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ABSTRACT 
This thesis focuses on three recently described childhood-onset 
gastrointestinal disorders: liver transplantation-associated food allergy 
(LTFA), collagenous gastritis (CG) and eosinophilic esophagitis (EoE). Its 
aim was to gain additional understanding of both the clinical disease 
characteristics and the associated immunological aberrations in these 
conditions.  

Study I investigated the frequencies of allergy, allergic sensitization as well as 
autoimmune disease and autoantibodies in a cross-sectional cohort of 
pediatric liver transplant recipients. The co-occurrence of food allergy and 
autoantibodies was found to be increased, indicating an underlying immune 
dysregulation that impairs immune tolerance to both food allergens and 
autoantigens in the affected individuals. Study II analyzed serum cytokine 
concentrations and circulating lymphocyte subsets of the same patients who 
were included in Study I. Signs of ongoing immune activation were found to 
be prevalent despite clinically stable graft function. Additionally, the 
excessive underlying immune activation appeared to be associated with an 
increased susceptibility to develop LTFA. Study III investigated the clinical 
disease course in childhood-onset CG. Further, CG was found to be associated 
with autoimmune predisposition and serum calprotectin and amyloid A was 
proposed as novel candidate biomarkers for monitoring the disease activity in 
CG. Study IV involved analysis of blood eosinophil phenotype in children 
with active EoE. We found that these patients had a distinct molecular pattern 
of blood eosinophils compared with both healthy children and adults with 
active EoE. 



 

The results of this thesis contribute to the improved clinical follow-up of the 
patients with the studied conditions. They also provide new insights into the 
associated immune deviations, which may facilitate the development of the 
future diagnostic and treatment options for these disorders. 

Keywords: liver transplantation; food allergy; autoantibody; immune 
dysregulation; collagenous gastritis; eosinophilic esophagitis; eosinophilic 
inflammation; eosinophil; children 
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SAMMANFATTNING PÅ SVENSKA 
Denna avhandling fokuserar på tre sjukdomstillstånd i mag-tarmkanalen hos 
barn vilka är relaterade till ett felreglerat immunsystem: födoämnesallergi 
kopplad till levertransplantation, kollagen gastrit (KG) och eosinofil esofagit 
(EoE). De två sistnämnda är inflammatoriska tillstånd som drabbar 
magsäcken respektive matstrupen. Samtliga ovannämnda sjukdomar har 
upptäckts relativt nyligen varför det finns många kvarstående kunskapsluckor 
kring dem. Syftet med avhandlingen är att öka såväl kunskapen om 
sjukdomsbilden som associerade immunavvikelser vid dessa tillstånd.  

I det första arbetet i denna avhandling studerades förekomst av allergier samt 
bildning av antikroppar mot såväl allergiframkallande födo- och luftburna 
ämnen som kroppsegna strukturer (s.k. autoantikroppar) hos lever-
transplanterade barn. Vi fann en hög förekomst av födoämnesallergi, 
antikroppar mot födoämnen och  autoantikroppar i denna patientgrupp. Vidare 
förekom födoämnesallergi och autoantikroppar i en ökad utsträckning hos 
samma individer vilket tyder på ett avvikande immunsvar både mot 
födoämnen och kroppsegna strukturer hos dessa patienter. I det andra 
delarbetet analyserades undergrupper av specifika immunceller kallade för 
lymfocyter samt signalämnen (s.k. cytokiner) i blodprover tagna från samma 
levertransplanterade barn som ingick i det första delarbetet. Vi fann att 
gruppen av levertransplanterade barn visade tecken på en avvikande, ökad 
aktivering av immunsystemet trots till synes normalt fungerande transplantat. 
Våra resultat indikerade även att en kraftig underliggande immunaktivering 
kan vara kopplad till en ökad risk att utveckla födoämnesallergi efter 
levertransplantation. I det tredje delarbetet studerades patienter som hade 
insjuknat i KG innan 18 års ålder. Våra resultat från denna studie tyder på att 
tillståndet är kroniskt och kopplat till kvinnlig kön och autoimmunitet. Vidare 
syntes vissa inflammatoriska blodmarkörer ofta vara förhöjda vid detta 
tillstånd vilket potentiellt kan utnyttjas vid uppföljning av KG. I det fjärde 
arbetet analyserades uttryck av olika molekyler i vita blodkroppar som kallas 
för eosinofila granulocyter i blodet hos barn med EoE. Vi fann att blod-
eosinofilernas molekyluttryck hos barn med EoE skiljer sig från det som ses 
hos både friska barn och vuxna patienter med EoE. Detta kan indirekt tyda på 
att sjukdomsprocesserna är olika vid EoE hos barn och vuxna.  

Denna avhandling ger ett viktigt nytt kunskapsunderlag för bättre uppföljning 
av patienter med de studerade tillstånden. Avhandlingen bidrar även med nya 
insikter om associerade immunavvikelser vilket i framtiden kan leda till en 
förbättrad diagnostisk och behandling av dessa sjukdomar.
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PREFACE 
This thesis focuses on three childhood-onset gastrointestinal disorders: liver 
transplantation-associated food allergy (LTFA), eosinophilic esophagitis 
(EoE), and collagenous gastritis (CG). The common denominator for the 
above diseases is that an impaired regulation of immune system is considered 
to be involved in their pathophysiology. Moreover, as well LTFA, EoE as 
CG is all relatively new discoveries, described for the first time in the late 
1980s (CG) or in the 1990s (LTFA and EoE). This is reflected in the fact that 
the current knowledge of these disorders is in many aspects still limited. This 
contrasts with many other immune-mediated gastrointestinal disorders that 
were identified for several decades ago (Figure 1), and consequently, whose 
diagnosis and clinical management is today facilitated by a more extensive 
knowledge base.  

Figure 1. Timeline illustrating the first descriptions of some immune-mediated 
gastrointestinal diseases. 

 

This thesis aims to provide some new insights regarding both clinical and 
immunological aspects of the diseases it covers. My research interest 
resulting in this thesis has its origin in the clinical observations me and my 
colleagues have made as pediatric gastroenterologists/hepatologists working 
with these patient groups. In addition, we have recognized the great 
importance of translational research approach that is needed to address many 
of the prevailing knowledge gaps. Therefore, a close collaboration with 
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researchers in the field of immunology has been central for the studies 
included in the thesis. 

My current research involving LTFA is a continuation to the previous work 
done by our research group in addressing the signs of dysregulated immune 
system in children after liver transplantation, resulting in a description of 
giant papillae tongue disorder as a specific disease entity affecting pediatric 
recipients of solid organs. Eosinophilic gastrointestinal disorders, such as 
EoE, are a closely related field, as children who have undergone liver 
transplantation appear as a particular risk group for these. However, the 
aspects involving eosinophilic gastrointestinal inflammation are in this thesis 
studied in non-transplant patients. Apart from EoE, our research interest in 
this area was captured by a rare patient group, children with CG, as they 
often times showed histologically an eosinophil-rich mucosal inflammation 
in stomach. 

The first three chapters in this thesis frame provide an introductory 
background to the topics that are central in the current research. The later 
parts of the thesis frame are dedicated to highlight the methodological aspects 
and the main scientific content in the composite papers as well as to discuss 
the significance and implications of the results. 
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1 IMMUNE DYSREGULATION IN 
PEDIATRIC LIVER TRANSPLANT 
RECIPIENTS 

1.1 HISTORY OF PEDIATRIC LIVER 
TRANSPLANTATION 

Pediatric patients have had a central role from the beginning in the history of 
liver transplantation. Indeed, the very first liver transplantation in human was 
performed in 1963 with a pediatric recipient1. While this patient and the other 
early liver transplant recipients did not survive beyond the early 
postoperative period1-4, the first liver transplantation with patient survival 
exceeding one year was performed in 1967, also this time on a pediatric 
patient5.  However, the liver transplantation as a treatment modality was held 
back by poor patient survival (<30% at 2 year post-transplantation) both in 
adults and children until the early 1980s6. The improvements in 
immunosuppressive therapy following the introduction of so called 
calcineurin inhibitors (CNI) at this point of time is generally considered as 
the most important factor resulting in dramatically improved graft and patient 
survival7. Until then, the immunosuppression protocols in the early liver 
transplantations were based on antithymocyte globulin (ATG), 
corticosteroids and azathioprine. Subsequently, the replacement of 
azathioprine by the first CNI, cyclosporine, in the early 1980s more than 
doubled the 1-year patient survival rate8. Cyclosporine was further replaced 
by another CNI, tacrolimus, about a decade later9.  Continuous further 
refinements in surgical and medical management during the past three 
decades have made the pediatric liver transplantation an established therapy 
with excellent survival rates for severe, life-threatening liver disease. Today, 
the 1-year and 10-year patient survival rates after pediatric liver 
transplantation are close to 95% and 90%, respectively, in most transplant 
centers in developed countries10-13.  
 

1.2 INDICATIONS FOR LIVER 
TRANSPLANTATION IN CHILDREN 

Currently, approximately 10% of all liver transplantations are performed in 
children13,14. In Sweden, this corresponds to 15–20 pediatric liver 
transplantations annually. In contrast to adults, liver transplantation in 
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children is usually curative, and recurrence of the underlying liver disease is 
seldom. In general, liver transplantation is indicated when the liver disease is 
so severe that the risk of mortality with the native liver outweighs the overall 
risk of transplantation15. In most cases, the risk of mortality is due to an acute 
or chronic liver failure that precedes the transplantation. However, in a 
minority of cases, the liver transplantation is a pre-emptive measure to 
prevent a progressive dysfunction in other vital organ systems, while no liver 
failure as such is present. This is the case in some metabolic liver diseases 
(such as hyperoxaluria or urea cycle defects) and in a broad sense also in 
primary liver malignancies.  
 
The spectrum of liver diseases resulting in the need of liver transplantation in 
childhood is wide and can broadly be grouped into the following four 
categories15:  
 

1. cholestatic disorders (e.g., biliary atresia, progressive 
familial intrahepatic cholestasis, and Alagille syndrome)  

2. metabolic/genetic disorders (e.g., alfa-1 antitrypsin 
deficiency, Wilson disease, and urea cycle defects) 

3. acute liver failure 
4. primary liver malignancies 

 
Of these, biliary atresia is the single most common indication, comprising 
approximately 30–50% of pediatric liver transplantations12,16,17. As is the case 
in biliary atresia, the need of liver transplantation typically arises already 
early in childhood in many other pediatric liver diseases, too. Consequently, 
the median age for children who undergo liver transplantation is less than 5 
years12,13. 
 

1.3 ROLE OF IMMUNOSUPPRESSION  
The transplantation of cells, tissues or organs between the genetically non-
identical individuals is complicated by the normal function of the recipient’s 
immune system that recognizes the transplant (allograft) as foreign, based on 
the specific protein structures (so called major histocompatibility complex 
molecules) present on the cell surface. This results in an immune response 
against the allograft, a rejection. The rejection process can comprise both 
cellular (T cell-mediated) and humoral (antibody-mediated) immune 
mechanisms, and clinically manifest as a hyperacute, acute or chronic 
rejection18. Consequently, an immunosuppressive therapy is generally needed 
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to minimize the risk for rejection, otherwise jeopardizing the function of the 
transplanted organ, and ultimately, the survival of the recipient. 

Importantly, the risk of rejection differs depending on the type of the 
transplanted organ. Liver is considered as an immunologically “privileged” 
organ with a better tolerance of liver allografts compared with other solid 
organ transplants, such as kidney or heart. This is reflected in the design of 
the immunosuppressive therapy that normally needs to be less potent in case 
of liver transplantation. Furthermore, the main mechanism of rejection in the 
context of liver transplantation is the cellular immune response. Therefore, 
the immunosuppressive therapy given to liver transplant recipients should 
ideally selectively inhibit the effector and memory T cells involved in the 
cellular rejection. At the same time, the activity of T regulatory cells (Treg) 
should preferably be preserved (or even enhanced), as they are essential for 
immune homeostasis and tolerance to self and foreign antigens, including 
liver allografts. However, the most immune suppressive drugs currently 
employed in (pediatric) liver transplantation have a rather unspecific 
inhibitory effect on all T-cell subsets19.  

The design of immunosuppression protocols used in pediatric liver 
transplantation is still today typically based on a limited number of immuno-
suppressive agents.  Many of these were introduced early in the history of 
liver transplantation and only few new agents have been adopted during the 
past two decades (Figure 2). Furthermore, the immunosuppression protocols 
for pediatric liver transplantation are currently not standardized between 
transplantation centers, mainly because lack of comparative studies of high 
quality20.  

Figure 2. Timeline illustrating the introduction of the most commonly used 
immunosuppressive drugs in pediatric liver transplantation. 



Liver Transplantation-associated Food Allergy and Eosinophilic Gastrointestinal Inflammation in Children 

4 

Conceptually, the immunosuppressive therapy can be divided into induction 
and maintenance regimens. Induction therapy refers to the potent 
immunosuppression given immediately prior to transplantation in order to 
prevent an acute rejection during the high-risk period spanning the first 
months after transplantation21. The maintenance immunosuppression, on the 
other hand, refers to the long-term immunosuppressive medication that the 
most pediatric liver transplant recipients currently receive life-long.  

 

1.3.1 INDUCTION IMMUNOSUPPRESSION  
While high-dose (intravenous) corticosteroids given immediately post-
transplantation can be seen as an induction therapy, too, this term is used 
below to refer to antibody-based induction. The antibody-based induction 
given in the context of pediatric liver transplantation comprises the use of 
basiliximab, rabbit ATG (rATG), and in special cases, also rituximab. Based 
on the subsequent effects on lymphocyte subpopulations, the induction 
therapy can further be categorized as depleting or non-depleting induction. 
rATG and rituximab have a depleting effect, while basiliximab is a non-
depleting agent.  

Basiliximab 
Basiliximab is a monoclonal antibody that binds to IL-2 receptor CD25, 
which is expressed on the surface of activated T cells22.  Consequently, it 
blocks the IL-2 signaling which is essential for the proliferation and 
differentiation of T cells (including both effector and regulatory T cells). This 
T-cell-blocking effect of basiliximab lasts up to 3 months22.  

Rabbit antithymocyte globulin (rATG) 
rATG, polyclonal rabbit-derived antibodies that target human T lymphocytes, 
results in a nonspecific T cell depletion both in peripheral blood and 
secondary lymphoid tissue (such as spleen and lymph nodes) within 2 days 
from administation23,24.  Following this, the recovery of T cell populations 
can take up to one year in pediatric liver transplant recipients25. Besides 
induction therapy, it may be indicated also as a rescue treatment in steroid-
resistent acute cellular rejection20.  
 
Rituximab  
Rituximab, a monoclonal humanized antibody that targets CD20 surface 
receptors on B cells, causes a depletion of B-cell populations in all stages of 
development, but not plasma cells26. In the setting of pediatric liver 
transplantation, it is normally only indicated in case of ABO-incompatibility 
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to minimize the risk for antibody-mediated rejection27. It can also be used 
after ABO-compatible transplantation as a rescue treatment in the rare case of 
antibody-mediated rejection20. 
 
In contrast to other solid organ transplantations where induction therapy is 
commonly used, its role in liver transplantation is less established28. For 
example, only a minority pediatric liver transplant recipients receives 
currently an antibody induction therapy in the USA13. Clinically, basiliximab 
has a more favorable adverse effect profile and may also be more effective in 
preventing the acute rejection in pediatric liver transplant recipients 
compared to rATG 29-33. Hence, following its introduction in the late 1990s, 
basiliximab has largely replaced rATG for induction therapy in liver 
transplantation in children at most transplant centers employing antibody 
induction12,13,34,35.  

 

1.3.2 MAINTENANCE IMMUNOSUPPRESSION 
The agents that can be used for maintenance immune suppression after 
pediatric liver transplantation include CNI (i.e, tacrolimus and cyclosporine), 
low-dose corticosteroids, antiproliferative agents (i.e., mycophenolate mofetil 
and azathioprine) and mammalian target of rapamycin (mTOR) inhibitors 
(i.e, sirolimus and everolimus)36. Of these, the current consensus 
recommends the use of tacrolimus as the first line agent for 
immunosuppression after pediatric liver transplantation20. In many cases, it 
can be used as a monotherapy.  
 
Calcineurin inhibitors 
Tacrolimus binds to intracellular protein FKBP-12, thereby blocking the 
activation of calcineurin, an enzyme necessary for IL-2 transcription37. 
Cyclosporine, the other main CNI, does not bind to FKBP-12, but to receptor 
cyclophilin-1 and the resulting cyclosporine-cyclophilin compex inhibits 
calcineurin38. Consequently, the CNI reduce the synthesis of IL-2, a cytokine 
that is essential for activation and proliferation of all T-cell subtypes, 
including Treg. However, it appears that the relative effects on conventional 
T cells and Treg are dose-dependent, and Treg are more resistant to low-dose 
CNI39.  Moreover, it has recently been observed that CNI may not affect just 
T cells, but also directly humoral immunity by suppressing naïve B cells40. In 
clinical use, the tacrolimus has largely replaced cyclosporine in pediatric liver 
transplantation due to better tolerability and superior immunosuppressive 
effect12,41,42. 
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Other immunosuppressive agents 
Other immunosuppressive agents may be added to the maintenance 
immunosuppression to complement (or more rarely, to substitute) the 
tacrolimus therapy. For this point, the practice varies depending on 
institutional preferences. The need of additional immunosuppression is also 
affected by clinical factors such as whether or not the patient has experienced 
a rejection or CNI-related adverse affects, or had a high immunological risk 
or malignancy prior to liver transplantation.  
 
Corticosteroids are potent immunosuppressants, which have multiple 
mechanisms of action. They bind to intracellular steroid receptors that are 
involved in biochemical pathways for induction or inhibition of protein 
synthesis, such as that of cytokines43. In lymphocyte populations, this results 
in reduction of proliferation and migration of both B and T cells44. In 
contrast, the antiproliferative agents exert their effects on B and T cells via 
inhibition of DNA synthesis. Mycophenolate mofetil inhibits purine synthesis 
by blocking inosine monophosphate dehydrogenase, an enzyme in the 
predominant pathway for T and B cell DNA synthesis45. Azathioprine, on the 
other hand, is converted to 6-mercaptopurine in lymphocytes which inhibits 
synthesis of purine analogues required for DNA production46. Finally, the 
mechanism of action of mTOR inhibitors sirolimus and everolimus exploit 
the lymphocytes’ dependency of IL-2 for their proliferation.  They inhibit 
mTOR, an intracellular protein kinase, in B and T cells, which results in the 
blocking the IL-2 signaling, and consequently, the cell cycle progression47. 
Due to their putative antineoplastic characteristics, mTOR inhibitors may be 
considered especially in pediatric liver transplant recipients with a history of 
prior or current malignancy48-50.  
 
The mechanisms of action of the immunosuppressive agents used for both 
induction and maintenance immunosuppression are illustrated in Figure 3.   
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Figure 3. The main targets of immunosuppressive drugs most commonly used in 
pediatric liver transplantation. Black arrows indicate signaling pathways and red 
T-bars point to the sites where the immunosuppressive drugs exert the blocking 
effects. 

 

1.3.3 OPERATIONAL TOLERANCE 
While immunosuppressive therapy is a mainstay in pediatric liver 
transplantation, it has been shown that a proportion of patients can maintain a 
stable liver function and liver histology even without immunosuppression51. 
This is referred as operational tolerance. However, the challenge lies in the 
difficulty to predict which liver transplants recipient will eventually be 
operationally tolerant and which not. Currently, there are no clinical, 
biochemical, or serological markers to predict the operational tolerance, but 
histological and immunohistochemical parameters have shown some 
potential promise52.  
 
The immunological mechanisms underlying operational tolerance after liver 
transplantation are not fully understood53,54. However, it is assumed that 
operational tolerance is related to the liver’s unique role as an 
immunoregulatory organ (see also Chapter 1.4.1)55. In general, the lowering 
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and/or withdrawal of immunosuppression after solid organ transplantation 
induces a humoral alloimmune response and enhanced development of 
donor-specific antibodies. However, this appears not to be associated with 
deterioration of liver allografts in operationally tolerant (pediatric) liver 
transplant recipients56. Moreover, Treg are believed to have an important role 
in suppressing the immune activation against liver-allograft55,57. Notably, an 
increased number of Treg in peripheral blood has been shown in 
operationally tolerant liver transplant recipients compared to those who lack 
such tolerance58-60. Currently, many studies are addressing the potential of 
immune cell therapies based on Treg, regulatory dendritic cells, or 
mesenchymal stromal cells in inducing operational tolerance after liver 
transplantation61. 
 
 

1.4 IMMUNE-MEDIATED DISORDERS AFTER 
PEDIATRIC LIVER TRANSPLANTATION 

As the survival rates following pediatric liver transplantation are today 
excellent, the focus has shifted increasingly to the long-term management and 
optimization of quality of life10. The long-term morbidity attributable to 
immunosuppression and graft-related issues is well-recognized62. While the 
immunosuppression per se increases the risk for infections and malignancies, 
many immunosuppressive agents (most importantly, CNI) are also associated 
with well-known adverse effects resulting in increased (long-term) risks for 
metabolic and cardiovascular morbidities and renal impairment. On the other 
hand, chronic rejection and idiopathic graft injury are the main causes of 
long-term graft loss63. However, new-onset morbidities related to 
dysregulation of the immune system have increasingly been observed as a 
distinct long-term complication following pediatric liver transplantation64. 
These are addressed more in detail below. 

 
Categories of immune-mediated disorders 
The immune-related diseases that are seen in children after liver 
transplantation typically develop within a few years after the transplantation. 
They can be grouped into the following main entities: 

• Liver transplantation-associated food allergy (LTFA) 
• Eosinophilic gastrointestinal disorders (EGID) 
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• de novo autoimmune diseases, such de novo autoimmune 
hepatitis (dn-AIH) and de novo inflammatory bowel disease 
(dn-IBD) 

• Immune cytopenias 
• Giant papillae tongue disorder 

Of these, the most often reported condition is LTFA. It has been reported to 
affect up to 37% of children after liver transplantation65-75. As one of the 
main topics in this thesis, LTFA is reviewed more in detail in Chapter 1.5. 
Other allergic conditions, such as respiratory allergy, asthma, and atopic 
eczema, have also been reported in children after liver transplantation, but it 
is uncertain whether these conditions are over-represented in this patient 
group compared with the general pediatric population67,76. Moreover, the 
increased levels of serum total IgE and sensitization to food and/or inhalant 
allergens appear frequent in pediatric liver transplant recipients65,76-78, 
indicating immune mechanisms favoring development of allergic diseases. 

Regarding de novo autoimmune disorders, the most common condition is dn-
AIH with a reported prevalence of 2–6 % in children who have undergone 
liver transplantation79-83. Notably, this is about 100-fold higher than the 
estimated prevalence of 20–30 cases per 100.000 for AIH in the general 
pediatric population84. There are also a few reports of dn-IBD after pediatric 
liver transplantation with the observed prevalence ranging from 1.6 to 4.3%85-

87. For comparison, the prevalence of IBD in the general pediatric population 
is <0.1%88,89. Furthermore, the occurrence of immune cytopenias (i.e., 
autoimmune hemolytic anemia, immune thrombocytopenia and autoimmune 
neutropenia) may be increased after pediatric liver transplantation and have 
been reported in up to 4% of these patients64,90,91. Immune dysregulation is 
postulated to underlie also the development of giant papillae tongue disorder, 
a newly discovered disorder that can develop after liver and other solid-organ 
transplantations in children92,93. It is a long-lasting disorder affecting tongue 
and orofacial region and is characterized by lesions with a distinctive 
appearance, resembling fish roe, at the dorsum of the tongue (Figure 4).   

 

 

 

Figure 4. A typical appearance in giant 
               papillae tongue disorder.  
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Increased production of autoantibodies 
Notably, the development of autoantibodies, such as anti-nuclear antibody 
(ANA) and smooth muscle antibody (SMA), appears also common after liver 
transplantation in children. The reported prevalence of one or more 
autoantibody specificities has ranged between 13 and 75% in pediatric liver 
transplant recipients79,94-98. For comparison, the estimated prevalence of 
corresponding autoantibodies in the general pediatric population is 
<10%99,100. However, the clinical significance of autoantibody development 
after pediatric liver transplantation is currently poorly understood. The 
presence of autoantibodies appears rarely associated with autoimmune 
disease in this patient group, but some studies suggest an association with 
graft dysfunction and chronic rejection95,98,101.  

 

1.4.1 LIVER AS AN IMMUNOLOGICAL ORGAN 
The liver is considered as an important immunological organ involved in the 
control of systemic tolerance102. It is exposed to a continuous load of food 
antigens and microbial components in the blood that drain from the 
gastrointestinal tract through the portal vein. While the liver is critical for 
pathogen detection and immune defense, the immune responses of the liver 
are generally considered to favor tolerance103. This is illustrated by the 
immunological acceptance of liver allografts with HLA-type mismatch, 
demonstrated early in animal models of transplantation104. The operational 
tolerance discussed previously is a further example of this unique feature. 
Moreover, liver is considered to play a critical role in the development of 
tolerance to food antigens and autoantigens105. For example, injection of 
antigen directly into the portal vein has been shown to induce antigen-
specific tolerance in animal studies106. Conversely, diverting the blood flow 
away from the liver through a portocaval shunt may lead to the loss of oral 
tolerance107,108.  

The immunologic tolerance in the liver is thought to be attributable to the 
characteristics of specialized antigen-presenting cells (APC) that the liver 
harbors. Namely, Kuppfer cells (i.e., the resident macrophages of hepatic 
sinusoids) as well as liver dendritic cells seem to induce only an incomplete 
activation of effector CD8+ cytotoxic T cells55. This in turn may be due to a 
poor CD4+ helper T cell activation by liver antigens that results in exhaustion 
and premature death of effector CD8+ T cells. Additionally, the liver APC are 
believed to induce Treg, which suppress the effector immune cells. 
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1.4.2 COMPARISON WITH OTHER SOLID-ORGAN 
TRANSPLANTATIONS 

In addition to pediatric liver transplantation, the post-transplantation 
immune-mediated disorders have commonly been observed also in children 
after heart64,109 and visceral transplantation64,110. In contrast, they affect only 
seldom pediatric kidney transplant recipients despite very similar 
immunosuppressive protocols compared with other solid-organ 
transplantations64,66,68. Moreover, the post-transplantation immune-mediated 
disorders appear seldom in adult liver transplant recipients72.  

The reasons for the observed discrepancies in the frequency of post-
transplantation immune-mediated disorders in children depending on the type 
of the transplanted organ are poorly understood111. However, the target 
organ’s role for the immune system as well as the consequences of the 
surgical procedure per se may have significance. Thus, although the same 
immune-mediated disorder may manifest in recipients of different types of 
solid-organ transplants, the underlying pathogenesis are potentially not 
identical but at least in part transplant-specific. 
 
In the case of the liver transplantation, the main mechanism(s) may be the 
liver’s important role in controlling the systemic tolerance for antigens the 
gastrointestinal tract is exposed to. In contrast, the increased frequency of 
immune-mediated disorders after visceral transplantation could be related to 
the changes in intestinal lymph flow following transplantation. Normally, the 
drainage of lymph from different parts of the intestine to gut-draining lymph 
nodes is compartmentalized, which has been proposed to be central for 
balancing the tolerogenic and inflammatory responses of the adaptive 
immunity112. In visceral transplantation, however, the lymph vessels are 
sectioned during the organ procurement and not re-anastomosed in the 
recipient, which alters the intestinal lymph drainage. Consequently, in the 
post-transplantation state the antigens originating from the intestine are more 
likely to reach the secondary lymphoid organs through circulation rather than 
the lymph flow.  

In pediatric heart transplantation, on the other hand, a total or partial 
thymectomy is frequently needed for improved access to heart and great 
vessels.  Considering the thymus’ central role in T-cell development and 
maintenance of self-tolerance, the thymectomy in early childhood in 
particular may have long-term immunological effects, including increased 
risk for autoimmunity113. In contrast to the above solid organ transplantations, 
the effects of the renal transplantation on the immune system may be more 
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limited. Even though the kidneys contribute to the regulation of immune 
homeostasis (e.g., by removing cytokines and bacterial components from 
blood) and chronic kidney disease is associated with both immune activation 
and compromised immune responses114, the kidneys are not considered to 
have a central role in the maintenance of tolerance to food allergens or 
autoantigens. This may be an important contributor to the observed rarity of 
immune-mediated disorders in pediatric kidney transplant recipients.  

 

1.5 LIVER TRANSPLANTATION-ASSOCIATED 
FOOD ALLERGY 

The first two case reports regarding food allergy development after liver 
transplantation were published in 1997115,116. However, these cases represent 
two very different settings. The first case reported by Legendre et al. 
involved development of an IgE-mediated allergic reaction triggered by 
peanut in an adult patient with combined liver-kidney transplantation three 
months after he had received the organs from a donor who had died in 
anaphylaxis due to peanut allergy115. Notably, the other adult recipient who 
received the other kidney and pancreas from the same donor did not develop 
peanut allergy. Although a few subsequent reports (all in adult recipients with 
peanut as a triggering allergen) regarding a passive transfer of food allergy 
from an allergic donor to recipient after liver transplantation have been 
published117-121, this scenario appears very rare. 
 
Instead, the other case report from 1997 described a clinical situation that 
would later turn out to be more common and is now considered as a typical 
illustration of LTFA. Namely, Lacaille et al. reported the development of a 
severe cow’s milk allergy with repeated episodes of acute bronchial 
obstruction 5 months after transplantation in a boy who had received a liver 
transplant due to biliary atresia at the age of 7 months116. Despite a family 
history of allergy, the patient did not have any atopic manifestations prior to 
transplantation and received the liver allograft from a non-allergic living 
donor. The laboratory evaluation after the development of cow’s milk allergy 
demonstrated elevated levels of both serum total IgE and allergen-specific 
IgE to several foods, including cow’s milk.  The authors speculated that the 
development of allergy might be associated with tacrolimus as it could exert 
more suppression on T-helper type 1 than type 2 lymphocytes, thus 
increasing the production of Th2-associated cytokines, such as IL-4, assumed 
to be central in the development of allergic disease. Interestingly, the first 
report suggesting a high frequency of allergic disease also in pediatric heart 



Timo Käppi 

13 

transplant recipients who were on tacrolimus therapy had been published a 
year before109.  
 
By 2003, the index case of Lacaille et al. was followed by 5 other reports 
describing the development of LTFA in pediatric liver transplant recipients 
who were all on CNI-based immunosuppression (almost exclusively 
tacrolimus)70,122-125. Notably, all these early reports also implicated the 
immunosuppression with tacrolimus as a possible contributor. In addition to 
its previously hypothesized effects on Th1/Th2-balance, the increased 
intestinal permeability attributable to tacrolimus was now added to the 
possible mechanisms in the development of LTFA123. This attribute of 
tacrolimus had previously been indicated by a pharmacokinetic study 
focusing on the tacrolimus’ intestinal effects126. 
 
During the following two decades, several additional reports of LFTA have 
been published64-69,71-76. All are single center studies whose methodology, 
with exception for one prospective study71, has involved retrospective chart 
reviews. Collectively, these studies have contributed by providing more 
information regarding the frequency, clinical picture, possible risk factors, 
and to some extent, the treatment and prognosis of LTFA. However, the 
knowledge of the pathophysiology and underlying immune mechanisms 
associated with LTFA has progressed much slower and is still today very 
limited127-130.  
 

1.5.1 PREVALENCE 
The reported frequencies of LTFA in children have been in the range of 4–
37%65-75. This variation can in part be explained by differences in the study 
criteria used for the diagnosis of LTFA. Moreover, the length of the post-
transplant follow-up has differed between the studies. Notably, in the two 
studies with the longest follow-up (i.e., in median ≥5 years post-
transplantation), the cumulative incidence of LTFA has been in the range of 
28–37%65,66. For comparison, a recent systematic review and meta-analysis 
estimated the overall lifetime self-reported prevalence of food allergy to 6% 
in the European population131.  
 

1.5.2 CLINICAL PICTURE 
The LTFA normally develops 3 months–2 years post-transplantation, 
although in some cases it may be delayed to several years after the 
transplantation66,73,76,123,124,132. The allergic symptoms range from mild, 
localized symptoms to life-threatening anaphylaxis111. The most commonly 
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reported symptoms are angioedema, urticaria and gastrointestinal symptoms 
(such as vomiting, diarrhea and abdominal pain) followed by airway 
symptoms (e.g., bronchial obstruction)66,73,76,123,124. In many cases, the clinical 
picture is consistent with immediate-onset allergic reactions and an increase 
in specific IgE antibodies for the triggering food(s) may also be 
demonstrated69,123,124. There is no systematic compiled data on the relative 
frequencies of the triggering foods, but in single studies association to cow’s 
milk, egg, peanut and tree nuts, soy, wheat and fish/sea food have commonly 
been reported65,73,74,76,124,132. Moreover, the same studies indicate that 
development of multiple food allergies appears frequent. Notably, 
sensitization to common dietary allergens appears also frequent in pediatric 
liver transplant recipients, although it is not always manifested as clinical 
food allergy65,76,77. 
 
Besides IgE-mediated immediate-onset allergic reactions, the eosinophilic 
gastrointestinal disorders comprise a special subgroup of non-IgE-mediated 
food allergic manifestations in pediatric liver transplant recipients. The first 
case of EGID after pediatric liver transplantation was described by Dhawan 
et al. in 1997133 and has later been followed by several other 
reports65,71,73,123,132,134-139. While rare in the general pediatric population with 
prevalence up to 0,05% for EoE140 and much lower for the other subtypes of 
EGID141,142, a substantially higher occurrence in the range of 3–37% has been 
reported in pediatric liver transplant recipients64,65,134-139.  
 

1.5.3 RISK FACTORS 
Young age at transplantation, immunosuppression with CNI (in particular, 
tacrolimus), other concurrent atopic manifestations (such as allergic rhinitis, 
asthma and atopic eczema), family history of allergies, and EBV-infection 
have repeatedly been suggested as risk factors for the development of 
LFTA143. A single study has also related the risk of LTFA to the frequency of 
rejections134, but this finding was not confirmed by others64. The donor atopic 
status may also be of relevance121. Additionally, one study indicated a 
positive association between the severity of pre-transplantation hepatic 
dysfunction quantified by Pediatric End-Stage Liver Disease score and the 
rates of sensitization to food allergens both pre- and post-transplantation77. 
Therefore, the authors speculated that the hepatic dysfunction might be of 
importance also for the development of clinical food allergy in this patient 
group. Figure 5 summarizes the proposed risk factors and illustrates their 
temporal relationships to the transplantation. 
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Figure 5. Risk factors that have been related to the development of liver 
transplantation-associated food allergy. 

 
Of the risk factors listed above, young age at transplantation is the most 
commonly implicated one in the development of LTFA in children. It was 
suggested already in the first reports of LTFA70,122-125 and similar findings 
have been noted also in the later studies64-67,73. It has also been proposed that 
the differences in age at transplantation could partly explain the discrepancies 
in frequencies of new-onset food allergy observed between recipients of 
different solid-organ transplants. Namely, in the studies where the above 
observations arise, the pediatric kidney transplant recipients have been on 
average significantly older that the other solid-organ recipients64,66. However, 
it is worth noting that the occurrence of food allergy is highest in young 
children in the general pediatric population, too144. Likewise, other 
concurrent atopic diseases and family history of allergic disease are well-
known risk factors for the development of food allergy also in the general 
pediatric population144, and therefore, probably not specific for LTFA. 
 
Regarding the immunosuppressive regimes, the current data supporting the 
possible role of tacrolimus as a causal factor is limited to a small number of 
reported cases in which a switch from tacrolimus to cyclosporine has had a 
temporal association with the resolution of LTFA124,145. A more robust testing 
of this hypothesis would require comparative studies, which is practically 
prevented by the fact that the vast majority of (pediatric) liver transplant 
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recipients have been on tacrolimus-based immunosuppression since the 
1990s.  
 
EBV as the possible risk factor for the development of LTFA was for the first 
time suggested by the study of Ozbek et al. in 200971. Later, similar 
observations have been reported also in some subsequent studies64,65,136, while 
other have not been able to replicate this finding73.  Due to the 
methodological issues related to the studies, it is not established whether it is 
the primary EBV infection, EBV reactivation or both that may be associated 
with the development of LTFA. Furthermore, it is unclear whether the 
implicated association between LTFA and EBV merely reflects an over-
immunosuppression than an actual independent immunomodulatory effect of 
the EBV. 
 

1.5.4 DISEASE MECHANISMS 
The data regarding the underlying pathophysiological mechanisms associated 
with the development of LTFA is scarce. Most of the proposed mechanisms 
rely on indirect evidence or theoretical arguments and less has specifically 
been studied in (pediatric) liver transplant recipients with LTFA. 
Furthermore, none of the proposed disease mechanisms are able to explain all 
cases of LTFA, which are seen in a wide variety of clinical contexts. The 
main categories of the suggested disease mechanisms are discussed below.  
 
The effects of CNI on T-cell subsets 
It has been speculated that tacrolimus in particular is more suppressive of T-
helper type 1 than type 2 cells, shifting the balance toward Th2-type 
responses, and thereby potentially favoring the development of allergic 
disease116,124. Of note, however, there is no study demonstrating that this is 
actually the case in (pediatric) liver transplant recipients. Instead, the limited 
supporting evidence comes from studies of animal models146 and kidney 
transplant recipients147.  
 
CNI have also been reported to decrease the proportion of Treg in the T-cell 
population148, a finding that has been noted also in pediatric liver transplant 
recipients127,129. In addition, a small-scale study has reported reduced levels of 
IL-10 in children after liver transplantation, indicating a functional defect in 
Treg activity128. However, a recent study was unable to confirm significant 
differences in the levels of IL-10 (or 26 other serum cytokines) analyzed in 
pediatric liver transplant recipients with and without LTFA130. Nonetheless, 
the changes in the numbers and/or functions of the Treg populations may be 
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of importance, as Treg are considered to play an important role in 
maintaining immune tolerance to allergens149.  
 
Effects of CNI on intestinal mucosa 
There is some data suggesting that tacrolimus therapy increases the intestinal 
permeability126,150. This has been hypothesized to result in an increased 
exposure of the immune system to food allergens from the gastrointestinal 
tract, potentially favoring the development of LTFA123,124. Overall, however, 
the rarity of new-onset food allergies in pediatric kidney transplant recipients 
whose immunosuppressive therapy also includes tacrolimus64,66,68 speaks 
against this mechanism as the only determinant in the development of LTFA. 
 
Immaturity of the immune system in young children 
The apparent susceptibility for the development of LTFA observed in the 
young liver transplant recipients has raised suspicions of the immaturity of 
the immune system as an important contributor. Owing to this immunologic 
immaturity, the other factors that commonly are associated with liver 
transplantation in this age group may have more profound effects favoring 
the loss of tolerance to dietary antigens. Namely, a cholestatic liver disease 
and/or a chronic liver failure often precede liver transplantation in young 
children. At the same time, there is some evidence that the chronic liver 
disease and cirrhosis results in an immune anergy and once liver 
transplantation re-establishes the immune competence, this may favor the 
subsequent manifestation of food allergy151. In this context, it could also be of 
relevance that the exposure to dietary antigens before transplantation may be 
limited, owing to feeding difficulties often present in severe chronic liver 
disease in young children123.  
 
Passive transfer of IgE and immune cells 
The rare cases in which the food allergy is transferred from an allergic donor 
to a non-allergic recipient have been thought to be mediated through a 
passive transfer of allergen-specific IgE antibodies bound to donor basophils 
and/or mast cells that reside in the sinusoids in the liver allograft152. 
Additionally, it has been speculated that the delayed development of food 
allergy is related to the transfer of the donor’s allergen-specific B and/or T 
cells in the liver allograft, together with the transfer of pluripotent 
hematopoietic stem cells and dendritic cells. These passenger cells can then 
migrate from the graft to the recipient’s lymphoid organs and potentially have 
immunomodulatory effects favoring the development of food allergy in the 
recipient115. However, the available data indicates that the passive transfer of 
food allergy is very seldom the mechanism underlying the development of 
LTFA in children. 
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1.5.5 TREATMENT AND PROGNOSIS 
As in food allergy in general, the mainstay in the treatment of LTFA is the 
avoidance of the triggering food(s). Modifications of the maintenance 
immunosuppression have also been tested in some cases, but it is currently 
not an established treatment. The most commonly reported modification has 
been a switch from tacrolimus to cyclosporine, which has resulted in 
resolution of food allergy in some, but not all, of the patients123,145. Moreover, 
the more unfavorable adverse effect profile of cyclosporine (including e.g.,  
gingival hyperplasia and hirsutism) compared to tacrolimus considerably 
limits the application of this option in clinical practice. In anecdotal cases, a 
combination of MMF and corticosteroids have also been trialed instead of 
tacrolimus130. In the specific case of EGID, a recent paper suggests that 
addition of mTOR inhibitors to immunosuppression while reducing the 
tacrolimus trough levels could have potential (theoretical) advantages136. 
 
The data on long-term prognosis of LTFA is currently rather limited. 
However, it appears that LTFA has potential to resolve over time in many of 
the patients65,74,132. Interestingly, this positive prognosis seems to apply also 
to pediatric liver transplant recipients with EGID. Most notably, while EoE in 
general is considered as a chronic disorder153, a recent report suggests that it 
has potential to resolve in many pediatric liver transplant recipients136. 
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2 EOSINOPHILIC GASTROINTESTINAL 
INFLAMMATION IN CHILDREN 

2.1 EOSINOPHILS IN GASTROINTESTINAL 
TRACT 

The eosinophilic granulocytes, a subtype of granulocytic white blood cells, 
are involved in innate immunity. They are produced continuously in the bone 
marrow, but circulate in blood stream only for a few hours before they enter 
the tissue154. In physiological conditions, gastrointestinal tract is the site that 
harbors the highest number of tissue-resident eosinophils, but they are also 
found in other organs such as spleen, lymph nodes and thymus155. The 
intestinal eosinophils are thought to contribute to mucosal immune 
homeostasis and immune responses156,157. This is supported by murine studies 
that associate the absence of eosinophils with dysregulation of the mucosal 
barrier158,159. Moreover, the numbers of intestinal eosinophils increase in 
specific immune responses, such as helminthic infections160 and allergic 
gastrointestinal disease161.  
 
Importantly, the eosinophils are not evenly distributed along the 
gastrointestinal tract, but their numbers vary depending on the anatomical 
location (Figure 6).  While absent in the healthy esophageal mucosa, 
scattered eosinophils can be found in the stomach, small bowel and colon162. 
However, with the exception for esophagus, the normal range of mucosal 
eosinophil density in the gastrointestinal tract in healthy individuals is 
currently not established163. Nonetheless, an apparent gradient in the mucosal 
eosinophil density in the gastrointestinal tract has consistently been noted in 
different studies. Namely, the numbers of eosinophils increase continuously 
in the gastrointestinal tract segments from the stomach until cecum, which 
has the highest mucosal eosinophil density164-167. In the colon, the numbers of 
eosinophils seem to decrease again gradually towards the rectum168. Notably, 
in physiological conditions, the eosinophils are primarily present in the 
lamina propria and not in the epithelium162,164,167.  
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Figure 6. The median mucosal eosinophil densities (with interquartile range, 
IQR) in different parts of the gastrointestinal tract in a cohort of 111 children 
without organic disease. Data from a study by Koutri et al.166 

 
In cases when the numbers of gastrointestinal eosinophils are increased above 
the assumed normal range, an underlying pathological process is likely. This 
is further suggested by the other accompanied findings, such as uneven 
eosinophil distribution in the lamina propria, eosinophil infiltration of 
epithelium, and/or eosinophil aggregates or microabscesses169. Several 
gastrointestinal and systemic disorders can lead to secondary increase in the 
numbers of intestinal eosinophils. These include, among others, infections 
(mainly parasites and fungi), IBD, gastrointestinal reflux disease (GERD), 
collagenous gastrointestinal disorders, vasculitis, connective tissue disorders, 
hypereosinophilic syndrome, graft-versus-host disease and neoplasia162. Also 
some medications and radiation therapy can result in gastrointestinal 
eosinophilia. Therefore, these secondary causes need to be considered before 
the pathologically increased gastrointestinal eosinophilia is attributed to 
primary eosinophilic gastrointestinal disease. 
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2.2 PRIMARY EOSINOPHILIC 
GASTROINTESTINAL DISEASES 

 
A recent international consensus document classifies the primary eosinophilic 
gastrointestinal disorders into four main categories: eosinophilic esophagitis, 
eosinophilic gastritis, eosinophilic enteritis and eosinophilic colitis170. By 
definition, they are all chronic immune-mediated disorders characterized 
clinically by symptoms indicating gastrointestinal dysfunction and 
histologically by eosinophil-dominant inflammation affecting the mucosal 
layer in the specific regions of the gastrointestinal tract, when secondary 
causes of gastrointestinal eosinophilia are excluded171. In some cases, the 
eosinophilia is not restricted to the mucosa, but may also affect the muscular 
or serosal layer of the gastrointestinal tract172,173. In clinical practice, 
however, the diagnosis of EGID is commonly based on the mucosal biopsies 
taken during the endoscopic examination. Therefore, the frequency of 
eosinophilic involvement in the deeper tissue layers of the gastrointestinal 
tract is unknown. Except for EoE, there are currently no consensus guidelines 
for diagnosis and management of other EGID subtypes163.   
 
A common characteristics for all subtypes of EGID is a frequent association 
with atopic conditions (such as food allergies, asthma and atopic dermatitis) 
especially in children141. However, while food is the triggering antigen in the 
majority of pediatric patients with EoE, the elimination diets may be a less 
effective treatment in non-EoE EGID174. Still, children with non-EoE EGID 
appear to respond to treatment with elimination diets more frequently than 
adults with the same condition175. Moreover, EoE seems to differ also in 
some other clinical aspects from the other EGID subtypes in children.  First, 
EoE is associated with a clear male predominance, while there appears to be 
a more equal gender distribution or even a female predominance in non-EoE 
EGID141,176. Second, while EoE is considered as a chronic disorder, the other 
subtypes of EGID in children may have a more favorable long-term 
prognosis with spontaneous resolution reported to be common176. Finally, 
possibly due to its more chronic nature, EoE is associated with fibrostenotic 
esophageal strictures, while stricturing phenotype is not commonly seen in 
other types of EGID177. The above differences suggest that the underlying 
pathogenesis may not be identical in the different subtypes of EGID in 
children. In the following, EoE is reviewed more in detail, as it is one the 
main topics in this thesis.  
 



Liver Transplantation-associated Food Allergy and Eosinophilic Gastrointestinal Inflammation in Children 

22 

2.3 EOSINOPHILIC ESOPHAGITIS 
Although two case reports of patients with similar phenotype were published 
already in the 1970s178,179, the reports by Attwood et al. in 1993180 and 
Straumann et al. in 1994181 are generally considered to be the first 
descriptions of EoE as a distinct clinical entity. While these first reports were 
on adult patients, they were soon followed by the first pediatric case series 
reported by Kelly et al. in 1995182. The authors described 10 children who 
had symptoms attributed to GERD and long-term histological changes of the 
esophageal mucosa including eosinophilic infiltration. Both the symptoms 
and histological changes had been unresponsive to standard anti-reflux 
therapies, but improved when patients were treated with amino acid -based 
formula and recurred when the specific dietary proteins were reintroduced.  

In the past two decades, the body of literature on EoE has expanded 
exponentially and the clinical disease characteristics are now well described. 
However, it has taken until recently to define the distinct diagnostic criteria 
for EoE. Particularly challenging has been to define EoE in relation to 
GERD-associated esophagitis, which is further complicated by the fact that 
strict diagnostic criteria for GERD are lacking183. 

2.3.1 DEFINITION AND DIAGNOSTIC CRITERIA 
According to current international consensus, EoE is defined as a ”chronic, 
local immune-mediated esophageal disease, characterized clinically by 
symptoms related to esophageal dysfunction and histologically by eosinophil-
predominant inflammation”184,185.  As is the case in other types of primary 
EGID, the diagnosis requires that other systemic and local causes of 
esophageal eosinophilia (e.g., GERD and achalasia) have been considered. 
 
The first consensus guidelines on diagnosis of EoE were published in 2007, 
and established the diagnostic threshold for esophageal eosinophilia to ≥15 
eosinophils/high-power field (eos/hpf)186. These guidelines were based on the 
assumption that EoE and GERD were mutually exclusive and only reflux 
esophagitis could respond to acid-suppressive treatment with proton pump 
inhibitors (PPI). In the subsequent updates187,188, the role of GERD as a 
contributor to the esophageal eosinophilia was largely abandoned. 
Furthermore, rather than earlier considered as a diagnostic tool, the role of 
PPI has also changed to an established treatment for EoE. Consequently, this 
accumulated new knowledge was adopted into the latest international 
consensus guidelines in 2017185 and 2018184.  
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Currently, the diagnosis of EoE both in adults and children is based on the 
following three criteria: 
 

• Symptoms indicative of esophageal dysfunction 
• Demonstration of ≥15 eos/hpf (~60 eos/mm2) in a mucosal 

biopsy from esophagus 
• Assessment and exclusion of other disorders that can cause 

or contribute to esophageal eosinophilia  
 

2.3.2 CLINICAL PICTURE 
The clinical picture of EoE in children is currently well defined regarding the 
symptoms, clinical patient characteristics as well as endoscopic and 
histologic findings.  
 
Symptoms 
The clinical symptoms of EoE are related to disturbed esophageal motility 
and/or narrowing of the esophageal lumen, and may be present continuously 
or intermittently. In children, symptoms vary depending on age189. In younger 
children, the symptoms are unspecific, such as food refusal, vomiting, 
GERD-like symptoms, failure-to-thrive or abdominal pain190. In older 
children and teenagers, on the other hand, the symptoms are similar to those 
commonly reported in adults with EoE, i.e., solid food dysphagia, food 
impaction, and non-swallowing associated chest pain.  
 
Associated risk factors 
EoE is strongly associated with male gender and atopic conditions. The male-
to-female ratio in the EoE population has been reported to 2-3:1191. 
Furthermore, the majority of patients with EoE have concurrent allergic 
rhinitis, eczema, asthma, and/or IgE-mediated food allergies192. In most 
pediatric patients, EoE is triggered by one or several food allergens193. The 
most common triggering foods are cow’s milk, wheat, hen’s egg and 
soy194,195. Also inhalant allergens, such as pollen, have been proposed to be 
able to trigger an exacerbation of EoE in those patients who have a 
concurrent inhalant allergy196. 
 
Endoscopic features 
The typical endoscopic features seen in children with EoE include edema, 
exudates and longitudinal furrows190 (Figure 7A). In contrast to adults with 
EoE, fibrostenotic changes, such as strictures and fibrotic rings, are more rare 
in children197,198. This may be attributable to a shorter disease duration 
compared with adult patients. Alternatively, pediatric and adult EoE may 
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represent separate disease entities199. Indeed, differences in T-cell 
populations200,201 and numbers of mast cells202,203 in the esophageal mucosa 
have been shown between these two groups, reflecting possibly different 
underlying immune mechanisms. Nonetheless, the endoscopic findings above 
are neither specific nor mandatory for the diagnosis of EoE.  Up to one-third 
of children with EoE have been reported to have a normal endoscopic 
appearance of the esophagus despite clinical and histological evidence of 
active EoE198.  
 

 
 

Figure 7. A.) A typical endoscopic appearance of pediatric EoE showing mucosal 
edema, longitudinal furrows and white exudates. B.) A histologic picture of EoE 
demonstrating infiltration of intraepithelial eosinophils (arrows) and eosinophil 
degranulation (arrowheads) in esophageal mucosa. Hematoxylin&eosin staining, 
magnification x600. Courtesy: Alkwin Wanders. 

Histologic features 
Histologically, a hallmark of EoE is an increased number of intraepithelial 
eosinophils in the esophageal mucosa (Figure 7B). However, although the 
diagnosis of EoE and the evaluation of treatment response currently rely on 
the peak eosinophil count, this feature is a rather blunt instrument to measure 
the (histologic) disease activity. Other features commonly seen in esophageal 
mucosal biopsies from patients with EoE include eosinophil abcesses, 
eosinophil surface layering, lamina propria fibrosis, basal cell hyperplasia 
and dilated intracellular spaces. A scoring system, the Eosinophilic 
Esophagitis Histological Scoring System, which includes these and 3 
additional parameters, has been proposed to provide a better histologic 
composite evaluation of EoE204. While many of the histologic features of EoE 
are unspecific and often seen for example in cases of reflux esophagitis too, 
superficial eosinophil abscesses together with degranulated eosinophils 
(Figure 7B) are the features that (in addition to peak eosinophil count) most 
specifically indicate the presence of EoE169. 
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2.3.3 PATHOPHYSIOLOGY 
According to the prevailing understanding, the pathogenesis of EoE is 
multifactorial. It seems to involve a complex interaction between a genetic 
predisposal, environmental exposure and host immune system-related factors. 
In a genetically predisposed individual, the environmental antigens (primarily 
food allergens) are considered to trigger a Th2-mediated immune response, 
which results in a chronic inflammatory process in esophageal epithelium205. 
The underlying epithelial barrier defects allowing an increased allergen 
exposure locally in the esophagus have been suggested to be central in this 
process206,207. The idea of food allergens as the primary triggers of EoE is 
supported by the fact that the elimination diet has been shown to be an 
effective treatment for the wide majority of patients with EoE208. 
 
Genetic predisposal 
The relevance of genetic predisposal in the development of EoE is suggested 
by results from a twin study demonstrating a concordance of 58% in 
monozygotic twins209. At the same time, the concordance in dizygotic twins 
was 36% and in non-twin siblings only 2.4%. Hence, the environmental 
factors shared by twins appear to have a strong influence, possibly through 
epigenetic mechanisms.   
 
Epithelial barrier defects 
There is some data indicating that mucosal integrity in esophagus is affected 
due to the defects in desmosomal and tight junction adhesion proteins in 
active EoE210,211. Thus, this is thought to facilitate the entry of triggering 
allergens to the esophageal epithelium. However, one of the studies suggests 
that functional defects in desmosomes as well as the mucosal barrier integrity 
may normalize when EoE is treated211. Therefore, the affected mucosal 
integrity in EoE may rather be a result than a contributor of the chronic 
inflammation associated with EoE. 
 
Allergen triggered Th2-predominant inflammation  
A Th2-predominant immune response triggered by a specific allergen(s) is 
considered to underlie the development of EoE. This notion is supported by 
the findings of increased levels of IL-4, IL-5 and IL-13, i.e., type 2 immunity 
cytokines contributing to allergic immune responses, in the blood and 
esophageal mucosal biopsies of patients with EoE212,213. Additionally, in 
mouse models an EoE phenotype could be induced by delivering IL-13 
intratracheally, while it was almost completely ablated in IL-5-deficient 
mice214. The T-cell mediated pathogenesis is further supported by animal 
models demonstrating that functioning T cells are a prerequisite for the 
development of EoE, while B cells are not215. Finally, results from recent 
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clinical treatment trials with monoclonal antibodies lend also some support to 
the putative role of Th2-cytokines in the EoE pathogenesis. While 
monoclonal IL-5 antibodies (mepolizumab and resilizimab) have failed to 
improve the clinical symptoms of EoE216, dupilumab, an IL-4/IL-13 inhibitor, 
has shown some promise in a recent phase 2 study217. 
 
The cytokines involved in the Th2-response can exert their effects either 
directly on the effector cells or though up- or down-regulation of other 
cytokines. IL-13, for instance, is thought to increase the permeability of the 
epithelial barrier in gastrointestinal tract by downregulating proteins involved 
in epithelial integrity and barrier function, such as DSG-1 and filaggrin210,218. 
IL-5, on the other hand, promotes eosinophilopoiesis in the bone marrow as 
well as activation and survival of eosinophils219. Furthermore, both IL-5 and 
IL-13 stimulate esophageal epithelial cells to produce eotaxin-3, an important 
chemokine responsible for the recruitment of eosinophils from the circulation 
to the esophageal mucosa. Also IL-4 has been found to increase eotaxin-3 
release220.  
 
Antibody-mediated mechanisms 
Even though EoE is strongly associated with IgE-mediated allergic 
conditions, IgE does not appear to have a central role in the pathogenesis of 
EoE. This is suggested by the finding that monoclonal anti-IgE therapy 
(omalizumab) has failed to improve both esophageal eosinophilia and clinical 
symptoms in patients with EoE221. In contrast, in the same study, increased 
levels of total and food antigen-specific IgG4 were found in patients with 
active EoE compared to healthy individuals. Therefore, the possibility of an 
IgG4-mediated mechanism in the pathogenesis of EoE may not be excluded. 
 
 
2.3.3.1     THE ROLE OF EOSINOPHILS 
The circulating eosinophils are recruited to the esophageal mucosa by 
chemoattractant proteins such eotaxin-3, CRTH2 and ICAM-1, expressed by 
epithelial cells. Once in the esophagus, however, the exact role of the 
eosinophils in the pathogenesis of EoE remains unclear. Traditionally, the 
eosinophils have been seen as effector cells with capacity to cause tissue 
destruction mediated by release of cytotoxic cationic granule proteins222. 
Therefore, it has been proposed that the local esophageal tissue remodeling 
and damage seen in EoE could at least in part be attributable to activation of 
tissue eosinophils223,224. However, this perception is challenged by the recent 
observations that while treatment with monoclonal IL-5 antibodies resulted in 
decreased numbers of esophageal eosinophils, it did not correlate with 
improvement in the clinical symptoms in patients with EoE225,226. 
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Recently, the traditional view regarding the possible immunological 
properties of the eosinophils has been broadened.  Eosinophils are now 
considered to have also important immunoregulatory and tissue-protective 
functions156.  Based on findings in mice models, the LIAR-hypothesis (Local 
Immunity And/or remodelling/Repair) was introduced in 2010227. It 
suggested that eosinophils are important regulators of mucosal homeostasis 
and may be involved in suppression of T cell proliferation and activation.  As 
this interaction appears to require cell-to-cell contact228, it can be theorized 
that the increased eosinophil infiltration seen in the esophageal mucosa in 
EoE could potentially be related to the fact, that the eosinophils aim to 
dampen the T cells activation rather than mediate the tissue damage229. 
Moreover, there is also some data suggesting that the role eosinophils play in 
the pathogenesis of EoE may vary depending on the disease state230. 
 
Although the blood absolute eosinophil count is commonly increased in 
patients with EoE, it has proven inaccurate in the diagnosis or monitoring of 
EoE231. In contrast, the phenotype of circulating eosinophils may predict their 
activation state in tissues. Accordingly, the surface expression of some 
activation and adhesion markers in circulating eosinophils has been suggested 
to correlate with eosinophil inflammation in the esophageal mucosa232. Also, 
the blood eosinophil phenotype may be helpful in distinguishing between 
different eosinophil-related diseases233. As acquiring blood samples is less 
invasive compared to mucosal biopsy specimens from esophagus, these types 
of techniques hold potential to facilitate the diagnosis and monitoring of the 
disease activity in EoE.  
 
 
2.3.3.2   OTHER IMMUNE CELLS 
The numbers of other effector cells, such mast cells, basophils, macrophages 
and invariant natural killer T cells (iNKT) are also increased in the 
esophageal mucosa of patients with EoE213,234-236. Current data indicate that 
they may have an active role in the pathogenesis of EoE. First, the number of 
mast cells in the esophageal mucosa appears to correlate with both symptoms 
and endoscopic/histological features of EoE, independently of the concurrent 
eosinophil infiltration237. Furthermore, basophil depletion in experimental 
animal models did not only prevent the development of EoE, but also 
ameliorated an already established disease238. Similarly, depletion of iNKT-
cells has prevented the development of EoE in animal models239 and 
observations in humans support their involvement in the pathogenesis of 
EoE240,241. 
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2.3.4 TREATMENT 
The currently established treatments of EoE include elimination diet, PPI and 
topical corticosteroids185,189,242. As EoE is in many cases trigged by food 
allergen(s), an elimination diet is in those situations a causal and effective 
treatment. However, practical challenges lie in the difficulty to identify the 
triggering food allergen(s) as no test method for the T-cell-mediated food 
allergy (as is the case in EoE) is available in clinical routine. Therefore, 
dietary treatment of EoE is based on empirical elimination diets followed by 
sequential re-introduction of foods. Regarding the pharmaceutical treatment 
options, both PPI243 and topical corticosteroids244 have proven efficacy in 
dampening the esophageal inflammation. The biologic therapies (i.e., 
monoclonal antibodies) are also increasingly being evaluated as potential 
future therapies for EoE245. In the case of fibrostenotic esophageal strictures, 
an endoscopic dilation may also be needed246. 
 
Irrespective of the chosen treatment modality, the evaluation of the treatment 
response is complicated by poor concordance between symptoms and 
mucosal disease activity247,248. Therefore, repeated endoscopic examinations 
are often needed in the follow-up. Although many biomarker candidates have 
been evaluated, currently no accurate non-invasive test is available for 
clinical monitoring of the disease activity in EoE249.    
 

2.3.5 PROGNOSIS 
The natural course of EoE is largely unknown250. However, EoE is 
considered to be a chronic and progressive condition, involving a subsequent 
risk for esophageal remodeling and development of fibrostenotic changes in a 
considerable proportion of patients250,251. Whether or not the current treatment 
options are effective to alter the long-term course of EoE, remains to be 
proven. Nonetheless, the current expert opinion recommends treatment of 
symptomatic patients with endoscopic/histologic evidence of active 
EoE185,189,242. This recommendation is based on the assumption that the 
resolution of mucosal inflammation is associated with a decreased risk for 
fibrostenotic changes.  
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2.4 COLLAGENOUS GASTRITIS 
Collagenous gastritis (CG) was described for the first time in 1989252. The 
authors Colletti and Trainer reported a 15 year-old girl who presented with 
recurrent abdominal pain and acute upper gastrointestinal bleeding. 
Endoscopic and histological examinations demonstrated a chronic gastritis 
with a thick band of collagen immediately beneath the surface epithelium in 
the gastric mucosa that did not extend deeper to the  lamina propria. In the 
1970s, similar subepithelial collagen deposits had been described in adult 
patients with conditions affecting the small bowel253 and colon254, and had 
been started to be referred to as collagenous sprue/enteritis and collagenous 
colitis, respectively.  
 
Following the above index patient, only a few hundred cases of CG have 
been described in children and adults in English-language peer-reviewed 
literature until today255-257. Most of these have been adult patients and the 
childhood-onset CG has traditionally been considered very rare. However, 
the number of pediatric reports has been showing a growing tendency during 
the very recent years, possibly reflecting an increased awareness of this 
condition. Still, the current literature of childhood-onset CG consists mainly 
of case reports, apart from a few small case series255,256,258-262 and three 
histopathological studies with limited clinical information and follow-up 
data263-265. Consequently, the current knowledge regarding most aspects of 
CG in children is still very limited. 
 

2.4.1 DIAGNOSTIC CRITERIA 
There are currently no consensus guidelines for the diagnosis of CG. 
Conventionally, the diagnosis has relied on the histological demonstration of 
increased (>10 µm) subepithelial collagen deposition together with 
inflammatory cell infiltrate in the lamina propria in one or more biopsies 
taken from gastric mucosa266. The above threshold for the thickness of 
collagen deposits has been adopted from the previously established 
diagnostic criteria for the diagnosis of collagenous sprue and colitis. For 
comparison, the thickness of the subepithelial collagen layer in the gastric 
and intestinal mucosa is 3-7 µm in healthy individuals257,266.  
 
While mucosal fibrosis may also be seen in other types of inflammatory 
conditions affecting the gastric mucosa (such as autoimmune gastritis, post-
radiation gastritis, scleroderma and healing ulcers), it is in these cases 
typically more diffuse and affects also the deeper layers of the mucosa252,265. 
Therefore, the superficial (subepithelial) collagen deposits in the gastric 
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mucosa are considered as a relatively specific sign for CG. Nonetheless, other 
histologic, endoscopic and clinical findings supporting the diagnosis are 
normally also required.  
 

2.4.2 CLINICAL PICTURE 
In children, the most typical symptoms of CG include severe iron deficiency 
anemia and recurrent abdominal pain255,256,263. Clinical signs indicating upper 
gastrointestinal bleeding (such as hematemesis or melena) are present only in 
a minority of children with CG but vomiting and nausea have been reported 
to be rather common255,256. An associated collagenous colitis and/or enteritis 
are concurrently present in some patients, and in these cases watery diarrhea 
and signs of malabsoption (such as poor weight gain) may be the dominating 
symptoms. However, in most children with CG the collagenous inflammation 
is restricted to the stomach, whereas a concomitant involvement of the small-
bowel and/or colon is more commonly noted in adults with CG257,263,265.  
 
The knowledge of risk factors associated with childhood-onset CG is sparse. 
However, a possible female predominance has been noted257,258. Also 
associated immune-mediated comorbidities, such as celiac disease, type 1 
diabetes and thyroid disease, have been reported in both pediatric and adult 
patients257. Still, they appear more common in adults with CG compared to 
pediatric patients. Because of this and the other above differences in the 
clinical disease phenotype between children and adults with CG, it has been 
proposed that CG could be divided into childhood-onset and adult-onset 
phenotypes267. However, more recent data indicate that there is probably 
more overlap in the clinical phonotypes between children and adults than 
previously thought255.   
 
Endoscopic features 
The typical endoscopic findings in childhood-onset CG include mucosal 
nodularity, hypertrophic gastric folds and erythema (Figure 
8A)255,256,258,263,265. More seldom, erosions, hemorrhages and ulcerations may 
be noticed, too. These above changes may affect the whole stomach or be 
restricted to parts of it (most often the corpus and fundus)263. In rare cases, 
the gastric mucosa has been reported to show a normal endoscopic 
appearance despite clinical and histological findings consistent with CG268.  
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Figure 8.  A.) A typical endoscopic finding in children with CG showing 
nodularity and hypertrophic gastric folds in the gastric body. B.) A histologic 
appearance of CG with increased subepithelial collagen layer (arrows). 
Collagen-specific van Gieson staining, magnification x400. Courtesy: Alkwin 
Wanders.  

 
Histologic features 
In addition to the increased subepithelial collagen layer in the gastric mucosa 
(Figure 8B), CG is characterized by an inflammatory cell infiltrate in the 
lamina propria266. In childhood-onset CG this cell infiltrate is commonly 
dominated by eosinophils, whereas increased number of surface 
intraepithelial lymphocytes (lymphocytic gastritis-like pattern) has been 
reported in <10% of the cases263,265. The opposite has been noted in adults 
with CG. Of note, the subepithelial collagen layer may be poorly visible in 
the standard hematoxylin and eosin staining. Therefore, collagen-specific 
stains (such as Masson trichrome, van Gieson or Sirius Red) are normally 
required for the accurate diagnosis265. Furthermore, the subepithelial collagen 
deposits often show a patchy distribution, highlighting the importance of 
multiple mucosal biopsies in the diagnosis of CG263.  
 

2.4.3 PATHOPHYSIOLOGY 
The pathogenesis resulting in the development of CG is unknown. The 
frequent association with autoimmune comorbidities seen in particular in 
adult patients has raised suspicion of an underlying autoimmune/immune-
mediated disease mechanism269. An infectious or toxic trigger has also been 
suggested255,258,264. Regardless of the possible driving mechanism(s), it has 
been proposed that the subepithelial collagen depositions could be secondary 
to inflammation and mucosal injury266. However, this does not explain why a  
similar development is not seen in other types of chronic gastritis (such as 
Helicobacter pylori gastritis), making a more complex mechanism likely. 
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Moreover, the current data do not indicate that the thickness of the 
subepithelial collagenous layer is associated with the clinical disease 
severity267. 
 
The high frequency of eosinophilic infiltration in the gastric mucosa observed 
in childhood-onset CG has also raised speculations that the collagen 
deposition might be secondary to immune mechanisms associated with tissue 
eosinophilia270. While tissue eosinophilia is commonly seen in allergic 
disorders, the available clinical data does not support underlying allergic 
mechanisms in CG. First, the reported clinical patient characteristics do not 
indicated that an atopic/allergic tendency is common in this patient 
group255,256. Second, the treatment trials with elimination diets, although 
restricted to a limited number of patients, have not resulted in 
improvement255,258,268.  
 
The mechanism of iron deficiency anemia that has been reported to affect up 
to 90% of children with CG255,256,263,265, is not established. It has been 
proposed that chronic bleeding from dilated capillaries entrapped in the 
collagen layer of the gastric mucosa explains the anemia266.  However, 
convincing supporting evidence is lacking. 
 

2.4.4 TREATMENT AND PROGNOSIS 
Currently, there is no established effective causal treatment for CG. 
Treatment trials with elimination diets, anti-secretory agents (i.e., H2-
receptor antagonists and PPI), corticosteroids and other immunosuppressive 
therapies have been restricted to a small number of patients and failed to 
demonstrate efficacy255,256,258. However, a recent retrospective and 
uncontrolled study indicates that topical budesonide may be an effective 
treatment to decrease both symptoms and histologic mucosal inflammation in 
some patients with CG271.  For the symptomatic treatment of the associated 
iron deficiency (anemia), both intravenous and oral administration of iron 
appears effective255,256. 
 
The current knowledge regarding the long-term course and prognosis of 
childhood-onset CG is limited. It appears that the histologic inflammatory 
changes in the gastric mucosa are persistent, although the clinical symptoms 
may improve or be present only intermittently255,263,265. In a few cases, a 
disease progression from isolated CG to include also concomitant collagen 
colitis has been reported255,270, but it appears rare. In a single patient 
endocrine cell hyperplasia and epithelial changes indeterminate for dysplasia 
have been noticed after a 12-year follow-up, raising concerns about the 
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potential risk for the development of gastric neuroendocrine neoplasia and 
adenocarcinoma272. To date, however, no report has linked CG to gastric 
malignancies.  
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3 THE HUMAN IMMUNE SYSTEM 
The main purpose of the human immune system is to provide protection 
against pathogenic organisms, toxic molecules and other harmful agents. At 
the same time, it helps to maintain the tissue homeostasis by repairing 
damaged tissues and eliminating aging, dying or potentially malignant cells. 
A purposeful function of the immune system relies on a complex interplay 
between different immune cells and well-regulated control mechanisms. 
First, the immune system should inactivate or remove only those pathogens 
and substances that risk causing damage for the body. This important 
characteristic of the immune system not to react against organisms or 
molecules that are non-harmful is called tolerance. The tolerance requires the 
immune system to be able to distinguish very precisely between organisms 
and molecules that it is exposed to. This recognition and distinction are based 
on a specific molecular structure (antigen) that the particular cell or molecule 
harbor.  

A second crucial feature for the human immune defense is its ability to 
distinguish the body’s own cells and structures from those originating from 
other organisms (self antigen vs. non-self antigen). To avoid the unwanted 
situation where the immune cells react against self antigen(s) (auto 
reactivity), the immune cells that would be likely to become auto reactive are 
eliminated or inactivated at an early stage in their maturation in bone marrow 
and thymus. Failures in this selection process are considered to contribute to 
the development of autoimmune diseases. 

Third, the magnitude and the duration of the immune responses need to be 
adequately regulated.  Otherwise, the immune reaction that eliminates the 
harmful organism or agent risks to cause unnecessary damage to the body’s 
own cells and tissues. This complex control process is called immune 
regulation. It is partly mediated by specific immune cells (e.g., regulatory T 
lymphocytes) and signal substances (i.e., cytokines) that have the ability to 
suppress the activity of other cells involved in the immune response. 
Moreover, the life span of the activated immune cells is regulated in a 
sophisticated way, which helps to avoid an overly extensive immune 
reaction. The impairments in the selection, function, and/or control of 
immune cells that are associated with the development of immune-mediated 
disorders is often referred as immune dysregulation.  
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3.1 THE INNATE AND ADAPTIVE IMMUNITY 
Some parts of the human immune system are functional already at birth, 
while others are acquired later in life. The part of the immune system that is 
functioning already at birth is called innate immune system273. It represents a 
relatively non-specific and short-lived first-line defense that the antigens 
entering the body encounter first. However, the weakness of the innate 
immune system is that it is able to detect only some of the harmful antigens 
and it lacks an immunological memory. 

If the innate immune system fails to detect or eliminate the pathogen, an 
adaptive immune system is activated274. The adaptive immune system has the 
specific feature that it can be activated by basically any antigen. However, for 
the first time the cells of the adaptive immune system (i.e., naïve B and T 
lymphocytes) come in contact with their unique antigen, the resulting 
activation, proliferation and maturing of the lymphocytes takes up to 1-2 
weeks. This is called primary immune response and during this time the 
adaptive immune system is incapable to fully combat the intruding pathogen. 
On the other hand, this first contact results in the formation of memory B and 
T lymphocytes that activate the immune response very rapidly next time they 
encounter their unique antigen (secondary immune response). Therefore, the 
adaptive immunity is also referred as acquired immunity since it reacts 
promptly against the antigens it has encountered previously.  

 

3.2 THE IMMUNE CELLS 
The effects of the immune system are mediated through a complex 
interaction involving several different types of immune cells, each of which 
has its own specific functions. The main constitutes of the immune system 
are the white blood cells (also called leukocytes). These include the 
polymorphonuclear granulocytes (which can further be divided into 
neutrophils, basophils and eosinophils), mast cells, monocytes, macrophages 
and lymphocytes. This separation between different leukocyte subtypes is 
based on their structural and functional characteristics. They all originate 
from the hematopoietic stem cells of the bone marrow and have undergone a 
subsequent differentiation process (Figure 9). Depending on the cell type, the 
immune cells either circulate in the blood or reside in the tissues. However, 
even those immune cells that circulate in the blood can become activated and 
enter the tissue at the site of tissue damage or infection and exert their effects 
there.  
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Figure 9. Differentiation of blood cells from a common hematopoietic stem cell to 
different subsets of innate and adaptive immune cells. 

 

3.2.1 THE INNATE IMMUNE CELLS 
The leukocyte types involved in the innate immunity include neutrophils, 
basophils, eosinophils, mast cells and monocytes (Figure 9)275. Monocytes 
can further differentiate into macrophages and dendritic cells, which both 
play an important role in innate immunity as phagocytic and antigen-
presenting cells (APC), respectively. Furthermore, natural killer (NK) cells, a 
lymphocyte subtype, are also traditionally included among the innate immune 
cells. However, there are some indications that NK cells have an 
immunological memory, thus suggesting that they affiliate with adaptive 
immunity, too276.   

The innate immune cells detect their antigens through a limited number of 
germline-encoded receptors called pattern recognition receptors (PRRs)277. 
These receptors can distinguish self from non-self, but lack the specificity 
required for differentiation between non-self antigens. The antigen structures, 
which innate immune cells recognize with PRRs are so called exogenous 
pathogen-associated molecular patterns (PAMPs) and endogenous damage-
associated molecular patterns (DAMPs). PAMPs are evolutionarily 
conserved molecular structures that are common for entire classes of 
pathogens and that are distinguishable from the body’s own structures278. 
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DAMPs, on the other hand, are molecules that are released from the body’s 
own stressed cells or damaged tissues279. When innate immune cells detect 
PAMPs or DAMPs, they become activated which can induce an 
inflammation or other immune responses aimed to remove the harmful 
pathogen and repair the damaged tissue.  

 

3.2.2 THE ADAPTIVE IMMUNE CELLS 
The adaptive immune system consists of two main cell types, i.e., B and T 
lymphocytes (referred as B and T cells, respectively)274. Triggered by 
immune activation, the B cells can further develop to plasma cells (also 
called effector B cells), which produce antibodies against specific antigens. 
The mature T cells, on the other hand, can be divided into T helper (Th) cells 
and T cytotoxic cells. The T helper cells are commonly referred to as CD4+ T 
cells and T cytotoxic cells as CD8+ T cells based on the specific type of the 
receptor structure they express on their cell membrane. While cytotoxic T 
cells are directly involved in the killing of their target cells, T helper cells 
facilitate the function of other immune cells (such as B cells, cytotoxic T 
cells or macrophages). Depending on the prevailing inflammatory 
environment and presence of specific cytokines, the T helper cells 
differentiate into several subsets, such as Th1-, Th2- and regulatory T cells 
(Treg)280. The different subsets have their own characteristic roles in the 
immune responses and their relative activation vary between disease 
conditions. A special group of T helper cells are the Treg, which don’t 
promote the immune activation, but suppress other cells in the immune 
system281. The main characteristics and functions of the adaptive immune 
cells are listed in Table 1. 

Table 1. The main subtypes of adaptive immune cells and their functions. 

Cell type Characteristics and functions 

B cells • Produce antibodies that bind to antigens and enhance 
innate immunity  

• Can act as antigen-presenting cells for the activation 
of T cells 

• Subsets of B cells may have immunoregulatory 
functions 

T helper (CD4+) cells • Activate other immune cells (such as B cells, 
cytotoxic T cells or macrophages) 

• Recruit other immune cells to the site of infection or 
inflammation 
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 T helper type 1 (Th1) cells 
  
T helper type 2 (Th2) cells 
 
T helper type 17 (Th17) cells 
 
T follicular helper (Tfh) cells 

• Activate macrophages and are involved in the 
development of some autoimmune disorders 

• Stimulate IgE-production and are involved in the 
development of allergic disease 

• Enhance the immune barriers and are involved in the 
development of some autoimmune disorders 

• Activate B cells 
 Regulatory T cells (Treg) • Suppress activation and proliferation of both B and T 

cells 
• Contribute to the prevention of overly immune 

activation and auto reactivity 

T cytotoxic (CD8+) cells • Search for and destroy cells that carry infectious 
agents, are damaged, or otherwise abnormal (such as 
cancer cells) 

• Besides NK cells, the only immune cells that can kill 
body’s own cells 

 

The common feature for both B and T cells is that each cell clone carries a 
specific surface receptor, which detects a unique antigen274. According to the 
lymphocyte type, this receptor is called B cell receptor (BCR) or T cell 
receptor (TCR), respectively. Because of these receptors, the lymphocytes 
have antigen-specificity, i.e., that they are activated only if they encounter 
their “own” unique antigen. In B cells, the antigen detection takes places 
through an antigen-specific antibody they have on their cell membrane and 
on which the antigen binds. In contrast, TCRs cannot bind directly to their 
specific antigen, but require involvement of antigen-presenting cell, such 
macrophage or dendritic cell.  

 

3.3 THE MATURATION AND 
DIFFERENTIATION OF ADAPTIVE IMMUNE 
CELLS 

In humans, new B and T cells are produced throughout life282. Consequently, 
the constitution of different lymphocyte subsets vary over time and 
alterations in it reflect the immune system’s responses to exogenous antigens 
or the underlying processes in the development of immune-mediated 
disorders. Thus, the determination of proportions between the different 
lymphocyte subsets may be helpful in diagnosis of autoimmune and 
inflammatory conditions as well as immune deficiencies.  



Timo Käppi 

39 

The early phases of B and T cells generation take place in the bone marrow 
and thymus, respectively. Accordingly, they are called primary lymphoid 
tissues. The later stages in lymphocyte differentiation occur in secondary 
lymphoid tissues, including lymph nodes, spleen, tonsils, and the 
aggregations of lymphoid tissues located in the gastrointestinal and 
respiratory tracts.  

3.3.1 B CELL MATURATION AND DIFFERENTIATION 
The hematopoietic blood cells in the bone marrow give rise to B progenitor 
cells, which through pro- and pre-B cell stages lead to the development of 
immature B cells283. Once the immature B cells leave the bone marrow, they 
migrate to secondary lymphoid tissues (primarily to the spleen and lymph 
nodes). These recent bone marrow emigrants, also called transitional B 
lymphocytes, are considered to be precursors of mature B cells284. The mature 
B cells that develop in the secondary lymphoid tissues are called naïve B cells 
since they have not yet encountered their antigen and activated.  
 
The subsequent steps in the B cell differentiation necessitate interaction with 
exogenous antigens and T helper cells283. The newly produced naïve B cells 
circulate between lymphoid organs for up to weeks in search of their specific 
antigen. Unless they are activated within that period of time, they die through 
apoptosis. However, if they encounter their antigen, the naïve B cells are 
activated, followed by proliferation and differentiation to either antibody-
producing plasmablasts and plasma cells, or memory B cells (Figure 10).  

 

Figure 10.  Differentiation of naïve B cells to antibody-producing plasma cells 
and memory B cells. 
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The short-lived plasmablasts are produced rapidly and are responsible for the 
early antibody response, whereas plasma cells are long-lived and contribute 
to the lasting humoral immunity285. A proportion of activated B cells that 
don’t become plasma cells differentiate to memory B cells. Memory B cells 
can survive for decades in the body and are important for rapid secondary 
immune responses. Namely, when memory B cells reencounter their specific 
antigen, they proliferate and differentiate into plasma cells much faster 
compared to the alternative where this differentiation occurs through naïve B 
cell response. 
 

3.3.2 T CELL MATURATION AND DIFFERENTIATION 

Maturation 
Similar to B cells, the very early stages of T cells are generated in the bone 
marrow. However, the T cell progenitors leave the bone marrow and seek to 
thymus where the rest of the T cell development occurs. This is called 
thymopoiesis and it is in function already in the fetus. Consequently, the 
humans are born with a repertoire of mature T cells capable to detect a 
specific antigen with a unique TCR they express on their surfaces286. The 
thymopoiesis starts then to decline already early in life and is minimal in 
most persons over 40 years of age.  
  
A crucial part of the T cell development that takes place in thymus is the 
elimination of T cells that would risk becoming auto-reactive287. This process 
involves two steps. In positive selection, only those thymocytes that bind 
moderately with their TCR to self-peptides are allowed to mature, while the 
rest will undergo cell death or inactivation. However, of the remaining 
thymocyte clones, those that have too high affinity for self-peptides are more 
likely to become auto-reactive and need to be eliminated before they leave 
the thymus. This part of the process is called negative selection. The positive 
and negative selection processes combined result in that only 1–5% 
thymocytes leave the thymus as mature T cells, while the rest dies287.  
 
 
Differentiation 
In analogy with B cells, the mature T cells that leave the thymus are called 
naïve T cells since they have not been activated yet. They recirculate 
continuously between blood and lymphoid tissues. When an antigen 
matching their unique TCR is presented by an APC to the naïve T cells, they 
are activated, followed by proliferation. The proliferation is dependent of IL-
2 that is mainly produced by the activated T cells themselves. The activated T 
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cells can further differentiate into either effector T cells or memory T cells288 
(Figure 11). The term effector T cell refers to relatively short-lived mature T 
cells that are activated and participate in the immune response. The memory T 
cells, on the other hand, are subtypes of T helper, cytotoxic and regulatory 
cells that are long-lived. They can rapidly expand to large numbers of 
effector T cells upon re-exposure to the cognate antigen. This allow a much 
faster secondary immune response compared with the primary immune 
response that occurs via activation of naïve T cells289. Traditionally, memory 
T cells have been classified further to either effector or central memory 
subtypes, distinguished by their expression of surface markers290. 
 

  

Figure 11. Activation of naïve T cell by antigen presentation and co-stimulation, 
and subsequent differentiation to effector T cells and memory T cells. The 
development to memory T cells may follow two different models: A) Most effector 
cells undergo apoptosis while some survivors become memory T cells (linear 
model). B) Activated T cells follow separate fates and become either effector or 
memory T cells (branched differentiation model).  Abdul K Abbas et al. Published 
in Cellular and molecular immunology. 2018. p 221. (Reproduced and adapted 
with permission from Elsevier). 
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In the case of T helper cells, the antigen presentation to naïve Th cells results 
also in their differentiation into different subsets of effector and memory 
cells, such as Th1, Th2, Th17 and Treg. It is not fully understood what 
precisely determines which type of effector cell an antigen stimulated CD4+ 
T cell will become, but the process is affected by subset-specific cytokines 
and transcription factors, mainly produced by APC and the responding T 
cells themselves (Figure 12)280.  

 

Figure 12. Differentiation of naïve CD4+ T cells to different effector Th subsets. 
The cytokines that are considered to be characteristic of each Th-cell subset are 
also shown. 

 

3.4 CYTOKINES 
The cell-to-cell communication that is required for the coordinated 
interaction between the different immune cells is steered by the mediator 
substances called cytokines. They are produced by immune cells in contact 
with antigen or PAMP/DAMP, and either enhance or suppress the activity of 
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other immune cells. Cytokines exert their effect on the cells that express a 
receptor for that particular cytokine. This interaction can take place through a 
direct cell-to-cell contact, which involves membrane bound cytokines. 
Alternatively, immune cells can secrete soluble mediators that bind to the 
surface receptor of the target cell located further away in the same tissue or 
even in another organ.  

Strict categorization of cytokines is challenging291. One approach is to divide 
them into families according to the type of receptor used by the cytokines. 
However, in the clinical context a more purposeful classification is often 
based on their functions.  For example, some cytokines (such IL-1ß, IL-6, IL-
12, and TNF-α) are called for pro-inflammatory, as they are involved in the 
up-regulation of inflammatory responses. For other purposes, cytokines can 
also be classified by their cellular origin. For instance, cytokines IL-4, IL-5 
and IL-13 are referred as Th2-cytokines as they are produced by effector Th2 
cells. Importantly, characteristic cytokine patterns have been noted in 
different diseases, which can potentially be utilized in the diagnosis233. 

 

3.5 EFFECTS OF IMMUNE ACTIVATION  
The activation of the immune system aims to remove the harmful agent and 
repair the damaged tissue. In the affected tissue, this is associated with an 
increased number of immune cells recruited from the circulation and a 
subsequent inflammation292. Histologically, the inflammation can be divided 
into different subtypes according to the leukocyte subsets that dominate at the 
site of inflammation. One example is eosinophilic inflammation that is 
typically associated with allergic reactions and parasite infections. Other 
types include neutrophilic inflammation that is commonly seen in bacterial 
infections and tissue damage, and lymphocytic inflammation, which normally 
is associated with viral and fungal infections as well as autoimmune 
disorders. 

Although inflammation is often initially a local process, it has potential to 
affect several organ systems. Pro-inflammatory cytokines produced by 
immune cells at the site of inflammation may reach all organs in the body via 
the circulation. In the liver, they can result in an increased synthesis of acute 
phase proteins, such as C-reactive protein, serum amyloid A and 
orosomucoid. These help to fight the pathogen and protect the tissue at the 
site of inflammation. The elevated levels of the acute phase proteins in 
circulation are often referred as systemic inflammation293. 
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The activation of B cells results in an increased production of antibodies by 
plasma cells. This may be noted as the presence of circulating auto-antibodies 
in many autoimmune disorders and as increased levels of specific IgE-
antibodies in allergic conditions. Therefore, the detection of specific 
antibodies may be used in the diagnosis of these diseases. 

3.6 IMMUNOPHENOTYPING  
Morphologically, different subpopulations of mature B and T cells and other 
immune cells (such as eosinophils) are indistinguishable. However, the sets 
of surface receptors the immune cells express as well as the cytokines they 
secrete vary depending on the stage in the maturation and differentiation 
process. This is commonly referred as immunophenotype.  

The identification of cell subsets based on the surface receptors can be 
exploited both in clinical diagnosis of diseases (e.g., leukemias and 
lymphomas) and immunological research294. For this purpose, antibodies 
designed to bind specifically to a particular receptors are used. These 
antibodies are further tagged with a fluorescent or other marker molecule, 
allowing the identification and quantification of the immune cell subsets in 
blood or tissue samples using a flow cytometric or immunohistochemical 
analysis, respectively. The presence and proportions of the populations of 
interest can be used both as a diagnostic tool and for elucidating mechanisms 
of disease processes. 
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4 HYPOTHESES AND AIMS 
General aim 

The main objective of this thesis is to gain additional understanding of the 
immune dysregulation associated with pediatric liver transplantation and 
childhood-onset diseases with eosinophilic gastrointestinal inflammation. 

Hypotheses 

The thesis is based on the following hypotheses: 

• Liver transplantation in children is associated with immune 
aberrations that impair immune tolerance  

• The impaired immune tolerance predisposes the pediatric 
liver transplant recipients for the development of immune-
mediated diseases 

• Childhood-onset CG is a rare chronic, immune-mediated 
inflammatory condition, which is associated with 
autoimmunity 

• Children with active EoE have a characteristic blood 
eosinophil phenotype different from that of healthy children. 
Furthermore, the blood eosinophil phenotype differs 
between pediatric and adult EoE. 
 

Specific aims 

To test the hypotheses, the thesis has the following specific aims:  

• To study the prevalence of allergic and autoimmune/ 
immune-mediated disease manifestations in pediatric liver 
transplant recipients 

• To study the frequencies with which clinical allergy/ 
sensitization and autoimmune disorders/autoantibody 
formation occur simultaneously in the same patient after 
liver transplantation 

• To investigate the serum cytokine profiles and peripheral 
blood T and B cell subsets of children who have undergone 
liver transplantation in relation to healthy children 
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• To investigate serum cytokine profiles and lymphocyte 
subsets in pediatric liver transplant recipients with vs 
without LTFA  

• To estimate the incidence and prevalence of CG in a 
pediatric population in western Sweden 

• To study the clinical, endoscopic, and histologic 
characteristics of childhood-onset CG through the course of 
the disease 

• To investigate the frequencies of autoimmune comorbidities 
and heredity, as well as the prevalence of autoantibody 
development, increased blood inflammatory biomarkers, and 
the HLA DQ2/DQ8 haplotypes in patients with childhood-
onset CG 

• To determine whether blood eosinophil molecular patterns 
in children with active EoE are (1) different from that of 
healthy children and; (2) different from that of adults with 
active EoE 
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5 PATIENTS AND METHODS 
In this chapter, the focus lies on more general methodological considerations. 
Detailed descriptions of methodology applied in each study can be found in 
the published papers and manuscript.  

5.1 PATIENT COHORTS 
Pediatric liver transplant recipients 
In study I and II, a cohort of 43 children (28 boys, 15 girls) who had 
undergone a liver transplantation were enrolled at the transplant unit of 
Queen Silvia Children’s Hospital, Sahlgrenska University Hospital, 
Gothenburg, Sweden. The age range of the patients was 1.8–18 years 
(median: 8.9 y) and the median time from the first liver transplantation was 5 
years (range: 1–17 y). The recruitment of patients was performed in a cross-
sectional manner and took place at a yearly follow-up visit during the period 
of August 2014 to May 2017. The only exclusion criteria were age >17 years 
at transplantation and follow-up shorter than 1 year after transplantation. 
Given the high inclusion rate at 96% (i.e., 43 of 45 eligible patients), the risk 
for selection bias can be considered as minimal in this single center set-up.  

Patients with childhood-onset CG 
Study III included a population-based cohort of 15 persons with childhood-
onset CG (12 female and 3 male patients) and age range of 8.7–23 years 
(median: 15 y). The recruitment of subjects was carried out at a clinical 
follow-up visit during the period of May 2019 to November 2019. 

For the inclusion in the study, all cases of CG diagnosed before the age of 18 
years in the counties of Halland, Jönköping, Värmland och Västra Götaland 
in western Sweden during the period of January 2008 through June 2019 
were identified. This was enabled by the fact that the Department of Pediatric 
Gastroenterology, Hepatology and Nutrition at Queen Silvia Children’s 
Hospital, Gothenburg, Sweden, serves as a tertiary referral center for these 
counties and had been involved in the diagnosis of all the cases. Furthermore, 
the diagnosis of CG requires a gastroscopy and an established practice in 
Sweden is that all pediatric gastrointestinal endoscopies are performed under 
general anesthesia in county hospitals or higher-level medical institutions 
within the public healthcare system. All eligible patients accepted to 
participate in the study. 
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The criteria for the diagnosis of CG included histologic demonstration of 
increased (>10 µm) subepithelial collagen deposition in at least 1 biopsy 
taken from gastric mucosa during endoscopy, in addition to other histologic, 
endoscopic, and clinical findings supporting the diagnosis. Furthermore, the 
histologic evaluation that the diagnosis of CG relied on, was performed 
independently by two senior gastrointestinal pathologists.  

Patients with active EoE 
In study IV, 11 treatment-naïve children (8 boys, 3 girls) with symptomatic 
EoE and age range of 5–17 years (median: 15 y) were recruited from two 
sites in western Sweden; the Department of Pediatric Gastroenterology, 
Hepatology and Nutrition at Queen Silvia Children’s Hospital in Gothenburg, 
and the Department of Pediatrics at Northern Älvsborg County Hospital in 
Trollhättan. Additionally, a total of 42 adults (36 males, 6 females) with an 
active EoE and age range of 18–72 years (median: 43 y) were recruited from 
adult services at the Head and Neck Surgery Departments of Sahlgrenska 
University Hospital, Gothenburg, and Northern Älvsborg County Hospital, 
Trollhättan, Sweden. The latest consensus guidelines by the time of the study 
were applied for the diagnosis of EoE in both children and adults188,189. The 
diagnosis of EoE relied on the routine pathology reports and no systemic re-
evaluation of the esophageal biopsies was performed for the purpose of this 
study.  

Figure 13 summarizes the patient cohorts studied in this thesis and shows 
also the control groups involved in study II and IV. The control groups are 
described more in detail below. 
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Figure 13. Patient cohorts and control groups included in the studies. 

 

5.2 CONTROL GROUPS 
Healthy individuals 
In studies II and IV, blood samples were collected from healthy individuals 
to be used as references. The healthy children were recruited from the 
outpatient surgery department at Queen Silvia Children’s Hospital, 
Gothenburg, Sweden, where they underwent minor day care surgery (such as 
orthopedics, otorhinolaryngology, and urology). Exclusion criteria were any 
chronic disease, past or current allergic condition and use of any medication 
in the previous 3 months. The recruitment was performed by a pediatrician 
who personally met the patient and accompanying parent(s), and controlled 
that the above preconditions for the inclusion were met. The medical records 
were also reviewed if needed. The blood samples were collected when an 
intravenous access was established for the general anesthesia.  

Study IV also included a control group of 31 healthy adults. Most of these 
individuals were students or employees at the university laboratories, or their 
friends. The persons declared themselves healthy and denied any current 
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allergic disease or gastrointestinal symptoms. No review of medical records 
was performed. The above approach resulted in a control group of healthy 
adults that comprised mainly of women. Therefore, no ideal gender matching 
was achieved, as the study cohort of adults with EoE consisted mainly of 
males.   

Non-transplant children with food allergy 
Study II also involved a control group of 24 non-transplant food allergic 
children (15 boys, 9 girls) with age range of 4–17 years (median: 9 y). These 
children were recruited from the Department of Pediatric Allergy at Queen 
Silvia Children’s Hospital, Gothenburg, Sweden, among patients who 
underwent single-blind food challenge against a specific food. The blood 
samples were collected when an intravenous access was established prior to 
the start of the food challenge in accordance with the clinical routine in our 
institution. The patients had allergy against at least one food and the 
diagnosis of food allergy had been confirmed by a pediatric allergologist. 
Exclusion criteria were: any concurrent chronic disease apart from additional 
allergic/atopic conditions, treatment with systemic steroids, monoclonal 
antibodies or other immunosuppressive medication or allergen specific 
immune therapy during the past three months.  

5.3 RETRIEVAL OF CLINICAL DATA  
In all the studies, the retrieval of clinical data on study patients was based on 
review of medical records. Furthermore, complementary data was obtained 
when the patients were included in the study. In study I and II, this data 
involved information to confirm whether or not the pediatric liver transplant 
recipients had a current food and/or respiratory allergy. For this purpose, the 
parent(s) (and when appropriate for age, the patient) was interviewed using a 
structured questionnaire. In study III, relevant clinical information on the 
study patients as well as the heredity for autoimmune and other diseases 
among first-degree relatives was systemically evaluated. In study IV, the data 
on clinical symptoms in patients with EoE and presence of any current food 
and/or respiratory allergy was obtained. 
 
Diagnosis of food allergy 
In study I and II, a reliable diagnosis and an adequate classification of food 
allergies in the cohort of pediatric liver transplant recipients were of 
particular methodological importance. The definition of food allergy applied 
in these studies followed the current international consensus that defines food 
allergy as “an adverse health effect arising from a specific immune response 
that occurs reproducibly on exposure to a given food”295,296. In agreement 
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with the requirement concerning reproducibility, the diagnosis of food allergy 
in pediatric liver transplant recipients was supported by a positive open food 
challenge (except in cases of severe allergic reactions).  
 
Based on the clinical picture, the food allergies can be divided into 
immediate-onset (starting within 2 hours after allergen exposure) and late-
onset reactions, where the immediate-onset reactions are most often IgE-
mediated296,297. However, in clinical practice, patients occasionally present 
with reproducible immediate-onset allergic reactions to a given food 
(suggestive of an IgE-mediated immune mechanism), with the allergen-
specific IgE test for the triggering food turning out be negative. In these 
cases, it is possible that the allergen-specific IgE is present in the affected 
tissue despite the lack of food-specific IgE in the circulation298. Therefore, we 
felt it was difficult to classify definitively the food allergic reactions in each 
patient in our study cohort as IgE-mediated or non-IgE-mediated. Instead, we 
considered that the most useful way to group the food allergic reactions in 
this study was to divide them into immediate-onset and late-onset reactions 
based on the clinical picture, as described above. 
 
In pediatric liver transplant recipients, the food allergies can further be 
categorized based on the temporal relation to liver transplantation. 
Methodologically, study I focused on prevalence of current food allergy in 
children who had undergone liver transplantation. Therefore, no difference 
was made depending on whether the food allergy had developed before or 
after the liver transplantation. This approach can further be motivated by the 
fact that the underlying pathogenesis resulting in the development of food 
allergy in (pediatric) liver transplant recipients is currently unknown and may 
not only be related to the transplantation per se. Subsequently, one cannot 
exclude the possibility that in some cases the pathophysiological mechanisms 
resulting in clinical food allergy are triggered by the pre-transplant factors 
(such as liver failure), although the food allergy may manifest either before or 
after the liver transplantation.    
 
In study II, on the other hand, one of the aims was to investigate the immune 
phenotype associated with LTFA. Therefore, only patients with persisting 
food allergy that had developed after the liver transplantation were included 
in this sub-analysis. Patients with a history of LTFA, but who had developed 
clinical tolerance to the respective food antigen(s) by the time of the study, 
were excluded. The rational for this was that the development of tolerance 
may be associated with changes in the immune phenotype, thus disturbing a 
fair comparison between the groups. At the same time, the limited sample 
sizes did not allow a statistical comparison between these two subgroups.   
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5.4 LABORATORY ANALYSES 
All the blood samples for each individual study participant were collected at 
the same occasion. The laboratory analyses used in the studies are discussed 
below.  

Flow cytometric analyses 
Flow cytometry was used for the detection and quantification of different 
lymphocyte (study II) and eosinophil (study IV) subsets in venous blood 
samples collected from the study patients and controls. The maximum time 
between the blood sampling and the flow cytometric analyses was 48h in 
study II and 24h in study IV, respectively. The detailed descriptions of 
sample handling processes and the gating strategies applied for the separation 
of different leukocyte populations are given in the respective papers. All 
samples were analyzed on a FACSCanto II Flow Cytometer (BD 
Biosciences) and the generated data was further analyzed with FlowJo 
software (Tree Star, Ashland, OR, USA). 

In study II, the data on lymphocyte subsets are presented either as cell counts 
in µL blood or proportions (expressed in percent) of total cell population. In 
study IV, the data on eosinophil expression of protein markers are presented 
as median fluorescence intensities (median-FI) and percent expressions.  

PCR-based analyses 
In study II, T-cell receptor excision circles (TREC), a measure of the thymic 
production of T cells, were quantified in blood with qPCR and related to the 
number of blood mononuclear cells. Study IV, on the other hand, involved a 
quantification of intracellular levels of galectin-10 and FOXP3 mRNA in 
purified eosinophils using real-time PCR. A detailed description of the 
analysis process is given in the paper and in another study published 
previously by our group228. These data are presented as fold-changes in total 
RNA expression relative to the corresponding expression levels in healthy 
controls. 

Measurement of serum cytokine concentrations 
In study II, serum concentrations of 10 T-cell cytokines, 2 B-cell cytokines 
and soluble receptor CD40L were analyzed. The serum samples were stored 
at -80oC after the collection and the samples of all study patients and controls 
were stained and analyzed at the same occasion using LEGENDplex Human 
B cell panel (BioLegend, San Diego, CA, USA). The measurement of 
cytokine concentrations was performed within 2h from staining with 
FACSCanto II flow cytometer (BD Biosciences) together with BioLegend’s 
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LegendPlexTM data analysis software. The data on serum cytokine 
concentrations are presented as pg/mL.    

Other laboratory analyses 
Studies I–III involved also analysis of blood laboratory parameters (such as 
allergen-specific IgE, autoantibodies and inflammatory markers) commonly 
employed in clinical practice. The details on analysis methods used and the 
cut-offs applied are given in the papers. These analyses were performed in 
accredited laboratories at Sahlgrenska University Hospital, Gothenburg, 
Sweden, or at affiliated county hospitals.  

5.5 STATISTICAL ANALYSES 
Descriptive statistics 
Due to the limited sample sizes and mostly non-normal distributions, the data 
on continuous variables is presented as medians with ranges. The categorical 
variables, on the other hand, are summarized as total counts and relative 
frequencies (percentages). 

Univariate and bivariate statistics  
The differences between two groups were tested using Mann-Whitney U-test 
(continuous variables) or Fisher’s exact test (categorical variables). In study 
II, analysis of covariance (ANCOVA) was also employed for comparisons of 
group means, as it allowed comparisons between more than two groups as 
well as adjustments for differences in covariates between the groups. 
Spearman rank test was used for evaluation of correlations between the data 
sets. In study III, the confidence interval for the incidence rate ratio was 
calculated with a 2-sample z-test. All statistical tests were performed as 2-
tailed and p-values <0.05 were considered statistically significant. The z-test 
was performed using Microsoft Excel for Mac 2011 version 14.7.7 software 
(Microsoft, Redmond, WA). For all other above analyses, IBM SPSS 
Statistics version 22 software (IBM, New York, NY) was used.   

Multivariate statistics 
In study I, logistic regression was used to study how development of 
autoantibodies (outcome variable) was associated with other clinical and 
laboratory parameters (explanatory variables). The variables with p<0.1 in 
the univariate analyses were chosen to be included as the explanatory 
variables in the tested models. The calculations were performed using IBM 
SPSS Statistics version 22 software (IBM, New York, NY).   
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In study II, principal component analysis was performed to depict the 
associations between serum cytokine concentrations, lymphocyte subsets and 
other covariates.  In study IV, multivariate analysis of pattern recognition 
“Orthogonal-Projection to Latent Structures” (OPLS) was employed. The 
method examines the relationship between given Y-variable and multiple X-
variables. OPLS can be used to recognize patterns in large data sets and it 
allows one to analyze whether the data set can discriminate between study 
groups of interest299.  For example, in study IV, the method was used to see if 
the data set of blood eosinophil molecules (X-variables) could discriminate 
children with active EoE from healthy children (Y-variable). The quality of 
the resulting prediction model is measured by R2Y and Q2Y values. R2Y 
reflects the explanatory power of the model and indicates to what extent the 
X-variables can explain the differences between the studied groups. It can 
vary between 0 and 1 and a higher value equals a higher explanatory power.  
Q2Y, on the other hand, measures the robustness of the model and is 
determined by repeated calculations of the model’s ability to separate 
between the groups when one study subject at a time is excluded. It can also 
get values between 0 and 1 and a higher value indicates that the prediction 
model remains unaffected no matter which study subject is removed. The 
discriminatory power of each X-variable in the model can also be illustrated 
graphically as a loading plot. For all principal component and OPLS 
analyses, the software package SIMCA-P versions 13.03 and 17 (Sartorius, 
Malmö, Sweden) was used. 
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6 RESULTS 

6.1 STUDY I 
This study aimed to investigate: (1) the prevalences of clinical allergy and 
sensitization to food and inhalant allergens, and (2) the prevalences of 
autoimmune/immune-related disorders and autoantibody formation in a 
cohort of 43 children who had undergone liver transplantation. Additionally, 
the frequencies with which clinical allergy/sensitization and autoimmune 
disorders/autoantibody formation occurred concomitantly in the same patient 
were studied.  

Prevalence of allergy and sensitization 
A quarter (n=11, 26%) of the children had current food allergy, 8 of whom 
had developed it after liver transplantation. An additional 4 children had 
experienced transient food allergy with onset after transplantation but 
developed tolerance by the time of the study. Respiratory allergy occurred in 
10 children (23%), with all but one case having presented after liver 
transplantation. Notably, both food allergy and respiratory allergy affected 
mainly children 6 years of age and older.  A third (n=14, 33%) of the patients 
were sensitized to 1 or more of the tested common food allergens, while 
every fourth patient (n=11, 26%) were sensitized to at least one of the tested 
inhalant allergens. 

Prevalence of other immune-mediated diseases and 
autoantibodies 
One child (2%) in the cohort had developed de novo AIH after 
transplantation. Another child who had been transplanted for acute liver 
failure of unknown cause was diagnosed with celiac disease at the time of 
transplantation. No other cases of current immune-mediated disorders were 
noted. 

At least one of the five tested liver-associated autoantibody specificities was 
detected in the sera of 44% (n=19) of the study cohort, the most common 
autoantibody specificity being SMA. Autoantibodies were detected 
significantly more often in the children for whom immunosuppression had 
been discontinued than in those on immunosuppressive therapy (78% vs 
35%, p=0.03). 
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Co-occurrence of autoantibodies and allergy or 
sensitization 
Patients who had current food allergy were more likely to have 
autoantibodies than children without food allergy (73% vs 34%, p=0.04). In 
the total cohort, food allergy and autoantibodies occurred concomitantly in 
19% (n=8) of the children, which was almost twice the frequency expected 
by chance. Additionally, there was a tendency for an increased occurrence of 
autoantibodies in children who were sensitized to food allergens compared to 
those without such sensitization (64% vs 35%, p=0.10). In contrast, neither 
respiratory allergy nor sensitization to inhalant allergens was associated with 
an increased occurrence of autoantibodies (50% vs 42%, p=0.73 and 55% vs 
41%, p=0.50, respectively).   

The interaction between factors contributing to the development of 
autoantibodies was studied further using logistic regression. In an adjusted 
model, discontinued immunosuppressive therapy was a significant positive 
predictor of having autoantibodies in serum (aOR, 13; 95% CI, 1.7–95, 
p=0.01), as did current food allergy (aOR, 7.1, 95% CI, 1.3–40, p=0.03).  

Conclusions 
The frequency of food allergy and food sensitization in the study cohort of 
pediatric liver transplant recipients was high compared with the 
corresponding contemporary data in the general Swedish pediatric 
population. In contrast, no such difference was found in respiratory allergy or 
sensitization to inhalant allergens. A high concurrent occurrence of food 
allergy and autoantibody development in the same individuals indicates 
underlying immune dysregulation that impairs immune tolerance to both food 
allergens and autoantigens. 

6.2 STUDY II 
This study focused on investigating the immune profiles in the same cohort 
of pediatric liver transplant recipients that were involved in study I. The aims 
were to study: (1) the serum cytokine profiles and circulating T- and B-cell 
subsets in pediatric liver transplant recipients in relation to healthy children, 
and (2) whether the cytokine profiles and/or lymphocyte subsets differ 
between pediatric liver transplant recipients who have LTFA and those who 
don’t. 
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Immune profile of liver transplant recipients in relation to 
healthy controls 
The group of pediatric liver transplant recipients was found to differ clearly 
from healthy controls both in regards of serum cytokine profiles and 
circulating lymphocyte subsets. The immune phenotype of pediatric liver 
transplant recipients was distinct from that of healthy controls in terms of 
higher serum cytokine concentrations as well as higher proportions of 
activated T and B cells. In contrast, healthy controls appeared to be 
characterized by higher proportions of naïve T cells, regulatory T cells and 
memory B cells as compared to liver transplant recipients. 

The serum concentrations of the studied 10 T-cell cytokines (IL-2, IL-4, IL-6, 
IL-10, IL-12(p70), IL-13, IL-17A, TNF-α, TNF-β and INF-γ) as well as 2 B-
cell cytokines (APRIL and BAFF) were all significantly higher in the group 
of pediatric liver transplant recipients compared with healthy children. In the 
T-cell subsets, the proportions of effector memory (CD62LnegCD45RAneg) 
cells were significantly higher in both CD4+ and CD8+ T-cell subsets 
compared with healthy controls (p<0.001 and p=0.005, respectively), and so 
were also central memory (CD62L+CD45RAneg) CD4+ T cells (p=0.009). 
Hence, our data indicated increased activation and memory conversion of 
both CD4+ and CD8+ T-cells in pediatric liver transplant recipients. On the 
other hand, they had significantly lower proportions of putative regulatory 
(FOXP3+CD25+CD127low) CD4+ T cells and immature 
(CD31+CD45RA+CD127+) CD4+ T cells (p=0.004 and p=0.01, respectively) 
than the healthy controls. Regarding B cells, the naïve B cells were 
significantly increased in proportions and memory (CD27+) B cells decreased 
in the group of children who had undergone liver transplantation (p=0.02 and 
p<0.001, respectively).  

Notably, although elevated concentrations of T-cell cytokines in serum and 
activation and memory conversion of T cells were both found to characterize 
liver transplant recipients, a principal component analysis indicated that these 
processes were unrelated. Additionally, in the same analysis, we found no 
indication of that the immune activation observed in the group of liver 
transplant recipients was related to tacrolimus trough levels, viral load (EBV 
and CMV) or the two main clinical indications for the liver transplantation 
(i.e., biliary atresia and hepatoblastoma).  

Regulatory T cells are considered to have a central role in controlling 
immune homeostasis and tolerance to self and foreign antigens. Although the 
proportions of Treg were reduced in the group of liver transplant recipients, it 
did not have a significant correlation with serum cytokine concentrations or 



Liver Transplantation-associated Food Allergy and Eosinophilic Gastrointestinal Inflammation in Children 

58 

the proportions of circulating lymphocyte subsets. Furthermore, the 
decreased frequencies of Treg observed in pediatric liver transplant recipients 
have been implicated to calcineurin inhibitors (including tacrolimus) through 
their putative inhibitory effect on IL-2 production. However, we found no 
significant correlations between blood tacrolimus trough levels and IL-2 
concentrations or the relative abundances of Treg.  

Immune profile associated with LTFA 
We also compared the cytokine and immune cell phenotype of pediatric liver 
transplant recipients with LTFA (n=8) with liver transplant recipients who 
had not developed LTFA (n=28). As the groups had differing age- and sex- 
distributions, the values were adjusted for these covariates with ANCOVA. 
The group of children with LTFA had significantly higher adjusted mean 
concentrations of cytokines IL-4 (p=0.004), TNF-α (p=0.007) and TNF-β 
(p=0.03), when compared to the liver transplant recipients who had not 
developed LTFA. The reference group of non-transplant food allergic 
children had low levels of all studied cytokines.  

Additionally, the proportion of effector memory (EMRA) CD4+ T cells was 
significantly higher in children with LTFA than among liver transplant 
recipients without LTFA (p=0.001). A similar tendency was noted also for 
the proportions of effector CD4+ T cells and EMRA CD8+ T cells. The 
proportion of putative Treg did not differ significantly in liver transplant 
recipients with LTFA from their peers who had not developed LTFA. 
Regarding B-cell subsets, the group of children with LTFA had higher 
proportions of CCR10+β7+ B cells compared to with those who had not 
developed LTFA (p=0.049). A similar tendency was found also for 
proportion of CD27+ memory B cells.  

The reference group of non-transplant food allergic children had higher 
proportion CD127+ recent thymic emigrant CD4+ T cells compared with 
healthy controls (p=0.025), but no other significant differences in the studied 
T- or B-cell subsets we found between these two groups.  

Taken together, our data indicated that elevated proportions of activated and 
memory CD4+ T cells and B cells characterizes children with LTFA, while 
corresponding deviations were not noted in non-transplant children with food 
allergy. 

Conclusions 
The group of pediatric liver transplant recipients showed evidence of both 
generally elevated cytokine production and antigen-driven T-cell activation 
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when compared to healthy controls.  Furthermore, out data indicated that 
pediatric liver transplant recipients who are the most susceptible to develop 
LTFA are the ones with the most excessive general underlying immune 
activation.  

6.3 STUDY III 
This study investigated (1) the incidence and prevalence of CG in the 
pediatric population in western Sweden; (2) the clinical, endoscopic and 
histologic characteristics of childhood-onset CG through the course of the 
disease; and (3) the frequencies of autoimmune comorbidities and heredity 
thereof as well as the prevalences of autoantibody development, increased 
blood inflammatory biomarkers, and the HLA DQ2/DQ8 haplotypes in 
patients with childhood-onset CG. 

Epidemiologic measures 
The annual number of persons aged <18 years at risk for CG in the study’s 
geographic area ranged between 505,414 and 565,425. The incidence of 
childhood-onset CG was 0.25 cases per 100,000 person-years of follow-up in 
the geographical area covered by the study. The incidence rate ratio (girls to 
boys) was 4.2 (95% confidence interval, 1.2–15). The prevalence of CG in 
children aged younger than 18 years was 2.1/100.000 in the four counties of 
western Sweden in June 2019. 

Clinical disease and patient characteristics 
The median age at diagnosis of CG was 9.9 years (range, 4.4–17 years). The 
collagenous inflammation was isolated to stomach in 13/15 patients (87%). 
The remaining two patients had associated collagenous colitis and duodenitis, 
respectively. All but one patient (14/15, 93%) showed iron deficiency anemia 
on initial presentation, and in most cases, this was severe. Recurrent 
abdominal pain was reported by 6/15 (45%) of the patients at presentation. 
After the initial treatment, iron deficiency with or without associated anemia 
recurred within a median time of 1 year (range, 1–2 years). With the 
exception for the recurrence of iron deficiency, most of the patients remained 
asymptomatic during the median follow-up of 6.2 years (range 1–11 years).  

The endoscopic appearance of the gastric mucosa was judged abnormal in all 
but 1 patient at the time of diagnosis. The most common endoscopic features 
were mucosal nodularity, hypertrophic gastric folds and erythema. 
Histologically, the maximal thickness of the subepithelial collagen deposits 
was in the range of 15–100 µm at the diagnosis. Most (13/15, 87%) of the 
patients exhibited an eosinophil-rich (≥30 eosinophils/hpf) inflammation of 
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the gastric mucosa, with up to 150 eosinophils/hpf. Intra-epithelial 
lymphocytosis (>25 surface intraepithelial lymphocytes/100 epithelial cells) 
was seen in only 1 patient. 

The follow-up gastroscopies had been performed in 11/15 patients (73%), 
with the median time from the diagnosis to the latest gastroscopy being 4.4 
years. None of these patients showed evidence of endoscopic or histologic 
normalization of the gastric mucosal pathology. 

Autoimmune predisposition 
Roughly half (7/15, 47%) of the children had hereditary factors for 
autoimmune disease among their first-degree relatives. Moreover, 6/15 (40%) 
tested positive for autoantibodies. However, no patient had an established 
current or previous autoimmune disease, although one patient showed signs 
indicating that celiac disease was under development.  

Inflammatory parameters 
The plasma level of CRP was discretely increased (i.e., 9 mg/mL; reference, 
< 5 mg/mL) in only one patient. In contrast, the serum levels of calprotectin 
and amyloid A were increased in 10/15 (67%) and 5/15 (33%) patients, 
respectively. No patient showed increased serum levels of orosomucoid. 

Conclusions 
The study provides support for the notion that childhood-onset CG has a 
chronic disease course and a skewed gender distribution with female 
predominance. Additionally, the disease appears frequently associated with 
signs indicating autoimmune predisposition. However, early development of 
autoimmune comorbidities may be rare. The serum levels of inflammatory 
markers calprotectin and amyloid A were commonly increased in patients 
with childhood-onset CG and may hold potential as biomarkers of 
inflammatory activity in CG. 

6.4 STUDY IV 
This study focused on investigating the differences in blood eosinophil 
molecular profiles between children and adults with active EoE. First, we 
compared whether the blood eosinophils of children with EoE expressed a 
molecular pattern that was distinct from that of healthy children. Second, the 
same eosinophil molecules were compared between children and adults with 
active EoE. 
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Eosinophil phenotype in children with active EoE 
The multivariate analysis (OPLS-DA) showed that children with active EoE 
and healthy children could be separated in two distinct clusters based on the 
studied eosinophil molecules. The molecules with the highest discriminatory 
power were CD44, CRTH2, galectin-10 mRNA, and FOXP3 mRNA. In 
univariate analyses, children with EoE had a significantly lower fraction of 
blood eosinophils that expressed the surface marker CD44 and a higher 
fraction of blood eosinophils that expressed another surface marker CRTH2 
compared with healthy children. Furthermore, the levels of galectin-10 
mRNA were higher and those of FOXP3 mRNA were lower as compared 
with healthy children. 

Eosinophil phenotype in children vs adults with active EoE 
The children with EoE differed from adults with EoE in regard to the levels 
of FOXP3 mRNA and galectin-10, the fraction of CD23- and CD44-
expressing cells and eosinophil surface levels of CD44, CD54 and CRTH2. 
First, the expression of FOXP3 mRNA was altered to opposite directions 
between pediatric and adult patients with active EoE. Namely, children with 
EoE had downregulated levels of FOXP3 mRNA, while the adult patients 
had upregulated levels of both FOXP3 mRNA and protein, as compared with 
healthy individuals.  Second, while unaffected in children with EoE, the 
fraction of CD23-expressing eosinophils as well as surface levels of CD54 
and CRTH2, and intracellular levels of galectin-10 were all upregulated in 
adults with EoE, when compared to healthy controls. Furthermore, children 
with EoE had a lower fraction of CD44-expressing eosinophils while adult 
patients with EoE demonstrated a downregulated eosinophil surface 
expression of CD44.  

Regarding the similarities between children and adults with active EoE, both 
groups had increased levels of galectin-10 mRNA and a larger fraction of 
eosinophils expressing CRTH2 compared with healthy individuals.  

Age-related differences in expression of eosinophil 
molecules 
The molecular levels of CD44, CRTH2, CD54, and galectin-10 were found to 
vary depending on age in healthy individuals. The levels of CD44 increased 
with age, while those of CRTH2, CD54 and galectin-10 showed a negative 
association with age. 
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Conclusions 
The molecular pattern of blood eosinophils distinguishes children with active 
EoE from healthy children. Furthermore, blood eosinophil phenotype differed 
between children and adults with active EoE, although this may in part be 
related to age-dependent differences in eosinophil markers. 
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7 DISCUSSION 
This thesis spans over three immune-mediated disorders in children, i.e., liver 
transplantation-associated food allergy, collagenous gastritis and eosinophilic 
esophagitis. As all these conditions have been discovered relatively recently, 
there are many remaining knowledge gaps regarding both the clinical and 
immunological aspects of these diseases. This thesis contributes by 
addressing some of them and presenting important new knowledge. Some of 
the results provide more solid evidence on the views indicated by previous 
studies, while the others represent totally novel findings and perspectives. 
Collectively, they will hopefully be helpful in guiding both the clinical 
follow-up of the patients and the future research efforts in these areas. The 
significance of the main findings is discussed below separately for each of 
the patient groups covered by the thesis.  
 

7.1 LIVER TRANSPLANTATION-ASSOCIATED 
FOOD ALLERGY (STUDY I AND II) 

 
Study I and II were based on a cross-sectional cohort of 43 pediatric liver 
transplant recipients who were evaluated at a median follow-up time of 5 
years (range, 1–17 y) after transplantation. In study I, we investigated this 
cohort for the prevalence of food and respiratory allergies, sensitization to 
food and inhalant allergens, as well as autoantibodies and autoimmune 
disorders. In study II, we went further to study serum cytokines profiles and 
peripheral blood T- and B-cell subsets in these patients to gain additional 
understanding of the underlying immune aberrations that may predispose the 
pediatric liver transplant recipients for the development of LTFA, and 
possibly also for other immune-mediated disorders. The main findings in 
these two studies are discussed below. 
 
The frequencies of allergy and sensitization in children after 
liver transplantation 
The prevalence of food allergy (26%) and food sensitization (33%) in our 
study cohort of pediatric liver transplant recipients was high compared with 
the corresponding contemporary data for the general Swedish pediatric 
population300,301. Furthermore, the cumulative incidence of new-onset food 
allergy after transplantation was 28%. Also previous studies have indicated 
high occurrence of (new-onset) food allergy in pediatric liver transplant 
recipients, affecting up to 37% of these children64-71,75,76,302,303. However, our 
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study lends some important additional support to the idea that the risk of food 
allergy development is substantially increased in this patient group. First, we 
found a high occurrence of food allergy in the older ages in our cohort, which 
is clearly different from what is seen in the general pediatric populations in 
high-income countries, where food allergy is more common in younger 
children144. Second, we also evaluated the sensitization to food allergens in 
the study cohort and found that it was at least twice as high as in the general 
Swedish pediatric population301. Although sensitization does not equal to 
clinical allergy, it still indicates an increased responsiveness of the immune 
system against the particular allergens, thus increasing the probability for the 
development of allergy. Lastly, the methodological strengths regarding the 
high inclusion rate of eligible patients together with the solid base for allergy 
diagnosis adds to the validity of our results.   
 
However, it is worth noting that all the published observations regarding the 
putative high risk of food allergy development in pediatric liver transplant 
recipients currently originate from single center studies with relatively 
limited number of included patients64-71,75,76,302,303. Therefore, one cannot 
neglect the possibility that the results may be affected by selection bias. 
Nonetheless, there is still a high consistency between the studies regarding 
the high occurrence of food allergy in pediatric liver transplant recipients. 
This supports the notion of this patient group as a risk population for food 
allergy development, although the exact magnitude of the risk increase in 
relation to the general pediatric populations currently remains uncertain. 
 
Notably, the frequency of respiratory allergy (23%) or sensitization to 
inhalant allergens (26%) in our study cohort did not differ from what has 
been reported for the general pediatric population in Sweden304,305. Similar 
observations have been published by others, too64,66,76. The observed 
discrepancy between the occurrence of food and respiratory allergies in 
pediatric liver transplant recipients is interesting. It may reflect the central 
role the liver is considered to play in the development of tolerance to food 
antigens as it receives the blood that drains in the gastrointestinal tract 
through the portal vein and is exposed to a continuous load of dietary 
antigens103,108. In contrast, the tolerance to inhalant allergens may be 
controlled primarily by the lymphatic tissue surrounding the pharynx306.   
 
The significance of autoantibody development after liver 
transplantation in children 
The prevalence of autoantibodies (44%) was high in the study cohort of 
pediatric liver transplant recipient and can be compared with the estimated 
prevalence of the corresponding autoantibodies at <10% in the general 
pediatric population100,307. Our results are in accordance with previous studies 
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reporting autoantibodies in 13–75% of children after liver transplantation79,94-

97. However, the clinical significance of the increased autoantibody 
development in this patient group remains unclear, as both our study and 
previous studies94-96 indicate relatively low occurrence of concomitant 
autoimmune liver disease. Nonetheless, it cannot be excluded that these 
patients may have an increased long-term risk of developing autoimmune and 
other immune-mediated diseases. 
 
In study I, we also hypothesized that both food allergy development and 
autoantibody formation reflect a dysregulated immune system in pediatric 
liver transplant recipients, and thus, would affect concurrently the same 
individuals. This is a whole new and wider approach. While the development 
of food allergies and autoantibody formation in this patient group has been 
noted to be high, they have previously been seen as unrelated phenomena. 
Indeed, a novel finding in study I was that patients who had current food 
allergy were more likely to test positive for autoantibodies. In contrast, a 
corresponding association between respiratory allergy and autoantibody 
formation was not observed. Our results suggest an underlying immune 
dysregulation that affects children after liver transplantation and impairs the 
tolerance to both food allergens and self-antigens. This may be related to the 
effects on the immune system of the chronic liver disease present before 
transplantation, immaturity of the immune system, and/or 
immunosuppressive therapy111,308. Of these, the chronic liver dysfunction may 
be of particular importance as a previous study has reported a high frequency 
of food sensitization in young children with chronic liver disease77. 
Furthermore, the study indicated a positive association between food 
sensitization and the severity of liver dysfunction.   
 
Immune aberrations after liver transplantation in children 
and their associations with LTFA 
While the clinical observations above indicate that liver transplantation in 
children is associated with immune dysregulation, the underlying immune 
deviations have scarcely been studied129,130. The previous knowledge of the 
immune phenotype in pediatric liver transplant recipients in relation to 
healthy controls is limited to lymphocyte subsets only129. In study II, we 
provided for the first time data on the mutual associations of serum cytokine 
profiles and subsets of circulating lymphocytes in this patient group in 
relation to healthy children. Furthermore, we compared these parameters 
between children with and without LTFA. This study had two main findings. 
First, we found evidence that despite a clinically stable graft function, an 
ongoing immune activation is common in the group of pediatric liver 
transplant recipients. Second, the pediatric liver transplant recipients who are 
the most susceptible to develop LTFA appears to be the ones with the most 
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extensive underlying immune activation. 
 
The immune activation affecting many pediatric liver transplant recipients 
was observed in terms of elevated cytokine production and T cell activation. 
Notably, this immune activation was noted despite clinically stable graft 
function and could not be related to other potentially confounding factors, 
such as viral loads (EBV and CMV) and/or tacrolimus trough levels in blood. 
Therefore, it may indicate non-optimal functional immunosuppression 
despite absence of rejection episodes and the fact that the maintenance 
immunosuppression in the study cohort was in line with the current 
consensus recommendations20.  

The proportions of regulatory T cells were also lower in the liver transplant 
recipients than in healthy controls. This is in line with the results in a 
previous study of de Bruyne et al129. However, neither our study nor their 
study indicated that proportions of Treg differed between those patients who 
had developed LTFA and those who had not. Furthermore, we found no 
evidence that the reduced proportions of Treg were associated with increased 
cytokine production or higher proportions of activated lymphocyte subsets. 
Nonetheless, one cannot exclude that the Treg are involved in the increased 
susceptibility to develop food allergy (and possibly other immune-mediated 
disorders) in this patient population, as the function of Treg may be 
compromised beyond what the reduced proportions might suggest. 
 
The immunosuppressive therapy with calcineurin inhibitors (primarily 
tacrolimus) has clinically been related to the increased risk of developing 
LTFA70,122-124. Two types of underlying effects on T-cell subsets have been 
proposed to be of importance in this context. First, tacrolimus in particular 
has been suggested to have a stronger suppressive effect on T-helper type 1 
than type 2 cells, shifting the balance toward Th2-type responses, and thereby 
potentially favoring the development of allergic diseases116,124. Second, CNI 
has been reported to reduce the proportion of Treg, which has been 
implicated to its inhibitory effect on the IL-2 production148,309,310. However, 
our results challenge both these proposed mechanisms. First, children with 
LTFA had elevated levels of both Th1- (i.e., TNF-α) and Th2- (i.e., IL-4) 
cytokines as compared to those liver transplant recipients who had not 
developed LTFA. Furthermore, the clinical data indicates that the frequency 
of food allergy alone, and not that of respiratory allergy, is increased in 
pediatric liver transplant recipients as compared with the general pediatric 
population. This speaks also against the Th1/Th2-imbalance as the main 
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underlying mechanism, since the Th2-predominance could be expected to 
increase the risk of both food and respiratory allergies alike. 
 
Second, we did not find evidence that blood tacrolimus trough levels are 
associated with serum IL-2 concentrations or proportions of Treg. Therefore, 
an alternative mechanism explaining the decreased frequencies of Treg 
observed in pediatric liver transplant recipients might be related to the 
general pro-inflammatory milieu that appears immunologically characterize 
many of these patients. Inflammation has been reported to suppress Treg 
development and survival, as it negatively affects the number and function of 
Treg311-313.  
 
Although there may currently be uncertainty regarding the precise underlying 
immune mechanisms, the clinical observations give some support to the idea 
that the maintenance immunosuppressive therapy plays role in the 
development of LTFA. Furthermore, it currently remains the only one of the 
identified risk factors for the development of LTFA that can readily be 
modified. Although there are concerns that tacrolimus is associated with an 
increased risk of developing LTFA, the alternative strategies are hold back by 
a relative scarcity of other immunosuppressive agents with a comparable 
immunosuppressive effect and adverse effect profile. However, mTOR 
inhibitors have recently shown some promise as an alternative to tacrolimus 
and may have potential to modify the clinical course of LTFA and other 
immune-mediated disorders50,314.   

Our finding of an increased cytokine production and immune activation in 
the group of pediatric liver transplant recipients also raises ideas regarding 
the potential for more targeted immunosuppressive interventions. During the 
past two decades, an ever-expanding arsenal of monoclonal antibodies 
specifically blocking certain cytokines has become available and they have 
proven effective in treatment of several immune-mediated conditions315. 
While current maintenance immunosuppression in liver transplant recipients 
relies on agents with an unspecific immunosuppressive effect on all T-cell 
subsets, monoclonal antibodies targeted against pro-inflammatory cytokines 
might in selected cases hold potential as a therapeutic option in this patient 
group, too. Another interesting future opportunity in this context is cell 
therapy. One area of ongoing research in this field is approaches based on 
expanding and stabilizing the Treg populations, which have potential to be 
used in treatment of a wide range of immune-mediated conditions. As Treg 
appear to be involved in the development of immune-mediated conditions as 
well as establishment of operational tolerance after liver transplantation in 
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children, this type of cell therapies may prove applicable also in this patient 
group.  

Clinical implications 
We found on the group level evidence of an increased immune activation 
among pediatric liver transplant recipients and its association with the 
development of LTFA. However, it is worth noting that a proportion of 
children in the study cohort had comparable immune phenotype with healthy 
children. This suggests that some pediatric liver transplant recipients can be 
managed well with the current standard immunosuppressive protocol, but the 
ones with signs of ongoing immune activation could be served by a modified 
immunosuppression. This highlights the need for a more thorough 
immunologic monitoring of this patient population for better 
individualization of the immunosuppressive therapy. Speculatively, the 
increased pro-inflammatory cytokine production that was found to be 
common in this patient group might contribute also to the development of 
other comorbidities, such as idiopathic graft hepatitis and fibrosis. 

7.2 CHILDHOOD-ONSET COLLAGENOUS 
GASTRITIS (STUDY III) 

In study III, we investigated the clinical, endoscopic and histologic 
characteristics of childhood-onset CG in a cohort of 15 patients during the 
median follow-up of 6 years from the initial presentation. The population-
based methodology in combination with a thorough clinical and laboratory 
evaluation in a cross-sectional setting opened up for important new 
knowledge on this sparsely studied condition.  

In this study, we were for the first time able to estimate the incidence and 
prevalence of childhood-onset CG. While our results support the idea of 
childhood-onset CG as a rare condition, it should be noted that our data likely 
underestimates the true incidence and prevalence of this disease, as the 
number of undiagnosed cases can be assumed to be relatively high. It is 
reasonable to expect that increasing awareness of the disease will result in 
more diagnosed cases in the future, a phenomenon which we have been 
witnessing lately also at our center. However, the current data reveal a 
significant difference in the incidence rate ratio between the girls and boys, 
thus providing more solid support for the idea that there is a female 
predominance in childhood-onset CG. This has previously been indicated by 
aggregated data from published reports257,258, which however, involve a risk 
of selection bias in reported cases. 
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Our study provides also new insights on the significance of autoimmune 
predisposition as a risk factor for the development of childhood-onset CG. 
Approximately half of the patients in our cohort had heredity for autoimmune 
diseases among their first-degree relatives and 40% had developed 
autoantibodies. For comparison, the estimated prevalence of autoimmune 
diseases in the Scandinavian general population316-318 as well as the 
occurrence of autoantibodies in the in general pediatric population100,307 are 
both <10%. Therefore, our results support the view of an 
autoimmune/immune-mediated mechanism underlying the disease process in 
childhood-onset CG. Furthermore, the autoimmune predisposition 
characterizing many patients with childhood-onset CG may include an 
increased risk for long-term development of autoimmune diseases in this 
patient population, although the short-term frequency of autoimmune 
comorbidities observed in the study was low.  

A novel finding in the present study was that the serum levels of calprotectin 
and amyloid A were increased in a considerable proportion of patients with 
childhood-onset CG despite normal blood levels of CRP. In keeping with our 
results, also previous reports have demonstrated normal levels of CRP and 
ESR in children with isolated collagenous gastritis252,258,259,269,319,320. 
Therefore, serum calprotectin and amyloid A appear more sensitive 
biomarkers in estimating the grade of inflammatory activity in this patient 
category than CRP or ESR. The usefulness of serum calprotectin and amyloid 
A in the clinical follow-up of patients with CG may increase especially if an 
effective treatment for the condition is discovered in the future. Finally, the 
elevated levels of calprotectin and amyloid A in serum indicate that there is a 
component of systemic inflammation involved in CG. 

Our study adds also significantly to the knowledge of the clinical disease 
course of the childhood-onset CG. The longitudinal endoscopic data support 
the view that childhood-onset CG has a chronic disease course. 
Histologically, our results are in line with previous studies reporting that 
inflammatory cell infiltrate in the gastric mucosa is typically eosinophil-rich 
in children with CG263,265 and we now demonstrate that this inflammatory 
pattern appears to be preserved over time. Regarding the symptoms, our 
results strengthen the idea of iron deficiency anemia as a cardinal symptom in 
childhood-onset CG and indicate that it has a high frequency of recurrence. 
Furthermore, our data provides also convincing evidence that iron deficiency 
is attributable to CG per se rather than the result of other potentially biasing 
factors, such as dietary iron deficiency or menstrual blood loss. However, the 
exact mechanism(s) leading to iron deficiency (anemia) in childhood-onset 
CG remains still unclear. 
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Clinical implications 
Our results highlight the chronic nature of CG in children, thereby motivating 
the long-term monitoring and follow-up of these patients. Additionally, CG 
should be suspected in all children with unexplained iron deficiency anemia, 
and upper endoscopy needs to be considered, even in otherwise 
asymptomatic patient. 

 

7.3 BLOOD EOSINOPHIL PHENOTYPE IN 
CHILDREN WITH ACTIVE EOE (STUDY IV) 

In study IV, we analyzed the surface and intracellular expression levels of 8 
molecules in blood eosinophils in 11 children with active EoE and compared 
them to a control group of healthy children. Further comparisons to adults 
with active EoE and healthy adults were also made.   

Our results indicate that blood eosinophils of children with active EoE have a 
distinct molecular pattern when compared to healthy children. Especially up-
regulation of galectin-10 mRNA and CRTH2 and down-regulation of CD44 
and FOXP3 mRNA distinguished children with EoE from healthy controls.  
Increased levels of galectin-10 mRNA and a larger fraction of eosinophils 
that expressed CRTH2 characterized also adults with active EoE as compared 
to healthy adults. However, children with EoE had different blood eosinophil 
phenotype compared with adults with EoE in regards of levels of FOXP3 
mRNA, the fraction of CD44-expressing cells, and eosinophil surface levels 
of CD44, CD54 and CRTH2. 

Functionally, the up-regulation of CRTH2 that appears to characterize both 
children and adults with EoE as compared with healthy individuals may be 
related to the recruitment of eosinophils from the circulation to the inflamed 
esophageal tissue. CRTH2 is a receptor for prostaglandin D2, a chemokine 
which is produced by mast cells and has a strong chemotactic effect on 
eosinophils321. At the same time, an increased number of mast cells in the 
esophageal mucosa have been reported in patients with EoE237,322. On the 
other hand, decreased levels of CD44 may be associated with facilitated 
migration of eosinophils to the inflamed mucosa is esophagus. CD44 acts as 
a receptor for hyaluronic acid323 and the reduced levels of CD44 may result in 
decreased binding to hyaluronic acid in extracellular matrix. 
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An interesting finding in both children and adults with EoE was up-
regulation of galectin-10 mRNA. Further, increased levels of intracellular 
galectin-10 protein were noted in adults with EoE. In contrast, in children 
with EoE the corresponding levels did not differ significantly from healthy 
controls, which might reflect a higher turnover of galectin-10 in children than 
in adults with EoE. Galentin-10 has previously been shown to be necessary 
for the suppressive function of regulatory T cells324. Therefore, one may 
speculate that the increased production of galectin-10 in eosinophils in 
patients with active EoE could be related to a suppressive function, which the 
eosinophils may exert on T cells. This theory is supported by a recent paper 
from our research group which shows in vitro that a subset of eosinophils has 
T-cell suppressing properties325.    

An important novel finding in the current study was that the eosinophil 
phenotype appears to vary by age. Of the markers that we analyzed in the 
study, the levels of CD44 appear to increase with age, while those of CD54, 
CRTH2 and galectin-10 decreased with age. The age-related differences in 
eosinophil phenotype observed in our study may indicate partly different 
physiologic functions that the eosinophils have in different ages. 
Nonetheless, they also affect the interpretations of the results regarding the 
different eosinophil molecular patterns we found between children and adults 
with active EoE, as some of the differences may be attributable to age. Still, 
as the blood eosinophils seem differently activated in children than in adults 
with EoE, this points indirectly towards the idea that the pediatric and adult 
EoE may represent different disease entities. 

Of note, however, at the time of the study the diagnosis of EoE required 
according to the international consensus guidelines that the esophageal 
eosinophilia (≥15 eos/hpf) persisted after a PPI trial188,189. In the more recent 
updated guidelines that are valid today184,185, this requirement has been 
abandoned. Therefore, in the light of the current knowledge, the study 
population consisted of a subgroup of EoE patients that were refractory to 
PPI therapy. Consequently, our results may be generalizable for that patient 
group only. 

Currently, there is a huge unmet need for non-invasive biomarker for active 
mucosal inflammation in EoE. As our results indicate that blood eosinophils 
in children with active EoE have a molecular pattern that distinguishes them 
from eosinophils of healthy children, they also raise considerations whether 
this could be exploited in the clinical monitoring of the patients with EoE. 
While a single blood eosinophil molecule appears not be the answer due to 
the overlap with values in healthy children, a combination of different 
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markers possibly coupled with clinical parameters could be a better approach.  
A recent work by our research group supports this as a feasible option326.  

Clinical implications 
Our results suggest that the eosinophil molecular pattern is partly different in 
pediatric and adult EoE, which indicates indirectly that these two may 
represent separate disease entities. The eosinophil phenotype appears to vary 
physiologically by age, highlighting the necessity of including age-matched 
controls in studies of eosinophil-associated disorders. 
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8 CONCLUSIONS 
The results of the studies included in this thesis lead to the following main 
conclusions: 

• Liver transplantation in children appears to be associated 
with a higher prevalence of both food allergy and 
sensitization to food allergens, as compared with the general 
pediatric population. In contrast, the frequencies of 
respiratory allergy and sensitization to inhalant allergens 
may not differ from that reported for the general pediatric 
population. 

• The occurrence of autoantibodies is frequent in children 
after liver transplantation. Furthermore, the co-occurrence of 
food allergy and autoantibody formation appears elevated in 
this patient group, indicating an underlying immune 
dysregulation that impairs tolerance to both food allergens 
and self-antigens. A corresponding association between 
respiratory allergy and autoantibody formation may not 
exist.  

• Ongoing immune activation in terms of elevated cytokine 
production and T cell activation seems common in children 
after liver transplantation despite clinically stable graft 
function.  The group of pediatric liver transplant recipients is 
also characterized by lower proportion of Treg as compared 
with healthy controls, but this may not contribute to the 
immune activation or be attributable to the 
immunosuppressive therapy with tacrolimus. The risk of 
LTFA might be particularly high in those liver transplant 
recipients who demonstrate the most profound immune 
activation.  
 

• Childhood-onset CG is a rare condition with female 
predominance and has a chronic disease course.  It appears 
associated with autoimmune predisposition, but early 
development of autoimmune comorbidities may be seldom. 
The serum levels of calprotectin and amyloid A seem more 
sensitive than CRP and ESR in estimating the inflammatory 
activity in CG, and hold potential as novel candidate 
biomarkers for monitoring disease activity in this condition. 
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• Children with active EoE appear to have a distinct molecular 
pattern of blood eosinophils as compared with healthy 
children. The eosinophil molecular pattern differs partly also 
between children and adults with EoE and these differences 
may indicate indirectly that pediatric and adult EoE 
represent separate disease entities. 
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9 FUTURE PERSPECTIVES 
The design of our study investigating LTFA and the associated immune 
phenotype was cross-sectional, which is suitable for hypothesis generating 
and identification of associations. However, future prospective studies are 
needed to clarify the causality between the immune deviations and the 
clinical manifestations identified by our study. Another interesting area for 
the future research is to explore whether the (pro-inflammatory) immune 
activation that seems to characterize many children after liver transplantation 
may contribute to the development of other clinical manifestations than those 
covered by our study, such as graft fibrosis. Additionally, further 
immunological studies are required for better understanding of the different 
immunosuppressive agents’ effects on the immune profile of pediatric liver 
transplants recipients. This would allow a better tailoring of the individual 
immunosuppressive therapy. 

Regarding childhood-onset CG, many rather elemental aspects of the disease 
remain still unclear. From clinical point of view, one such area is the long-
term disease course. This calls for future studies, preferably in a multi-center 
setting to achieve larger patient materials with adequately long follow-up. 
Another highly interesting area for future studies is gaining understanding of 
the immunological mechanisms underlying (childhood-onset) CG. This has 
potential to facilitate the future development of therapeutic approaches, 
which is of particular importance considering that an effective causal 
treatment of CG is currently lacking. 

Our study in patients with EoE revealed interesting differences in the 
molecular pattern of circulating eosinophils in comparison with healthy 
individuals. However, complementary immunohistochemical analyses on the 
eosinophils in the esophageal mucosa are needed for improved certainty 
regarding how well the blood eosinophil phenotype reflects the 
characteristics of eosinophils found at the site of inflammation in EoE. Such 
studies will also contribute to improved understanding of the roles the 
eosinophils play in EoE, one such area being the potential 
immunomodulatory role of eosinophils.  
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