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Don't think about why you question,  
simply don't stop questioning.  
Don't worry about what you can't answer,  
and don't try to explain what you can't know.  
Curiosity is its own reason.  
Aren't you in awe when you contemplate  
the mysteries of eternity, of life,  
of the marvelous structure behind reality?  
And this is the miracle of the human mind— 
to use its constructions, concepts,  
and formulas as tools to explain  
what man sees, feels and touches.  
Try to comprehend a little more each day.  
Have holy curiosity. 

Albert Einstein 
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ABSTRACT 
 

During pregnancy, the fetus expresses both maternal and paternal antigens. To the 
mother, the paternal antigens are foreign, providing her immune system with an 
interesting challenge. The fact that the fetus is not normally attacked and rejected 
implies that mechanisms of tolerance must exist. Pregnancy has long been considered 
to cause a redirection of the maternal immune responses towards a less aggressive 
type. Allergic disease has also been associated with that same redirection of immune 
responses, suggesting that this deviation may be more pronounced in allergic women 
during pregnancy. Several observations support the concept of a role of the immune 
system in the etiology of unexplained infertility, associating a redirection of the 
immune responses towards a more aggressive type with pregnancy loss and pregnancy 
failure.  

The aim of this thesis was to investigate the immune responses during pregnancy in 
allergic and non-allergic women, and in infertile women undergoing IVF treatment. 
We hypothesized that allergic women would have a more pronounced Th2-deviation 
than non-allergic women towards paternal antigens during pregnancy and that an 
unsuccessful outcome of IVF treatment would be associated with aberrations in 
circulating leukocyte populations and a paternal antigen-specific Th1 and Th17 bias. 

An increased number of both spontaneous and paternal antigen-induced Th2-like 
cytokine-secreting cells in peripheral blood was associated with pregnancy in 54 
women with pregnancies defined as normal. The allergic pregnant women did not 
have a more pronounced Th2-deviation than the non-allergic women, as measured by 
numbers of cytokine-secreting cells. However, when analyzing cytokine levels in cell 
supernatants, we did observe lower Th1 responses towards paternal antigens in the 
allergic compared with non-allergic women. Additionally, allergy was associated with 
a reduced capacity to induce anti-inflammatory IL-10 responses towards paternal 
antigens. 
In 25 infertile women undergoing IVF, the peak levels of the majority of paternal 
antigen-induced cytokines and leukocyte populations investigated coincided with the 
maximal levels of gonadotropins administered during IVF treatment, suggesting that 
controlled ovarian hyperstimulation has a general stimulatory effect on the immune 
system and that it may be regarded as an inflammatory state. During the treatment, no 
differences were found regarding cytokine responses to paternal antigens in peripheral 
blood or the numbers or proportions of circulating leukocyte populations between 
women with a successful or unsuccessful outcome of IVF. We did see higher numbers 
of Th2-associated cytokine secreting cells and a lower proportion of lymphocytes in 
the pregnant compared with the non-pregnant women four weeks after embryo 

 



 

transfer, however, in line with previous findings of immune modulation during 
pregnancy. 

In conclusion, normal pregnancy seems to be characterized by a less aggressive type 
of immune responses, possibly more pronounced in allergic women. This may be of 
importance for the in utero influences on childhood allergy development. An 
unsuccessful outcome of IVF does not appear to be associated with a more aggressive 
type of immune responses towards paternal antigens or aberrations in circulating 
leukocyte populations, although this should be confirmed in a larger study. The results 
in this thesis also indicate that the hormonal therapy during IVF treatment has a 
stimulatory effect on the immune system, generating an inflammatory state. 
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INTRODUCTION 
 

Basic immunology 
Immunology is the study of the body´s defense against infection. To protect the 
individual, the immune system must first detect the presence of an infection. This 
immunological recognition is carried out by innate immune cells, which provide an 
immediate response. Secondly, the infection must be restrained and possibly 
eliminated. The lymphocytes of the adaptive immune system have effector functions 
such as antibody and cytokine production and direct killing of cells infected with 
intracellular pathogens. The ability of the immune system to self-regulate is very 
important, as the failure to do so would damage the body and contribute to 
autoimmune disease and allergy. The adaptive immune system can also create 
immunological memory, which implies an immediate and strong protective response 
against previously encountered pathogens.  

Overview of the innate and adaptive immune system 
If a microorganism breaches an epithelial barrier, it will immediately be recognized by 
the first line of defense. This includes cells of the innate immune system, such as 
natural killer (NK) cells, granulocytes, dendritic cells, monocytes and macrophages 
(Abbas et al. 2012). The innate immune cells have various receptors that recognize 
molecular structures characteristic of microbes but not mammalian cells, and also 
endogenous molecules produced by or released from damaged or dying cells. In 
general, binding of a ligand to its receptor results in the production of pro-
inflammatory mediators, such as cytokines, chemokines, type I interferons and 
adhesion molecules, which generate an inflammatory response. Furthermore, soluble 
recognition and effector molecules, such as natural antibodies and the complement 
system, can bind to microbes. They act like opsonins and enhance the ability of 
macrophages, neutrophils and dendritic cells to phagocytose the microbes.  

Adaptive immune responses are initiated when antigen or antigen-presenting cells 
reach the secondary lymphoid organs. But the activation of lymphocytes requires two 
signals. The first is antigen, and the second is molecules being produced during the 
innate immune response. The second signal include co-stimulators (for T cells), 
cytokines (for both T and B cells), and complement components (for B cells) (Abbas 
et al. 2012). Once activated, a lymphocyte with the appropriate receptor specificity 
first proliferates. When a sufficient number of identical lymphocytes has been 
generated, these cells differentiate into effector cells. Some effector T cells migrate to 
sites of infection; others stay in the lymphoid tissues to activate B cells. Some effector 
B cells (plasma cells) stay in the lymphoid tissues, but most of them migrate to the 
bone marrow, where they then release large amounts of antibodies into the blood.  
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Antigen presenting cells 
Antigen presenting cells (APCs) include dendritic cells, macrophages and B cells. 
They express both major histocompatibility complex (MHC) class I and MHC class II 
molecules and have two major functions (Abbas et al. 2012). Firstly, they capture and 
process antigens, which then are presented to T cells. Secondly, they provide the 
signals required for the proliferation and differentiation of T cells. The antigen 
peptides form complexes with the MHC molecules, and these complexes then engage 
receptors on T cells. Extracellular antigens are presented in association with MHC II 
molecules and stimulate CD4+ T cells, T helper (Th) cells. Intracellular antigens, such 
as viruses, are usually presented in association with MHC I molecules and stimulate 
CD8+ T cells, cytotoxic T cells. Because viruses can infect any nucleated cell, MHC I 
molecules are expressed on all nucleated cells so that the ligands that CD8+ T cells 
recognize can be displayed.  

Leukocyte populations 

Monocytes, macrophages and dendritic cells  

Monocytes originate from a precursor in the bone marrow and enter the peripheral 
blood incompletely differentiated. Once they migrate to tissues, they mature and 
become macrophages (Murphy et al. 2012). Together, monocytes and macrophages 
are one of the three types of phagocytes. The others are the granulocytes and the 
dendritic cells. 

Macrophages have many important functions in both innate and adaptive immunity. 
One is to engulf and kill invading microorganisms. They also promote inflammation 
and activate and recruit other immune cells.  

To stimulate the phagocytosis and intracellular killing of microbes, macrophages 
constitutively express various receptors, for example Toll-like receptors (TLRs), 
complement receptors, C-type lectin-like receptors, scavenger receptors and Fc 
receptors (Abbas et al. 2012). The binding of pathogens and their components induces 
phagocytosis of the bound material. As for complement receptors, they bind 
pathogens opsonized with complement components. Also, many extracellular 
microbes activate the alternative complement pathway, which enhances the production 
of antibodies by B cells. The antibodies then opsonize the bacteria and promote their 
phagocytosis.  

One effect of the interaction between pathogens and macrophages is the activation of 
macrophages and the subsequent release of cytokines and chemokines (Murphy et al. 
2012). The cytokines cause dilation of local small blood vessels and changes in the 
endothelial cells of their walls. Neutrophils and monocytes can then, guided by 
chemokines, move out of the blood vessels and into the infected tissue. Other 
cytokines stimulate the antigen-presenting dendritic cells to migrate into the lymphatic 
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system, where they can encounter naïve CD4+ T cells and induce their differentiation 
into effector cells. In this way, the adaptive immune response is set in motion.  

Dendritic cells form the third class of phagocytic cells and are constitutively present in 
epithelia and most tissues. Because they express more different types of TLRs and the 
pattern recognition NOD-like receptors (NLRs) than any other cell type, they are very 
versatile detectors of pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) (Abbas et al. 2012). Like macrophages, they 
degrade the pathogens they take up, but mainly not for clearance. Instead, they 
transport the microbial antigens to the lymph nodes and present them to T cells. This 
function is depending on the innate response of dendritic cells to PAMPs. TLR 
signaling induces dendritic cell expression of costimulatory molecules and cytokines 
that are essential for the activation of naïve T cells and their differentiation into 
effector T cells. Thus, dendritic cells function as a link between the innate and the 
adaptive immune response. 

Granulocytes 
There are four types of granulocytes: neutrophils, mast cells, eosinophils and 
basophils. They all have cytoplasmic granules filled with various inflammatory and 
antimicrobial mediators, which are released when the cells are activated. The 
neutrophils are the most abundant type of granulocyte. They take up a wide variety of 
microorganisms by phagocytosis and destroy them in their intracellular vesicles.  

Eosinophils have two types of effector function. Upon activation, they can kill 
microorganisms and parasites by releasing highly toxic mediators and free radicals, 
but this may in addition cause tissue damage in allergic reactions (Murphy et al. 
2012). They also induce the synthesis of mediators such as prostaglandins, 
leukotrienes and cytokines, which activate epithelial cells and recruit and activate 
more eosinophils and leukocytes and thereby amplify the inflammatory response. 
These mediators may also contribute to the pathology of allergic disease.  

Basophils seem to have a similar role in the defense against pathogens as the 
eosinophils. They express the high-affinity receptor Fcɛ RI, which bind 
immunoglobulin (Ig) E (Murphy et al. 2012). Upon activation, histamine is released 
from their granules and cytokines are also produced. Basophils recruited to tissues 
where antigen is present may therefore contribute to immediate hypersensitivity 
reactions. 

Under normal circumstances, mast cells are not found in the circulation. Two major 
subsets of mast cells have been identified. The mucosal mast cells are found in the 
intestinal mucosa and alveolar spaces in the lung (Abbas et al. 2012). Connective 
tissue mast cells are found in the skin and the intestinal submucosa. The two subsets 
differ in some of their properties, but both can be involved in allergic reactions. 

~ 11 ~ 
 



Introduction 

 
Fcɛ RI is a receptor with extremely high affinity for IgE. It binds monomeric IgE even 
at low plasma concentrations and is constitutively expressed in high levels on the 
surface of mast cells (Abbas et al. 2012). Only a low level of antigen is required to 
trigger activation and degranulation, which results in the release of inflammatory 
mediators like histamine and proteases. Histamine causes an immediate increase in 
local blood flow and vessel permeability and has immunomodulatory activity. The 
proteases activate matrix metalloproteinases, which cause tissue breakdown and 
damage.  

Mast cells also produce products that contribute to both acute and chronic 
inflammatory responses, e.g. chemokines, cytokines, prostaglandins and leukotrienes. 
Thus, the activation of mast cells sets in motion an inflammatory cascade. This is an 
important defense in the case of parasite infection, but may have serious consequences 
in an allergic reaction. 

NK cells 
NK cells constitute 5-15% of the mononuclear cells in peripheral blood and are 
important mainly against intracellular viruses and bacteria. Most NK cells express 
inhibitory receptors that recognize class I MHC molecules, normally expressed on 
healthy cells in the body. The presence of MHC class I is interpreted by NK cells as 
markers of normal, healthy self. However, many viruses and other causes of cell stress 
cause a loss of or a change in MHC class I expression. NK cell activation is regulated 
by a balance between signals generated from activating and inhibitory receptors 
(Murphy et al. 2012). There are two large families of NK cell receptors: the killer cell 
immunoglobulin-like receptors (KIRs) and the killer lectin-like receptors (KLRs). 
Both families have activating as well as inhibitory members and bind a variety of class 
I MHC molecules. However, one of the KLR members - NKG2D - seems to have a 
specialized role in activating NK cells. The ligands for NKG2D are a family of 
proteins produced in response to cellular stress and are upregulated on cells infected 
with intracellular bacteria or virus, as well as on tumor cells. Another important 
activating receptor is CD16 (FcγRIIIa), which is a low-affinity receptor for IgG 
antibodies. During an infection, the adaptive immune system produces IgG antibodies, 
which bind to microbes and their antigens on infected cells. CD16 then binds to the 
antibodies and an activating signal is generated, leading to NK cell killing of microbes 
or infected cells. 

One of the effector functions of NK cells is to kill infected cells. An activated NK cell 
will release granule proteins, such as perforin (Abbas et al. 2012). Perforin will then 
facilitate the entry of other granule proteins (granzymes) into the cytoplasm of target 
cells. The granzymes will initiate a cascade of events, which ultimately leads to target 
cell apoptosis. NK cells also produce interferon (IFN) -γ, which activates macro-
phages and increases their capacity to destroy phagocytosed microbes. This IFN-γ-
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dependent NK cell-macrophage reaction can control an intracellular bacterial infection 
for days or weeks, giving T-cell immunity time to develop.  

NK cells can be divided into different populations based on the expression of surface 
markers CD16 and CD56. The two major subsets are CD56brightCD16dim/- and 
CD56dimCD16+ (Poli et al. 2009). The CD56bright cells constitute the minority of NK 
cells in peripheral blood, but the majority in secondary lymphoid tissue. The KIRs are 
absent on CD56bright cells, but are found on CD56dim cells. The two subpopulations of 
NK cells have completely different chemokine receptors and adhesion molecules, 
which results in different migratory properties. CD56bright cells migrate to secondary 
lymphoid organs, while CD56dim cells migrate to acute inflammatory sites. There are 
also differences in effector functions between these two subsets. The cytotoxic activity 
of CD56dim cells is higher than that of CD56bright cells, while the CD56bright cells are the 
most efficient cytokine producers. The major cytokines produced are IFN-γ, tumor 
necrosis factor (TNF), granulocyte macrophage colony-stimulating factor (GM-CSF), 
interleukin (IL) -10 and IL-13.  

B cells 
B cells are lymphocytes that produce antibodies of a vast range of antigen specificity. 
Membrane-bound antibodies on the B cell surface function as the cell´s receptors for 
the antigen, and antibodies with the same specificity are secreted by the fully 
differentiated B cells (plasma cells) (Abbas et al. 2012).  

Naïve B cells are activated when they are exposed to their antigen for the first time, 
after which they differentiate into antibody-secreting plasma cells and memory B 
cells. Subsequent exposure to the same antigen will activate memory B cells and 
trigger a larger and more rapid antibody response.  

Antibodies are composed of two distinct regions (figure 1). The constant region has 
only five major forms, known as the antibody classes or isoforms (Murphy et al. 
2012). The variable region can contain an enormous variety of different amino acid 
sequences. It is the variable region that allows antibodies to bind specifically to an 
equally enormous variety of antigens. Since each antibody has two identical variable 
regions, each antibody has two identical antigen-binding sites. IgA is a dimer at 
mucosal sites and therefore has four binding sites, and IgM, being a pentamer, has ten. 
It is the constant region that interacts with the cells of the immune system, and the 
effector function of the constant region depends on the type of interaction and the type 
of immune cell.   
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Figure 1. The principal structure of an antibody, consisting of four protein chains linked by 
disulphide bonds. The two heavy chains constitute the constant region and the variable 
regions are composed of one heavy and one light chain.  

 

 

Antibodies can bind to pathogens and in that way block their access to cells. This is 
called neutralization and is important in bacterial and virus infections. Opsonization 
occurs when antibodies recognize and bind to the outer coat of microbes. Phagocytic 
cells have receptors for the antibodies’ constant regions and become activated upon 
binding, leading to phagocytosis. NK cells can recognize and destroy antibody-coated 
microbes by antibody-dependent cell-mediated cytotoxicity (ADCC). In this case, the 
low-affinity receptor FCγRIII (CD16) binds to the antibodies and an activating signal 
leads to NK cell killing of microbes.  

T cells 
T cells can be divided into distinct subsets based on their phenotype, i.e. the 
expression of surface receptors (Abbas et al. 2012). Two specific lineages of T cells 
are produced early in the development of T cells: α:β and γ:δ, which have different 
types of T cell receptor chains. Later, the α:β T cells develop into two different 
functional subsets: CD4+ T cells and CD8+ T cells.  

CD8+ (cytotoxic) T cells are important in the defense against intracellular pathogens, 
especially viruses. They recognize viral peptides displayed on MHC I molecules on 
the surface of virus-infected cells, but do also need co-stimulation to become activated 
effector cells. The co-stimulatory help is usually provided by CD4+ T effector cells. 

CD4+ T cells differentiate into several subsets of effector T cells, mainly Th1, Th2, 
Th17 and regulatory T (Treg) cells (Murphy et al. 2012). A recently discovered subset 
of CD4+ T cells is the T follicular helper cell (Tfh) – a cell specialized in providing 
help to B cells in the lymphoid follicles. CD4+ T cells recruit neutrophils, monocytes, 
and eosinophils by producing chemokines and they also activate other leukocytes. The 
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cytokines they produce activate macrophages, which then produce other cytokines that 
act on the CD4+ T cells and increase their responses. They are also involved in the 
downregulation of the response, through anti-inflammatory cytokines and receptors 
that turn off T cell activation. Th17 cells secrete the pro-inflammatory cytokine IL-17 
and are important in the induction of inflammation (Milner 2011). Regulatory T cells 
induce tolerance by several mechanisms (Peterson 2012), including IL-10 production.  

T helper cells 
According to the Th1/Th2 paradigm, Th cells can be divided into two different groups 
depending on which cytokines they secrete (figure 2). Th1 cells secrete IFN-γ and 
lymphotoxin (LT), while the Th2 subset is the source of IL-4, IL-5, IL-9, IL-13, IL-
24, IL-25 and IL-31. Both subsets produce GM-CSF, TNF, IL-2 and IL-3 (Commins 
et al. 2010).  

 

 

 

Figure 2 shows a simplified view of the cytokines necessary for T helper cell differentiation 
and the cytokines secreted by the different T helper cell subsets. 

 

 

In general, Th1 cells have macrophage-activating functions and are therefore 
important in intracellular infections. They also provide cytokine-mediated help to 
cytotoxic T cells. Th2 cells are important for the IgE production in response to 
parasites and in allergic responses.   
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The Th1/Th2 paradigm has now been expanded to included Th17 cells. Th17 cells 
have been found to promote production of IgM, IgG and IgA, but not IgE, suggesting 
that like Th1 and Th2 cells, Th17 cells modulate B cell function (Crome et al. 2010). 
Th17 cells have been associated with autoimmune disorders, but it is unclear whether 
Th17 cells contributes to these pathologies by modifying B cell function directly or by 
modifying other immune cells such as granulocytes. Th17 cells also enhance the 
protection against extracellular pathogens that are not efficiently cleared by Th1 and 
Th2 responses (reviewed in (Saito et al. 2011)). When pathogens invade the mucosa, 
Th17 cells appear very quickly, bridging the gap between innate and adaptive 
immunity. They (and other cell types) secrete IL-17, which induces the production of 
neutrophil-attracting chemokines and antimicrobial proteins.  

Cytotoxic T cells 
Naïve CD8+ T cells require more co-stimulation to become activate effector cells than 
do naïve CD4+ T cells. The simplest way of activation is by dendritic cells, but 
additional help is usually needed. Th cells that recognize the antigens presented by the 
APC can activate the APC, which then increases the expression of co-stimulatory 
molecules. This will amplify the activation of naïve CD8+ T cells. IL-2 produced by 
the Th cell acts like a growth factor to promote CD8+ T cell differentiation. 
Proinflammatory cytokines, such as IL-12, also play a key role in the differentiation of 
CD8+ effector T cells (Zhang and Bevan 2011).  

Upon antigen recognition in the context of MHC I molecules, cytotoxic T cells can 
exert their cytotoxicity by two mechanisms: perforin and Fas ligand (Alam and 
Gorska 2003). Perforin is a membrane pore-forming molecule, which allows the 
release of granular enzymes into the target cell. The binding of Fas ligand to its 
receptor induces apoptosis.  

Cytotoxic T cells also have a regulatory role in preventing excessive tissue damage. 
Fully differentiated cytotoxic T cells produce large amounts of IL-10 at the local 
infection site, but during the later phase IL-10-producing cytotoxic T cells disappear 
(Zhang and Bevan 2011). 

Regulatory T cells 
There are different types of regulatory T cells. Natural Tregs arise in the thymus early 
in the fetal development and can suppress many different cell types, e.g. CD4+ T cells, 
CD8+ T cells, dendritic cells, NK cells and macrophages (Peterson 2012). The 
expression of the transcription factor forkhead box p3 (Foxp3) is necessary for 
thymocytes to commit to the Treg lineage, and IL-2 is crucial for the development and 
function of natural Tregs. Adaptive or induced Tregs are induced in the periphery 
from naïve T cells.  
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Treg cells are important in the induction of tolerance by inhibiting proliferation and 
cytokine secretion in Th cells and cytotoxic T cells, antibody production by B cells 
and cytotoxicity in natural killer (NK) cells (Sakaguchi 2005). There are three modes 
of action for Tregs to accomplish this: 1) soluble factors, 2) cell-to-cell contact and 3) 
competition for growth factors.  

Soluble factors include IL-10 and transforming growth factor beta (TGF-β), with 
suppressive effects (Joetham et al. 2007), and granzyme A/B and perforin, with 
apoptotic effects on effector T cells (Grossman et al. 2004). The binding of cytotoxic 
T-lymphocyte antigen 4 (CTLA4) to CD80/86 on dendritic cells is one example of 
cell-to-cell contact, which causes decreased co-stimulation and decreased antigen 
presentation by dendritic cells (Vignali et al. 2008). Treg cells can also condition 
dendritic cells to express indoleamine 2,3-dioxygenase (IDO), a molecule that induces 
the production of pro-apoptotic metabolites, which results in the suppression of 
effector T cells. It has been hypothesized and debated whether Treg cells can induce 
cytokine-deprivation-mediated apoptosis. The high expression level of CD25 may 
enable Treg cells to consume local IL-2 and therefore starve actively dividing effector 
T cells (Vignali et al. 2008).  

Pregnancy 
Establishment of pregnancy 
The implantation of the blastocyst and early placentation is crucial for successful 
pregnancy. Implantation occurs six to nine days after fertilization. When the 
blastocyst attaches to the uterine lining, the outer layer (trophectoderm) of the 
blastocyst differentiates into two layers of cells: the outer syncytiotrophoblasts and the 
inner cytotrophoblasts. Cytotrophoblasts can be further divided into extravillous and 
villous cytotrophoblasts. The syncytiotrophoblast penetrates into the uterine stroma, 
causing erosion of maternal capillaries and the filling of spaces with maternal blood 
(James et al. 2012).  

The cytotrophoblasts then form finger-like structures (chorionic villi) that penetrate 
deep into the uterine stroma. Villous cytotrophoblasts cover the chorionic villi and 
provide a barrier through which metabolic exchange between mother and fetus can 
occur. At the same time, groups of extravillous cytotrophoblast cells surround the 
spiral arteries, which destroy the artery walls and make the endothelial cells swell. A 
second type of extravillous cytotrophoblasts (endovascular trophoblasts) invade these 
altered arteries and replace the vascular endothelial lining (Trundley and Moffett 
2004).  

The development of the maternal blood supply to the placenta is complete by the end 
of the first trimester of pregnancy (approximately 12–13 weeks), but the placenta 
continues to grow throughout the pregnancy.  
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Maintenance of pregnancy 
In a non-pregnant woman, menstruation usually occurs about 14 days after ovulation. 
If an ovum has implanted, this is prevented by the secretion of human chorionic 
gonadotropin (hCG) by the embryonic tissues. hCG induces the corpus luteum in the 
mother´s ovary to continue the secretion of estrogens and progesterone, which in turn 
causes the endometrium to store large amounts of nutrients and not be shed (Guyton 
and Hall 2000). This is necessary for the early development of the fetus, as the 
placenta itself is secreting insufficient amounts of estrogens and progesterone in early 
pregnancy.  

During normal pregnancy, the uterine blood flow increases by as much as 50-fold to 
provide the developing placenta and fetus with a sufficient nutrient and oxygen supply 
(Pastore et al. 2012). These effects are mediated by estrogen in the uterine vascular 
system and include maintenance of vasodilation, promotion of angiogenesis and blood 
vessel remodeling (Pastore et al. 2012).  

Progesterone exerts important functions during pregnancy, such as inhibition of 
smooth muscle contractility; decrease in prostaglandin production, which helps 
maintain myometrial quiescence and prevents the onset of uterine contractions; and 
inhibition of unfavorable immune responses.  

Immunological aspects of pregnancy 
During pregnancy, the fetus expresses both maternal and paternal antigens. To the 
mother, the paternal antigens are foreign, providing her immune system with an 
interesting challenge. It must tolerate the fetus to support the pregnancy, but it must 
also protect the mother from infection.  

MHC class II molecules present antigen peptides from extracellular pathogens to 
CD4+ Th cells. The classical MHC class I molecules human leukocyte antigen (HLA) 
-A, -B and –C present intracellular antigen peptides to CD8+ cytotoxic T cells (Abbas 
et al. 2012). HLA molecules are very important in rejection reactions, and transplants 
of most tissues between any pair of individuals, except identical twins, will be rejected 
because HLA molecules are expressed on virtually all tissues and have the role of 
antigens. The recipient's HLA molecules can present allogeneic graft HLA proteins to 
recipient T cells, or an intact HLA molecule is displayed by donor antigen-presenting 
cells in the graft and recognized by recipient T cells. 

During implantation, extravillous trophoblast cells invade the uterine spiral arteries 
and thereby interact with the maternal immune system. However, the extravillous 
trophoblasts express a unique subset of MHC class I products: HLA-C, HLA-E, HLA-
F and HLA-G, but not the classical HLA-A or HLA-B; or MHC class II molecules 
(Mor 2006). The classical HLA-A, -B and –C are highly polymorphic, whereas the 
non-classical HLA-E, -F and –G show decreased polymorphism. The lack of MHC 
class II molecules protects the fetus from the presentation of fetal antigens to maternal 

~ 18 ~ 
 



Introduction 

 
Th cells, and the presence of MHC class I molecules ensures the recognition of self by 
local NK cells. HLA-C molecules have a relatively short half-life at the cell surface, 
which may make them less efficient in antigen presentation. They also prevent killing 
by NK cells by binding to KIR inhibitory molecules, and a higher percentage of 
uterine NK cells than peripheral blood NK cells express HLA-C-specific KIRs, 
suggesting a skewing of NK cell specificity towards HLA-C in the uterus (Mor 2006). 
HLA-E is able to inhibit cytolysis carried out by NK cells through the inhibitory 
CD94/NKG2A receptor (Dahl and Hviid 2012), and NK cell cytokine secretion is 
induced by soluble HLA-G. Following binding to the receptor KIR2DL4, genes with a 
proinflammatory and proangiogenic profile are upregulated (De Carolis et al. 2010). 
Data on HLA-F are contradictory, but some researchers hypothesize that HLA-F 
serves as a marker of maternal activated lymphocytes, interacting with Tregs to make 
them secrete inhibitory cytokines and generate tolerance (Lee et al. 2010) 

Macrophages are recruited to the decidua, where they adopt an alternatively-activated 
phenotype. It is likely that they have immunoregulatory functions as they express 
indolamine-2,3-dioxygenase (IDO), which metabolizes the amino acid tryptophan 
needed for T cell activation, and display decreased amounts of the T cell co-
stimulatory molecules CD80 and CD86 (Dahl and Hviid 2012). They are also capable 
of interacting with trophoblast cells through a variety of receptor-ligand pairs. For 
example, decidual macrophages express chemokine receptors, receptors for hCG and 
estrogen, receptors for complement components, immunoglobulins, cytokines, growth 
factors and adhesion molecules (Renaud and Graham 2008). Peripheral blood macro-
phages exposed to lipopolysaccharide (LPS) can significantly reduce extravillous 
trophoblast invasiveness in vitro (Renaud et al. 2005). In vitro polarized macrophages 
driven by M-CSF and IL-10 resemble decidual macrophages phenotypically and have 
also been shown to produce IL-10, IL-6, TNF and CCL4, whereas the pro-
inflammatory, LPS/IFN-γ–stimulated macrophages produced significantly higher 
levels of TNF and no IL-10 (Svensson et al. 2011). Altogether, decidual macrophages 
are likely to play important roles in pregnancy, and aberrant behavior of these 
macrophages could result in various pregnancy disorders. 

Although the trophoblast does not present alloantigens, it does shed buds, cellular 
debris, microparticles and exosomes into the maternal circulation. These particles are 
cleared by maternal phagocytes and the antigen peptides can then be presented and 
recognized. Furthermore, fetal cells can be found in blood samples taken from most 
pregnant women and they are also located in extra-embryonic tissues (Munoz-Suano 
et al. 2011). Thus, the maternal immune system has the opportunity to recognize fetal 
alloantigens. The fact that the fetus is not attacked and rejected implies that there must 
be mechanisms of tolerance.  

Exosomes produced by the syncytiotrophoblast carry molecules, e.g. FasL, in an 
active form that has the capacity to induce apoptosis in activated immune cells 
(Mincheva-Nilsson and Baranov 2012). They also carry NKG2D ligands, which 
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makes them able to down-regulate the major activating NK cell receptor NKG2D on 
cytotoxic T cells and NK cells. Thus, placental exosomes are clearly involved in the 
maternal tolerance towards the fetus.   

Pregnancy has long been considered to cause a redirection of the maternal immune 
responses towards a less aggressive type (Wegmann et al. 1993, Raghupathy et al. 
2000). A substantial number of studies indicate that a deviation towards Th2 is 
beneficial for pregnancy and that Th1 responses may be detrimental (Makhseed et al. 
2000, Raghupathy et al. 2000, Makhseed et al. 2001, Kwak-Kim et al. 2003, Kalu et 
al. 2008, Hudic and Fatusic 2009). Also, high levels of the anti-inflammatory cytokine 
IL-10 have been associated with improved pregnancy outcomes (Wu et al. 2001, 
Ginsburg et al. 2005), while low levels of IL-10 and high levels of the pro-
inflammatory cytokines IL-6, TNF and IFN-γ were associated with symptoms of 
threatened spontaneous abortion (Hudic and Fatusic 2009). A Th17-like immunity has 
also been associated with recurrent miscarriage (Wang et al. 2010a, Wang et al. 
2010b).  

Regulatory T cells are extensively studied by many groups, and are thought to play an 
important role in maternal-fetal tolerance. The mechanism by which Tregs exert their 
suppressive function during pregnancy has not been made clear, but is likely to be 
mediated by manipulation of dendritic cells and Th cells (Sasaki et al. 2004, Vignali et 
al. 2008). There seems to be an enrichment of Tregs at the maternal-fetal interface in 
normal pregnancy (Sasaki et al. 2004, Tilburgs et al. 2006, Tilburgs et al. 2008, 
Mjösberg et al. 2010), and several studies have observed an increase in Tregs in 
peripheral blood during normal pregnancy (Sasaki et al. 2004, Somerset et al. 2004, 
Zhao et al. 2007). In a recent study on mice, pregnancy was found to selectively 
stimulate the accumulation of maternal fetus-specific Foxp3+ CD4+ cells. After 
delivery, these fetus-specific Treg cells persisted at elevated levels, maintained 
tolerance to pre-existing fetal antigen and rapidly re-accumulated during subsequent 
pregnancy (Rowe et al. 2012). Conversely, other studies have found a reduced 
percentage of Tregs in the peripheral blood during human pregnancy compared with 
non-pregnant controls, although fetus-specific cells were not then analyzed (Tilburgs 
et al. 2008, Mjösberg et al. 2009). 

Allergy 
The adaptive immune system is very important for the defense against infection, but 
sometimes immunologically mediated hypersensitivity responses are generated 
towards harmless environmental antigens such as pollen and food. These responses 
are generally known as allergic reactions. 
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Overview 
Atopy is an individual predisposition to develop IgE-mediated allergic responses 
against environmental allergens. In atopic individuals, the levels of circulating IgE 
may reach over 10 times the levels in non-atopic individuals (Gould et al. 2003). The 
most common allergic responses are hay fever, asthma, eczema and reactions to food 
and are caused by mast cell activation in the nose, lung, skin and gut, respectively. In 
systemic anaphylaxis, basophils are the IgE effector cells. 

The allergic reaction is initiated when professional antigen-presenting cells display 
selected peptides on MHC II molecules to naïve Th cells, directing them towards a 
Th2 phenotype (Holgate 2012). The T cells then upregulate the expression of genes 
encoding cytokines with various effects: class-switching of B cells to IgE synthesis 
(IL-4 and IL-13); recruitment of mast cells (IL-4, IL-9 and IL-13); and maturation of 
eosinophils (IL-3, IL-5 and GM-CSF) and basophils (IL-3 and IL-4).  

If an individual has been sensitized to an allergen, that allergen will crosslink IgE 
antibodies bound to Fcɛ RI receptors on the next encounter, and this will stimulate the 
release of mediators such as histamine, prostaglandins, leukotrienes, proteases, 
chemokines and cytokines that cause the early allergic response (within 1-30 minutes) 
(Galli and Tsai 2012). The subsequent release of cytokines and chemokines that 
recruits macrophages, eosinophils and basophils constitutes the late response (within 
6-72 hours). In mucosal and skin allergy, the epithelium plays an important role as the 
source of cytokines and chemokines that promote Th2 cell function.  

Allergic disease is considered to be associated with a Th2-polarized immunity (Del 
Prete et al. 1993, Holgate 2012). Allergic patients have a predisposition to produce 
high levels of Th2 cytokines, such as IL-4, IL-5 and IL-13, in response to 
environmental allergens (Parronchi et al. 1992, Jenmalm et al. 2001, Machura et al. 
2010). They also have an enhanced ability to produce IL-4, not only in response to 
allergens but also to other antigens (Parronchi et al. 1992), and also produce less IFN-
γ (Shimojo et al. 1996).  

Allergy and pregnancy 
Since both allergy and pregnancy are associated with a Th2 deviation, the notion that 
allergy may be beneficial for a successful pregnancy outcome has emerged. Quite a 
few studies have been conducted to address this hypothesis. For example, mothers 
with allergic disease (e.g. hay fever, allergic rhinitis, asthma or dermatitis) have been 
found to have more children than non-allergic mothers (Nilsson et al. 1997). 
Furthermore, mothers of full-term normal-weight infants have more allergic rhinitis 
than mothers of premature very low birth weight infants (Savilahti et al. 2004) and 
women with eczema or hay fever have a possibly increased fertility rate (Tata et al. 
2007). The Th2 deviation in pregnancy has also been shown to be intensified in 
allergic pregnant women (Breckler et al. 2009, Sandberg et al. 2009b). Cytokine 
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responses to paternal antigens have not been studied during pregnancy in relation to 
maternal allergy, however. Paternal PBMCs can be used as a proxy for fetal antigens, 
and provides an opportunity to observe fetus-specific immune responses in the 
pregnant woman.  

Considering the fact that Th1/Th2 differentiation is directed by the cytokine milieu, 
the in utero environment may have an important influence on the immune responses 
in the offspring (Jenmalm 2011). Several studies suggest that the more pronounced 
Th2 deviation in allergic pregnant women has an impact on neonatal Th1/Th2 
responses (Liu et al. 2003, Sadeghnejad et al. 2004, Sandberg et al. 2009a, Lim et al. 
2010). The detection of allergen-specific IgE (Nambu et al. 2003) and allergen-
specific T-cell memory (Prescott et al. 1999, Hagendorens et al. 2004) in cord blood 
suggests that sensitization can occur transplacentally in utero. The fetal immune 
system can also produce IgE antibodies from week 11 of gestation (Jones et al. 2000). 
Thus, once allergens are transferred to the fetus, they may induce allergic sensitization 
under the influence of the maternal immune system. 

Infertility 
Infertility is defined as the failure to conceive after twelve months of regular 
unprotected sexual intercourse. Between 8 and 12% of couples around the world are 
affected by infertility, but the prevalence varies widely both between and within 
countries. Infertility may have many effects. Typical reactions include depression, 
anger and frustration. The relationship with the partner may suffer, but also 
relationships with friends and other family members.  

Etiology 
Human reproduction is a complex process. For pregnancy to occur, every part of this 
process must take place – from ovulation to fertilization to implantation to 
maintenance of pregnancy. There are a number of factors that can disrupt the process 
at any stage, e.g.: 

• Ovulation disorders, such as abnormal follicle stimulating hormone (FSH) and 
luteinizing hormone (LH) secretion; polycystic ovary syndrome; deficient 
production of progesterone; and premature ovarian failure. 

• Tubal infertility, i.e. damage or blockage to the fallopian tubes. 
• Endometriosis 
• Cervical narrowing or blockage 
• Benign polyps or tumors or scarring in the uterus 
• Low quantity and / or poor quality semen 
• Ejaculatory duct obstruction 
• Unexplained infertility 

~ 22 ~ 
 



Introduction 

 
In vitro fertilization 
In 1977, an infertile woman underwent a procedure developed by Patrick Steptoe and 
Robert Edwards. And in 1978, the first test tube baby was born. The procedure was in 
vitro fertilization (IVF), for which Edwards was awarded the 2010 Nobel Prize in 
medicine. Since then, approximately five million babies have been born as a result of 
assisted reproductive technologies (Bauquis 2012). The technology has improved 
greatly over the years, but the success rate is still only about 32%.  

Briefly, the IVF procedure starts with the administration of a gonadotropin-releasing 
hormone (GnRH) antagonist (or agonist) to suppress the secretion of FSH and LH 
from the pituitary gland. FSH and LH normally cause ovulation. This down-regulation 
lasts for 10-15 days. After ovarian suppression has been achieved, ovarian stimulation 
is then carried out using recombinant FSH for approximately 10-12 days in 
combination with a lower dose of GnRH. When a minimum of two follicles has 
reached at least 18 mm in diameter, human chorionic gonadotropin (hCG) is 
administered. The purpose of hCG administration is to induce the final stages of 
oocyte maturation and the release of the eggs from the ovary. 36 hours after hCG 
administration, ovum pick-up (OPU) is performed by transvaginal ultrasound-guided 
puncture. Progesterone is given vaginally for 20 days, starting on the day of OPU. 
Embryo transfer (ET) is then performed two or three days after OPU.  

Immunological aspects of infertility 

Several observations support the concept of a role of the immune system in the 
etiology of unexplained infertility and in successful implantation (Ng et al. 2002, 
Inagaki et al. 2003, Ledee-Bataille et al. 2004a, Boomsma et al. 2009). Increased Th1 
and Th17 responses have been observed previously in women with reproductive 
failure (Kwak-Kim et al. 2003, Kalu et al. 2008, Hudic and Fatusic 2009, Wang et al. 
2010b) and Th2 responses have been associated with successful pregnancy (Piccinni 
et al. 1998, Makhseed et al. 2001, Kalu et al. 2008). Factors with a predictive value 
regarding IVF outcome have previously been reported, e.g. IL-18 (Ledee-Bataille et 
al. 2004b), IL-10 and TNF (Boomsma et al. 2009) and IL-1β (Bonetti et al. 2010). 
Cytokine responses to paternal antigens have not been studied in relation to IVF 
outcome previously, however.  Aberrations among circulating T cell populations have 
also been associated with increased risk of pregnancy loss and pregnancy failure 
(Souza et al. 2002, Ernerudh et al. 2011). The numbers or percentages of peripheral 
NK cells have been investigated in relation to implantation failure and pregnancy loss 
as well. Higher levels of peripheral blood NK cells have been found in women with 
recurrent pregnancy loss, infertility or IVF failure as compared with normal fertile 
controls (Ntrivalas et al. 2001, King et al. 2010, Sacks et al. 2012). Conversely, Thum 
et al. found no significant differences between infertile women with a successful or 
unsuccessful IVF outcome regarding the absolute count of lymphocytes, T cells, 
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CD56+ NK cells, CD56dim or CD56bright NK cells. This was also the case for those 
women with ongoing pregnancy and miscarriage (Thum et al. 2005).  

Many researchers have investigated Treg cells in relation to infertility. Reduced Foxp3 
in the endometrium of infertile women suggests that a diminished endometrial Treg 
population may compromise implantation success (Jasper et al. 2006). In the same 
study, there were no differences in the abundance of the Th1 transcription factor T-bet 
or the Th2 transcription factor GATA3. A lower proportion of decidual Tregs has 
been found in samples from spontaneous abortion compared with samples from 
induced abortion (Sasaki et al. 2004), and lower levels  of Treg cells in both decidua 
and peripheral blood have been observed in unexplained recurrent spontaneous 
abortion (URSA) patients compared with normal controls undergoing elective 
abortions (Yang et al. 2008). 

 
In summary – During pregnancy, the mother encounters foreign antigens expressed by 
fetal cells. The fact that the fetus is not normally attacked and rejected implies that 
mechanisms of tolerance must exist. A substantial body of evidence suggests that 
pregnancy causes a redirection of the maternal immune responses towards a less 
aggressive type. Allergic disease has also been associated with that same redirection 
of immune responses, suggesting that this deviation may be more pronounced in 
allergic women during pregnancy and that this may have an impact on the neonatal 
immune responses. The concept of a role of the immune system in the etiology of 
unexplained infertility is also supported by the results of several studies, associating a 
redirection of the immune responses towards a more aggressive type with pregnancy 
loss and pregnancy failure. Cytokine responses to paternal antigens, which can be 
used as a proxy for fetal antigens, have previously not been studied in relation to 
allergy and IVF outcome, however.  In this thesis, we therefore wanted to examine the 
paternal antigen-induced immune responses in allergic and non-allergic pregnant 
women, and in relation to unexplained infertility and IVF treatment. We also wanted 
to address if an unsuccessful outcome of IVF treatment would be associated 
with aberrations in circulating leukocyte populations, including lower proportions of 
regulatory T cells, altered NK cell populations and a higher proportion of activated T 
cells. 
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AIMS AND HYPOTHESES 
 
General aim 
 

The general aim of this thesis was to investigate the immune responses during 
pregnancy in allergic and non-allergic women, and in infertile women undergoing IVF 
treatment. 

 

Specific aims 
 

• In paper I, the aim was to compare the number of IFN-γ- and IL-4-secreting 
PBMCs in allergic and non-allergic women during and after pregnancy, 
spontaneously and in response to paternal antigens.   
 

• In paper II, we aimed to compare the levels of Th1- and Th2-associated 
cytokines (IFN-γ, IL-4 and IL-13) and chemokines (CXCL10 and CCL17), the 
Th17 cytokine IL-17 and the anti-inflammatory cytokine IL-10 in allergic and 
non-allergic women during and after pregnancy, in response to paternal and 
pooled unrelated antigens. An additional aim was to explore the possible role 
of Th17 in Th subset balance in pregnancy. 
 

• In paper III, we aimed to prospectively investigate the paternal antigen-induced 
cytokine secretion by PBMCs in response to hormone therapy in women 
undergoing IVF treatment and to examine the predictive value of the cytokine 
secretion profile on the IVF outcome. The cytokines of interest were IFN-γ, IL-
4, IL-5, IL-10, IL-12, IL-13, IL-17, TNF and GM-CSF. 
 

• In paper IV, the aim was to prospectively investigate circulating leukocyte 
populations in infertile women undergoing IVF treatment and to determine 
whether any differences in cell proportions were associated with the IVF 
outcome. An additional aim was to assess the effect of IVF-based ovarian 
stimulation on leukocyte populations.  
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Hypotheses 
 

• In paper I, we hypothesized that allergic women would have a more 
pronounced Th2-deviation than non-allergic women towards paternal antigens 
during pregnancy. 
 

• In paper II, we again hypothesized that paternal antigen-induced cytokine 
responses during pregnancy would be deviated towards Th2 and an anti-
inflammatory profile, and that this Th2 deviation would be more pronounced in 
allergic than non-allergic women during pregnancy. 
 

• In paper III, we hypothesized that an unsuccessful outcome of IVF treatment 
would be associated with a paternal antigen-specific Th1 and Th17 bias and 
that differences in the cytokine responses would be predictive of the IVF 
outcome.  
 

• In paper IV, we hypothesized that a successful outcome of IVF treatment 
would be associated with higher proportions of regulatory T cells, altered NK 
cell populations and a lower proportion of activated T cells. 
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MATERIAL AND METHODS 
 

Subjects 
All studies were approved by the Regional Ethics Committee at Linköping University. 

Papers I and II 

The 86 pregnant women included in this study were all attending the Antenatal Clinic 
at the University Hospital in Linköping and accepted to participate after informed 
consent.  

The allergic status of the women was established by a typical clinical history and by 
allergy screening using the Phadiatop® system (Pharmacia, Uppsala, Sweden), which 
detects circulating IgE antibodies against common inhalant antigens. Women with 
both clinical symptoms and a positive Phadiatop® test were considered allergic, and 
women with no clinical symptoms and a negative Phadiatop® test were considered 
non-allergic.  

Twenty-seven women later declined to participate in the study, and five women 
miscarried. Fifty-four women had a normal pregnancy, gave birth to a healthy child 
and completed the sampling procedures, and 40 of them fulfilled either of the criteria 
for diagnosis of allergy or absence of allergy (figure 3). Due to missing samples, 
eleven allergic and 23 non-allergic pregnant women were included in paper I, while 
12 allergic and 20 non-allergic pregnant women were included in paper II. 
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Figure 3. Flow chart of the patients included in papers I and II. Among the 54 women who 
had a normal pregnancy and completed the sampling procedures, 13 fulfilled the strict 
criteria for allergy and 27 were strictly non.allergic. Drop-outs = women who chose not to 
participate in the study. Not strictly diagnosed = women with either a positive Phadiatop 
test and no clinical symptoms, or a negative Phadiatop test and typical clinical symptoms. 

 

 

Papers III and IV 
The 25 patients included in this study were all undergoing IVF treatment at the 
Reproductive Medicine Centre, Department of Obstetrics and Gynaecology at the 
University Hospital in Linköping and accepted to participate after informed consent.  

Infertility was defined as the failure to conceive after 12 months of regular un-
protected sexual intercourse. All couples underwent standard investigations aimed at 
evaluating infertility and only couples with no apparent reason for their infertility 
(suffering from unexplained infertility) were included in the study. 
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Collection of samples 
In papers I and II, blood samples were collected from the pregnant women on six 
occasions during pregnancy (gestational weeks 10-12, 15-16, 25, 35, 39 and 41), 8-12 
weeks after delivery (post partum, pp) and 12 months pp. Corresponding paternal 
blood samples were collected on one occasion. 

In paper III, blood samples from the infertile women were obtained on six occasions 
prior to, during, and after IVF treatment (figure 4). Blood samples from the women’s 
partners were collected on the first occasion. In paper IV, blood samples were 
collected on three occasions: prior to IVF treatment, on the day of ET and four weeks 
after ET (figure 4). 

 

 

Figure 4. Timeline shows the collection of samples (a-f) during the stimulatory protocol in 
IVF treatment. 0-11 = number of weeks. 

 

. 

Separation of peripheral blood mononuclear cells (PBMC) 
(papers I-III) 
Heparinized peripheral blood was separated on Lymphoprep (Nycomed Pharma AB, 
Oslo, Norway) according to Bøyum (Boyum 1968) and washed twice with Hank’s 
balanced salt solution (HBSS; Life Technologies, Paisley, Scotland), pH 7.2. PBMCs 
were then resuspended in tissue culture medium (TCM). In papers I and II, PBMCs 
were subsequently frozen in TCM containing 10% dimethyl sulphoxide (DMSO; 
Sigma Chemical Co, St Louis, MO, USA) and 50% fetal calf serum (FCS; Flow 
Laboratories, Irvine, Scotland) at a rate of -1˚C/min to -70˚C, after which the cells 
were stored in liquid nitrogen. For enzyme linked immunospot-forming (ELISpot) 
assay and preparations of mixed leukocyte culture (MLC) supernatants for Luminex in 
paper III, the concentration of mononuclear cells was adjusted to 1 x 106 cells/mL.  
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Preparation of MLC supernatants (papers II and III) 
One-way MLC was performed as previously described (Ekerfelt et al. 1997)  by co-
culturing 0.8 x 106 responder PBMCs (maternal cells) with 0.8 x 106 paraform-
aldehyde (PFA) treated paternal PBMCs or PMBCs from unrelated donors in 1.6 mL 
of complete medium. The cultures were incubated for three or seven days at 37˚C in a 
5% CO2 atmosphere.  

Analysis of cytokine and chemokine production (papers I-III) 
Enzyme-linked immunospot-forming assay (ELISpot) 
ELISpot is a very sensitive technique for detecting low levels of secreted molecules,  
e. g. cytokines, at a single cell level (Czerkinsky et al. 1983). The principle for the 
ELISpot assay is shown in figure 5. 

Nitrocellulose-bottomed 96-well microtiter plates are coated with monoclonal 
antibodies against the cytokine of interest. Cells are incubated in the wells, and 
secreted cytokine molecules are captured by the antibodies. The cells are washed 
away, and a biotin-conjugated secondary antibody against the cytokine is added. 
Biotin binds irreversibly to avidin, a molecule with four binding sites for biotin. 
Enzyme-conjugated avidin is added to the wells, and a color reaction is generated by 
addition of an enzyme substrate. The color reactions can be seen as dark spots on the 
bottom of the well, and theses spots are counted to give the number of cytokine-
secreting cells. 

 

 

Figure 5 shows the principle of enzyme-linked immunospot-forming (ELISpot) assay. 
Capture antibodies are bound to the nitrocellulose bottoms of microtiter plate wells. Cells 
are added to the wells and secrete cytokines, which then bind to the antibodies. A 
biotinylated detection antibody is added, which then forms a complex with enzyme-
conjugated streptavidin. Enzyme substrate is added and a color reaction is generated, which 
can be seen as a dark spot.  

 

Photograph of 
spots 
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ELISpot, paper I 

Frozen PBMCs from all samples taken from one individual during pregnancy and pp 
and paternal PBMCs were thawed on the same occasion and the cell density was 
adjusted to 1 x 106 PBMCs/mL.  

The alloreactivity and cytokine secretion from responder cells, i. e. maternal cells was 
investigated by performing a one-way MLC in nitrocellulose-bottomed 96-well 
microtiter plates (Millipore AB, Sundbyberg, Sweden).  

The plates were incubated overnight at +4˚C with 100µL mouse anti-human IFN-γ 1-
D1K monoclonal antibody (mAb) or mouse anti-human IL-4-I mAb (both from 
MabTech AB, Stockholm, Sweden) in sterile phosphate buffered saline (PBS), pH 
7.4, at a final concentration of 15 µg/mL and subsequently frozen in -20˚C. Before 
use, the plates were thawed by incubation at +37˚C for a maximum of 30 minutes, 
emptied by vacuum suction and washed eight times with 100 µL/well of PBS. Non-
specific binding sites on the nitrocellulose membranes were blocked by incubation 
with 100 µL/well of TCM containing 5% FCS at +37˚C for at least 30 minutes.  

After emptying the plates, 100 µL of responder cell suspension containing 1 x 105 
cells and 100 µL of cell suspension containing the same number of PFA-treated 
stimulator cells expressing paternal antigens, was added to the wells in triplicates for 
detection of responder cell secretion of IFN-γ and IL-4. Spontaneous cytokine 
secretion was determined by mixing responder cells with TCM containing 5% FCS. 
Maternal PBMCs stimulated with phytohaemagglutinin (PHA; Sigma-Aldrich, 
Stockholm, Sweden) were used as a positive control, and negative controls included 
PFA-treated stimulator cells stimulated with PHA and wells containing TCM only. 
The plates were incubated at +37˚C with 5% CO2 for 24 hours, which was previously 
found to be the optimum time of incubation (Ekerfelt et al. 1997).  

ELISpot, paper III 
Fresh PBMCs from the infertile women from one occasion at the time and frozen 
PBMCs from the women’s partners were used in a one-way MLC. The frozen PBMCs 
were thawed as described above. 

Nitrocellulose-bottomed 96-well microtiter plates (Millipore AB) were incubated 
overnight at +4˚C with 100 µL of mouse anti-human IFN-γ 1-D1K mAb, mouse anti-
human IL-4-I mAb, mouse anti-human IL-5 TRFK5 mAb, mouse anti-human IL-12-I 
mAb or mouse anti-human IL-13-I mAb (all antibodies from MabTech AB) in sterile 
PBS, pH 7.4, at a final concentration of 15 µg/mL and subsequently frozen in -20˚C. 
Before use, the plates were thawed by incubation at +37˚C for a maximum of 30 
minutes, emptied by vacuum suction and washed eight times with 100 µL/well of 
PBS. Non-specific binding sites on the nitrocellulose membranes were blocked by 
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incubation with 100 µL/well of TCM containing 5% FCS at +37˚C for at least 30 
minutes.  

After emptying the plates, 100 µL of responder cell suspension containing 1 x 105 
cells and 100 µL of cell suspension containing the same number of PFA-treated 
stimulator cells expressing paternal antigens, was added to the wells in triplicates for 
detection of responder cell secretion of IFN-γ, IL-4 and IL-5. Spontaneous secretion 
of IFN-γ, IL-4, IL-5, IL-12 and IL-13 was determined by mixing responder cells with 
TCM containing 5% FCS. Maternal PBMCs stimulated with PHA (Sigma-Aldrich) 
were used as a positive control, and negative controls included PFA-treated stimulator 
cells stimulated with PHA and wells containing TCM only. The plates were incubated 
at +37˚C with 5% CO2 for 24 hours, which was previously found to be the optimum 
time of incubation (Ekerfelt et al. 1997). 

Enzyme-linked immunosorbent assay (ELISA) 
The ELISA technique was originally developed for quantification of IgG (Engvall and 
Perlmann 1971) but has been modified for the detection of antigens (Kemeny 1992). 

Polystyrene microtiter plates are coated with monoclonal antibodies against the 
molecule of interest. Non-specific protein binding sites are blocked by adding low-fat 
milk or medium containing bovine serum albumin. The plates are incubated with cell 
supernatants, and the molecules of interest, e.g. cytokines, are bound by the anti-
bodies. A standard curve of different concentrations of recombinant human cytokine is 
also constructed on the same plate. After washing, a secondary antibody conjugated 
with biotin is added, which subsequently binds to poly-horseradish-peroxidase (HRP)-
conjugated streptavidin. A colored soluble product is then formed as the substrate 
3,3´5,5´-tetramethylbenzidine (TMB) reacts with the enzyme. A spectrophotometer is 
used to analyze the color intensity, and the amount of cytokine in the sample can be 
calculated by referring to the standard curve.  

ELISA, papers II and III 
The levels of IL-13 (paper II) and TNF (paper III) in cell supernatants were 
determined using ELISA.  

Costar 3690 plates (Corning Inc., Corning, NY, USA) were coated overnight at room 
temperature with 100 µL of mouse anti-human IL-13 or mouse anti-human TNF 
(coating antibody, PeliPair™ reagent set, CLB, Amsterdam, the Netherlands) mAb 
diluted in carbonate buffer, pH 9.6. The plates were washed four times with PBS with 
0.05% Tween and blocked with 100 µL/well of prewarmed (37˚C) PBS containing 2% 
low-fat milk, with a subsequent incubation of 1 hour on a plate shaker. A 7-point 
standard curve was constructed, using recombinant human IL-13 (2.0-64.0 pg/mL) or 
TNF (1.9-125.0 pg/mL) (CLB) in TCM. The plates were then washed four times, after 
which 50 µL of the standard curve and the cell supernatants were added to each well. 
The plates were incubated and washed as before. Biotinylated anti-human IL-13 or 
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anti-human TNF antibodies (PeliPair™ reagent set, CLB) diluted in high performance 
ELISA (HPE) dilution buffer (CLB) were added (50µL/well). This was followed by 
another incubation and wash. Streptavidin poly-horseradish peroxidase (50 µL/well, 
0.1 µM, CLB) was added, and the plates were incubated for 30 minutes on a plate 
shaker and then washed. The liquid substrate 3,3´,5,5´-tetramethylbenzidine (TMB, 
Sigma-Aldrich) was added (50 µL/well) followed by a 30 min incubation in the dark. 
To stop the reaction, 50 µL/well of 1.8 M H2SO4 was added to the wells. The optical 
densities (ODs) were read at 450 nm in a Anthos ht II ELISA reader (Anthos ht II, 
Labdesign, Täby, Sweden) (IL-13) or a Tecan Sunrise ELISA reader (Nordic Biolabs, 
Täby, Sweden) (TNF) and the values were expressed as pg/mL. The lower detection 
limit was 2.0 pg/mL for IL-13 and 1.9 pg/mL for TNF.  

Multiplex bead assay (Luminex) 
The principle for the multiplex bead assay is shown in figure 6. The multiplex 
technique is based on individually dyed microspheres. Different ratios of two internal 
fluorescent dyes (red and infrared) result in unique fluorescent signatures, where each 
signature represents a certain molecule. The beads are then conjugated with antibodies 
against the molecules of interest. The analytes in the sample are bound to the 
corresponding antibodies and beads. After washing, a secondary antibody conjugated 
with biotin is added, which then forms a complex with streptavidin coupled to a green 
light emitting fluorochrome. After an additional wash, the beads are drawn up in 
suspension, one by one, in the multiplex instrument. They are aligned in a channel, 
where they pass two lasers – one red and one green. The red laser identifies the ratio 
of red and infrared dye, i.e. the molecule signature, and the green laser excites the 
fluorochromes. The fluorescence intensity will be proportional to the amount of 
analyte bound. The use of a standard curve provides the possibility to calculate the 
concentration of analyte in the original sample.  

~ 33 ~ 
 



Material and methods 

 

 

Figure 6 shows the principle of multiplex bead assay (Luminex). The analyte binds to 
individually dyed antibody-coupled beads. A biotinylated detection antibody is added, which 
then forms a complex with streptavidin coupled to phycoerythrin.  

 
 

Luminex, papers II and III 
In paper II, Luminex technique was used to analyze the secretion of the cytokines 
IFN-γ, IL-4, IL-10 and IL-17; and the chemokines CXCL10 and CCL17 in super-
natants. The range of the standard curves was 3.2-2000 pg/mL for IFN-γ, IL-4 and IL-
10; 0.64-2000 pg/mL for IL-17; 5.5-1333 pg/mL for CXCL10; and 1.92-467 pg/mL 
for CCL17. In paper III, the secretion of the cytokines IFN-γ, IL-4, IL-10, IL-12p70, 
IL-17 and GM-CSF in supernatants was analyzed. The range of the standard curves 
was 3.2-10.0000 pg/mL for IFN-γ; 3.2-2000 pg/mL for IL-10; and 0.64-2000 pg/mL 
for IL-4, IL-12, IL-17 and GM-CSF.  

The levels of cytokines and chemokines in supernatants were analyzed by Milliplex™ 
MAP kits (Millipore Corporation, Billerica, MA, USA) or in house Luminex (as 
described in detail in (Abrahamsson et al. 2011)) - respectively. Samples, standards, 
blanks and beads were added to 96-well microtiter plats (samples in singles, standards 
and blanks in duplicates) and incubated for 30 min at room temperature. After wash 
with a vacuum device, biotinylated detection antibodies were added, with a 
subsequent 30 min incubation at room temperature and another wash. Streptavidin-
phycoerytrin (PE) was added to the wells, and after a 10 min incubation the plates 
were washed as before. The beads were the resuspended in assay buffer, and the 
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samples were analyzed in a Luminex 100 instrument (Luminex Corporation, Austin, 
Texas, USA). StarStation software (version 2.3; Applied Cytometry Systems, 
Sheffield, UK) was used for acquisition and analysis of data. Values below the 
detection limit were given half the value of the detection limit.  

Flow cytometry 
Flow cytometry uses the principles of light scattering, light excitation and emission of 
fluorochrome molecules to generate specific data from particles and cells (figure 7). 
Cells are labeled with fluorochrome-conjugated antibodies and, by hydrodynamic 
focusing, passing laser beams as single cells.  

As the cells pass through the laser, they scatter the light. The magnitude of forward 
scatter is roughly proportional to the size of the cell. Side scatter is caused by 
granularity and structural complexity inside the cell. The fluorochromes are excited to 
a higher energy state, and this energy is released as a photon of light with specific 
spectral properties unique to different fluorochromes. The scattered and emitted light 
from the cells are then converted to electrical pulses by optical detectors.  

 

 

Figure 7 shows the principle of flow cytometry. Cells labeled with fluorochrome-conjugated 
antibodies pass through a laser and scatter the light. The fluorochromes are excited to a 
higher energy state and the energy is released as light. 
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Flow cytometry analysis of leukocyte populations, paper IV 
Three-color flow cytometry was performed on a FacsCalibur (BD Biosciences) 
equipped with a 488 nm argon laser. The following monoclonal antibodies were used: 
CD3-FITC, CD3-PerCP, CD4-PerCP, CD8-PerCP, CD16-FITC, CD25-FITC, CD45-
PerCP, CD45RA-FITC, CD45R0-PE, CD56-PE, CD62L-PE, CD16+56-PE, HLA-
DR-PE, anti-TCR-γ-δ-1-FITC and corresponding isotype control antibodies, all from 
BD Biosciences, San Jose, CA, US. The following lymphocyte subpopulations were 
analyzed: CD3+, CD3-CD56+CD16+ (CD56 and CD16 are both PE resulting in a 
discrete population including both CD56bright and CD56dim cells, the latter gaining 
increased fluorescence based on their CD16 expression), CD3+HLA-DR, 
CD4+CD45RA+, CD4+CD45R0+, CD8+CD45RA+, CD8+CD45R0+, CD4+CD25+, 
CD3-CD56bright, CD3-CD56dim and CD4dimCD25bright. 

Gating strategies and analysis of flow cytometry data 

The absolute count and proportions of lymphocytes, CD3+ cells, NK cells, monocytes 
and granulocytes were calculated using TrueCount tubes (BD Biosciences) and the 
Attractor™ software (BD Biosciences).  

Lymphocytes were gated based on side scatter (SSC) and forward scatter (FSC). 
Analysis of subpopulations was based on contour gating. Treg cells were gated on the 
basis of their CD3 expression and a slightly lower (dim) CD4 expression in 
combination with a high (bright) CD25 expression, as previously described (Mjösberg 
et al. 2009).  
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Statistics 
The division of Statistics, Linköping University, was consulted for the statistical 
analyses in all papers.  

In paper I, differences between allergic and non-allergic pregnant women were 
analysed by three-way analysis of variance. Pair-wise comparisons between data from 
the same individuals at different time points during and after pregnancy were made 
with the Bonferroni correction for adjustment of multiple comparisons. Comparison of 
IFN-γ/IL-4 ratios was performed by T test. The criterion for statistical significance 
was p < 0.05.  

In paper II, Mann-Whitney U test was used for the comparison of cytokine and 
chemokine levels between allergic and non-allergic pregnant women. Differences in 
cytokine and chemokine levels between time points were examined with Wilcoxon 
signed rank test. The criterion for statistical significance was p < 0.05.  

In paper III, patient characteristics were analysed with Fisher’s exact test or Student’s 
T test, depending on the type of variable (continuous or categorical). Logistic 
regression was performed, using the independent variables (the number of cytokine 
secreting cells or the levels of cytokines) to predict the presence or absence of 
pregnancy. Comparison of the cytokine responses and the serum levels of 
progesterone (P) and estradiol (E2) between the women with a successful and 
unsuccessful outcome of IVF was made with Mann-Whitney U test. Differences in 
spontaneous and paternal antigen-induced cytokine responses between time points 
were examined with Wilcoxon signed rank test. The fold change of numbers of 
cytokine secreting cells or levels of cytokines was calculated and compared between 
the women with a successful or unsuccessful outcome of IVF using Mann Whitney U 
test. Wilcoxon signed rank test was used to compare the fold change over time in all 
subjects. The criterion for statistical significance was p < 0.05. 

In paper IV, independent samples T test was used to compare leukocytes populations 
between the women with a successful or unsuccessful outcome of IVF. For the 
comparison of changes in leukocyte populations over time in all subjects, paired 
samples T test was used. The criterion for statistical significance was p < 0.05.
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RESULTS AND DISCUSSION 
 

We have investigated the numbers of cytokine secreting cells, the levels of cytokines 
and chemokines in cell supernatants, and different leukocyte populations in order to 
evaluate the immune responses during normal pregnancy and in relation to allergy and 
infertility.  

Normal pregnancy is associated with a Th2 deviation towards 
paternal antigens 
In paper I, we used ELISpot to analyze the numbers of IFN-γ- and IL-4-secreting cells 
in allergic and non-allergic pregnant women. We observed an increase in the numbers 
of both spontaneously and paternal antigen-induced IFN-γ- and IL-4-secreting cells in 
the second and third trimesters when compared with the non-pregnant state (1 year 
post partum) (figure 8). This finding is in agreement with our previous results that the 
numbers of IFN-γ and IL-4-secreting PBMCs are increased during pregnancy 
(Matthiesen et al. 1998, Matthiesen et al. 2003). Although IFN-γ is considered a Th1 
cytokine, these results may still be interpreted as a Th2 response, as previous reports 
have shown that the effects of IL-4 predominate the effects of IFN-γ (Sadick et al. 
1990, Racke et al. 1994).  
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In paper II, we analyzed the levels of the cytokines IFN-γ, IL-4, IL-10, IL-13 and IL-
17, and the chemokines CXCL10 and CCL17 in cell supernatants. A higher paternal 
antigen-induced secretion of IL-17 and pooled unrelated antigen-induced secretion of 
IL-13 was observed in the first trimester compared with the non-pregnant state (figure 
9). An increase in both the paternal antigen-induced secretion of IL-4 and the pooled 
unrelated antigen-induced secretion of IL-10 was found in the third trimester when 
compared with the first trimester (figure 9). Additionally, the paternal antigen-induced 
CCL17-secretion and the pooled unrelated antigen-induced IL-17-secretion was 
decreased in the third compared with the second trimester, while the paternal antigen-
induced secretion of IL-13 was increased from the second to the third trimester (figure 

 
 
 
 
 
 
 
 
 
 
  

Figure 8. The number of spontaneously IFN-γ- (a) and IL-4- (b) secreting and paternal 
antigen-induced IFN-γ- (c) and IL-4- (d) secreting peripheral blood mononuclear cells in 
women with a normal pregnancy. Mean values and 95% confidence intervals are shown. p-
values <0.05 from statistical three-way analysis of variance are indicated (*).   
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9). Taken together, an increase of Th2-like and anti-inflammatory cytokines was seen 
from the first or second trimester to the third trimester, while a decrease of IL-17 was 
observed from the second to the third trimester. The increased pooled unrelated 
antigen-induced secretion of IL-13 in the first trimester compared with the non-
pregnant state supports the hypothesis of a Th2-deviation during pregnancy, although 
not specifically towards paternal antigens. This increase was accompanied by an 
increased paternal antigen-induced IL-17 secretion, possibly mirroring declining 
inflammatory responses in very early pregnancy. 

The results of cytokine levels during pregnancy presented in paper II include only the 
non-allergic pregnant women, due to a request from a reviewer during the submitting 
process, while the results presented above include both allergic and non-allergic 
pregnant women. 

 

Figure 9. Levels of cytokines in cell supernatants in women with a normal pregnancy:  
pooled unrelated antigen-induced IL-13 (a), paternal antigen-induced IL-17 (b) and IL-4 
(c), pooled unrelated antigen-induced IL-10 (d), paternal antigen-induced IL-13 (e) and 
CCL17 (f) secretion. Individual and mean values are shown. p-values <0.05 from Wilcoxon 
signed-rank test are indicated (*). 
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Among the non-allergic women, there were no differences in the cytokine levels 
during pregnancy as compared with the non-pregnant state. However, the pooled 
unrelated antigen-induced secretion of IFN-γ, CCL17 and IL-17 was higher in the 
second than in the third trimester, while the pooled unrelated antigen-induced 
secretion of CXCL10 was higher in the second than in the first trimester (figure 10).  

 

 

 

Figure 10. Levels of cytokines in cell supernatants in non-allergic women with a normal 
pregnancy:  pooled unrelated antigen-induced IFN-γ (a), IL-17 (b), CCL17 (c), and CXCL10 
secretion. Individual and mean values are shown. p-values <0.05 from Wilcoxon signed-
rank test are indicated (*). 
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In paper III, we analyzed the numbers of Th1- and Th2-associated cytokine secreting 
cells (ELISpot) and levels of IL-17 (ELISA), TNF and GM-CSF (Luminex) in cell 
supernatants from infertile women undergoing IVF treatment. In the women with a 
successful outcome of IVF, we found a higher number of spontaneously IL-13-
secreting and paternal antigen-induced IL-4- and IL-5-secreting cells 4 weeks after ET 
than in the women with an unsuccessful outcome (figure 11). Even though this was 
observed only four weeks after embryo transfer, it is in support of pregnancy as a Th2 
phenomenon. However, this pilot study included a small number of subjects and a 
large number of variables and any conclusions should therefore be drawn with 
caution.  

Figure 11. The number of spontaneously IL-13 (a) and paternal antigen-induced IL-4 (b) 
and IL-5 (c) secreting cells during and after IVF treatment in women with an unsuccessful 
and successful outcome of IVF. Individual and mean values are shown. p-values <0.05 from 
Mann Whitney U test is indicated (*). 
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The major changes at the systemic level seem to occur in the second and third 
trimesters (papers I and II). The increase in spontaneously cytokine-secreting cells 
showed maximum peaks in weeks 25 and 35 and then declined, whereas the increase 
of paternal antigen-induced and pooled unrelated antigen-induced cytokine secretion 
peaked in weeks 25 or 35.  

We have previously found that pregnant women respond with a higher number of IL-
4-secreting cells towards paternal antigens, interpreted as a Th2 response directed 
against the fetus (Ekerfelt et al. 1997). In papers I and III, we saw an increase in the 
numbers of both spontaneous and paternal antigen-induced Th2-like cytokine-
secreting cells, which indicates that the Th2 deviation during pregnancy is general and 
unspecific. Lashley and colleagues did not observe a difference between the maternal 
peripheral response to cord blood lymphocytes from the own child and third-party 
cord blood lymphocytes (Lashley et al. 2011). However, they did observe an increase 
in IL-6, IL-10 and IL-17 in response to cord blood lymphocytes (from own child and 
from third-party) in maternal PBMCs as compared with control PBMCs. Diminished 
maternal immune responses towards PMBCs from the mother’s own fetus have also 
been seen, as compared with the immune responses towards PBMCs from adult 
donors (Steinborn et al. 2005).  
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Allergic women have a more pronounced Th2 deviation towards 
paternal antigens than non-allergic women during pregnancy 
In paper II, the levels of the cytokines IFN-γ, IL-4, IL-10, IL-13 and IL-17, and the 
chemokines CXCL10 and CCL17 in cell supernatants were analyzed. The allergic 
women had lower paternal antigen-induced IFN-γ/IL-4 and IFN-γ/IL-13 ratios in the 
third trimester (figure 12).  

 

 
Figure 12. Ratios of paternal antigen-induced cytokine production in allergic and non-
allergic women during pregnancy. (a) Paternal antigen-induced IFN-γ/IL-4 ratio. (b) 
Paternal antigen-induced IFN-γ/IL-13 ratio. Individual and median values are shown. p-
values <0.05 from Mann Whitney U test are indicated (*). 

 

 

These findings are in line with previous observations that allergic disease is associated 
with a generally lowered IFN-γ secretion in response to various stimuli (Shimojo et al. 
1996, Breckler et al. 2008, Prescott et al. 2009). However, the results in paper II are in 
contrast to the results in paper I, where we found similar responses toward paternal 
and pooled unrelated antigens in the allergic and non-allergic women. Since we have 
previously shown that individual results from different assays do not correlate 
(Ekerfelt et al. 2002), the conflicting results in papers I and II may due to the different 
analysis methods used. The numbers of cytokine secreting cells were measured by 
ELISpot in paper I, while ELISA and Luminex were used to measure cytokine and 
chemokine concentrations in cell supernatants in paper II.  
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In the non-pregnant state – 1 year post partum – the allergic women had a decreased 
paternal antigen-induced IFN-γ and CXCL10 secretion and IFN-γ/IL-4 ratio than the 
non-allergic women (paper II), suggesting that the Th2-deviated responses associated 
with allergy remain after pregnancy.  

The notion that allergy starts in fetal life has been raised. Indeed, the capacity of the 
fetus to produce IL-13 and IL-10 is directly related to the level of these cytokines 
produced by the mother in response to fetal alloantigens (Prescott et al. 2005). 
Maternal total IgE levels have been found to correlate with cord blood IgE levels and 
allergy in the infant (Liu et al. 2003) and we have also found a positive correlation 
between the levels of maternal IgE and cord blood IgE and the Th2-associated 
chemokine CCL22 (Sandberg et al. 2009a). Further, maternal immunization against 
influenza during pregnancy leads to fetal production of IgM against vaccine antigens 
in about 40% of cases, indicating that the fetus is able to generate antibody response to 
antigens the pregnant mother is exposed to (Rastogi et al. 2007). Altogether, in 
addition to in utero exposure to cytokines and maternal cells, the fetus can also be 
exposed to circulating allergens, and the level and pattern of immune responses at the 
feto-maternal interface may influence the immune responses in the fetus and infant.  
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Allergic pregnant women have a reduced capacity to induce anti-
inflammatory IL-10 responses towards paternal antigens 
In paper II, the allergic women also showed a lower paternal antigen-induced IL-10 
response than the non-allergic women in the second trimester, as well as a decreased 
IL-10/IL-13 ratio in the third trimester (figure 13). High levels of the anti-
inflammatory cytokine IL-10 have been associated with successful pregnancy (Wu et 
al. 2001, Ginsburg et al. 2005), while low levels of IL-10 have been associated with 
symptoms of threatened spontaneous abortion (Hudic and Fatusic 2009). It was 
therefore somewhat surprising to find lower IL-10 responses in the allergic pregnant 
women. However, several other investigators have also found decreased IL-10 
production in allergic individuals (Jenmalm et al. 2001, Seneviratne et al. 2006).  

 

 
Figure 13. The levels of IL-10 in cell supernatants (paternal antigen-induced secretion) (a) 
and the ratios of paternal antigen induced IL-10/IL-13 (b) in allergic and non-allergic 
pregnant women. Individual and median values are shown. p-values <0.05 from Mann 
Whitney U test are indicated (*). 
 

 

Considering that the secretion of IL-10 in part is mediating the regulatory effect of 
Tregs, the role of Tregs in allergic disease has been investigated, but is still unclear. 
Different results have been reported regarding the frequencies and functions of Tregs 
in the peripheral blood of allergic patients. An increase of Tregs in individuals with 
atopic asthma has been observed during exacerbation, but no differences in the 
inhibitory effects on Th1 and Th2 cytokine production (Shi et al. 2004). Lee and 
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colleagues found fewer Tregs in children with allergic disease, but also a higher 
frequency in persistent allergic rhinitis and/or moderate-severe asthma compared with 
milder disease. Patients with moderate-severe asthma also had Tregs with an increased 
mRNA expression of IL-10 compared with patients with mild asthma (Lee et al. 
2007). Bellinghausen and colleagues reported no major differences in Treg frequen-
cies and functionality in atopic-allergic individuals compared with healthy controls. 
However, the Tregs of one subset of the atopic-allergic patients showed a higher 
production of IL-4 and IL-10 compared with CD4+CD25- T cells (Bellinghausen et al. 
2003). In a recent study on single nucleotide polymorphisms (SNPs) in the IL10 gene, 
decreased mRNA expression of Treg cell markers and IL-10 have been associated 
with IL10 SNP carrying children with atopic dermatitis at age 3 years, (Raedler et al. 
2012). Moreover, mice deficient in iTreg cells have been found to spontaneously 
develop pronounced Th2-type pathologies with the characteristics of allergic inflam-
mation and asthma at mucosal sites (Josefowicz et al. 2012). Thus, iTreg cells seem to 
have an essential function in restraint of allergic-type inflammation at mucosal 
interfaces. 

The discrepancies regarding IL-10 production and frequency and functionality of 
Tregs in allergic patients may be due to the different analysis methods used and the 
different strategies employed to define Tregs by different researchers.  
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The hormonal therapy during IVF treatment has a stimulatory 
effect on the immune system 
In papers III and IV, we had the possibility to study the effects of the hormonal 
therapy during IVF treatment on the immune responses. The numbers of Th1-, Th2- 
and Th17-associated cytokine-secreting cells and cytokine levels in cell supernatants 
were analyzed by ELISpot, ELISA or Luminex in paper III, and the numbers and 
proportions of leukocyte populations were analyzed with flow cytometry in paper IV. 

In paper III, the majority of cytokines reached their peak levels at the time of OPU, 
which coincides with the maximal levels of FSH and hCG (figure 14).  

 

 

Figure 14. Fold change in the number of spontaneously IFN-γ (a), IL-4 (b) and IL-13 (c) 
secreting cells and paternal antigen-induced IFN-γ (d), IL-4 (e) and IL-17 (f) secreting cells 
in allergic and non-allergic pregnant women. Individual and median values of all 
individuals’ fold change compared with cycle day 1-5 are shown. p-values from Wilcoxon 
signed rank test are indicated p<0.05: *; p<0.01: **; p<0.001: ***. 
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Similarly, previous studies have also found an influence of gonadotropins on the 
immune system. G-CSF levels in serum have been shown to increase gradually 
throughout the ovarian stimulation cycle and reach a peak on the day of hCG injection 
(Salmassi et al. 2005). The serum levels of TNF and IL-6 have also been found to 
increase after gonadotropin stimulation in women undergoing IVF (Amato et al. 
2003). 

In paper IV, leukocyte populations were analyzed with flow cytometry on three 
different occasions: prior to hormone stimulation, at the time of ET and four weeks 
after ET. The majority of leukocyte populations reached their highest levels at ET 
(figure 15), coinciding with the maximal levels of FSH and hCG. 

Further, the proportion of lymphocytes decreased from cycle day 1-5 to the time of 
ET, while the number of lymphocytes increased. The number of monocytes and both 
the proportion and number of neutrophils were also increased at ET, possibly 
explaining the decrease in the percentage proportion of lymphocytes.  

 

 

Figure 15. The number of lymphocytes (a), T cells (b), granulocytes (c) and monocytes (d) in 
infertile women undergoing IVF treatment. Individual and mean values are shown. p values 
from paired samples T test are indicated p<0.05: *; p<0.01: **; p<0.001: ***. 
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An increase in the numbers of leukocytes and neutrophils has been found on the day 
of hCG administration, and the numbers of lymphocytes, monocytes and neutrophils 
were increased on the day of OPU (Giuliani et al. 1998). In a different study, the same 
group observed similar increase in total leukocytes and neutrophils (Giuliani et al. 
2004). The increase was seen on the day of hCG administration and the levels stay 
elevated until 16–18 days after oocyte retrieval. Orvieto and colleagues also found a 
30% increase in C-reactive protein on the day of OPU compared to the day of hCG 
administration, suggesting that hCG stimulates the inflammatory response (Orvieto 
2004). Altogether, the results of our and previous studies indicate that controlled 
ovarian hyperstimulation may be regarded as an inflammatory state.  

Infertile women with an unsuccessful outcome of IVF do not have 
a more pronounced Th1/Th17 deviation towards paternal 
antigens than infertile women with a successful outcome 
In paper III, the number of paternal antigen-induced IL-4-secreting cells was lower at 
cycle day 1-5 in the women who became pregnant than the women who did not, as 
were the number of both spontaneously and paternal antigen-induced IL-5-secreting 
cells at the time of OPU. These findings contradict our hypothesis of a more 
pronounced Th1/Th17 deviation in infertile women with an unsuccessful than 
successful IVF outcome. However, these results are based on a relatively small 
number of observations and should be interpreted with caution.  

Increased Th1 and Th17 responses have been observed previously in women with 
reproductive failure (Makhseed et al. 2001, Kwak-Kim et al. 2003, Hudic and Fatusic 
2009, Wang et al. 2010b). Fasoulitis and colleagues found that IFN-γ-positive patients 
had twice the risk for poor IVF outcome compared with IFN-γ-negative subjects 
(Fasouliotis et al. 2004). Wang and colleagues showed that the proportion of Th17 
cells and the expression of IL-17 in the peripheral blood and decidua was significantly 
higher in unexplained RSA patients compared to normal, early pregnant women (first 
trimester) (Wang et al. 2010b).  

However, findings that are in line with the results in paper III have also been found. 
The results of two larger studies show no significant differences in the plasma levels 
of IFN-γ and TNF between the not pregnant group and pregnant group after IVF 
treatment (Thum et al. 2007), and similarly, no differences in mitogen-stimulated 
cytokine secretion or Th1/Th2 ratios between reproductive failure patients with a 
successful or unsuccessful pregnancy (Wilczynski et al. 2012).  
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IVF outcome is not associated with differences in circulating 
leukocyte populations 
With one exception, there were no differences in the numbers or proportions of 
leukocyte populations between infertile women with a successful or unsuccessful 
outcome of IVF at any time during IVF treatment.  

The pregnant women had a lower proportion of lymphocytes than the non-pregnant 
women four weeks after ET, which may be explained by an increase in the numbers 
and proportions of granulocytes and monocytes. This is a well known modification of 
the immune system during pregnancy and has been observed by several researchers. 
Luppi and colleagues observed a decreased proportion of lymphocytes and an in-
creased proportion of granulocytes in early pregnancy as compared with non-pregnant 
women (Luppi et al. 2002). An increase in percentage of CD14+ monocytes in 
pregnant versus non-pregnant women has also been found recently, confirming an 
increased production or trafficking of monocytes (Lashley et al. 2011). Further, 
macrophages and monocytes have been reported to be more activated with cell surface 
marker expression similar to those during systemic sepsis (Sacks et al. 1998, Luppi et 
al. 2002).  

Although we did not observe any significant differences in any of the other leukocyte 
populations between women with a successful or unsuccessful IVF outcome, these 
results should be interpreted with caution due to the relatively small number of 
observations. However, previous studies on leukocyte populations in infertile women 
or women with recurrent spontaneous abortion have generated contradictory results. 
Regarding NK cells, an increase  in CD56bright cells has been seen in fertile controls 
compared with both pregnant and non-pregnant women undergoing intra-cytoplasmic 
sperm injection (ICSI) (Baczkowski and Kurzawa 2007), but no differences between 
women with a successful or unsuccessful IVF outcome or between women with RSA 
or IVF failure and controls have also been observed (Thum et al. 2005, Karami et al. 
2012). RSA patients show reduced levels of circulating Treg cells during pregnancy 
(Jin et al. 2009) and peripheral blood Treg levels have also been shown to predict 
miscarriage risk in newly pregnant women (Winger and Reed 2011). Conversely, the 
peripheral blood proportion of Tregs has also been found to be reduced (Tilburgs et al. 
2008) or unaltered (Steinborn et al. 2008) in pregnant women as compared with non-
pregnant controls. These conflicting results may be explained by different analysis 
methods and gating strategies.  
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The cytokine secretion profile during IVF treatment does not 
have a predictive value regarding IVF outcome 
In paper III, logistic regression was used to investigate the predictive value of the 
number of IFN-γ-, IL-4-, IL-5-, IL-12- and IL-13-secreting cells or the levels of IFN-
γ, IL-4, IL-10, IL-12, IL-17, GM-CSF and TNF regarding IVF outcome. 

None of the variables included in the logistic regression had any significant effect on 
the probability to become pregnant after IVF treatment. However, these results are 
difficult to interpret due to the small number of subjects.  

Several other investigators have found predictive factors regarding IVF or ICSI 
outcome. Detectable serum levels of IL-1β on the day of OPU in patients undergoing 
ICSI was an important predictive factor of implantation and ongoing pregnancy 
(Bonetti et al. 2010). Salmassi and colleagues observed an increase in the serum M-
CSF levels after the day of hCG injection and to the day of confirmation of pregnancy 
in IVF patients who became pregnant compared with the patients who did not 
(Salmassi et al. 2010). The M-CSF levels were also higher in pregnant patients than in 
non-pregnant patients on the day of ET. Further, elevated maternal serum levels of 
IFN-γ as early as 11 days after ET have been associated with poor IVF outcome 
(Fasouliotis et al. 2004). Conversely, Thum and colleagues found that measuring 
serum leukemia inhibitory factor (LIF) concentrations prior to ET has no predictive 
value of implantation rate or miscarriage rate (Thum et al. 2006), nor could IL-6, IL-8 
or GM-CSF be useful parameters for predicting IVF outcome (Hammadeh et al. 
2002).  

In the studies mentioned above, cytokine levels were measured in serum or follicular 
fluid, while we use inactivated paternal cells as a proxy for allogeneic fetal cells to 
investigate the maternal responses towards fetal antigens. Further, in paper III, we 
investigated the cytokine secretion by peripheral cells. We did not analyze 
endometrial factors, which may better reflect the local situation, as a receptive 
endometrium is essential for a successful implantation and is mediated by immune 
cells, cytokines, growth factors and adhesion molecules (Dimitriadis et al. 2005, van 
Mourik et al. 2009). Moreover, a power analysis was conducted, based on the results 
in paper III, and showed that, for ELISA/Luminex, a sample size of approximately 
120 women would be required to obtain a power of 80% and a detectable difference of 
three units. Many more than 120 would be required for ELISpot, due to the large 
variability, which is why ELISpot would not be the method of choice in a larger study. 
ELISpot was used because it is a sensitive method for IL-4 detection (Ekerfelt et al. 
2002), although the quantification analysis for ELISpot is more difficult and confers a 
greater risk for subjectivity than for ELISA or Luminex. 
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SUMMARY AND CONCLUSIONS 
 

 

In this thesis we found that normal pregnancy is associated with a general redirection 
of the immune responses towards a less aggressive type. In paper I, we saw an 
increase in the numbers of both spontaneous and paternal antigen-induced Th2-like 
cytokine-secreting cells during pregnancy, and in paper II, a higher level of IL-13 was 
observed in the first trimester as compared with the non-pregnant state. In paper III, a 
higher number of both spontaneously and paternal antigen-induced Th2-like cytokine-
secreting cells was observed 4 weeks after ET in the women with a successful than 
unsuccessful outcome of IVF treatment. Although we hypothesized that the Th2 
deviation would be specific for paternal antigens, the results of these studies suggest 
that the Th2 deviation during pregnancy is general and unspecific. 

 

 

Similar to normal pregnancy, allergy is associated with a Th2 deviation. The results of 
several studies indicate that maternal allergy confers a greater risk than paternal 
allergy for infant allergic disease. We therefore hypothesized that allergic women 
would have a more pronounced Th2 deviation towards paternal antigens during 
pregnancy than non-allergic women. However, our results were conflicting, possibly 
due to different methodologies used to analyze cytokine secretion. In paper I we 
observed no differences between allergic and non-allergic women during pregnancy 
regarding the numbers of Th1- and Th2-like cytokine-secreting cells. In contrast, in 
paper II we found lower Th1 responses towards paternal antigens in the allergic than 
non-allergic pregnant women in the third trimester, and also in the non-pregnant state. 
These responses did not seem to be specific for paternal antigens, since we also found 
lower Th1 responses towards pooled unrelated antigens in the second trimester.  

Along with lower Th1 responses, the allergic women also showed lower paternal 
antigen-induced IL-10 responses than the non-allergic women in the second and third 
trimesters. The regulatory effect of Treg cells is in part mediated by IL-10, suggesting 
that the lower IL-10 responses may be due to an impaired Treg function. This may 
also contribute to the more pronounced Th2 deviation in allergic women and bear 
some responsibility for the pathologies behind allergic disease and the influence on 
the fetus during pregnancy. 
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Infertility affects between 8 and 12% of couples around the world and causes 
considerable suffering. In vitro fertilization has helped many, but the IVF success rate 
is still only about 32%, leaving many couples with an unsuccessful outcome 
disappointed and discouraged. It is therefore important to find factors with a 
predictive value regarding IVF outcome.  

The results of several studies indicate that the immune system plays an important role 
in the etiology of unexplained infertility and in successful implantation. Increased Th1 
and Th17 responses have been observed previously in women with reproductive 
failure, and Th2 responses have been associated with successful pregnancy. Responses 
to paternal antigens have not previously been analyzed in relation to IVF outcome, 
however. Aberrations among circulating leukocyte populations have also been shown 
to increase the risk of pregnancy loss and pregnancy failure. We therefore 
hypothesized that an unsuccessful outcome of IVF treatment in infertile women would 
be associated with a Th1 and Th17 deviation to paternal antigens and altered levels of 
Tregs, NK cells and active T cells. However, in paper III we found no differences 
regarding cytokine secretion in the women with unsuccessful or successful outcome of 
IVF, and in paper IV no differences in the numbers or proportions of leukocyte 
populations between infertile women with a successful or unsuccessful outcome of 
IVF were found at any time during IVF treatment. As this was a pilot study including 
a relatively small number of subjects and a large number of variables, these results 
should be interpreted with caution, however.  

We did see a lower proportion of lymphocytes in the pregnant women than the non-
pregnant women four weeks after ET, which may be explained by an increase in the 
numbers and proportions of granulocytes and monocytes. This is a well known 
modification of the immune system during pregnancy. 

 

 

The controlled ovarian hyperstimulation used in IVF treatment is associated with a 
rapid increase of the production of sex hormones, with the level of estradiol rising 
many times higher than the estradiol level during the menstrual cycle. The high levels 
of gonadotropins and sex hormones may have an effect on the immune system, and in 
papers III and IV, we had the possibility to study the effects of the hormonal therapy 
during IVF treatment on the immune responses. 

The majority of cytokines and leukocyte populations reached their peak levels at the 
time of OPU or ET, coinciding with the maximal levels of FSH and hCG. Altogether, 
the results of our and previous studies indicate that controlled ovarian hyper-
stimulation has a general stimulatory effect on the immune system and that it may be 
regarded as an inflammatory state. 
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Taken together, these observations suggest that normal pregnancy is characterized by 
a less aggressive type of immune responses and that this is more pronounced in 
allergic women. This may be of importance for the in utero influences on childhood 
allergy development. It appears that an unsuccessful outcome of IVF treatment is not 
associated with a more aggressive type of immune responses towards paternal 
antigens or aberrations in circulating leukocyte populations, and that cytokine levels 
are not predictive of the IVF outcome. However, these results must be interpreted with 
caution and should be confirmed in a larger study. The results in this thesis also 
indicate that the hormonal therapy during IVF treatment has a stimulatory effect on 
the immune system, generating an inflammatory state. 
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FUTURE PERSPECTIVES 
 
Regarding infertile women undergoing IVF treatment, further studies would include a 
larger sample size. It would be interesting to investigate the local milieu in the uterus, 
even though the systemic immune responses towards paternal antigens are still of 
relevance. The development of a receptive endometrium is likely to be mediated by a 
local production of cytokines and growth factors. It would therefore be useful to 
examine some of these mediators locally, e.g. in uterine flushings, follicular fluid or 
endometrial biopsies. The results of several studies suggest that an endometrial injury 
(i.e. biopsy) may increase the chances of a successful outcome of IVF and alters endo-
metrial expression of genes involved in facilitating the preparation of the endo-
metrium for embryo implantation (Zhou et al. 2008, Kalma et al. 2009). In addition to 
different cytokines, it would also be interesting to investigate the presence or absence 
of different cell types such as uterine NK cells, which are thought to be the main 
source of the endometrial immunoregulatory cytokines. Combining peripheral and 
local analyses would provide a wider picture of the immune responses in infertile 
women.  

Interestingly, lower total and specific IgE and allergic symptoms have been observed 
in women with reproductive failure than in healthy women. Hence, measuring the 
levels of IgE in the infertile women undergoing IVF treatment may be of relevance.  

 

The numbers and proportions of circulating leukocyte populations were investigated 
in the infertile women undergoing IVF treatment. This would also be an investigation 
of interest regarding the allergic and non-allergic pregnant women. In paper II, we 
observed reduced IFN-γ and IL-10 responses in the allergic women compared with the 
non-allergic, and obtaining more information on which cell types secrete which 
cytokines would be relevant and may lead to a better understanding of this issue.  

Considering that the secretion of IL-10 in part is mediating the regulatory effect of 
Tregs, it would be interesting to examine Tregs in relation to allergy and pregnancy 
more closely. Foxp3 is essential for Treg induction and stability, but is also expressed 
transiently in conventional CD4+ cells upon activation (Wang et al. 2007). Recently, it 
has been shown that Foxp3 expression is under epigenetic control (Toker and Huehn 
2011). The Treg-specific demethylated region (TSDR) corresponds with the stability 
of Foxp3 expression in Tregs, whereas activated CD4+ cells show a fully methylated 
TSDR (Baron et al. 2007). Thus, the TSDR demethylation state in the Foxp3 gene has 
been suggested for detection and quantification of stable Tregs. It would be interesting 
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Future perspective 

 
to analyze the TSDR methylation state in the cord blood of neonates of allergic and 
non-allergic mothers, and also in the mothers, to investigate a possible association 
with maternal cytokine responses, similar to a recent study, where maternal Th1 and 
Th2 cytokine secretion were associated with reduced Treg numbers in cord blood 
(Hinz et al. 2012).  
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