 

INNATE IMMUNE CELLS  

ANTIGEN PRESENTING CELLS 

The main function of APCs is bridging innate and adaptive immunity. Professional 

APCs are MØ, DCs and B cells9, however also monocytes and γδ T cells10 have the 

capacity of antigen presentation to T cells.  

Monocytes (MO), defined by cluster of differentiation (CD)-14 expression, circulate 

in the bloodstream, but if activated they migrate into tissues and become tissue-

resident MØs while some monocytes differentiate into monocyte derived DCs11. 

APCs patrol the body for signs of intruders and once they encounter pathogens or 
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foreign antigens they internalize them by either phagocytosis, pinocytosis or receptor-

mediated endocytosis, and the maturation and differentiation of the APC is initiated. 

Following migration to the lymph node, antigen is presented in the context of MHC to 

the T cell and together with co-stimulatory molecules CD80, CD86 and CD40 and 

with polarizing cytokines, adaptive response is initiated and directed to defeat the type 

of pathogen encountered.  

 

NATURAL KILLER CELLS 
NK cells are defined as CD3-CD56+ and are important in cell-mediated immunity and 

aid in the control against virus-, bacteria and fungal infections but are also involved in 

killing of altered self- and tumor cells12. Activation of NK cell is a balance between 

activating and inhibitory receptor signals on the surface of the NK cell in combination 

with cytokine signals provided by accessory cells. Also, the NK cells can be directly 

activated if MHC I expression is altered on the surface of cells, also known as 

”missing-self” activation. The effector functions of NK cells include cytotoxicity and 

cytokine production. Cytotoxicity is performed with preformed granules containing 

granzymes/perforins and/or expression of FAS- and TNF-related apoptosis inducing 

ligand (TRAIL) on NK cells and their respective interaction with receptors on the 

target cell.  

Monocyte- and/or DC derived IL-12, IL-15 or IL-18 production is known to activate 

NK-cell effector functions and in a positive feed-forward loop NK-cell derived IFN-γ, 

can boost the APC production of cytokines. In addition to IFN-γ, NK cells also 

produce among others the inflammatory cytokine TNF13 but are also known to 

produce anti-inflammatory cytokine IL-10 upon systemic infections14. 

 

CYTOKINES  

Cytokines and chemokines are small soluble peptides produced for communication 

between cells or secreted to attract other cells to the site of infection. Cytokines signal 

upon binding to their respective cytokine receptor, which results in intracellular 

signaling events leading to altered cellular functions. This can include events of both 

activating and inhibitory nature, such as the production of other cytokines, an increase 

of receptors for other molecules, or the suppression of their own effect by negative 
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feedback regulation. A particular cytokine may have different effects on different 

target cells, depending on its abundance, the presence of cytokine receptors on a given 

target cell etc. Further, cytokines display a considerable redundancy, meaning that 

many cytokines share similar functions3. Some cytokines, important for this thesis, 

will be discussed below. 

 

IFN-γ  
Interferons are usually divided into three groups (I-III). One of the best studied, is the 

type II interferon-γ (IFN-γ). Produced by both innate (MØs, NK cells) and adaptive 

cells (T helper (Th) 1 cells and CD8 T cells), but also by innate like lymphocytes and 

γδ T cells, IFN-γ is important for cell-mediated immunity against both bacterial and 

viral infections3.  

Innate IFN-γ is promoting APC derived IL-12, that in turn is important for the 

differentiation of Th1 cells. As a positive feed forward loop Th1 derived IFN-γ 

promotes activation of macrophages, increases levels of MHC I- and II expression, 

stimulates phagocytosis and nitric oxide production15. Additionally, IFN-γ stimulates 

NK-cell killing of infected cells. The net result of IFN-γ is recruitment of cells to the 

site in need of a cell-mediated immune response, activating effector functions 

required for the clearance of intracellular pathogens.  

 

IL-4 

As opposed to IFN-γ, IL-4 mediates the differentiation of naive Th cells into Th2 type 

cells, producing cytokines IL-5 and IL-13 in addition to IL-4. These classical Th2-

type cytokines promote a humoral response elicited towards extracellular pathogens 

and helminths16. IL-4 itself induces Ig-class switching from IgM to IgE. Also NKT 

cells, eosinophils, mast cells and innate lymphoid cells (ILCs) have the capacity to 

produce and contribute to this type of immune profile17. 

IL-4 is implied in the mechanism of allergic disease, which is discussed later.  

 

IL-10 
Upon activation of immune cells, these also start to produce the regulatory cytokine 

IL-10 as a negative feedback to control the inflammatory response initiated. The 
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majority of all immune cells produce IL-10 including DCs, MOs, B-, NK- and the 

majority of T cell populations including the important T regulatory (Treg) cells, 

which emphasizes its important role in regulation of an immune response. 

The importance of IL-10, can be seen in IL-10-deficient mice, which spontaneously 

develop inflammation in the mucosa, partly in response to the resident microbiota18, 

19. The functions of IL-10 are many. One of the main functions of IL-10 is the down-

regulation of antigen-presentation and of the expression of the co-stimulatory 

molecule CD80/86 present on APCs20. 

 

IL-17A 
Interleukin 17 is a family of cytokines, A through F, important for the immune 

response towards extracellular pathogens and fungi21. Here, we focus on IL-17A, of 

which Th17 cells are prominent producers. One of the main functions of IL-17A is to 

recruit neutrophils to the site of infection, thereby promoting phagocytosis and other 

neutrophil functions. In addition to recruitment of neutrophils, IL-17A induces the 

expression/production of cytokines and chemokines from other cell types, like 

fibroblasts, stromal cells, endothelial and epithelial cells, including IL-6, CXCL8 (IL-

8), CXCL10 (IP-10) etc17. IL-17A is implied in the inflammatory bowel disease22, 

Chron’s disease and also with the chronic inflammation seen in rheumatoid arthritis 23.  

 

ADAPTIVE IMMUNITY  
Whereas components of innate immunity are present prior to the onset of infection, 

recruitment of adaptive effector functions requires days. 

Characteristics of adaptive immunity are diversity, antigenic specificity, self- versus 

nonself recognition and generation of antigen specific long lasting memory. The 

primary adaptive response may need approximately one week, whereas a secondary 

response upon rechallenge with the same antigen only require a couple of days. 

Adaptive immune recognition relies on antigen receptors expressed on B- and T 

lymphocytes. Rearrangement and assembly of germ line genes by recombination-

activating gene (RAG)- enzyme enable a diverse repertoire of receptors specific for 

an antigen. In response to a certain antigen clonal expansion of the specific population 

of lymphocytes occurs, further increasing the variability through additional 
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mechanisms such as non-template nucleotide addition, gene conversion and also in 

the case of B lymphocytes, somatic hypermutation.  

 

ADAPTIVE IMMUNE CELLS  

B CELLS 
B lymphocytes both derive from and mature in the bone marrow. The main function 

of B cells is to secrete antigen specific immunoglobulins (Ig)/antibodies. Activation 

of naïve B cells can be both T cell dependent and T cell independent resulting in 

differentiation into antibody secreting plasma cells and memory cells, of which some 

are long lived and are found in the bone marrow. Activation of B cells results in class 

switch recombination (CSR). The different isotypes of Ig subclasses that exist are 

IgM, IgD, IgG, IgE and IgA24. Effector functions depend on the isotype class of the 

antibodies and are mainly promoting opsonization thus phagocytosis of microbes, 

activating complement proteins or mediating antibody-dependent cell mediated 

cytotoxicity thus directing cytotoxic activity against the infected cells. A Th1 

response (described later) induces IgG1, IgG3 isotypes, whereas a Th2 type of 

response mediates IgE and IgG4 production. 

 

T CELLS 
T cells originate from bone marrow, but mature in the thymus. When leaving the 

thymus, both positive and negative selection ensure that the mature T cells are 

capable of recognizing self MHC molecules but that T cells reacting too strongly with 

self MHC will be eliminated. T cells recognize antigens through the T cell receptor-

CD3 receptor complex where after intracellular signaling events occur. The two 

principal types of T cells are identified based on the types of TCR chains expressed; 

αβ T cells (classical T cells) and γδ T cells (unconventional T cells), where the αβ T 

cells are the most prevalent25. Further, two major subgroups of classical T cells are 

the Th and T cytotoxic (TC) cells, divided based on their expression of surface 

glycoproteins CD4 and CD8 respectively. T cells are important in all aspects of 

immunity, aiding B cell Ig responses, exerting effector functions like cytokine 

production and cytotoxicity but also regulation and actively inhibiting the immune 

response.  Upon activation of T cells undergo proliferation and clonal expansion 
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generating antigen specific effector and memory cells. The memory cells are 

responsible for the rapid response following second exposure to the same antigen.  

Naïve or antigen inexperienced T cells can be defined by CD45RA expression 

whereas antigen experienced memory T cells are characterized with CD45RO26, but 

there are also other markers like chemokine receptors, which in addition to the CD45 

isoforms, can further subdivide naïve versus memory T cells27. 

 

CD4+ T HELPER CELLS  

Naive CD4+ T cells leave the thymus and circulate in the periphery and home to 

secondary lymphoid tissues where interaction with DCs and B cells occur. The 

function of Th cells is mainly cytokine secretion, important for both humoral and cell 

mediated immunity through the activation of other effector cell types. Depending on 

the co-stimulatory signals and cytokine environment, Th cells can differentiate into 

distinct subsets of T helper cells important in the defense against different pathogens. 

Th1 cells, important in the defense of intracellular bacteria, produce IFN-γ and 

activate macrophages and other effector functions. Th2 cells characterized by IL-4, 

IL-5 and IL-13 production are important in the defense against helminth infections 

but also implied in allergic diseases together Th9 and Th22 subsets characterized by 

IL-9 and IL-22 production, respectively. Further, an IL-17 producing subset of T 

helper cells (Th17) is considered important in the defense against extracellular 

bacteria and fungi.  

As seen in Figure 2, the subsets of Th cells counteract each other by negative 

feedback mechanisms, IFN-γ inhibits the development of Th2 cells and IL-4 

counteracts the Th1 type of immunity. Each of the different Th lineages are controlled 

by individual transcription factors; T-bet regulates Th1 whereas GATA-binding 

protein 3 (GATA3) and retinoic-acid-receptor-related orphan receptor γt (RORγt) 

control Th2 and Th17 respectively28. In addition, Th9 differention is favored by IL-4 

and transforming growth factor (TGF)β and transcription factors interferon regulatory 

factor (IRF) 4 and PU.1 whereas for the Th22 subset the transcription factor involved 

is the aryl hydrocarbon receptor (AhR)29. 
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Another type of CD4+ T helper cell is the follicular helper T cell (Tfh), found in B cell 

follicles in the secondary lymphoid tissues. The primary function is to aid the 

activation expansion and differentiation of B cells through CD40 interaction and 

secretion of IL-2131. 

 
CD4+ T REGULATORY CELLS 
As important it is to mount an immune response when required, it is equally essential 

that suppression of the inflammatory response occurs, as failure can be detrimental to 

the host. A dys-regulated immune response may lead to exaggerated inflammation 

and tissue damage, and immune responses towards self or harmless antigens may 

cause autoimmune and allergic disease32,33. The CD4+ T regulatory cells (Tregs) are 

important in active suppression of the immune response towards both self and 

innocuous antigens. Today, the markers used to characterize Tregs are CD4, CD25, 

CD127low/neg and the transcription factor FOXP3. FOXP3 is the key regulator of Tregs 

and is involved in their development, differentiation and maintenance in the 

periphery34. 

Tregs can be divided according to origin. Thymus-derived Tregs (tTregs) and 

peripheral derived Tregs (pTregs) are occurring in vivo, whereas in vitro derived 

should be classified accordingly as in vitro derived Tregs (iTregs)35. tTregs are 

CD4+CD25+ cells expressing high levels of FOXP3 transcription factor and secrete 

the anti-inflammatory cytokines IL-10, transforming growth factor TGF-β and 

express inhibitory the molecule cytotoxic T-lymphocyte antigen (CTLA)-4. These 

tTregs are considered responsible for systemic homeostasis and prevention of 

Figure 2. Upon interaction 
with a APC, the naïve T 
cell differentiate into 
different T helper cells 
depending on the signals 
and the cytokine milieu. 
The subsets of T helpers 
counteract each other by 
production of signature 
cytokines. Also, T 
regulatory cells are able to 
suppress all T helper subset 
responses. 
Modified from30. 
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autoimmune disease36. Induction of regulatory cells also can occur in the periphery, 

for example in the gastrointestinal tract. The pTreg cells are characterized by 

secretion of IL-10 and TGF-β. These regulatory cytokines inhibit cytokine secretion 

by activated T cells and suppress expression of co-stimulatory molecules on APCs37. 

It is not possible to distinguish between the thymus derived and the peripherally 

derived Tregs based on surface markers. Thornton et al have suggested that the 

transcription factor HELIOS represents tTregs38, although this yet not fully clear. The 

mechanisms of suppression are several including above mentioned cytokines, 

however other suppressor functions include cytolysis of effector T cells, metabolic 

disruption via IL-2 depletion and also inhibition of DC maturation and function39. 

It has been described that Tregs can express transcription factors, chemokine 

receptors and also produce cytokines normally attributed to T helper cells40. Also 

Tregs expressing the C-type lectin receptor CD161 have been found to produce 

several cytokines, among them IFN-γ and IL-17A. Further these cells were 

functionally suppressive in vitro41,42. To date, the functions of these ”T helper 

mimicking” Tregs are not clear. 

 
CD8+ CYTOTOXIC T CELLS 
The main effector functions of CD8+ T ells are to display cytotoxicity against virally 

infected- and tumor cells and to produce pro inflammatory cytokines like IFN-γ and 

TNF. The activation of naive CD8+ T cells requires the TCR interaction with MHC I 

molecule presented by a licensed APC meaning that the APC has interacted with a Th 

cell or been activated by PRR ligands43,44. 

Normally, only endogenously processed peptides are presented in the context of MHC 

I molecules, however the phenomenon of cross-presentation allows exogenous 

antigens to be presented on MHC I molecules by DCs, to CD8+ T cells. 

The effector function of an activated CD8+ T cell is to direct cytotoxic activity 

towards altered self, cancer or infected cells. This can be done, either by release of 

cytotoxic mediators like granzymes and perforin targeting the membrane of the target 

cell or by cell-cell contact and expression of FasL, both resulting in target cell 

apoptosis.  
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UNCONVENTIONAL T CELLS AND INNATE LYMPHOID CELLS 
Some cells with both innate and adaptive phenotypes and functions are the natural 

killer T (NKT) cells, the γδ T cells and the mucosal associated invariant T cells 

(MAITs). They all go through V(D)J recombination as the conventional T cells do, 

but in contrast to classical adaptive T cells, the TCRs of these cells are more restricted 

in their antigen recognition.  

The NKT cells are characterized by expression of the NK cell marker CD56 in 

addition to an invariant TCR, recognizing CD1d molecules presenting glycolipid 

antigens. NKT cells’ functions are both cytokine secretion and cytotoxicity mainly via 

the FasL-Fas pathway. Human fetal NKT cells develop and differentiate in a tissue-

specific manner during the second trimester. Fetal NKT cells accumulate in the small 

intestine, where they gain a mature phenotype and mount robust IFN-γ responses45. 

The γδ T cells, as the name implies, carry the γδ TCR instead of the αβ TCR. The γδ 

T cells are a conserved population of lymphocytes with Vγ9Vδ2 being the most 

common subtype in adult peripheral blood. At mucosal sites the Vδ1 + subtype is the 

most common10. In murine studies, intestinal γδ T cells are implied in oral tolerance 

induction towards food antigens46,47. The γδ T cell subtypes are activated by different 

substances, e.g. Vδ2+ cells are activated by the metabolite HMB-PP, produced by 

certain bacteria and parasites. The activation Vδ1+/Vδ3+ is less characterized, 

however these subtypes are implied in anti-viral responses and towards endogenous 

stress10. 

The MAITs are characterized by high expression of CD161 and by carrying the semi-

invariant αβ-TCR with the fixed Vα7.2 chain rendering them restricted to the MHC-

related molecule MR-148. In the periphery, the MAITs are a small T-cell population, 

however in the gut and liver, they are highly abundant. In humans, the MAITs are 

present already during second trimester of gestation at various sites, and are already 

capable of responding to microbial activation49. Interestingly, they are absent in the 

lamina propria of germ free mice, indicating their dependence on the microbiota for 

their expansion50. 

Lately, innate lymphoid cells (ILCs) of which NK cells belong to one subtype, have 

gained interest. Unlike the unconventional T cells, the ILCs do not express an antigen 

receptor but are divided into three types of ILCs based on the distinct pattern of 
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cytokines produced and the transcription factors required for their development and 

function. Cells in the group I ILCs, to which NK cells belong, express the T-bet 

transcription factor and produce IFN-γ, whereas group II ILCs express the RORα and 

GATA3 transcription factors and produce IL-5 and IL-13. In addition, the third group 

of ILCs depends on RORγt for their development and is mainly producing IL-17 and 

IL-22. Although much knowledge about the ILCs has been gained, there are still 

questions to answer in terms of development and function51. Lately, the type II ILCs 

is discussed in the context of allergic disease, as producers of IL-4 and potentially 

drivers of type 2 immune responses52. 

 

ALLERGIC DISEASE 
Failure in tolerance induction to harmless antigens (allergens) may result in 

hypersensitivity reactions. An immediate, type-I, hypersensitivity reaction is 

characterized by a Th2 response favoring cytokines IL-4, IL-5, IL-9 and IL-13 and 

IgE production (IgE-mediated allergy)53. A genetic predisposition to produce IgE 

antibodies to innocuous antigens (atopy), is important for the development of allergic 

diseases of this kind; however the increase in allergic diseases observed in 

Westernized countries the last decades is not likely to depend only on predisposition, 

also environmental factors seem important54. An allergic phenotype is often initiated 

early in childhood with symptoms that are skin or food-related, which switch into 

respiratory related symptoms later during childhood, a phenomenon known as the 

“atopic march”55. Worldwide, allergic rhinitis affects between 10% and 30 % of the 

population and sensitization to foreign proteins in the environment is present in up to 

40% of the population according to the World Allergy Organization56. 

 

THE ALLERGIC REACTION 

Normally, humoral immunity with production of IgE antibodies is important in the 

defence against extracellular parasites such as helminth infections. However 

production of specific IgE antibodies directed against harmless antigens instead 

mediate allergic disease57. 

Th2 cell differentiation is favored by IL-4, which is also one of the major effector 

cytokines that together with IL-13 induce IgE class switch in B cells. Where the initial 
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IL-4 comes from is not clear, however NKT cells have been implied in the early 

production of IL-458 but lately other innate lymphoid cells are also discussed as 

initiators of IL-4 production52. Also, in mouse models, NK cells have been implied in 

allergic airway inflammation59,60, however in humans their role is not clear61. Further, 

thymic stromal lymphopoietin (TSLP) produced by epithelial cells, can activate DCs 

to prime naïve CD4+ cells to a Th2 type2. Once produced, specific IgE binds to high 

affinity receptors (FcεRI) constitutively expressed at high levels on mast cells and 

basophils, and at lower levels on eosinophils, a process termed sensitization. Upon 

reencounter with the specific allergen, crosslinking of the IgE antibodies confers the 

release granules containing preformed mediators like histamine, proteases and 

chemotactic factors responsible for the clinical manifestation of the allergic response 

(Figure 3).  

 

 
Figure 3. Allergic mechanisms An APC process and present antigen in the context of MHC II to a 

naïve T cell, which differentiates into a Th2 cell producing IL-4 and IL-13, promoting CSR to allergen 

specific IgE antibody production. The produced IgE bind to high affinity receptors on Mast cells, thus 

sensitizing the individual. Upon reencounter with the specific allergen, crosslinking of IgE results in 

release of soluble mediators like histamine responsible for the symptoms of allergic disease. During the 

chronic course of allergic inflammation, also other Th effector mediators are involved62. 
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Histamine acts on tissue, causing vasodilation and smooth muscle contraction, as well 

as on effector cells including eosinophils, T cells and neutrophils. Secondary 

mediators synthesized by breakdown of phospholipids or after target cell activation, 

include leukotrienes, prostaglandins and a variety of cytokines and chemokines. 

While biological effects of histamine are instant, the secondary mediators account for 

longer lasting ones including continuation of the airway constriction, mucus 

production, smooth muscle contraction and vascular permeability. Cytokines and 

chemokines produced during an allergic reaction account for both local and systemic 

effects through the recruitment of eosinophils. Moreover, the long term effects during 

chronic allergic inflammation, tissue destruction and remodeling also involve 

elements of other Th subsets62. 

 

FACTORS INFLUENCING ALLERGY DEVELOPMENT  

Both genetic and environmental factors are associated with an increased or decreased 

risk for development of allergic disease, highlighting the complexity in the etiology of 

allergy. Genes of interest in relation to allergic disease, apart from genes directing the 

atopic phenotype (e.g. IgE, IL-4R and FcεRI) are many, and they can be classified 

into types of genes depending on their functions. The first type of genes is involved in 

sensing the environment and microorganisms, such as PRRs. Indeed, polymorphisms 

in TLR4 as well as the co-receptor CD14 have been associated with atopy and 

asthma63. The second type of genes includes genes involved in barrier function and 

epithelial integrity. Among others, the Filaggrin gene has been associated with 

increased risk for both atopic dermatitis and sensitization. The third type of genes 

involved in allergic disease contains genes engaged in inflammation. More 

specifically, genes that are involved in regulation of Th responses and effector 

functions, such as STAT6, IL4RA, and IL13 have also been suggested. The fourth type 

of genes considered, includes the genes implicated in modulating tissue responses 

during chronic inflammation, for instance ADAM33 and PDE4D expressed in smooth 

muscle and fibroblasts. It should be noticed that some of the above-mentioned genes 

can belong to more than one type of genes, and some are highly involved in the 
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sensing of environment. This suggests that the risk for allergic disease can be 

modulated with for example microbial exposure64.  

Introduction (and diversity) of food during the first year of life has also been 

associated with a reduced risk of allergic phenotypes65,66, stressing that introduction 

of food is important for tolerance induction and allergy development. Moreover 

maternal intake of peanut, milk and wheat during pregnancy, is associated with a 

reduced risk for the offspring to develop allergic outcomes during childhood67,68. In 

addition, higher maternal vitamin C and copper intake during pregnancy associated 

with decreased risk for allergic phenotypes69. Vitamin D has been studied, both 

during pregnancy and during childhood, however there is no clear association of its 

role in development of childhood allergic disease70,71 although there are differences in 

serum levels between allergic and non-allergic individuals72. 

As for environmental factors associated with an altered risk for allergic disease, these 

include parental smoking, air pollution but also allergen exposure73. However, the 

main environmental exposures discussed during the last decades are the microbial 

exposures. Westernized countries have experienced a profound increase in incidence 

and prevalence of allergic disease coinciding with for example improvements in 

hygienic standards and antibiotic usage and urban standards of living. Late in the 80s, 

the “hygiene hypothesis” was coined based on epidemiological studies showing that 

larger sib-ship size and early day care attendance decreased the risk for allergy74. A 

decreased or altered microbial exposure, early in life, has been proposed to explain 

the increase in allergy disease54,75. Since then, many studies have continued exploring 

the relationship between early exposure to microorganisms and development of 

allergic disease. A landmark study proved, in 2001, that farm environment 

substantially reduced the risk of becoming allergic76. Also, the level of exposure to 

endotoxin was shown to be inversely associated with allergic disease77,78. Many 

studies on preferentially commensal bacterial exposures in relation to allergic disease 

have now been performed (discussed below).   

Also viral infections are implicated in the development of allergy. Children suffering 

from many upper respiratory infections, early in life, are at higher risk of developing 

respiratory conditions such as wheezing and asthma. More specifically, the 

respiratory syncytical virus has been associated with an increased of asthma 

development79. Further, Hepatitis A seropositivity has been inversely associated with 

atopic disease in some studies80 but not in others81. Additionally, our group has shown 
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that children seropositive for Epstein Barr Virus (EBV) before two years of age have 

a reduced risk for persistent IgE sensitization, whereas seroconversion after two years 

of age was associated with increased risk for sensitization at five82. In addition, we 

have demonstrated a significant immune modulation in children of both adaptive and 

innate immune parameters by EBV and another latent herpesvirus – human 

cytomegalovirus, further suggesting a role of (herpes)virus in immune- mediated 

conditions like allergy83-85. This indicates that both exposure, but also that the timing 

of exposure may be of importance and that there may be a “window of opportunity” 

early in life during which a modulation of the immune system may occur.  

Fighting helminth infections require a humoral response accompanied by the 

production of IgE antibodies. Interestingly, helminth infections and allergic symptoms 

do not coincide despite the occurrence of antigen specific IgE antibodies in helminth-

infected individuals86. The possible mechanism behind the allergy protection is that, 

although high levels of IgE, also the regulatory cytokines IL-10 and TGF-β are 

increased87. Furthermore, helminth infection suppressed the cytokine IL-33 and ILC2 

in mice88. Indeed, long term anti-helminth treatment associates with increased skin 

prick test reactivity89. 

Additional support that exposures to microorganisms modulate the risk of allergic 

disease is that receiving antibiotics during infancy associates with higher risk for 

allergy90-92, an association also observed for children born with caesarean delivery93, 

94. 

  
THE MUCOSAL ASSOCIATED LYMPHOID TISSUE 
The mucosal surfaces lining the respiratory and digestive tracts are the largest areas in 

the body with a constant contact with antigens, and are also the main routes for 

pathogen entry. Moreover the gastrointestinal tract is in close contact with the 

commensal microbiota (discussed below) inhabiting the intestine; only one single 

layer of epithelial cells separates the lumen from the underlying immune structures. 

The gut associated lymphoid tissue (GALT) is not only important for our immune 

defense, but it is also a site for oral tolerance induction to harmless antigens95. The 

intestinal immune system, GALT can be divided into effector sites and organized 

tissues. The effector sites contain lymphocytes present within the epithelium and 

throughout lamina propria. The organized tissues, Peyer´s patches (PP), mesenteric 
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lymph nodes (MLN) and the smaller isolated lymphoid follicles, responsible for the 

induction of an immune response, are present throughout the wall of the small and 

large intestines96. 

Peyer´s patches are aggregates of lymphocytes, with large B-cell follicles and 

intervening T-cell areas situated below the subepithelial dome (SED), an area 

immediately under the follicle associated epithelium. The sub epithelial dome is 

infiltrated by MØs, DCs, T and B cells, which distinguishes it from the epithelium 

covering the villous mucosa. The presence of Microfold (M) cells characterizes the 

SED. The M cells are specialized in uptake of antigens and in delivering them to 

APCs97. In addition, DCs themselves can capture luminal antigens through the 

extension of transepithelial protrusions before migrating to the PPs and MLNs where 

priming of naive lymphocytes occurs (Figure 4). 

 
 
Figure 4. Anatomy of the intestinal immune system, showing the epithelium with interspersed paneth- 
and goblet cells secreting antimicrobial peptides and mucous, respectively. Dendritic cells sample and 
process luminal antigens before interacting with naïve T cells and initiation of adaptive responses take 
place. Both T cell dependent and independent pathways leading to induction of class switch 
recombination to IgA can appear. The poly Immunoglobulin Receptor facilitates transport of sIgA to 
the lumen. Reprinted with permission from Nature Reviews Microbiology98. 
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In addition to conventional lymphocytes, several other unconventional lymphocytes 

like NKT cells and γδ T cells together with ILCs are present in high numbers in the 

intestine.  

Additionally, intestinal epithelial cells (IEC) play a central role in homeostasis and 

immunity in the gastrointestinal area. For example, paneth cells secrete antimicrobial 

peptides, like defensins, cathelicidins and lysozymes95 whereas goblet cells produce 

mucous, thus contributing to the defense against invading bacteria99. IECs express 

both classical MHC and non-classical CD1 molecules enabling antigen presentation. 

However, the expression of positive and negative co-stimulatory molecules on 

epithelial cells is under debate2. Further, IECs have been shown to express the ligand 

for the NK cell activating receptor NKG2D in response to the gut microbiota100. 

Moreover, in response to various stimuli epithelial cells produce cytokines, with the 

potential to skew subsequent immune responses. Among others, IECs produce TSLP 

and possibly also IL-10, TGF-β and retinoic acid, all promoting tolerogenic or Th2 

responses101. 

The induction of immunosuppressive mechanisms to food- and commensal antigens 

in the gut, often referred to as oral tolerance, and intestinal homeostasis is crucial, as 

failure in these mechanisms can result in hypersensitivity reactions or inflammation in 

the gut102. Subsets of MØs and DCs are important for both immune responses and 

tolerance induction in the gut as they direct adaptive responses103. Tolerogenic 

CD103+ DCs are induced by the gut microbiota and the regulatory cytokines IL-10 

and TGF-β mediate functionally suppressive Tregs. Retinoic acid conditions 

tolerogenic DCs to induce Tregs but also a low expression of co-stimulatory 

molecules CD80/86 can result in T cell anergy37.  

Retinoic acid is also important as a factor influencing the expression of CC-

chemokine receptor 9 (CCR9) and integrin α4β7
104

 and therefore regulating the 

homing of B and T-cells back to the mucosa thus mediating homeostasis. DCs also 

secrete B cell stimulating factors including a proliferating-inducing ligand (APRIL) 

and B cell-activating factor (BAFF) thus stimulating T cell independent CSR into 

IgA105. Other cytokines of importance in the CSR to IgA are IL-10 and TGF-β, which 

also induce IgA in T cell dependent manner101. 
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Secretory IgA (sIgA) is the major antibody isotype produced at the mucosa. In 

humans, both IgA1 and IgA2 exist. Together with antimicrobial peptides, IgA 

provides instant immune protection. Poly immunoglobulin receptors (pIgR), 

expressed on the basolateral surface of mucosal epithelial cells, bind dimeric IgA 

connected by a J-chain and facilitate the transport of IgA to the intestinal lumen. 

Cleavage of the pIgR results in a secretory component responsible for mucophilic 

properties of sIgA. Functionally, sIgA neutralize toxins and mediate immune 

exclusion without evoking an inflammatory response. Moreover, sIgA promote a 

mutualistic relationship with the commensal microbiota by facilitating the formation 

of a biofilm favouring growth of non-pathogenic bacteria, thus limiting the growth of 

pathogenic organisms106. 

 

THE GASTROINTESTINAL MICROBIOTA 
Co-evolution of man and microbes has created a mutualistic relationship between the 

host and the microbiota that inhabits skin and mucosal surfaces. Approximately 500-

1000 different species of bacteria are present in the gastrointestinal tract at 

concentrations ranging from 102-3 cells/gram content in the proximal ileum and 

jejunum to 107-8 in the distal ileum and highest density with 1011 in ascending colon. 

In addition to the two phyla Proteobacteria and Actinobacteria, the major phyla of 

bacteria, Bacteroidetes and Firmicutes, account for approximately 60-90% of all 

species in the gastrointestine107. The microbiota performs various metabolic functions 

crucial to host fitness such as synthesis of vitamins and bile salt metabolism in 

addition to production of short chain fatty acids (SCFA)108. Produced by fermentation 

of indigestible carbohydrates, SCFAs serve as an energy source for the epithelium and 

host in addition to influencing intestinal homeostasis109. Moreover, the microbiota has 

a large impact on the immune system in the host108. Not only does it compete with 

and exclude pathogens, but it induces the maturation of the host immune system after 

birth (as discussed below)110,111. Recognition of peptidoglycan from the microbiota, 

by Nod1 has been shown to enhance bone-marrow derived neutrophil killing of 

Staphylococcus (S.) aureus and Streptococcus pneumoniae112. Also in mice Nod2 

recognition seem to prevent inflammation in the small intestine and support goblet 

cell function113. In addition, the microbiota promotes angiogenesis and epithelial cell 

homeostasis114,115. Due to its energy harvesting properties, the microbiota has been 
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associated with obesity116,117 and overweight118. Very recently a large study showed 

that usage of antibiotics during the first two years of life associated with obesity later 

during childhood119, and dysbiosis in the microbiota is clearly associated with 

inflammatory bowel disease120. Further, the gut microbiota has also been implicated 

in development of the brain and associated with behavior121 and autism spectrum 

disorders in mice122. 

With the increasing evidence that the microbiota is crucial to the host, the methods to 

analyze it are of great importance. The primary samples used to investigate the 

microbiota are fecal samples and the main methods to analyze the microbiota are both 

culture dependent and culture independent. Culturing bacteria is time consuming and 

importantly all species of bacteria are not cultivable. Molecular methods use 

16SrRNA genes for the investigation of the microbiota123. These genes contain 

conserved and variable regions enabling the design of primers and probes for the 

detection of specific bacteria. With primers and probes, fluorescent in situ 

hybridization and Quantitative Real time PCR detection and quantification of known 

bacterial species, groups or genus is possible. More recent methods, for example, 454 

Pyrosequencing involve fragmentation of the DNA and then in vitro cloning before 

amplification and further sequencing of the whole genome124. Moreover there are a 

number of advanced powerful molecular sequencing methods used as reviewed by 

Hall125. The drawback, though with all molecular methods is the inability to 

distinguish between dead or alive bacteria107 and that for some sequencing methods, 

differences cannot yet be detected at species level.  

 

MICROBIOTA DEVELOPMENT AND COMPOSITION 
The fetus grows in a protected in utero environment, until now considered sterile 

development. Recent studies however, suggest that microbial transfer from mother to 

fetus can occur during gestation, as bacterial DNA has been detected in the 

placenta126 and viable bacteria have been found in meconium127,128. Still the main 

colonization, of the skin and mucosal surfaces, occurs during birth and continues 

thereafter. The first colonizing bacteria are of vaginal origin transferred during the 

passage through the birth canal129, but also fecal bacteria are frequent colonizers130. 

With colonization, genes involved in metabolism and vitamin biosynthesis are 

induced. Depending on country, the assembly of the microbiota is different131, which 
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is also reflected in the functional gene repertoires132. The species colonizing the 

gastrointestinal tract are facultative anaerobes consuming oxygen, thus preparing for 

more anaerobic bacteria begin their colonization. Prominent bacteria postnatally are 

Proteobacteria like Escherichia coli and Bifidobacteriaum (B.) species (spp) 

belonging to Actinobacteria, before members of the Bacteroidetes and Firmicutes 

phyla begin to establish133. Colonization is a dynamic process and bacterial 

composition is influenced by a variety of factors. Caesarean section largely impacts 

the composition of the microbiota, as the first bacteria these newborns encounter are 

skin related species of bacteria, instead of vaginal and fecal species134-136. Further, 

country of birth and level of affluence seem to have impact on the colonization132 in 

addition to prematurity, antibiotic use and infant feeding137. Moreover, breast milk 

contains up to 109 microbes per liter and thereby contributes with bacteria colonizing 

the gut - primarily Staphylococcus (S.) spp, Streptococcus (S.) spp in addition to 

Lactobacillus (L.) and Bifidobacterium (B.) spp.138-140. Antibiotic treatment, during 

pregnancy or lactation, lower the counts of bacteria in the breast milk141. Further, 

breast milk content of oligosaccharides is high142, supporting growth of the 

microbiota. Life style factors, like family size and home environment have been less 

studied, however children having older siblings seem to possess a more mature 

microbiota at the age of 12 months compared to children without siblings143-145. And 

although the limitation in the number of children included, having pets at home was 

associated with microbiota richness and diversity145 and also with detection of B. 

longum in the microbiota146. In addition, host genetics have also been implied in 

determining the composition of the colonizing bacteria147,148. 

 

Lactic acid producing bacteria 
Common species of bacteria inhabiting the oral, vaginal and gastrointestinal mucosa 

are the commensal lactic acid producing bacteria (LAB). Several genera of bacteria 

have the capacity to produce lactic acid, for example Lactobacillus, Lactococcus and 

Streptococcus among others. These are gram-positive bacteria, which are more acid 

tolerant, and species of Lactobacillus, Lactococcus are commonly used in the food 

industry for their capability of fermentation. Bifidobacteria are normally not included 

in the traditional LAB bacteria group due to their genetic unrelatedness, however they 

are also capable of producing lactic acid as an end product of fermentation. Very few 
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of the species among the LAB are pathogenic to humans and these are the species 

belonging to the genera Streptococcus. 

Lactobacilli and bifidobacteria species have been widely used as probiotics, due to 

their immunomodulatory capacity. Administration of probiotics are beneficial in 

antibiotic-associated diarrhea or Clostridium (C.) difficile infection149. So far the 

mechanisms of how lactobacilli mediate their beneficial effects are largely unknown. 

However factors produced and secreted by these species are discussed as potential 

effector molecules. Lactobacilli are shown to possess both anti-viral and antibacterial 

properties. In vitro studies show that both lactobacilli and bifidobacteria can limit the 

growth of pathogenic bacteria150, whereas lactobacilli administration to infants 

resulted in fewer episodes of viral infections151. As reviewed by Yan and Polk, a L. 

rhamnosus GG-derived protein, p40, has been attributed immune modulatory 

functions, through the inhibition of the epithelial cell apoptosis and inhibition of 

innate cytokine production152. Also, histamine derived from L. reuteri ATCC PTA 

6475, suppresses monocyte derived TNF153. 

 

Staphylococcus aureus  
S. aureus is a gram positive bacteria often found on the skin and in the nasal mucosa. 

Furthermore, it is a common colonizer of the infant gut154,155, probably due to skin-

skin contact and breastfeeding. S. aureus can modulate and evade the immune system 

with the cell wall protein A, that bind to the FC region of IgGs thereby avoid 

opsonization and phagocytosis. It is also known for the production of staphylococcal 

exotoxins, besides toxic shock syndrome toxin (TSST) also more than 20 enterotoxins 

(SE), of which SEA and SEB are the most studied ones156. The enterotoxins act as 

superantigens by the binding of specific beta chains on the TCR and MHC and 

thereby potently activating T cells in an antigen non-specific manner. Superantigen 

activation can cause exhaustion and anergy of T cells, and thereby inhibit immune 

responses to S. aureus157. Systemically released TSST can result in toxic shock, while 

ingestion of S. aureus enterotoxins can cause food poisoning157. S. aureus is a 

common cause of skin infections and in adult serum, S. aureus-specific IgG 

antibodies are detected indicating that there are S. aureus-specific T helper cells as 

well158. Although the potency of the S. aureus to cause infection, its presence in the 
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infant intestine is not associated with any gastrointestinal symptoms when compared 

to non-colonized infants154. 

 

IMMUNE MATURATION AND THE MICROBIOTA 
Although all components of the immune system are present after birth, the neonatal 

immune system needs education to become fully functional. In the womb, the foetus 

develops in a protected environment with a low exposure to foreign antigens. Once 

born, neonates rely to a larger extent on the innate branch of immunity for their 

defense and are susceptible to infections, mainly due to their antigen inexperience and 

immature adaptive immunity159. Maternal IgG transferred across the placenta during 

the last trimester, and sIgA in the breast milk will add to the protection of the 

newborn. Further, breast milk contains immunoprotective factors such as lactoferrin 

and lysozyme and soluble TLR2160. In mice, the milk contains antigen-IgG immune 

complexes, which potently induce oral tolerance in newborn pups161. 

Exposure to microbial components may, through the activation of innate immunity 

accelerate the maturation of adaptive immunity. Most of the knowledge about the 

influence of the microbiota on the maturation of the immune system originates from 

animal studies, reviewed in110. Breeding animals in germ free (GF) conditions have 

facilitated a model of investigating the impact of not only the whole microbiota but 

also the species-specific contribution to the maturation of the immune system. 

Generally, immune structures like PPs and MLNs are underdeveloped in GF animals; 

both numbers and cellularity are reduced, highlighting the microbiota as inducer of 

these immune inductive sites. Both innate and adaptive compartments are affected. 

Locally in the intestine, DC numbers are reduced, as is the number of MØs162 

however restoration can be accomplished after administration of bacterial species to 

the GF animals163. Also, the microbiota seems important in the expansion of NKT 

cells164. Moreover, the number of IgA producing plasma cells is lower correlating 

with a reduced amount of IgA. Also systemically, plasma cell numbers are reduced 

together with fewer germinal centers and Ig levels. Again, conventionalization of the 

GF animals restores these reduced numbers/levels165. Interestingly, the number of IgE 

positive B cells in PPs is increased166 together with serum IgE levels in GF animals 

compared to conventional and antibiotic treated animals, respectively167. In addition 

Th cells and Tregs are also induced by the microbiota168-171. Recently the bacterial 
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metabolites butyrate and propionate were shown to induce peripherally derived T 

regulatory cells172. 

In humans, much less is known about the function of the microbiota in the induction 

of the immune system. However, early colonization with Bacteroides (B.) fragilis or 

bifidobacteria and lactobacilli have been associated with increase IgA/M secreting 

cells173 and higher levels of secretory IgA in saliva174, respectively. Also E. coli and 

bifidobacteria associated with increased proportion of memory B cell phenotype at 

four and at 18 months of age175. Moreover, only peripheral blood mononuclear cells 

(PBMC), from infants colonized with B. fragilis early in life, produced IFN-γ 

spontaneously as compared to the children not colonized. Also, the level of B. fragilis 

colonization was inversely correlated to the IL-6 and CCL-4 response after LPS 

stimulation indicating an immunomodulatory function174. Furthermore, lactobacilli 

and bifidobacteria colonization has been associated with lower cytokine responses 

following in vitro allergen stimulation and also the level of Bifidobacterium 

colonization was associated with increased FOXP3 expression176. 

 

EARLY GUT MICROBIOTA AND ALLERGIC DISEASE 
As the microbiota influences the maturation of the immune system and the exposure 

to microbial products reduces the risk for allergy, a link between the intestinal 

microbiota and development of allergic disease is investigated. Comparison of 

allergic and non-allergic children revealed differences in the composition of the 

microbiota. Björkstén et al177 were the first to show this in a study investigating the 

microbiota in children from Estonia and Sweden, countries with low and high 

prevalence of allergic diseases, respectively. Since then, several other studies have 

continued exploring the early microbiota and its association to future allergic disease. 

Although there is considerable inconsistency between the results from the different 

studies, a pattern can be distinguished. Some species of bacteria seem to be more 

prevalent among children not becoming allergic whereas some bacterial species are 

more commonly detected in children later turning allergic. Generally, C. difficile178,179 

and S. aureus180 have been associated with allergy development whereas the opposite 

association has been reported regarding several different species of bifidobacteria and 

lactobacilli143,144,181. Indeed, the microbiota seems to be less diverse early in life in 

children later having eczema182-184 or asthma185. 
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PROBIOTIC SUPPLEMENTATION AND ALLERGY 
As a reduced microbial exposure is shown to influence development of allergic 

diseases, supplementation of probiotic bacteria to prevent allergy has been performed. 

The World Health Organization defines probiotics as “live microorganisms which 

when administered in adequate amounts confer a health benefit on the host”. 

Different administration strategies have been used. In some studies, the probiotic 

supplement has been administered to the pregnant mother and the offspring 

postnatally, whereas in others, only the mother or the infant has received the 

supplementation, respectively. So far, the outcome of probiotic supplementation in 

prevention of allergy has been inconsistent. Some studies show a reduced risk for 

allergic phenotypes with probiotics186-191, whereas others report no or even higher risk 

for allergic outcomes compared to the control groups192,193. Lately, L. rhamnosus 

HN001 supplementation to children genetically predisposed to develop eczema 

reduced their risk to develop symptoms compared to the placebo group194, indicating 

that infants at high risk for developing eczema may benefit from probiotic 

intervention. 
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PRESENT STUDY 

OBJECTIVES 
The overall aim of this work was to investigate the early gut microbiota in relation to 

allergic heredity, allergic disease at five years of age and ex vivo cytokine responses at 

age two as well as to investigate how specific gut bacteria influence T- and NK cell 

immune function in children. 

 

Our specific aims were: 
 
To 
 
 Investigate if parental allergy influences the early gut microbiota and to examine 

whether the early microbiota associates with allergic disease at five years of age 

(PAPER I).  

 
 Explore if the cytokine profile, in terms of numbers of IL-4, IL-10 and IFN-γ 

secreting cells, at two years of age relates to the early-life gut bacteria (PAPER 

II). 

 

 Investigate Treg cell phenotype and cytokine production, during childhood, in 

response to microbial activation. Furthermore, the aim was to investigate the early 

gut colonization in relation to Treg cell phenotype and cytokine production 

(PAPER III). 

 

 Characterize the S. aureus-induced response and the modulatory/regulatory 

capacity of lactobacilli to suppress NK and T cell cytokine production, 

proliferation and degranulation after in vitro stimulation of PBMCs (PAPER IV). 
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CLARIFICATION OF NOMENCLATURE USED 
In this thesis we relate the early microbiota to allergy at the age of five (PAPER I), 

immune responses (PAPERS II, III) and Treg cell phenotype at age of two (PAPER 

III). The term lactobacilli, is normally used to describe several species of the 

Lactobacillus genus. In PAPERS I and II, however we use the term ”lactobacilli” for 

the species detected with one primer pair, namely L. casei, L. paracasei and L. 

rhamnosus. 

For PAPERS II, III, IV, we culture PBMCs with S. aureus 161.2 conditioned medium 

(supernatant). For simplicity it will shortened with ¨S. aureus¨. Similarly, in PAPERS 

II, III and IV, we used supernatants from L. rhamnosus GG and L. reuteri DSM 

17938. These will be mentioned as LGG or L. reuteri, respectively. 

Also, for PAPER III, we use the term ”Treg" based on CD4+, CD25+, CD127low/neg 

and FOXP3+ phenotype. In general, this is the phenotype that has been used to 

classify Tregs. We have not investigated their suppressive capacity, in vitro, which 

has been suggested as a preferred Treg criterion35. 
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MATERIALS AND METHODS 
STUDY POPULATION  
A total of 58 (PAPER I), 30 (PAPER II), 25 (PAPER III) and 7 (PAPER IV) children, 

participating in a prospective allergy cohort (n=281), were included here. The cohort 

has previously been described in detail elsewhere82,195. Briefly, parents-to-be, were 

invited to participate, only if self-reported allergic disease was confirmed with 

positive or negative skin prick test results. The children were followed from birth and 

were clinically examined by the same pediatrician (C.N.) at 6, 12, 18, 24 and 60 

months of age. At the age of two and five, skin prick test (SPT) were performed 

against food and inhalant allergens according to the manufacturer’s instruction (ALK, 

Copenhagen, Denmark). The SPT included food allergens: egg white (Soluprick 

weight to volume ratio 1/1000), cod (Soluprick 1/20), peanut (Soluprick 1/20) cow’s 

milk (3% fat, standard milk), and soybean protein (Soja Semp; Semper AB, 

Stockholm, Sweden). SPTs were also performed for inhalant allergens: cat, dog, 

Dermatophagoides farinae, birch and timothy (Soluprick 10 Histamine Equivalent 

Prick test). Histamine chloride (10 mg/mL) and allergen diluent served as positive and 

negative control, respectively.  The SPT was considered positive if the wheal 

diameter was ≥3mm after 15 minutes. Also both the mothers and fathers underwent 

SPT to furred pets and pollens common for Sweden. Serological analysis of specific 

IgE, to the same allergens tested with SPT, was performed using ImmunoCAP 

(Phadia AB, Uppsala, Sweden). Samples with allergen-specific levels of ≥35 kU/L 

were considered positive. 

Also, CBMCs (n=12, III) and PBMCs from seven-year olds (n=15, III) and healthy 

adult blood donors (n=6, II), (n=19, III), (n=11, IV) were included, in the different 

studies, respectively and are unrelated to the cohort above. 

 

CLASSIFICATION OF ALLERGIC DISEASE 
In PAPER I, children were classified as allergic if at least 1 SPT was positive and/or 

if specific IgE to at least 1 of the selected allergens was positive, together with 

allergic symptoms at five years of age, according to the World Allergy Organization 

nomenclature196. All families gave their informed consent to participate and ethical 

permission was granted from the Human Ethics Committee at Huddinge University 

Hospital, Stockholm, Sweden. 
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METHODS  

Description of the methods used, are found in detail in each of PAPER I, II, III and 

IV, respectively. Briefly, DNA was purified from feces, using Qiagen DNA Stool 

Mini Kit. For detection of the different bacteria, species- or group specific primer 

pairs were applied together with Real Time PCR using SYBR green chemistry 

(PAPER I and II, III). 

In PAPER I, B. adolescentis, B. bifidum, B. breve, C. difficile, and S. aureus were 

analyzed. Also, three species of lactobacilli, L. casei, L. paracasei, L. rhamnosus 

were detected with one primer pair, and with be referred to as “lactobacilli”. In 

PAPER II and III, all but C. difficile were analyzed, as it was only detected in very 

few individuals in PAPER I.  

In PAPERS II, III and IV, mononuclear cells were isolated from cord (III) or 

peripheral blood, sampled at the age of two (II, III and IV), at the age of seven (III) 

and from healthy adult blood donors (II, III, IV) by Ficoll-Paque gradient 

centrifugation, before being frozen in liquid nitrogen until analysis.  

In PAPER II, cells were thawed, washed and thereafter stimulated with or without 

phytohaemagglutinin (PHA) for 4 hours before being plated for additional 44 hours. 

IL-4, IL-10 and IFN-γ secreting cells were determined using ELISpot technique. 

Numbers of cytokine secreting cells are expressed as numbers of cells/105 cells and 

are the mean of three wells after subtraction of medium control. Further PBMCs, from 

healthy blood donors, were cultured with supernatants from L. rhamnosus GG, S. 

aureus 161.2 separately or together and Th IL-4 and IFN-γ production was analyzed 

with FACS. In addition, IL-4, IL-10 and IFN-γ were analyzed in culture supernatants 

using ELISA (II). 

In PAPER III mononuclear cells from cord blood, two- and seven-year old children as 

well as healthy adult blood donors were thawed, washed, counted and rested in 

culture medium before being phenotypically stained for FACS analyses, with 

antibodies targeting following surface markers CD4, CD25, CD45RA, CD127, 

CD161 and CXCR3 as well as intracellular FOXP3, CTLA-4 and HELIOS. In 

addition, cells were cultured for a total of 24 hours, with L. reuteri DSM 17938 and S. 

aureus 161.2 separately or simultaneously, aCD3/CD28 beads or in culture medium 
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as control. Inhibition of protein secretion was inhibited by Monensin/GolgiStop or 

Brefeldin A/GolgiPlug addition to the cultures. Cells were harvested and stained for 

markers CD4, CD25, CD127, and CD161, as well as intracellular FOXP3, CTLA-4, 

IL-10, IL-17A and IFN-γ. 

In PAPER IV, cells from the two-year old children and adult healthy blood donors, 

were thawed, washed and counted before being cultured with S. aureus 161.2, SEA, 

aCD3/CD28 beads separately or together with either L. rhamnosus GG or L. reuteri 

DSM 17938. The last four hours Brefeldin A/GolgiPlug was added to the cultures. 

Cells were then harvested and stained with antibodies targeting surface markers CD3, 

CD4, CD8, CD45RA, CD56, CD161 and intracellular IFN-γ. Moreover, proliferation 

of T cells was analyzed after 5 days in culture and degranulation of NK cells and 

CD8+ T cells was analyzed after 18 hours in culture. 

Furthermore, monocytes were depleted to investigate their role in S. aureus-induced 

IFN-γ. Also, purified monocytes were cultured with S. aureus and SEA, before 

washing and then fusing with the autologous CD14-depleted population to investigate 

if monocyte activation alone was enough to activate NK and T cell IFN-γ, but also to 

investigate whether lactobacilli dampening on NK and T cells is a direct effect on 

these cell types.  
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RESULTS AND DISCUSSION 
PAPER I 
The microbiota has been repeatedly associated with allergic diseases during 

childhood, but there are still contradictory results between studies. Several factors are 

likely to account for these inconsistencies. Firstly, the outcome of allergy is often 

considered very early in life, between 18-24 months, and at this age allergy is usually 

synonymous with eczema and/or wheezing. Both eczema and asthma are common 

during childhood, but are not necessarily associated with IgE production. 

Additionally, the microbiota is dynamic early in life, thus sampling at only one 

occasion makes the results less reliable and will further add to incomparable results 

between studies. Furthermore, the early microbiota is influenced by many factors such 

as mode of delivery, feeding, and siblings etc., factors that are significant confounders 

in many studies performed. Also, recent studies show that host genetics, and the 

immune system influence colonization148,197. In previous studies investigating the 

microbiota and its relation with allergic disease in children, a vast majority of the 

parents were allergic, making it impossible to study the impact of heredity on the 

microbiota. In our study, we therefore included infants with both allergic and non-

allergic parents. Also all infants included were born term, vaginally delivered, breast 

fed for a minimum of three months and none received antibiotics during this period. 

Further, we evaluated allergy, both SPT and/or specific IgE and allergic symptoms at 

five years of age, when diagnosis is more secure.  

Indeed, in this study, we show that colonization is associated with parental allergy. 

Early-life lactobacilli colonization is more prevalent among infants with non-allergic 

parents compared to infants with allergic parents. Further the infants with non-allergic 

parents were also colonized with lactobacilli on more occasions and the relative 

amounts of lactobacilli were higher among infants with non-allergic parents, which 

was also true for B. bifidum at one week of age. None of the other species investigated 

differed depending on parental allergy. This is the first time that the early microbiota 

has been related to allergic heredity.  

In relation to allergic disease, we found that lactobacilli and B. bifidum were more 

often detected in early fecal samples from the children who remained non-allergic at 

the age of five compared to the allergic children. Also, the relative amounts of 

lactobacilli were higher in the non-allergics compared to the allergic children. The 
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pattern of B. breve colonization, in relation to allergic disease, was similar to the one 

observed for lactobacilli and B. bifidum, however not statistically significant. No 

differences in B. adolescentis frequencies or amounts were observed between allergic 

and non-allergic children. 

A large number of infants were colonized with S. aureus, as has previously been 

reported155,198. Contrary to lactobacilli and B. bifidum, S. aureus seemed to be more 

prevalent among children allergic at age five, however this was not statistically 

significant. Similar results have been obtained previously180, but again others show 

opposite associations199.  

C. difficile has previously been associated with allergic disease178-180. In our study, C. 

difficile colonization was rare during the first two months of life and not related to 

allergic disease. All infants in our study were vaginally delivered and breast-fed the 

first three months, probably explaining the few number of infants harboring C. 

difficile, as it has been shown that C. difficile is more common in caesarean delivered 

and formula-fed infants143. 

Our results confirm and extend previous findings from our group144 and others178, 

180,181; all reporting regarding lactobacilli and bifidobacteria as more prevalent 

colonizers, early in life, in non-allergic children. Thus, there seem to be differences in 

the microbiota prior to the development of allergic disease.  

As both parental allergy and allergy development associated with the early lactobacilli 

colonization pattern, we wanted to investigate colonization in relation to both factors. 

Thus, we grouped the children according to both parental allergy and allergic disease 

at the age of five. Interestingly, among the children with allergic parents, infants 

colonized with lactobacilli were less likely to be allergic at the age of five, suggesting 

that lactobacilli may protect against allergic disease in children with allergic parents. 

Whether allergic children with non-allergic parents instead lack lactobacilli early in 

life is not possible to elucidate from our study, as too few children among the infants 

with non-allergic parents were allergic at the age of five to perform any statistical 

analysis.  

Even though the early-life colonization differed, there were no differences in 

lactobacilli or S. aureus colonization at twelve months of age in relation to allergic 

disease, indicating that it is the early microbiota that is of importance for the future 

development of allergic diseases. How early-life colonization with certain bacteria 

can protect against allergy development is not clear. However, it is interesting to note 
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that early B. bifidum- and lactobacilli- colonization have previously been associated 

with higher levels of IgA in saliva174. IgA has been associated with protection against 

clinical symptoms in sensitized infants, through blockage of allergen and IgE 

interaction78. Interestingly, high levels of fecal IgA associates with reduced risk for 

sensitization200. 

Whether the differences in lactobacilli colonization predominantly depend on genetics 

or environmental factors, is still an open question. As there is a difference in the early 

lactobacilli colonization pattern within the group of children with allergic heredity 

depending on if the child develops allergy or not, this suggests that lactobacilli 

colonization is influenced by environmental factors, unless other genes, not involved 

in allergic phenotype determine this colonization. We have not investigated the 

maternal vaginal flora or their breast-milk thus we cannot exclude that the children 

are differently exposed. Breast milk from allergic mothers has previously been 

reported to contain fewer counts of bifidobacteria compared to non-allergic 

individuals138 and also breast milk bacteria from mothers with or without celiac 

disease differ201, indicating that the health status of the mother may alter the exposure 

of bacteria in the offspring.  

We should acknowledge that we only have investigated a few number of species, and 

thus no complete picture of the microbiota is presented here. However, the species 

were chosen for their previous association with allergic disease and real-time PCR 

was used, as it is a very sensitive method for detection of specific species. Also, 

unpublished data from conventional cultures, confirms our PCR data, that C. difficile 

colonization was hardly detectable in the early-life period, whereas the opposite was 

seen for staphylococci colonization. Moreover bifidobacteria counts were high 

throughout the first two years of life whereas lactobacilli counts peaked at 3 months 

of age (Figure 5)(Möllby R, unpublished observation).  
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Figure 5 Colony forming units of staphylococci, lactobacilli, bifidobacteria and C. difficile during the 

first two years of life. Bifidobacteria counts are high throughout the period, whereas C. difficile counts 

are low until 12 months of age. Staphylococci counts are highest in the beginning but steadily decrease 

with age and lactobacilli counts peak at three months of age. (Möllby R, unpublished observation).   

 

 

Interestingly, probiotic supplementation has in some studies reduced clinical 

outcomes like eczema and/or IgE sensitization187,188,202 whereas others have reported 

no beneficial or even adverse effect on outcomes following probiotic 

treatment192,193,203. Interestingly, L. rhamnosus HN001 supplementation to children 

genetically predisposed to develop eczema reduced their risk to develop symptoms 

compared to the placebo group194. Also, in animal models administration of L. 

rhamnosus HN001 has had beneficial effects, protecting against allergen induced 

allergic disease204.  

Several factors may account for the controversies observed with probiotic 

supplementation in the prevention of allergic diseases. The strategies for probiotic 

supplementation have been different: administration of probiotics to the pregnant 

woman with following administration also to the offspring, administration of 

probiotics to the mother, but not to the newborn, and further supplementation only to 

the newborn. Moreover, the bacterial species administered have varied, thus 

comparisons between studies are not feasible. In addition, the outcome measured, 

following probiotic supplementation varies, as does the age of diagnosis. 

Interestingly, administration of Lactobacillus spp. to already allergic individuals 

 



 

 45 

shows immunomodulatory effects. L. casei Shirota given to seasonal rhinitis patients 

conferred a reduction of antigen specific IgE in favor of IgG and also a reduction of 

antigen-induced cytokine levels205. Moreover, administration of L. gasseri to allergic 

children reduced their clinical symptoms of allergy and suppressed their ex vivo 

production of pro-inflammatory cytokines from PBMCs compared to placebo 

controls206.  

Indeed, several bacterial species have immunomodulatory effects and can potentially 

be used for prevention of allergic disease although more knowledge about the 

mechanisms of interaction with and influence on the immune system is needed. 

 

PAPER II  
From animal studies, it has become increasingly clear that the microbiota induces 

maturation of the immune system111. For obvious reasons less is known about the 

human situation, however alterations in the microbiota have been associated with 

inflammatory conditions, like autoimmune disease207, IBD120 and allergy PAPER I,144, 

180,185. In mice, several bacterial species have specific functions on the immune 

system; segmented filamentous bacteria induce maturation of CD4+ IL-17 and IL-22 

producing cells169, whereas B. fragilis mediates conversion to FOXP3+ IL-10 

producing cells170. Whether this is the situation also in humans is not thoroughly 

investigated. However, in some studies an association between infant microbiota and 

immune responses have been found174, 176. Thus, in this study, we investigated early 

colonization in relation to numbers of cytokine secreting cells after in vitro PHA 

stimulation, at two years of age. IL-4 and IFN-γ secreting cells were examined as they 

are important for humoral and cell mediated immunity, respectively. Further, IL-10 

producing cells were investigated due to the regulatory function of this cytokine. A 

dysregulated immune response, like hyperreactivity, may originate from failure in 

tolerance induction early in life, a process in which a balanced microbiota is believed 

to be of importance. Indeed, elevated cytokine production associates with allergic 

symptoms in infancy/childhood208-210 illustrating that allergy associates with an 

exaggerated immune responsiveness, at least in vitro. Despite that no association with 

cytokine numbers and sensitization was observed in this study, increased ratios of IL-

4, IL-5 and IL-10 over IFN-γ have been associated with an increased risk wheezing 

and several episodes of wheezing211.  
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In this study, we show that early colonization with different species associates with a 

modulation of cytokine secreting cell numbers. Infant colonization with lactobacilli 

seemed to associate with fewer numbers of IL-4, IL-10 and IFN-γ secreting cells, 

after PHA stimulation, compared to non-colonized infants. In addition to the 

published results, we also found that persistent (2-4 occasions) colonization with 

lactobacilli the first two months of life associated with significantly fewer IL-4 and 

IL-12 producing cells, compared to infants only having lactobacilli on no or one 

occasion (MA Johansson et al unpublished observations). Administration of 

Lactobacillus species generally seem to have suppressive effects on cytokine 

responses ex vivo205,206,212 and could potentially modulate the risk for allergy. 

Intranasally administered Lactobacillus to mice resulted in a diminished expression of 

several pro-inflammatory cytokines, via a TLR independent pathway213. In line with 

our results, colonization with lactobacilli and bifidobacteria has previously been 

reported to associate with lower cytokine responses following allergen stimulation176. 

Colonization with any of the bifidobacteria, at any early time point investigated, did 

not associate with the numbers of cytokine secreting cells. However, similarly to the 

lactobacilli, persistent colonization with B. bifidum also associated with significantly 

fewer IL-4 and IL-12 secreting cells compared to infants harboring B. bifidum at no or 

one occasion. Decreasing bifidobacteria counts in neonatal rats increased the levels of 

IL-4 in plasma and postponed the maturation of PPs DCs214, hence revealing their 

importance in the maturation of the immune structures.  

S. aureus, is a common species in Swedish infants155,215 and also in our studies 

(PAPER I and II), a large proportion of the infants harbor S. aureus. Early 

colonization with S. aureus associated with significantly increased numbers of IL-4 

and IL-10 secreting cells at 24 months, after PHA stimulation. In PAPER I, S. aureus 

tended to be more frequent among children developing allergic disease, an association 

previously reported also by others180,216. As the majority of infants are colonized with 

S. aureus early in life, we speculate that it is the lack of other bacterial species, 

potentially lactobacilli, which may cause an inappropriate immune stimulation. 

Furthermore, lactobacilli have been shown to inhibit the growth of S. aureus in 

vitro150. Due to the opposite pattern of colonization of lactobacilli and S. aureus, both 

in relation to allergic disease (PAPER I) and in relation to cytokine secreting cell 

numbers, we investigated co-colonization. Indeed, early co-colonization of 
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lactobacilli and S. aureus suppressed the numbers of IL-4, IL-10 and IFN-γ secreting 

cells compared to colonization with S. aureus alone, indicating that the simultaneous 

presence of lactobacilli early in life can modulate an S. aureus induced effect on the 

immune system. Due to the association between lactobacilli and S. aureus and 

cytokine secreting cell numbers at age two, we aimed to further investigate the PBMC 

response to these species of bacteria in vitro. Indeed, we found that the response 

reflected our ex vivo association. The proportion of T helper cells producing IFN-γ 

and IL-4 was highest after S. aureus stimulation but co-culturing with LGG reduced 

the percentages of T helper cells producing the mentioned cytokines. Similar results 

were found when measuring IFN-γ in the culture supernatant, whereas IL-4 was 

undetectable in all samples except from S. aureus stimulated cells. Furthermore, 

levels of IL-10 was measured and found to be highest after stimulation with LGG 

alone and LGG together with S. aureus.  

We further investigated numbers of cytokine secreting cells in cord blood as it has 

been shown that host genetics and the immune system of the host might influence the 

colonization147. Here, we did not observe any association between cord blood 

responses and subsequent colonization with the species investigated, suggesting that 

cytokine responses at birth do not significantly influence the colonization. In relation 

to IgE sensitization, no associations between cord blood- cytokine secreting cells 

were observed neither did the numbers of cord blood cytokine secreting cells 

associate with cytokine secreting cell numbers at two years of age.  

The mechanism responsible for how lactobacilli modulate immune function needs 

further investigation, however it has been reported that lactic acid, degrade gram 

positive lipoteichoic acid and reduce pathogen-induced cell cytotoxicity217. Also, 

SCFA, produced by the microbiota is demonstrated to be crucial for the resolution of 

inflammatory responses in the intestinal tract109. Further, the SCFA butyrate has been 

shown to modulate intestinal macrophage function to become less inflammatory218, 

but also to induce T regulatory cells in the periphery172 showing that bacteria-derived 

metabolites clearly have the capacity to modulate immune cells/functions.  

The mechanisms how different species interact with and influence the immune system 

need further investigation, but clearly dysbiosis in the early microbiota may indeed 

modulate the risk of developing inflammatory disease like allergy later in life. 
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PAPER III 
A dysfunctional Treg population has been implicated as a major problem in allergic 

disorders. As important it is to mount an immune response in case of infection, it is 

equally crucial that negative regulation and resolution of the response occurs as 

failure can lead to chronic inflammation and immune-mediated disease39. Allergic 

individuals have dysregulated immune responses208-210 and suboptimal Treg responses 
219,220. We hypothesized that the early colonization pattern would influence Treg 

characteristics in children, and therefore evaluated how early colonization associates 

to the phenotype and cytokine production of Tregs ex vivo and how age influences 

Treg responses after microbial stimulation.  

We show that the frequency of CD4+CD25+CD127low/negFOXP3+ Tregs is similar in 

all age groups investigated, from cord blood to adult, in contrast to what has 

previously been reported221, however there is a difference in phenotypic 

characterization of the Tregs between our studies probably accounting for this 

inconsistency. 

Except for CB Tregs, CD45RA+ Tregs decreased with age as CD45RA represents 

naïve and antigen-inexperienced cells26,27 in line with what was reported by Rabe et 

al221. We speculate that the lower frequency of CD45RA+ Tregs in CB compared to 

two-year olds may reflect antigen experienced Tregs suppressing responses towards 

maternal antigens, as these have been found during gestation222. Although there was 

an inverse correlation between CD45RA-expressing Tregs and age, it is interesting to 

note that the seven-year old children had a Treg phenotype that was more similar to 

Tregs from two-year olds than to adult Tregs, in terms of naivety. This indicates that 

still at age seven, the Tregs are of a more immature phenotype.  

Whether the transcription factor HELIOS is a marker for tTregs is debated, 

particularly in humans38. We found an age dependent decline in the percentages of 

HELIOS+ Tregs. In agreement with Ayyoub et al223 we show that in CB, almost all 

Tregs are HELIOS+ and can support their postulation that HELIOS may represent 

human tTregs. Also in the two-year old children, the majority of Tregs expressed 

HELIOS, in seven-year old children and adults the corresponding percentages were 

approximately 93 and 79, respectively. This is a modest decrease, compared to the 

decrease seen for CD45RA suggesting that HELIOS is not always connected to 

CD45RA expression and antigen inexperienced Tregs, Similarly to what Himmel et 
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al224 report, in adults there is a significant proportion of Tregs with a CD45RA-

HELIOS+ phenotype, which potentially are tTregs that have been activated in the 

periphery.  

Tregs are capable of “T helper cell mimicking” in terms of transcription factors, cell 

surface markers and cytokine production40, therefore we also investigated CD161 and 

CXCR3 expression on the Tregs from the different age groups. These two markers 

were selected as CD161 is associated with Tregs that are capable of producing pro-

inflammatory cytokines (e.g IL-17) and CXCR3 as it is associated with a Th1 

functional phenotype. Percentage of CD161+ Tregs increased with age and also 

expression of CD161 on the surface increased in an age dependent manner until age 

seven. Unpublished data from our group (Björkander et al, submitted) show that 

cytokine production in adult Tregs is mainly found in the CD161+ Treg population. 

This could indicate that Tregs acquire the capacity to produce cytokines with 

increasing age, which is shown for the Treg suppressive capacity225. Percentage 

CXCR3+ Tregs increased between CB and two-year olds and remained similar in 

seven-year olds and adults indicating that maturation of type I response occurs during 

the first years of life. 

Since SEA increases the percentage of CD25+FOXP3+ Tregs upon stimulation226 we 

wanted to investigate how Tregs during childhood responded to S. aureus 161.2 

supernatant. Indeed, there was an increase in percentages of FOXP3+ Tregs in all age 

groups after S. aureus stimulation. Rabe et al have also reported that heat-killed S. 

aureus was able to convert CD4+ non-Tregs into functionally suppressive Tregs in 

vitro227. Also, S. aureus increased the Treg expression of CTLA-4, although not as 

potently in the two-year old as in the seven-year olds, potentially reflecting that the 

response upon activation of the two-year olds is different.  

Moreover, the percentages of Tregs expressing CD161 increased after S. aureus in all 

age groups showing that upon microbial activation CD161 percentages increase, 

which is what we show in the Treg phenotypes at the different ages.  

Upon S. aureus activation we also observed a clear association between age and 

percentages of IL-10, IL-17 and IFN-γ producing Tregs. The ability to produce 

cytokines increase with age, and IL-10 induction probably reflects the need for 

immune regulation. S. aureus is known to induce IL-10 through superantigen 

stimulation, as a way of escaping an immune response and clearance226,228. 
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Interestingly, IL-17 percentages were very similar in all age groups, whereas the 

percentages of IL-10 and IFN-γ producing Tregs are different depending on age, 

indicating that the maturation of these cytokine responses differ.  

In order to explain the phenomenon of Th mimicking, it is proposed that Tregs adopt 

their Th phenotypes as a means of controlling specific T-helper cell subsets40. Here 

we show that Tregs, from all age groups, produced IFN-γ, IL-10 and IL-17 in 

response to S. aureus. At least in adults, the majority cytokine-producing Tregs are 

found within the CD161+ population (Björkander et al, submitted), indicating that that 

the CD161 molecule/receptor is not only connected to IL-17, as previously suggested, 

but also to cytokine production in general.  

Newborns are considered to have a deviant immune profile, however here we show 

that Tregs from two-year old children have the capacity to produce IFN-γ, IL-10 and 

IL-17. As expected, the responses are lower compared to that seen in seven-year olds 

and adults. It has been shown that CD4 T cells from children have a reduced capacity 

to produce IFN-γ towards SEB stimulation229, a finding potentially explained by a 

hyper methylation in the promotor region of the IFN-γ gene230. 

As lactobacilli have the potential to modulate T cell responses in vitro (PAPER II),231, 

we investigated whether L. reuteri DSM 17938 also could alter S. aureus-induced 

Treg responses. When co-culturing PBMCs with both S. aureus and L. reuteri, there 

were significant reductions in all Treg aspects evaluated in all age groups 

investigated, indicating that L. reuteri can modulate and dampen the Treg responses 

towards S. aureus. This again confirms previous data by us and others that lactobacilli 

species can modulate ex vivo (PAPER II) and in vitro responses (PAPER II),231-235. 

In PAPER II, we show that early life S. aureus colonization associated with increased 

ex vivo immune responses and S. aureus induced Tregs in vitro227. Thus, we 

investigated whether there was an association between the early colonization of S. 

aureus in relation to Treg phenotypes at the age of two. Interestingly, being colonized 

with S. aureus, at several occasions during the first two months of life, as well as the 

relative amounts of S. aureus associated (or tended to associate) with increased 

percentages of CD161+Tregs, whereas there was a weak association with decreased 

percentages of CD45RA+ Tregs. This indicates that colonization with S. aureus during 

early life contributes to the maturation of Tregs in the circulation. Being colonized 

with toxigenic S. aureus has previously been associated with increased plasma levels 
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of IgA199 indicating that S. aureus colonization can contribute to systemic immune 

characteristics. Furthermore CD161 expression on Tregs increased after S. aureus 

161.2 stimulation, particularly in the children colonized several occasions with S. 

aureus. However, we did not find any association between S. aureus colonization and 

Treg cytokine production at age two, leaving the question of the in vivo relevance of 

an increased proportion of CD161+ Tregs in the S. aureus colonized children, 

unanswered. Still, as the CD161+ Treg cells seem to have a superior capacity to 

produce both regulatory and pro-inflammatory cytokines compared with their CD161- 

counterparts, it could still be of functional relevance. 

We also investigated colonization with B. adolescentis, B. bifidum, and B. breve, as 

these are commonly detected in infant feces and have been associated with Treg 

function236. We did not observe any association with Treg phenotype or function at 

age two. Moreover we investigated lactobacilli colonization (L. casei, L. paracasei 

and L. rhamnosus) and found that being colonized with lactobacilli was associated 

with a lower percentage of IL-10 producing Tregs, after S. aureus stimulation. This 

supports our finding in PAPER II and indicates that lactobacilli colonization, early in 

life, can modulate/suppress the Treg responses towards microbial stimulation later in 

life. 

In this study, we conclude that Treg phenotype matured during childhood and that the 

Treg capacity to produce cytokines, upon microbial activation, increases with age.  

 

PAPER IV  
Findings in PAPERS I, II and III indicate that lactobacilli species are important 

modulators of the immune response. We have previously investigated the regulatory 

effect of different lactobacilli species on S. aureus-induced immune responses in 

vitro231. There we reported a strong lactobacilli-mediated down regulation of IFN-γ 

and IL-17 responses, although the responding cell types were not identified. 

Therefore, we aimed to further characterize the T- and NK cell response to S. aureus 

and how this was modulated by lactobacilli in vitro.  

Here, we show that S. aureus 161.2 supernatant, in addition to activating CD4+ T 

cells, also activates and induces IFN-γ in CD8+ T cells and NK cells in human 

PBMCs from both adults and two-year old children. NK cell derived, but not the 



 

 52 

CD4+- and CD8+ T cell IFN-γ response, was reduced after monocyte depletion, 

showing a monocyte-dependence in S. aureus and SEA activation of the NK cells. 

NK cells respond to SEA in an IL-12-dependent manner237, also implicating an 

important role for monocytes in SEA activation of NK cells. Indeed, culturing 

purified monocytes with S. aureus induces IL-12 secretion into culture supernatants 

(Björkander, preliminary results). Although monocytes were not mandatory for S. 

aureus 161.2 activation of T cells it was interesting to note that S. aureus 161.2 or 

SEA stimulation of purified monocytes, was able to induce IFN-γ in CD4+ and CD8+ 

T cells upon co-culture with the stimulated monocytes. SEA is normally only 

discussed in terms of T cell activation, whereas here it clearly shows that the 

monocytes also respond to SEA/S. aureus. S. aureus enterotoxins can also bind to 

MHC, which potentially mediate monocyte activation.  

Although the NK- and T cells from children responded to S. aureus, they did not 

respond to SEA, indicating that the S. aureus response is not only mediated by 

enterotoxin activation, but that other factors in the supernatant have the capacity to 

evoke an immune response. It is possible that there is a deviation in the innate 

responses in the children, resulting in the absence of NK cell IFN-γ in response to 

SEA compared to the adults. It has been shown that adults have enterotoxin specific 

antibodies216 suggesting that a specific Th response towards S. aureus occurs/has 

occurred.  Indeed when subdividing the CD4 and CD8 T cells according to CD45RA 

expression, the majority of cells responding to both S. aureus and SEA were 

CD45RA-. Still there was a significant response towards S. aureus (and SEA) also in 

the CD45RA+ T cell populations. We were not able to do this subdivision in the 

children as the majority cells were of a naive CD45RA+ phenotype in the children.  

The lectin receptor CD161 found on both T- and NK cells is associated with both 

inhibition and activation, depending on cell type. On T helper cells it is associated 

with activation and cytokine production and on NK cells, ligation of CD161 with its 

ligand lectin like transcript-1 (LLT-1) is shown to be inhibitory238,239. Here we show 

that for the CD4+ and CD8+ T cells, it is the CD161+ fraction that responds to S. 

aureus, which also seemed to be true for the SEA-induced IFN-γ response. Still the 

response by the CD8+CD161- counterparts was similar but lower. The NK cells, 

however seemed to respond with IFN-γ towards S. aureus and SEA regardless of 

CD161 expression or not. This indicates that CD161 may have different function 
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depending on its cellular origin. This seemed to be irrespective of age (data not 

shown).  

We also investigated the effect of S. aureus 161.2 supernatant on other parameters of 

activation, such as proliferation of CD4+ and CD8+ T cells as well as degranulation of 

CD8+ T cells and NK cells from both adults and two-year olds. Indeed S. aureus 

managed to induce both proliferation and degranulation, showing that S. aureus 

causes a general activation of these cell types.  

Next we went on investigating the modulatory capacity of L. rhamnosus GG (LGG) 

and L. reuteri DSM 17938 supernatant on S. aureus-, SEA-, and aCD3/CD28 induced 

IFN-γ responses of CD4+- and CD8+ T cells as well as NK cells. LGG was able to 

dampen the S. aureus-induced response from all cell types and from both adult and 

two-year old children. LGG also tended to dampen SEA, and for the T cells, 

aCD3/CD28 responses for the adults. A similar dampening capacity was seen for L. 

reuteri, however more donors need to be added in order for this issue to be thoroughly 

investigated. As SEA did not activate the cells from the two-year olds, instead we 

activated them with PMA/IO and indeed LGG tended to dampen PMA/IO-induced 

IFN-γ responses from all cell types. Interestingly, both live LAB and the bacterial 

DNA were also able to suppress SEA- and allergen induced IL-4 and IL-5 PBMC 

responses from both healthy and allergic individuals232,235. In addition, Niers et al 

were able to show lactobacilli inhibition of PHA stimulated type 2 cytokines, partially 

via IL-10 induction234.  

CD4+- and CD8+ T cell proliferation, was dampened by both LGG and L. reuteri. 

Indeed other species of lactobacilli have been shown to suppress proliferation of 

human CD4+- and CD8+ T cells233 and also mouse CD4+ T cell proliferation was 

reduced by L. gasseri and its RNA in a MyD88 dependent manner240. The lactobacilli 

also hampered degranulation, in terms of CD107a, in CD8+ T- and NK cells. To our 

knowledge, this is the first time lactobacilli have been shown to reduce the percentage 

of cells expressing CD107a in cell types with cytotoxic potential. 

How the lactobacilli supernatants modulate and dampen the responses investigated is 

not clear. We speculated that IL-10 might be important in the regulatory response 

induced by the lactobacilli, and therefore performed pilot experiments where IL-10 

was neutralized. However, we could not prove that IL-10 played any role at all in the 

lactobacilli-induced dampening of IFN-γ. 
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Then we pre-incubated PBMCs with the supernatant from L. reuteri, washed the cells 

and then added the S. aureus or SEA. Also in this setup the L. reuteri soluble factors 

were able to suppress the IFN-γ responses from CD4+, CD8+ T cells as well as in NK 

cells, indicating that these factors alter the capacity of the immune cell to respond 

towards microbial and/or direct CD3/CD28 stimulation. Whether LGG supernatant 

has a similar capacity remain to be investigated. Co-culturing monocytes with S. 

aureus or SEA together with lactobacilli supernatant was however not sufficient to 

dampen the IFN-γ in neither T cells nor in NK cells. This suggests that the dampening 

of lactobacilli is a direct effect on the different IFN-γ producing cell types 

investigated. The sensing of and signaling induced by lactobacilli require further 

investigation. LGG, and other lactobacilli have been shown to induce suppressor of 

cytokine signaling (SOCS) expression in macrophages241 which is a negative 

regulator of pro-inflammatory cytokines. Furthermore, pre and postnatal probiotic L. 

reuteri supplementation is associated with reduced TLR2 responsiveness during 

childhood242 indicating that lactobacilli can modulate peripheral-cell responses and 

lactobacilli administration has also been shown to reduce viral infections in preterm 

infants151. Different species of lactobacilli have been shown to exert different 

immunomodulatory capacities and also to induce pro-inflammatory responses in some 

settings243,244. Here, we show that LGG and L. reuteri DSM 17938 both possess 

immuno-suppressive capacities, reducing cytokine production, proliferation and a 

marker for degranulation. 

Taken together our studies show that two different lactobacilli species have immuno-

regulatory capacities and thus supplementation with these species of lactobacilli could 

potentially modulate the risk for immune mediated diseases. 

 

PRELIMINARY DATA AND EXTENDED DISCUSSION 
The assessment of allergic disease during infancy and early childhood is not easy. 

Symptoms may be transient and some individuals are sensitized but still do not have 

symptoms. Further, symptoms, such as eczema and wheeze, are not always connected 

to sensitization. For that reason, in PAPER I, we choose to evaluate the microbiota in 

relation to allergy at five years of age. Still the question remains, whether the early 

microbiota composition relates to allergy later during childhood. The children, in this 

cohort was followed up to the age of ten, thus we were able to investigate 
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colonization with lactobacilli in relation to sensitization. The lactobacilli colonization, 

as before, seemed to be different in sensitized and non-sensitized children at age ten 

(Figure 6), yet the difference probably reflects the allergic and non-allergic heredity. 

 

  

 
As before, we also grouped the children according to heredity, as the children with 

non-allergic parents, more often were colonized with the lactobacilli. Few children, 

with non-allergic parents developed allergy and could not be included in the analysis. 

The pattern is similar to that seen at age five, lactobacilli colonization was most 

frequent in the children with non-allergic parents, who remained non-sensitized. 

Among, the children with allergic parents, the ones remaining non-sensitized were to 

a higher degree colonized with lactobacilli the first month of life, compared to the 

ones being sensitized later (Figure 7). However, it did not reach statistical 

significance.  

 
So far, many of the cohorts investigating the microbiota in relation to allergy include 

infants with allergic heredity, which should be considered in the interpretation of the 

results. Especially since we show that the colonization of lactobacilli is more common 

in children with non-allergic heredity. Still larger cohorts are needed to really evaluate 

Figure 6. Lactobacilli colonization 
during the first two months of life in 
relation to sensitization at 10 years 
of age. At one week of age 
lactobacilli were more frequently 
detected in children remaining non-
sensitized (n=34) compared to their 
sensitized counterparts (n=23) The 
y-axis show the % colonized with 
lactobacilli and the x-axis the time-
point investigated.  

Figure 7. Lactobacilli colonization 
during the first two months of life in 
relation to allergic heredity and 
sensitization at 10 years of age. At one 
week of age lactobacilli were more 
frequently detected in children with 
non-allergic heredity remaining non-
sensitized (n=19) compared children 
with allergic heredity, both sensitized 
(n=19) and non-sensitized counterparts 
(n=14) The y-axis show the % 
colonized with lactobacilli and the x-
axis the time-point investigated.  
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the microbiota in relation to both heredity and development of allergy. Due to the 

findings in PAPER II, that lactobacilli and S. aureus co-colonization, compared to S. 

aureus colonization alone, associated with fewer cytokine-producing cell numbers at 

age two, we also investigated co-colonization of the species in relation to sensitization 

at age ten. Among the children with allergic heredity, 81% of the ones being 

sensitized at the age of ten were colonized with S. aureus only at two weeks of age, 

compared to 63% in the non-sensitized counterparts (Figure 8). One should remember 

that heredity is a factor involved in the development of allergies and that other 

exposures also may be of importance.  

 
 

In PAPER II, the numbers of cytokine producing cells were also analyzed in relation 

to allergic heredity and also to sensitization in the children at age two. However there 

were no significant differences based on these factors. Interestingly though, six out of 

eight sensitized individuals were colonized with S. aureus but lacked the lactobacilli. 

All data until now indicate that the diversity of microbiota, but also that some specific 

species early in life associate with allergic disease later in life. Also, in mouse models, 

specific species associate with immune development and different types of immune 

responses. For example B. fragilis and clostridia species induce Tregs, whereas 

segmented filamentous bacteria associate with Th17 responses as reviewed in245. For 

natural reasons, the association between microbiota colonization and immune 

parameters in humans is not clear and the reason for why PAPERS II and III were 

conducted.  

Interestingly, in PAPER III, S. aureus stimulation induces increased percentages of 

CD161+ Tregs in all age groups investigated. This in vitro expansion is monocyte 

dependent (Björkander et al, submitted) and moreover the monocytes seem to migrate 

Figure 8. Lactobacilli and S. aureus 
colonization at two weeks of age 
among children with allergic heredity 
and in relation to sensitization at 10 
years of age. In the sensitized children 
(n=16), 81% was colonized with S. 
aureus only, whereas the 
corresponding % was 63 in their non-
sensitized counterparts (n=11).  
The y-axis show the % colonized with 
S. aureus only or lactobacilli 
(regardless of S. aureus or not). 
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towards S. aureus supernatant (preliminary data Laine et al) indicating that some 

chemo-attractant is present in S. aureus supernatant. Moreover, relative amounts of S. 

aureus and number of occasions during the first months of life associate with 

percentages of CD161+ Tregs. As CD161 is a lectin receptor it is interesting to note 

that children colonized with S. aureus are the ones responding with increased 

numbers of cytokine-producing cells to PHA stimulation, i.e. a lectin stimulation 

(PAPER II). Cytokine production in the CD161+/-  Treg populations, in the two-year 

old children, will also be done in individuals with enough cell counts for reliable 

analyses. 

The fact that children who are colonized with S. aureus have higher percentages of 

CD161+ Tregs also means that they probably have increased percentage of cells with 

a pro-inflammatory capacity as we have seen that this subpopulation of Tregs in 

adults have a capacity to produce IFN-γ, IL-17A but also the regulatory IL-10 

(Björkander et al, submitted) and also in PAPER IV the CD161+CD4+ or 

CD161+CD8+ T cells are the major IFN-γ producers compared to the corresponding 

CD161- populations. Whether this is beneficial or not in relation to allergy 

development is not clear, and remains to be investigated. However children with 

allergic disease often mount increased pro- and anti-inflammatory immune responses 

compared to non-allergic individuals208-210, and in atopic children Treg function is 

altered compared to non-atopic counterparts225.  

In vivo studies of how species of the gut microbiota influence immune development 

are complicated to perform in humans. In murine models, it is possible to study germ 

free mice and how conventionalization with specific species of bacteria induces 

maturation of immune cells. It is however important to consider whether mono-

colonization is relevant in a physiological setting. One should also bear in mind that 

different species of bacteria have different habitat, some species of bacteria are host 

specific. For example, SFB that in mice are found to induce Th17 cells, are host 

specific although some human counterpart has been detected246, yet its function in 

human immune maturation is not clear. It is also a reminder that the interpretation of 

studies done in mice cannot be directly transferred to humans.  

To overcome the fact, that host microbe interactions cannot be directly studied in 

humans, PBMCs are often the choice. It is however important to keep in mind that the 

cellular composition of the immune cell compartment in the gut is different from that 
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in the periphery. In the gut we have a stronger impact of unconventional cells of many 

kinds, which are not that prominent in the peripheral circulation. The responses in situ 

might therefore be quite different from what we observe when working with PBMCs.  

One can also discuss whether it is physiologically relevant to study the commensal 

interaction between host-microbes through the culturing of PBMCs with live- or heat-

killed bacteria. This contact is not likely to occur unless during an inflammatory 

condition or when there is an infection and a defect in the epithelial barrier function. 

The interaction with immune cells and bacteria is more likely sampling of the gut 

lumen by DCs or soluble components released by the bacteria that interact with 

epithelial cells or immune cells, like intraepithelial lymphocytes. Recent data indicate 

that soluble factors and metabolites produced by bacteria, SCFAs like butyrate and 

propionate109,172,218,247,248, influence immune cells, emphasizing that it is relevant to 

study how secreted factors influence immune cells.  

The question remains how lactobacilli species, considering that they are present in 

low numbers in the gut microbiota, can influence and potentially regulate immune 

responses? One possibility is that lactobacilli species is a marker for a more diverse 

early life microbiota, which contribute to immune maturation and exclusion of 

potentially pathogenic bacteria like for instance S. aureus. In general, the diversity of 

the microbiota is less in newborns, compared to adults, also opening up for bacteria 

detected in lower numbers to influence the immune system, with secreted factors. 

Also, in the newborn, the epithelial cell barriers and the integrity in the intestinal tract 

may be altered as the mucus layer is less thick, amounts of sIgA, antimicrobial 

peptides are lower due to the low exposure to microbes during gestation. This confers 

a possibility for factors secreted by lactobacilli to either influence the epithelial cells 

and/or to influence immune cells modulating immune cell responsiveness and 

maturation. All our data, in vivo and in vitro, indicates that lactobacilli species have 

the potential to modulate immune cell responses and alter the risk for allergic disease. 

 

GENERAL CONCLUSIONS 
In this work, we investigated the microbiota in relation to allergic disease at age five 

and numbers of cytokine secreting cells at age two after PHA stimulation. 

Furthermore we investigated the microbiota in relation to Treg phenotype at age two 

and the Treg capability to respond to microbial stimulation with pro- and anti-
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inflammatory cytokines during childhood. We then investigated the in vitro responses 

to some species in the microbiota, which associated with immune- 

phenotype/responses at age two, to explore how these species of bacteria influence 

immune cell responses and how these species modulate the response of one another.   

We show that different bacterial species positively and negatively associate with 

allergic disease at five years of age, which is also mirrored in relation to numbers of 

cytokine secreting cells at age two. More specifically, colonization with lactobacilli 

and bifidobacteria early in life associates with being non-allergic at age five. These 

species of bacteria also modulate the numbers of cytokine secreting cells, lowering 

cytokine responses after PHA stimulation, which may be favorable in relation to 

allergic disease. On the contrary, S. aureus colonization in infancy, seemed to be 

more frequent among allergic children, and associated with higher numbers of 

cytokine secreting cells. Interestingly, the S. aureus induced numbers of cytokine 

secreting cells, was reduced if co-colonization with lactobacilli was present, 

suggesting that some species of bacteria influences the effect of other species. We 

also show that colonization with and amounts of S. aureus associated with 

percentages Tregs expressing the marker CD161. This marker associates pro- and 

anti-inflammatory cytokines after in vitro activation, thus potentially these children 

may respond more strongly to microbial stimulation. The Tregs matured 

phenotypically during childhood and the responses to in vitro S. aureus stimulation 

increased with age. L. reuteri was able to suppress the Treg responses towards S. 

aureus in all age groups. We further characterized immune cell responses in vitro 

towards S. aureus as it is a common colonizer of the infant gut and also a potentially 

pathogenic bacterium. S. aureus 161.2 was able to induce pro-inflammatory 

responses, proliferation and degranulation in the cell types investigated really 

showing the potency of its soluble factors, beyond enterotoxins. Interesting though, 

all effector functions induced by S. aureus, were suppressed by LGG or L. reuteri, but 

apparently not via accessory cells. We speculate that the presence of potent immune-

activating bacteria does not matter, as long as regulating bacteria are counteracting 

their strong activation of the immune system, but the precise mechanisms for 

activation and dampening respectively, remain to be elucidated. 

Although some species of bacteria has been ascribed specific functions in animal 

models, the maturation of the immune system does probably not only rely on single 

species of bacteria, but rather a balanced diverse microbiota providing proper signals. 
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Likewise, as species of bacteria has been shown to be important to the host immune 

system, the complete microbiome, including viruses, fungi etc and their contribution 

to immune maturation should not be forgotten. The difficulties to address these 

questions in humans however, require animal models  

The immune maturation in humans is likely not dependent on only the colonizing 

bacteria in the gastrointestinal tract, but probably at all mucosal surfaces and by all 

organisms encountered as mentioned above. One major challenge is that we still do 

not know what a “normal” microbiota is, as it is different in different countries and 

can be altered by several factors, thus more research is needed investigating that. 

 

CLINICAL RELEVANCE 

Dysbiosis in the microbiota is implied in a variety of inflammatory conditions, thus 

investigating the early microbiota in relation to the maturation of the immune system 

will contribute with increasing knowledge about both etiology and potentially 

prevention of these immune mediated diseases. 

Indeed supplementation of probiotics has potent immunostimulatory effects, in both 

animals and humans. In animals, Lactobacillus species protected against virus 

induced inflammation213, but also influenced non-infectious conditions like body fat 

storage249 and protected against development of allergen-induced allergic disease204. 

In humans, beneficial effects of probiotics have been observed during both infectious 

and non-infectious conditions as reviewed250. Also, supplementation of probiotics, to 

already allergic individuals has to a certain degree reduced their clinical symptoms 

and modulated their immune responsiveness205, 206, 212. 

Probiotic administration for the prevention of allergic disease has not been very 

successful, stressing the need for further investigation of how different species of 

bacteria influence the immune system. However, due to the immunostimulatory 

potential of bacterial species, more thorough investigation of their influence on the 

immature newborn immune system needs to be considered as modulating it may have 

both beneficial and adverse effects. One consideration is to change the dose of 

probiotics administered as lactobacilli potently seem to regulate the immune 

responses both ex vivo and in vitro. 
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FUTURE PERSPECTIVES  
MICROBIAL RESPONSE OF UNCONVENTIONAL T CELLS 

AND INNATE LYMPHOID CELLS  
Many questions remain to be answered regarding the interaction of the microbiota 

with cells of the immune system. Innate lymphoid cells, γδ T cells, MAITs and NKT 

cells are present in high numbers at the mucosal sites and have been implied as 

potential producers of initial IL-4 thus creating a cytokine milieu favoring a type 2 

response that potentially can result in allergic disease. 

With respect to the findings in this thesis, and due to the presence of these cell types 

at mucosal sites, it would be very interesting to investigate how the unconventional T 

cells and ILCs from both children and adults respond to in vitro S. aureus stimulation 

but also if and how lactobacilli can modulate responses of these cell types.  

 

INTRACELLULAR SIGNALING INDUCED BY LACTOBACILLI 
All our data indicate that soluble factors, produced by lactobacilli species, have the 

capacity to modulate and suppress an immune response. Here, we would like to 

continue characterizing the soluble factor/s that confer the immune suppression seen, 

through fractionation, heat inactivation etc. Also signaling pathways induced by 

lactobacilli is not clear although, in one study, it was shown that suppressor of 

cytokine signaling (SOCS) was induced in macrophages. Therefore, it would be of 

great interest to investigate intracellular signaling pathways and transcription factors 

in the immune cells induced by lactobacilli soluble factors.   
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