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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Malaria är idag en av världens mest vanliga infektionssjukdom. Sjukdomen orsakas av en parasit som 

sprids till människor via ett bett från en infekterad honmygga. Varje år smittas över 219 miljoner 

människor globalt av malaria och 660 000 dör, främst barn under 5 år, men en annan högriskgrupp är 

gravida kvinnor. Idag finns inget vaccin mot malaria trots att vi känt till denna sjukdom i flera sekel. 

En av anledningarna till det är att vi inte har tillräckliga kunskaper om vad som händer med vårt 

immunförsvar när vi får en malariainfektion. Studier har visat att gravida kvinnor har en mycket större 

risk att få malaria jämfört med icke gravida kvinnor. En kvinna som utvecklar malaria under sin 

graviditet löper stora risker att få anemi (blodbrist) och för tidig förlossning, vilket leder till låg 

födelsevikt hos barnet. Låg födelsevikt är en av de största anledningarna till att barnen som föds dör 

under sitt första levnadsår. I vår forskning har vi använt blodprover tagna från gravida kvinnor bosatta 

i Tanzania och Benin. Vi har renat fram immunceller från dessa blodprover och även analyserat olika 

proteiner som immuncellerna utsöndrar vid en malariainfektion. Vi har även undersökt blodprover 

från två etniska grupper i Mali (Fulani och Dogon), där Fulani har visat sig ha en minskad risk för att 

insjukna i malaria jämfört med Dogon, detta trots att de bor och lever i samma område med samma 

exponering till myggorna.  

I studie I undersökte vi cytokiner/kemokiner (proteiner eller ”budbärare” som immunceller producerar 

för att kunna kommunicera med varandra) i blodprover från gravida kvinnor i Tanzania. Vi såg att vid 

en malariainfektion förändrades nivåerna av dessa i blodet hos kvinnorna och några av dessa 

förutspåddes kunna vara potentiella biomarkörer för en malariainfektion under graviditeten. I studie II 

undersökte vi blodprover från gravida kvinnor i Benin där malariaprevalensen är mycket högre än i 

Tanzania. Vi undersökte samma cytokiner/kemokiner som i studie I men tittade även på olika 

immuncellers påverkan av en malariainfektion och hur dessa kunde kopplas till anemi. Vi såg igen att 

nivåer av cytokiner/kemokiner förändrades vid en infektion men även att celler i cirkulationen 

påverkades och att vissa av dessa faktorer kunde kopplas till en ökad risk för att få anemi. Neutrofiler 

är en av våra celltyper i kroppen som skyddar oss vid en infektion men hur dessa påverkas av en 

malariainfektion är dock ännu inte helt klart. I studie III ville vi undersöka detta hos gravida kvinnor 

från vår studie i Tanzania och även i in vitro system. Lägre cirkulerande neutrofilnivåer hittades i de 

infekterade kvinnorna jämfört med icke infekterade. Även proteiner som attraherar neutrofiler visade 

sig vara lägre i cirkulationen men förhöjda nivåer hittades i placentan hos infekterade kvinnor, troligen 

för att möjliggöra att neutrofiler kan förflytta sig till placentan för att kunna eliminera parasiter som 

återfinns där. Mikroskopiska undersökningar av placentor från dessa kvinnor påvisade neutrofiler och 

våra in vitro studier visade att en sådan migration kunde ske. Vi kunde även visa att neutrofiler 

reagerar på malariapigment och att detta påverkade neutrofilers aktivering och migration. I studie IV 

mätte vi cytokiner/kemokiner och malaria-specifika antikroppar hos barn från Fulani och Dogon. Vi 

kunde visa att barn från Fulani, i likhet med vuxna, producerade högre nivåer av dessa faktorer i blodet 

jämfört med Dogon.  

Sammantaget visar denna avhandling att cirkulerande biomarkörer kan identifieras vid en infektion 

och att dessa skulle kunna användas för att diagnostisera malaria under en graviditet. Vidare kunde vi 

visa att neutrofiler är starkt påverkade av en malariainfektion och att dessa troligen är viktiga för att 

bekämpa malariaparasiter. Vi visade även att Fulani har ett starkare inflammatoriskt- och 

antikroppssvar mot malariaparasiter jämfört med Dogon och att dessa skillnader redan har etablerats 

hos barn från dessa grupper. En bättre förståelse för hur en malariainfektion påverkar vårt 

immunförsvar kan bidra till nya kunskaper för att kunna utveckla nya behandlingsformer och som 

även kan leda fram till ett vaccin mot malaria.  
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SCIENTIFIC SUMMARY 

In areas where malaria is endemic, pregnant women and children bear the main burden of severe and 

life-threatening malarial disease. The aim of the work presented in this thesis was to study the impact 

of Plasmodium falciparum infection on inflammatory responses in pregnant women and children 

residing in African countries.   

In a longitudinal study design, conducted in parallel in Tanzania and in Benin, pregnant women were 

enrolled and followed up, with several antenatal visits, until delivery. In paper I we investigated a 

sub-group of women from the Tanzanian study site and assessed cytokine/chemokine levels in plasma 

in consecutive samples taken from the same women during pregnancy and at delivery, in order to 

assess potential biomarkers for P. falciparum infection. Most of the investigated factors were stable 

during healthy pregnancies. However upon P. falciparum infection some of the investigated factors 

(IL-10 and IP-10) increased, irrespective of gestational age. Multiple regression analysis revealed that 

increased plasma IL-10 and IP-10 and decreased RANTES levels were predictive of an infection.  

In paper II we followed up on the findings presented in paper I and used samples collected at 

inclusion and at delivery, from women enrolled at the study site in Benin. In addition to the 

cytokine/chemokine measurements, we also investigated the frequencies of peripheral blood-cell types 

upon P. falciparum infection and assessed the predictive values of variables measured at inclusion for 

pregnancy outcomes at delivery. Peripheral plasma IL-10 and IP-10 levels were associated with 

malaria at inclusion and at delivery, whilst higher IL-10 levels distinguished quantitative PCR-

detectable, sub-microscopic infections at inclusion but not at delivery. Maternal anaemia at delivery 

was associated with markers of both pro-inflammatory (increased numbers of monocytes), as well as 

anti-inflammatory activity (increased levels of IL-10 and Treg cells) measured at inclusion. 

The role of neutrophils during malaria is relatively unknown. In paper III we investigated neutrophil 

functions in the context of pregnancy malaria in vivo and in vitro. Peripheral blood counts of 

neutrophils from the same women as those analyzed in paper I revealed reduced circulating neutrophil 

blood counts and lower levels of IL-8 in infected compared to uninfected women, whilst IL-8 was 

higher in the placental blood of those infected. Stimulation of a placental cell line with infected RBC 

resulted in increased IL-8 levels in the supernatants that supported neutrophil migration, as compared 

to uninfected RBC stimulations, indicating conditions appropriate for neutrophil recruitment to the 

infected placentas. This was supported by histological examinations showing the presence of 

neutrophils containing hemozoin (Hz), in the infected placenta. In addition, stimulation of neutrophils 

with synthetic and natural Hz revealed distinct patterns of neutrophil activation/chemokine receptors.  

In paper IV we investigated cytokines/chemokines and malaria-specific antibody titres in children 

belonging to two African ethnic groups, living in Mali, with known different susceptibility to malaria. 

The Fulani showed increased levels of all the investigated cytokines (IL-6, IL-8, IL-12, IFN-α, IFN-γ), 

compared to the Dogon ethnic group. Fulani were also found to have relatively stable chemokine 

levels upon infection, as opposed to the profiles seen in the Dogon. In addition, Fulani had higher 

titres of malaria-specific antibody subclasses (IgG, IgM and IgG1-IgG3), compared to the Dogon.  

Taken together, the work presented in this thesis shows that host biomarkers in peripheral blood may 

represent useful diagnostic markers for malaria during pregnancy. In addition, the neutrophil 

population was shown to be highly affected by the presence of P. falciparum parasites, suggesting a 

role for neutrophils during malaria infections. We also showed that Fulani have increased pro-

inflammatory and antibody responses against P. falciparum parasites, as compared to Dogon, and that 

these differences are established already at an early age.    
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FOREWORD 

We have known about the causative agent of malaria - the Plasmodium parasites – for 

centuries that throughout history have, and still cause, high mortality and morbidity in areas 

where malaria is endemic. A vaccine is not yet developed, even though large efforts have 

been made, and vaccine candidates are now in clinical trials that show some but not full 

protection. Pregnant women and children bear the main burden of malarial disease. In light of 

this, increasing knowledge indicates that the conditions we face during our time in the womb 

may influence future health and disease development. Therefore, pregnant women are a 

particular vulnerable group and attempts to reduce infection during pregnancy could relieve 

some of the malaria burden and give the future generation a better chance in life. The overall 

aim of this thesis was to examine inflammatory responses induced by malaria parasites, with a 

particular focus on soluble mediators and neutrophils in pregnant women and children, 

naturally exposed to malaria.   

 

INTRODUCTION 

THE HUMAN IMMUNE SYSTEM – a basic overview 

Microorganisms and humans have coexisted throughout evolution. Most of the existing 

microbes do not pose any danger to humans but some have during this process managed to 

develop ways to invade other organisms and to cause infection and/or pathology and disease. 

For this reason the immune system evolved in order to protect us. This system is based on the 

recognition of damaged tissue and infectious pathogens in the host, by germ-line encoded 

receptors that are capable of recognizing structures that are conserved and unique for 

microorganisms. Upon such recognition, the immune system should induce a proper response 

to ensure elimination without harming the host. The immune system is also capable of 

distinguishing self from non-self, as in the case of virus infections and in tumor progression 

(i.e. altered cells).  

In humans, anatomical, physical and chemical barriers such as the skin and the mucous 

membranes, lytic enzymes and low pH in the stomach, work in concert with immune cells to 

block pathogens from entering our body. The immune cells are generated in the bone marrow 

from precursor cells via hematopoiesis (Fig 1). In this process, pluripotent hematopoietic stem 

cells develop into myeloid or lymphoid progenitor cells that can further differentiate into their 
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respective immune cells, such as granulocytes, monocytes, macrophages, dendritic cells 

(DCs), natural killer (NK) cells, T- and B cells, among others. Once differentiated, these cells 

are released from the bone marrow and can undergo further development in lymphoid or non-

lymphoid tissues.  

 

Figure 1. The process of hematopoiesis involves the differentiation of multipotent cells into 

blood and immune cells. Adapted from Anatomy & Physiology: Cellular Differentiation. 

Openstax College. http://cnx.org/content/m46036/latest/?collection=col11496/latest  

 

The cells are then transported throughout the body, via the blood and lymphatic vasculature, 

into different immune compartments (spleen, thymus, lymph nodes and tonsils), where they 

can expand and multiply for an efficient immune response. In addition, non-hematopoietic 

cells such as the epithelia, that lines our internal organs (gut and lungs), extend our protection 

by secreting antimicrobial peptides. Two branches of the immune system exist, the innate and 

the adaptive, which act together to disarm pathogens in an extensive collaboration. The innate 

immune response is often said to shape the following adaptive immune response.1 Although 

http://cnx.org/content/m46036/latest/?collection=col11496/latest
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being equally important, the two systems differ in their speed of initiation, their specificity 

and their ability to generate memory. 

Innate immunity is the first line of defense against a wide range of pathogens that does not 

require any prior recognition. The defense is constantly on and ensures rapid limitation of 

microbial invasion through pre-made molecules, such as complement factors and acute phase 

proteins. Phagocytic cells, such as neutrophils and monocytes, patrol the blood and can upon 

recognition phagocytose pathogens, which become degraded inside the phagosome with the 

help of lytic enzymes and reactive oxygen species (ROS). Release of toxic granules by 

immune cells into their surroundings can also affect invading pathogens ability to survive. 

The immune cells recognize pathogens by pattern recognition receptors (PRRs) that have 

evolved to recognize pathogen-associated molecular patterns (PAMPs) exclusively confined 

to microbes, and are thus not present in humans. Innate immunity also lies behind most 

inflammatory responses that are triggered by these PRRs. The rapid reactive nature of the 

innate immune system may limit and sometimes even eliminate the pathogen without further 

help by the adaptive immune system. However, in the cases when this is not enough, the 

innate immune system can control the infection until the adaptive arm has expanded, to ensure 

complete elimination of the threat.  

The adaptive immune system is made up of T- and B cells. B cells can recognize pieces of 

pathogens called antigens by themselves, while T cells can only recognize antigens that are 

presented on the major histocompatibility complexes (MHC) class I or II. The antigens are 

recognized by a T- or B-cell receptor (T/BCR). Upon activation, these cells can differentiate 

into effector cells, that in the case of B cells can produce antibodies and in the case of T cells 

can kill infected cells by release of toxic granules. Activated T cells can also secrete factors 

that can further direct the immune response. This adaptive arm of the immune system is 

highly specific and has great variability that relies on the mechanism of gene rearrangement 

of the receptor genes. This creates close to unlimited amount of receptor variants that can 

detect various microorganisms. The activation also leads to the formation of memory cells, 

which will expand and results in a faster and fined tuned immune response when encountering 

the same pathogen again. However, this memory is confined to an individual and is not 

inherited. One deleterious consequence of having this great variability and specificity is that it 

can also lead to the unwanted effects of autoimmune diseases, allergy and allograft rejection.  
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For cells to be able to communicate and to organize the immune system in a coordinated way 

they use cytokines that are soluble messengers produced and secreted by cells of the immune 

system. They bind to a variety of receptors that in different ways can amplify and direct an 

immune response depending on the infectious agent. Chemokines are a separate group of 

chemotactic cytokines that are specialized to facilitate migration of cells in the body. A 

detailed description of relevant cells and cytokines will be discussed in separate sections.  

 

INNATE IMMUNITY 

Innate cells 

The main effector cells of the innate immune system are neutrophils, NK cells, monocytes, 

macrophages and DCs. Some less frequent but equally important cells that also belong to the 

innate arm are the eosinophils, basophils and mast cells. NK cells comprise around 5-15% of 

the lymphocyte population and are important in our nonspecific defense by performing 

cytotoxic activity through lytic enzymes and granules containing perforin and granzymes. NK 

cells can be divided into CD56
dim

 and CD56
bright

 NK-cell subsets.2 They are known for being 

capable of recognizing “missing self” on cells through the absence of constantly expressed 

self-molecules on susceptible target cells, for instance in the case of virus infected cells or 

tumor cells. This process is regulated by a wide range of inhibitory and activating cell surface 

receptors.3 In addition, upon interactions with DCs and macrophages, these cells can produce 

a variety of cytokines and chemokines that contribute to inflammation and in recruiting cells.4 

Monocytes represent 5-10% of the leucocyte population. Based on their expression of CD14 

and CD16, three major subpopulations have now been identified, termed classical 

(CD14
++

CD16
-
), intermediate (CD14

hi
CD16

+
) and non-classical monocytes 

(CD14
dim

CD16
++

).5 They circulate in the blood and can enter tissues guided by 

chemoattractants, where they differentiate into macrophages or DCs.6 Both macrophages and 

DCs are efficient phagocytes that engulf microbes and cellular debris, and that upon 

activation through their PRRs, become potent cytokine producers. Together with B cells they 

are considered to be the professional antigen-presenting cells (APCs), that after encountering 

a pathogen, process and present peptidic fragments of the antigen to cells of the adaptive 

immune system, and are therefore important cells in bridging innate and adaptive responses. 

DCs are the most efficient APCs that capture antigens in the peripheral tissues and migrate to 

the lymph nodes, where they can present the antigen to naïve T cells, which then can 
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differentiate into effector cells and activate B- and NK cells. Two major subsets of DCs exist, 

the plasmacytoid (pDC) and the myeloid (mDC), that recognize different microbial pathogens 

by expressing distinct repertoires of PRRs, and induce different types of innate and adaptive 

immune responses depending on environmental factors.7, 8 Neutrophils, eosinophils, basophils 

and mast cells make up the granulocyte population that display a granulated cytoplasm. The 

most prevalent among them are the neutrophils. Granulocytes, especially eosinophils and 

basophils, play major roles in helminthic infections,9, 10 while mast cells have a key function in 

allergic reactions.11, 12 Details regarding neutrophils will be described in a separate section 

under “innate immunity”, as this cell type was explored in the context of malaria, as part of 

this thesis. 

 

Pattern recognition 

As indicated earlier, cells of the innate immune system can recognize microbes by their 

different repertoire of PRRs. The receptors are encoded in the germ-line, and are thus 

identical in every individual and can be found on various cellular compartments, including the 

plasma membrane, endosomes and lysosomes, which enable an effective way of detecting 

both intra and extracellular pathogens. Different PRRs exist, among which the toll-like 

receptors (TLRs) are the most studied. So far, 10 functional TLRs have been identified in 

humans that can be found on the cell surface or on intracellular membranes,13 (Fig 2). They 

are able to respond to a broad class of pathogens since each receptor recognizes specific 

conserved microbial features. TLR1, TLR2, TLR4, TLR5 and TLR6 are located on the cell 

surface and recognize structures that are representative for both gram
+
 and gram

-
 bacteria, 

such as lipopolysaccharides (LPS), lipopeptides, peptidoglycans and flagellin. TLR3, TLR7, 

TLR8 and TLR9 are located on the endolysosome and recognize single stranded RNA and un-

methylated CpG motifs in DNA for detecting different viruses. Other PRRs are the C-type 

lectin receptors, RIG-I-like receptors, NOD-like receptors and DC-SIGN.14 Activation of the 

PRRs by their ligands initiates signaling cascades that ultimately lead to activation of nuclear 

factor-kB (NF-kB), followed by induction of pro-inflammatory cytokines and increased 

antimicrobial activities. It has also been suggested that these types of receptors can become 

activated in response to endogenous danger signals, such as nucleic acids and heat shock 

proteins, that are released by necrotic/dying/stressed cells as part of the danger model 

proposed by Matzinger.15 In this context, the activation is due to the sense of danger induced 

by necrotic cells, rather than by the microorganisms per se.  
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Figure 2. Host innate immune receptor signaling elicit production of cytokines and type I 

interferons. Adapted and modified from Müller A, et al.16  

 

Inflammation 

Inflammation is crucial in innate immunity. It is a response to pathogens breaking our defense 

mechanisms or as a result of tissue damage. Inflammation is characterized by alterations in 

vascularity and integrity, migration and activation of leucocytes, secretion of soluble 

mediators and systemic reactions. It is typically manifested by redness, heat, swelling, pain 

and loss of function. Upon stimulation, tissue resident cells, such as macrophages, DCs and 

mast cells, start to secrete a variety of soluble mediators, such as histamine, prostaglandins 

and cytokines that enhance cell function at the inflamed site and alert the immune system to 

promote cell recruitment. Increased vascular diameter and permeability of the blood vessels 

together with local production of chemokines, such as interleukin (IL)-8 and monocyte 

chemotactic protein (MCP)-1, enables recruitment of neutrophils and later also monocytes to 

the inflamed site. This infiltration is also supported by up-regulation of adhesion molecules of 

the selectin family, the intercellular adhesion molecules (ICAMs) and vascular cell adhesion 

molecules (VCAMs) on endothelial cells.17 Besides being specialized phagocytes, neutrophils 

and macrophages also have an important role in mediating the acute phase response through 

the production of IL-1, IL-6 and tumor necrosis factor (TNF) that further contribute to the 
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inflammation. Once the pathogen is cleared, or when the tissue has been repaired, the signal 

that triggered the inflammation needs to be removed or inhibited in order to sustain normal 

body homeostasis. A failure to regulate this suppression may have detrimental consequences 

for the host, leading to chronic inflammation and in the end severe tissue damage. One major 

signaling pathway involved in this task is represented by the suppressor of cytokine signaling 

proteins that mediate a negative feedback loop to cytokine signaling.18  

 

Neutrophils 

Neutrophils are the most abundant white blood cells in the human circulation, comprising 

around 50-70% of these cells. They play a crucial role in the innate immune defense against 

bacterial and fungal pathogens, and they also participate in the development of inflammatory 

reactions.19 The importance of neutrophils can be seen in patients suffering from neutropenia 

(low or no neutrophils in the blood), who experience frequent and severe microbial 

infections.20 Neutrophils leaving the bone marrow are mature, terminally differentiated cells 

that are specialized for killing microorganisms, although they usually die while performing 

this task. During their development process they create several intracellular compartments 

(secretory granules and vesicles) that store proteins critical for antimicrobial functions. They 

are one of the most short-lived cells in our immune system, usually dying within 8-12 hours 

after entering the circulation by spontaneous apoptosis or NETosis.21 However, various 

signals, such as cytokines (granulocyte-macrophage colony stimulating factor (GM-CSF), G-

CSF and TNF), hypoxia and microbial products as well as various cell cycle regulatory 

proteins,22 have been shown to prolong neutrophil survival.23, 24 Neutrophils are together with 

monocyte/macrophages the major phagocytic cell populations in our immune system, with a 

primary aim to seek out, engulf and kill microbes. However, a major wave of discoveries 

during the last 10-20 years have revealed unexpected roles for neutrophils, which now have 

begun to question the former idea that neutrophils were no more than phagocytic “suicide 

killers”.25 For example, stimulated neutrophils were shown to synthesize and release various 

cytokines and chemokines, thereby orchestrating the inflammatory response.26, 27 Their 

granule content seemed to be surprisingly complex, containing numerous amounts of pre-

made molecules and proteins.28 It has also become evident that neutrophils, besides 

performing phagocytic-mediated killing, can kill microbes through other more sophisticated 

mechanisms.29 They also seem to be able to cross-talk with other immune cell types, both 
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through direct cell-cell contact or by cytokine production, thereby being able to shape and 

direct the innate and the adaptive immune response.25, 30  

Neutrophil activation 

Human neutrophils constitutively express all the TLRs (except TLR3), which makes them 

excellent sensors of microbial compounds.31-33 Once released into the circulation, neutrophils 

immediately begin to seek signs of infection and inflammation, which leads to a series of 

events culminating in the migration of neutrophils through the vessel wall and inside the 

tissue to the site of microbial invasion,17, 34 (Fig 3). At inflammatory sites, bacteria-derived 

proteins (LPS) and cytokines (TNF and IL-1β) are found in high concentrations, and these 

stimulate endothelial cells to express adhesion molecules, such as P-selectins, E-selectins and 

proteins of the integrin family. Neutrophils, on the other hand, constitutively express P-

selectin glycoprotein ligand (PSGL)-1 and L-selectin, that can recognize these structures on 

the endothelium.35, 36 Upon engagement, the neutrophil is captured and starts to roll over the 

endothelial cell layer and that further increases the interactions between these receptors. This 

recognition activates different kinases that ultimately lead to a firm adhesion between the 

neutrophil and the endothelial cell layer mediated by clusters of the integrin family members 

(LFA-1 and Mac-1).37 The neutrophil is finally arrested and begins to crawl over the 

endothelial layer to an endothelial junction where the neutrophil can transmigrate. Once past 

the endothelial barrier, the neutrophils are bathed in chemoattractants and inflammatory 

stimulants that further guide the neutrophils to the site of infection through chemotaxis (cell 

movement from a lower towards a higher concentration of chemoattractants). During this 

process, chemoattractants bind to receptors on the neutrophil that becomes desensitized from 

further ligation of the receptors by receptor endocytosis.38 Once the neutrophil reaches the 

microbes, the neutrophil begins to release its content of antimicrobial proteins that efficiently 

kill the intruders.  
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Figure 3. Neutrophil activation, extravasation and elimination of microbes. Adapted from 

Amulic B, et al.39 Reprinted with permission of nature publishing group.  

 

Neutrophils and the elimination of microbes 

Neutrophils kill microorganisms by different means, but mainly through phagocytosis. This 

can be greatly enhanced by opsonizing molecules, such as complement factors or by 

antibodies, which interact with Fc-receptors on the neutrophil surface and promote 

phagocytosis. The process involves active actin rearrangement and the formation of 

pseudopod extensions, forming a phagocytic cup, that engulf the microbe and internalizes it 

into a vacuole called phagosome. Phagosomal maturation and fusion of granules with the 

phagosome then takes place, whereby antimicrobial proteins, peptides and enzymes are 

delivered inside the phagosome. This, together with ROS and nitric oxide (NO) production 

generated by the NADPH oxidase during ingestion, results in killing and digestion of the 

microbe.40 Lately, neutrophils have also been discovered to be able to kill microorganisms by 

the formation of neutrophil extracellular traps (NETs).29 NETs are filamentous structures that 

are released into the extracellular space to catch, kill and prevent dissemination of microbes. 

They are formed by a unique mechanism of active cell death called NETosis, and are 

composed of decondensed chromatin (histones and DNA) embedded with granular and 

cytoplasmic proteins. Formation of NETs could potentially also have detrimental effects on 

the host since NETs exposes self-molecules extracellularly, which could lead to 

autoimmunity.41-43 
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Neutrophils in immune cell cross-talk 

Once neutrophils are recruited to inflamed tissues, they directly contribute to antimicrobial 

clearance through various mechanisms described above. In addition, they also have the 

possibility to communicate closely with other immune cells via their release of granule 

proteins, synthesis of cytokines and chemokines or via direct cell-cell contact. Neutrophils 

can thereby shape the activity of monocyte/macrophages, DCs, NK cells, lymphocytes and 

other cells and direct the immune response.44, 45 In many cases, neutrophil infiltration is 

followed by monocyte arrival and this seems to be influenced by chemokines secreted by the 

neutrophils themselves, such as the classical monocyte chemoattractants: MCP-1/CCL2, 

monocyte chemoattractant protein (MIP)-3α/CCL20 and MIP-3β/CCL19.46, 47 Neutrophils also 

modulate monocyte functions once at the site by influencing the microenvironment.48 

Neutrophils can also recruit and interact with DCs that may lead to various outcomes.49, 50 It 

has been shown that activated neutrophils can induce maturation and activation of DCs, 

leading to secretion of TNF and IL-12, thus potentially inducing T-cell proliferation and 

polarization towards a Th1 cell phenotype.50, 51 There also seems to be a close collaboration 

between neutrophils and DCs that jointly influence NK-cell activity, survival, and IFN-γ 

production, through the secretion of IL-18 (by the neutrophil), and IL-12 (by the activated 

DC).52 Neutrophils can also cross-talk with T- and B cells. Recent work by Puga et al, 

revealed a novel interaction between neutrophils and marginal zone B cells under the 

influence of B-cell activating cytokine, (a proliferation-inducing ligand) and by IL-21, all 

produced by neutrophils.53 These splenic neutrophils (named neutrophil B-helper cells) were 

able to promote B-cell survival, antibody production, class switching and somatic 

hypermutations in a T-cell independent manner.54 In addition, activated Th- and Tc cells can 

secrete cytokines, such as GM-CSF, TNF and IFN-γ that modulate neutrophil survival and 

expression of activation markers.55  

Neutrophils and resolution of inflammation 

The content of neutrophil granules is not only toxic for invading microbes but could also 

potentially be toxic for the host if not properly released and tightly controlled. Resolution of 

inflammation is therefore a necessary but complex process that when correctly performed 

assures tissue repair and regain of physical function.56, 57 A central mechanism of resolution of 

inflammation is the apoptosis of neutrophils. This is a “built in” program that under normal 

conditions is turned on when the neutrophil has released its antimicrobial content. This 

efficiently reduces the number of neutrophils at the inflamed site but at the same time it also 
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releases factors that prevent further neutrophil recruitment, such as annexin A1 and 

lactoferrin.58, 59 Apoptotic neutrophils are cleared primarily by macrophages via a process 

known as efferocytosis that prevents dying cells from leaking out their content before their 

membrane integrity is breached.60 Apoptotic neutrophils promote their own clearance by 

expressing “find me” signals, that aid and attract phagocytes,61-63 and “eat me” signals, that 

makes it possible to identify a dying cell.64 Macrophages that phagocytose apoptotic 

neutrophils have also been shown to induce an anti-inflammatory phenotype with low IL-12 

and high IL-10 production that negatively regulates inflammation and stimulates tissue 

repair.65 Other ways to help resolve inflammation is to stop neutrophil influx. This can be 

achieved by chemokine cleavage/truncation by proteases and metalloproteinases or by 

chemokine sequestration.66 In addition, soluble mediators have major roles in both 

orchestrating the inflammation and its resolution, causing a shift between the two stages.67, 68 

During the early phase, neutrophils synthesize pro-inflammatory mediators, such as 

prostaglandins and leukotrienes that promote further neutrophil recruitment. As the 

inflammation progresses, anti-inflammatory lipid mediators, such as lipoxins, resolvins and 

protectins are instead synthesized. These mediators efficiently initiate resolution of 

inflammation by blocking neutrophils function, while promoting macrophage recruitment. 

The recruited macrophages further “turn off” the pro-inflammatory cytokines and lipid 

mediators by secreting IL-10 and transforming growth factor (TGF)-β. Generation of growth 

factors promotes cell proliferation, remodeling and tissue repair to finally achieve 

homeostasis.   

 

ADAPTIVE IMMUNITY 

The adaptive immune system is divided into two different branches, the cell-mediated 

response (consisting of T cells) and the humoral response (consisting of B cells).   

T lymphocytes 

T cells are essential in the development of cell-mediated immunity. They originate from the 

bone marrow and undergo further differentiation in the thymus. During this process, gene-

rearrangement of TCR genes, through VDJ joining occurs, and positive and negative selection 

of immature T cells ensures that self-reactive T cells are eliminated from the system. Positive 

selection ensures that T cells capable of recognizing self-MHC molecules properly (not to 

strong or too weak) survives, while negative selection ensures that T cells that interact too 
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strongly with MHC molecules, presenting self-peptides, are removed. T cells are divided into 

αβ T cells (classical) and γδ T cells (non-classical) depending on the composition of the TCR 

heterodimer. The αβ T cells are further divided into CD3
+
CD4

+
 T-helper (Th) cells and 

CD3
+
CD8

+
 T cytotoxic (Tc) cells depending on which co-receptor they express i.e. CD4 or 

CD8. In general, Tc cells are important for the clearance of virus-infected cells and tumor 

cells, while Th cells mainly regulate other cells of the immune system by secreting various 

cytokines.  

T-cell activation 

T cells can only recognize antigens if they are presented to them on the MHC class I or II 

molecule. Presentation through MHC class II can only be carried out by APCs (macrophages, 

B cells and DCs), while presentation through MHC class I can be carried out by all nucleated 

cells in our body. Antigen recognition occurs via the TCR on the T cell and the signal is 

amplified through the associated CD3 molecule. Proteins derived from the cell itself (for 

example endogenous proteins or proteins derived from intracellular bacteria or viruses) are 

processed by the proteosome into peptide fragments, inside the cytosol, and can be presented 

on MHC class I molecules, that together are transported to the cell surface. This peptide/MHC 

class I complexes can engage the TCR-CD3 complex on a naïve Tc cell, and together with 

additional co-stimulatory signals and cytokines, the Tc cell can become activated and 

differentiate into an effector cell. In contrast, extracellular proteins that have been 

phagocytosed by the APCs are instead processed inside endosomal compartments, associated 

with MHC class II molecules, and are finally presented on the cell surface. This peptide/MHC 

class II complex can engage the TCR-CD3 complex on a naïve Th cell and after additional 

co-stimulatory signals the Th cell can differentiate and become an effector cell. As a 

consequence of this activation, highly specific effector cells and also long-lasting memory T 

cells are generated, which quickly can proliferate if the same antigen is encountered again. 

Tc cells 

Tc cells are together with NK cells the two main cytotoxic cells in our immune system. Tc 

cells can kill abnormal cells or infected cells in a highly organized process. This can be 

achieved when the TCR on the Tc cell interacts with the peptide/MHC complexes on the 

target cell, resulting in the formation of an immunological synapse, which triggers the release 

of granules containing granzymes and perforins from the Tc cell into the target cell. At the 

same time, a cascade of apoptosis-related proteins and proteases are activated that efficiently 

kill the target cell by apoptosis. A target cell can also be killed by the interaction of the Fas 
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ligand (FasL), expressed on the Tc cell, and the trimeric Fas death receptor, expressed on the 

target cell, which also results in granzymes and perforin release.69, 70  

Th-cell subsets 

The Th cells can be further subdivided into a whole array of Th-cell subsets, including Th1, 

Th2, Th9, Th17, Th22, T follicular helper (Tfh) cells and T regulatory cells (Treg), that have 

unique functions in the immune system,71, 72 (Fig 4). The differentiation of a naïve T cell into 

any of these subsets is guided through signals the cell receives during its activation, and is 

therefore dependent on the cytokine milieu elicited during the immune response.71 The subsets 

are defined by different expression of transcription factors and signal transducers and 

activators of transcription (STAT). Although they are said to have distinct properties and 

functions, there seems to be great plasticity in between the different subtypes.73-75  

Th-cell subset functions 

Differentiation of Th1 cells are induced by IL-12 and interferon (IFN)-γ and leads to 

activation of STAT1/4 and T-box transcription factor (T-bet). Th1 cells support cell-mediated 

immunity by their production of IL-2, TNF and IFN-γ. Th2 development is supported by IL-4 

production and the main transcription factor important for this subset is GATA-3. Th2 cells 

have major roles in allergic reactions and in clearing helminthic infections by the production 

of IL-4, IL-5 and IL-13. These cytokines are important in regulating B-cell maturation and 

subsequent production of antibodies, and they also promote antibody class switch 

recombination from IgM to IgE. Th17 cells are induced by IL-6 and TGF-β and promote 

inflammatory reactions, along with Th1 cells, and appear to be important in clearing 

extracellular pathogens. They are key producers of IL-17 and its variants, and are 

characterized by the expression of retinoic acid receptor-related orphan receptor γt (RORγt).76  

Treg cells are essential in maintaining immune tolerance by suppressing self-reactive T 

cells.77 Treg cells are CD4
+
CD25

+
 and express high levels of the transcription factor forkhead 

box P3 (FoxP3), and are potent producers of IL-10 and TGF-β. There are two different types 

of Treg cells, the naturally occurring Treg cells that are developed during normal T-cell 

maturation in the thymus and the inducible Treg cells that acquire their suppressive activity in 

the periphery.78  
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Figure 4. Model for how a naïve Th cell differentiates into the various Th-cell subsets and 

their subsequent responses in the immune system. Adapted and modified from O´Shea J.J and 

Paul E.W.79 Reprinted with permission from the American Association for the Advancement 

of Science (AAAS). 

 

γδ T cells 

The γδ T cells represent a small population of immune cells, constituting around 2-10% of all 

the Th cells in peripheral blood.80 γδ T cells have both innate and adaptive characteristics, and 

are thus something in between the two arms.81 They are distinct in a way that they have an 

unconventional TCR that is relatively invariant and can only recognize some specific 

antigens. Such recognition induces rapid innate like responses, mostly attributed to their 

potent cytokine production and also their ability to directly kill infected cells or infectious 

pathogens, thereby having a critical role in early responses to invasive pathogens.80 The γδ T 

cells are not restricted to the recognition of peptides presented on MHC molecules, a feature 

that distinguishes them from the conventional αβ T cells. They can instead themselves, take 

up, process and present antigens to αβ T cells, thus acting as an APC, and thereby induce B-

cell responses and DC maturation.82  

NKT cells  

NKT cells are a subset of T cells that express surface receptors characteristic of both NK- and 

T cells and that participate in viral infections.83 A subset of these, called invariant NKT cells, 

exists, that straddles the innate and adaptive immune systems. These cells have a functional 

TCR but its specificity is strongly limited so that they can only react with a limited diversity 



25 

 

of antigens, thus resembling a PRR of the innate immune system. They use their TCR to 

recognize self and foreign lipids presented by the non-classical MHC class I related 

glycoprotein CD1d, rather than by the classical MHC I or II molecules and induce immune 

responses.84, 85  

 

B lymphocytes 

B cells are key players in humoral immunity. They are produced in the bone marrow as 

immature B cells that migrate to the spleen where they differentiate into naïve, follicular or 

marginal zone B cells. One of their important tasks in the immune system is to generate 

immunoglobulins (Igs). All B cells express a BCR which is composed of two major parts, the 

receptor-binding part of a membrane bound Ig, and the signaling transducing part, 

constituting of two heterodimers (Ig-α/Ig-β, also called CD79). Like T cells, B cells are also 

tested for auto-reactivity to prevent self-reactive B cells to be released into the circulation, and 

this process takes place in the bone marrow. If the immature BCR binds too strongly to self-

antigens they will not be allowed to mature further. They can then be clonally deleted, usually 

by programmed cell death (apoptosis), or they can get a second chance to “make it right” by 

receptor editing with the help of recombination-activating gene, or they can go into a 

permanent state of unresponsiveness called anergy.  

B-cell activation 

As previously mentioned, in contrast to the TCR, the BCR can recognize antigens by 

themselves and do not need any presentation through MHC molecules. Instead, they can 

become activated through cross-linking of their surface bound Igs by bacterial carbohydrates 

in a thymus independent way, or they can become activated with the help of an already 

activated Th cell in the germinal centres in a thymus-dependent way,86 (Fig 5). In the latter 

case, the naïve B cell can function as an APC and can upon encountering an antigen, engulf, 

digest and finally present the fragmented antigen in association with MHC class II molecules 

present on its surface. This formation attracts a matching T cell that can bind and cross-link 

with the peptide/MHC complex, and together with additional signals from co-stimulatory 

molecules and cytokines (from the activated T cell), the B cell can also become fully 

activated. When this occurs, clonal expansion of that particular B cell takes place, which 

results in the formation of short-lived antibody-secreting plasma cells or long-lasting memory 

B cells. Importantly, each B cell can only produce antibodies with one antigen-binding 

specificity.  
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Antibodies, affinity maturation and class switching 

As previously mentioned the Ig molecule can be membrane bound (as part of the BCR) or 

secreted (functioning as an antibody). The primary aim of Igs is to clear pathogens from the 

circulation by different neutralization or killing-induced mechanisms. For example, by 

blocking receptors needed for pathogens to enter host cells, by promoting opsonization of the 

pathogens (enhanced phagocytic ability by macrophages and neutrophils), by activating the 

complement system (part of the innate immune system, consisting of a complex pathway of 

proteins, that upon activation results in direct lysis of a target cell), and by facilitating 

antibody-dependent cell-mediated cytotoxicity.87 The antibody consists of two light chains 

and two heavy chains that are held together by disulfide bonds. The whole structure has a 

variable (antigen binding) region and a constant region. The constant region is also called the 

fragment crystallisable (Fc) part, which is responsible for interaction with receptors and 

complement. The antigen-binding region is highly variable and can create an almost unlimited 

amount of specificities through VDJ recombination when the B cell is developed. The BCR 

can also undergo further affinity maturation through somatic hypermutations (point 

mutations) by the activation-induced deaminase (AID) enzyme in the germinal centres, which 

increases the specificity of the receptor for a particular antigen (Fig 5). The constant region 

defines what type of antibody subclass it is. There are five different antibody classes with 

various functions and appearance: IgM, IgD, IgG, IgA and IgE. Initially, the B cell produces 

simultaneously IgM and IgD antibodies, but can after activation by an antigen be induced to 

undergo class switching to produce IgG, IgA or IgE antibodies. The generation of these 

different antibody isotypes by the B cell is known as antibody class switching (performed by 

the AID enzyme), and occurs in the germinal centres (Fig 5). During this process it is only the 

constant region of the antibody that is changed, which allows the antibody to keep its antigen 

specificity. IgM is the first antibody that encounters an antigen and is a potent activator of the 

complement system.88 It eliminates pathogens in the early stage of humoral immunity before 

there is sufficient IgG. It is the only antibody that forms a pentamer when being in its soluble 

form, in which multiple Igs are covalently linked together with disulfide bonds and a joining-

chain (J-chain, a polypeptide). IgG, with its four isoforms (IgG1, IgG2, IgG3 and IgG4), 

represents the majority (70%) of the peripheral blood antibody-based immunity. IgG is the 

only antibody that can pass extensively across the placenta and provide passive immunity 

from the mother to her fetus.89 IgD is generally found at very low levels in the blood (less than 

1%) and its function is still elusive.90 IgA is a key antibody involved in mucosal immunity by 

being the main Ig found in mucus secretions.91 IgA exist in two subclasses (IgA1 and IgA2) 
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and can exist in a dimeric form when two subunits are joined together with the J-chain and are 

then called secretory IgA (sIgA). In its secreted form, it can bind to polymeric Ig receptors on 

epithelial cells, be endocytosed and transported through the cellular compartments to the 

luminal surface where it can be cleaved and released. In this way, sIgA works together with 

non-specific protective factors, such as the mucus, to block microbial adhesion to epithelial 

cells without causing a tissue-damaging inflammatory reaction.91  

 

 

 

Figure 5. Fates of naïve B cells, that takes place in the germinal centres. Adapted and 

modified from Küppers Ralf.92 Reprinted with permission of nature publishing group. 

 

B-cell subsets  

Peripheral blood B cells can be separated into different subtypes depending on their 

expression of IgD and the TNF-receptor family member CD27 i.e. naïve B cells (IgD
+
CD27

-), 

non-switched memory B cells (IgD
+
CD27

+
, that predominately produces IgM), and B cells 

that have undergone clonal expansion along with isotype class switching and somatic 

hypermutations (IgD
-
CD27

+
, that can produce IgG, IgA and IgM antibodies).93  
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CYTOKINES – soluble messengers 

Cytokines are low-molecular-weight proteins that are key players in coordinating immune 

responses, acting like soluble messengers that can instruct cells what to do. For this reason, 

they are involved in virtually all physiological responses taking place in the body. They 

perform this task by binding to a variety of receptors, thereby inducing different immune 

responses. This can be done by binding to receptors on the membrane of the same cell that 

secreted it (autocrine action), to receptors on a nearby cell (paracrine action) or to receptors 

on a cell in a distant part of the body (endocrine action). Cytokines come in different flavors 

depending on their function and have different actions on different cells and often have more 

than one biological activity. One major group of cytokines is the IFNs. They are key 

molecules in the defense against infections, especially during viral infections. Another big 

group of cytokines are the ILs. They are mainly produced by, and act on, leucocytes and are 

involved in cellular division, differentiation and activation of these cells. Chemokines are yet 

another important group of cytokines involved in cell trafficking. These are widely produced 

at sites of infection in response to both exogenous and endogenous stimuli to support 

inflammatory cell migration. Chemokines are divided into two main groups depending on 

their structure; the CXC or α-chemokines and the CC or β-chemokines. A brief description of 

the cytokines and chemokines of relevance in this thesis will follow below.  

IL-1β and TNF 

IL-1β and TNF are two acute phase proteins that are rapidly induced upon tissue injury or 

when the immune system senses microbes. They are produced primarily by activated 

monocytes, macrophages and DCs, but TNF can also be produced by NK-, T- and B cells and 

neutrophils. Both of these factors activate neutrophils and macrophages to phagocytose 

pathogens and to release ROS and NO radicals. Both of them contribute to a systemic 

response to infection by generating fever, activating lymphocytes and to induce other acute 

phase proteins such as C-reactive protein.94 They are very potent pro-inflammatory cytokines 

and must therefore be kept tightly regulated to avoid host damage. For this reason, in healthy 

individuals these cytokines are not commonly found in high concentrations in the circulation. 

IL-1β is regulated by the inflammasome, and is kept in an inactive form as a pro-peptide (pro-

IL-1β), which can be cleaved to its active form when recognition of microbes occurs or 

danger signals are sensed.95 However, there also seems to be an inflammasome independent 

activation of pro-IL-1β, involving neutrophil-derived serine proteases.96 IL-1 signals through 
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the IL-1R and ligation to the receptor induce NF-kB signaling pathways. Similar pathways are 

also induced when TNF binds to its receptors, TNFR1 and TNFR2.97   

IL-6 

IL-6 is a pleiotropic cytokine with many functions including immune regulation, 

hematopoiesis and inflammation. IL-6 is produced by many cells of the immune system, but 

primarily by monocytes, macrophages, DCs, T- and B cells. IL-6 production can be triggered 

either in response to PRRs ligation or in response to IL-1β/TNF stimulation. Depending on 

the immune response, IL-6 can act both as a pro- and as an anti-inflammatory cytokine. In this 

way, IL-6 has a central role during inflammation and is believed to be regulatory, directing 

the early innate defense (by enhancing acute phase responses, activating phagocytic cells and 

recruiting cells to site of inflammation or tissue injury) towards acquired immunity (by 

inducing apoptosis in phagocytic cells and support leucocyte activation).98 IL-6 signaling is 

mediated by two pathways, either by binding to the membrane-bound IL-6 receptor or by 

binding to the soluble form of the receptor. Both pathways activate the signal transducing 

glycoprotein gp130 followed by gene transcription.99 

IL-8 (CXCL8) 

IL-8 is one of the main chemokines induced during inflammation and its primary function is 

to induce chemotaxis of responsive cells. It is produced by a variety of cells i.e. monocytes, 

granulocytes, fibroblasts and endothelial cells in response to bacterial infection. Neutrophils 

are the primary source of IL-8 and also the primary target cell, but other cells can respond to 

IL-8, such as endothelial cells, macrophages, mast cells and keratinocytes. IL-8 signals 

through two G-protein coupled receptors (CXCR1 and CXCR2), which are primarily 

expressed on neutrophils. CXCR1 is specific for IL-8, while CXCR2 beside IL-8 also can 

bind other chemokines.100  

IL-10 

IL-10 is a cytokine with regulatory and anti-inflammatory properties. Cells of both the innate 

and the adaptive immune system can produce IL-10, including DCs, monocytes, 

macrophages, NK-, T- and B cells, which emphasize its central role as a negative regulator in 

the immune system. In many cases, the same cells that initiate the inflammation also induce 

the expression of IL-10 to ensure a balanced immune response. It works as a negative 

feedback molecule that effectively blocks the biological functions (usually by blocking NF-

kB pathways) of cells, such as monocytes, macrophages, T- and B cells.101 For example, it can 

suppress cytokine/chemokine production and decrease the expression of MHC class II 
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molecules and the co-stimulatory molecules CD80 and CD86 on monocytes and 

macrophages. IL-10 can also induce the expression of molecules that have a suppressive role 

during inflammation, for example the release of natural antagonists to the cytokines. In 

addition, IL-10 regulates growth and differentiation of NK-, T- and B cells.101 Another 

important function for IL-10 is the ability to induce the differentiation of Treg cells to sustain 

immune tolerance.102  

IL-12p70 

The IL-12 family of cytokines plays a fundamental role in the induction of Th1-associated 

immunity. IL-12 is produced primarily by monocytes, macrophages, DCs and B cells. The 

major function of this cytokine is to induce IFN-γ production in NK- and T cells, to enhance 

the cytotoxicity of NK- and Tc cells and to induce differentiation of naïve T cells into Th1 

effector cells, thus having a central role in cell-mediated immunity. IL-12 is composed of two 

covalently linked subunits (IL-12p35 and IL-12p40), and together they comprise the 

biologically active form (IL-12p70). The importance of the IL-12 family is evident from the 

fact that a deficiency in either IL-12 or its receptors has been shown to lead to impaired cell-

mediated immunity and enhanced susceptibility to several diseases.103  

Interferons 

The most important function of the IFNs is their antiviral activity but they also have anti-

tumor actions and exert immune-modulatory effects on immune cells. They are broadly 

grouped into type I IFNs (IFN-α, IFN-β and IFN-ω) and type II IFNs (IFN-γ). Type I IFNs are 

widely produced by most nucleated cell types in response to viral and other microbial 

infections to confer protection to uninfected cells. In contrast to the type I IFNs, only 

activated T- and NK cells can produce IFN-γ.104 IFN-γ is a potent activator of monocytes and 

macrophages and increases NK cells cytotoxicity.105 One cell type that has been shown to 

produce a substantial amount of type I IFNs, especially IFN-α, is the pDC.106 Type I IFNs 

signal through the IFNAR-1/IFNAR-2 receptor that is ubiquitously expressed, while the type 

II IFNs signal through the IFNGR-1/IFNGR-2 that is only expressed on activated T cells, 

macrophages and NK cells.107 Although they bind different receptors, they share the same 

downstream signaling molecules.107 Binding of the IFNs to their respective receptors results in 

induced apoptosis of virus-infected cells and cellular resistance to viral infections and 

increased expression of intrinsic proteins.104 They also support activation of NK cells, 

macrophages and DCs, and induce adaptive immune responses.108 
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MCP-1 (monocyte chemotactic protein-1) (CCL2) 

MCP-1 is a member of the C-C class of β-chemokines and is one of the key factors involved 

in the initiation of inflammation. MCP-1 is produced by a variety of cell types in the immune 

system, such as fibroblasts, endothelial cells, vascular smooth muscle cells, monocytes and T 

cells. It triggers chemotaxis and transendothelial migration of monocytes to inflammatory 

sites by up-regulating adhesion molecules and integrins on the surface of the monocyte, thus 

having an important role in monocyte extravasation. For this reason MCP-1 is, along with IL-

8, often found in high concentrations in tissue during inflammation.109, 110  

RANTES (regulated upon activation normal T cell expressed and secreted (CCL5) 

RANTES is another C-C chemokine that was first considered to be a T-cell specific 

chemokine, but is now known to be produced by a number of other cell types, including 

platelets, macrophages, eosinophils, fibroblasts, endothelial and epithelial cells.111 RANTES 

induces migration of leukocytes by binding to specific G-protein coupled receptors such as 

CCR1, CCR3, CCR4 and CCR5. It is a potent chemoattractant for T cells and monocytes but 

can also recruit basophils, eosinophils, NK cells, DCs and mast cells to a lesser extent.112 In 

this way, RANTES has a beneficial effect by bringing immune cells to site of infections, but it 

can also have a detrimental effect if recruiting cells that exaggerates the inflammatory 

process. In light of this, increased RANTES concentrations have been found in various 

inflammatory disorders and pathologies, for example in atherosclerosis, rheumatoid arthritis 

(RA) and inflammatory airway disorders.113 RANTES also seems to be important in the 

defense against viral infections since degranulation from virus-specific Tc cells has been 

shown to release RANTES together with granzymes and perforins.114 This also becomes 

evident by the fact that certain viruses have evolved evasion mechanisms to escape RANTES. 

One example is the human cytomegalovirus, which expresses a chemokine homolog that 

sequesters RANTES.115  

MIG (monokine induced by IFN-γ) (CXCL9) and IP-10 (IFN-γ inducible protein 10) 

(CXCL10) 

MIG and IP-10 belong to the CXC or α-chemokines and are produced by a variety of cell 

types, such as monocytes, endothelial cells and fibroblasts in response to IFN-γ and TNF. 

They both have potent chemotactic activities and direct the trafficking of primarily activated 

T- NK- and NKT cells to the site of infection.116 Expression of IP-10 is often seen in many 

Th1-type inflammatory diseases. IP-10 and MIG are structurally closely related and share the 

same high-affinity receptor; CXCR3.117  
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BIOLOGY OF HUMAN PREGNANCY 

The placenta, implantation and remodeling 

Pregnancy involves an intimate association between a mother and her developing baby during 

approximately 40 weeks’ time. Yet, under normal circumstances maternal tissue never 

directly contacts the developing fetus. Instead this close intimacy is performed between 

maternal and fetal components in the placenta, primarily the decidua and the trophoblast, 

respectively. During pregnancy, a special disc-shaped multifunctional organ, the placenta, 

develops and is delivered after the newborn´s birth. Other names for it are “afterbirth” and the 

“tree of life”. The placenta is a highly specialized organ, primarily of fetal origin, that 

develops after the successful implantation of the blastocyte into the endometrium.118 The 

structure of the human placenta and its major components are shown in Fig 6. This 

implantation supports an unusual differentiation process of specialized undifferentiated fetal 

cells known as cytotrophoblast (CT) cells. The CT can be differentiated into invasive CT (that 

make up the extravillous trophoblasts (EVT)) or fusion phenotypes that have different 

functions in the placental development. Invasive CT remodels the endometrium and its 

vasculature, while the fusion phenotypes generate the multinucleated syncytiotrophoblast 

(ST) layer.119, 120 The ST layer lines the entire implantation site, thereby acting as a natural 

barrier between the fetus and the maternal immune system, and constitutes the cell type that is 

in direct contact with maternal blood. Soon after implantation, fetal blood vessels are 

established inside structures called villi that are made up by the trophoblasts and are 

surrounded by an outer layer of ST. At around 10 weeks of gestation, maternal blood perfuses 

the decidua, via the spiral arteries and into the intervillous space (IVS).121 Failure in the 

remodeling process of the vessels is thought to be the reason for adverse pregnancy 

complications, such as early pregnancy loss, intrauterine growth restriction or pre-

eclampsia.122-124 As a result of this remodeling, fetal villi are bathed in maternal blood, which 

creates a platform for maternal-fetal exchange of nutrients, respiratory gases and waste 

products. Placental cells also produce hormones, growth factors and cytokines that promote 

blood flow and aid in this uptake and delivery system at the fetal-maternal interface. One of 

these hormones produced by placental cells is the human chorionic gonadotropin that is 

produced very early in pregnancy and is therefore commonly used in pregnancy tests. This 

hormone stimulates trophoblastic invasion during implantation.125 Other factors, such as 

lactogen and placental growth hormone, together facilitate increased release of glucose, lipids 

and amino acids in the maternal blood, which can be transferred to the fetus.126 Thus, the 
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placenta function as an endocrine organ that produces several hormones necessary for 

pregnancy maintenance.127 

 

 

Figure 6. Structure of the human placenta and its major components. Adapted and modified 

from Zeldovich, et al.128  

 

Immune cells at the fetal-maternal interface 

The human decidua, or implantation site, is populated by a large number of immune-

competent cells primarily by macrophages, DCs, NK- and Treg cells. A special NK-cell 

subset exists, named uterine (u) NK cell that comprises around 70% of all the decidual 

leucocytes, thus being the main population there. uNK cells are phenotypically and 

functionally different from peripheral NK cells,129 and have been shown to be important for 

the vascularization and remodeling process by their secretion of various angiogenic factors.130 

Reduced numbers of uNK cells have also been associated with intrauterine growth restriction 

and pre-eclampsia.131 Macrophages represent around 20-25% of the decidual leucocytes but 

their numbers may vary depending on hormones and cytokines affecting the influx to the 

decidua, for example by MIP-1α.132 These macrophages seem to have pleiotropic roles, such 

as phagocytosis, tissue remodeling, control of trophoblast invasiveness, and production of 

cytokines.133 They spontaneously produce high levels of IL-10 that contribute to a regulatory 
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environment,134 and also produce prostaglandin-E2 that may block activation of decidual 

leucocyte cytotoxicity.133 They are considered to have an immune-regulatory role rather than 

antigen presentation, as they do not differentiate into DCs when stimulated with IL-4 and 

GM-CSF.134 Decidual DCs are also more tolerogenic than mature DCs,135 and seem to be 

crucial for successful implantation,136 and are thought to be one of the key cell types initiating 

protective adaptive immune responses during pregnancy.137, 138 Treg cells mediate in large part 

the state of active immune tolerance that prevents maternal lymphocytes ability to cause 

cytotoxic damage to the fetus.139, 140  

 

Immune tolerance 

A fundamental role of the immune system is to protect the host from foreign antigens. During 

pregnancy, the mother is exposed to non-self antigens (fetus), which in some animal species 

can occur through quite extended gestational time spans in a potential hostile environment. 

This raises the question why the mother’s immune system is restricted from attacking the 

growing fetus, even though it contains paternal antigens that should be rejected. We know that 

immunological recognition of pregnancy is important for the maintenance of gestation, so it is 

not simply because the mother´s immune system ignores the fetus or is not aware of its 

presence.141 The mechanisms involved in this tolerance by the maternal immune system 

remain somewhat elusive. Studies by Owen showed that dizygotic cattle twins are born with 

and long retain blood cells from the other twin.142 These studies were later extended by 

Medawar, Billingham and Brent who showed that most cattle twins at birth, and for a long 

time after were fully tolerant to grafts from each other’s skin. These and other studies later led 

them to formulate the idea of immunological tolerance.143 However, Sir P Medawar was the 

first to recognize the idea of maternal-fetal tolerance and discussed this in depth.144 He 

suggested that the special immune relationship between the mother and the fetus could take 

place because of 1) physical separation of maternal and fetal tissue by the placenta, 2) 

antigenic immaturity of the fetal tissue and 3) immunological suppression of the woman’s 

immune system. Although the explanations were not fully correct, the ideas postulated had 

profound influence on this research area during the following years to come. Since then, 

several mechanisms have been suggested to explain this paradox. Thellin et al, wrote in their 

review “ten ways to support a child for nine months” that summarizes the current mechanisms 

by which the semi-allograft is thought to be maintained during pregnancy.145 The fetal 

trophoblast cells appear to have a central role in this process as well as systemic and local 
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factors. One important immune evasion mechanism is the unique array of MHC molecules 

expressed by the trophoblasts themselves. Trophoblasts do not express the classical MHC 

class I molecules (human leucocyte antigen (HLA)-A and -B), but instead they express the 

non-classical HLA-G,146 and classical HLA-C (weakly).147 HLA-G exhibits low 

polymorphism,146 and is thought to inhibit the cytolytic activity of NK cells by interacting 

with inhibitory receptors expressed on the NK cells.148 Trophoblasts also express FasL, which 

may protect the fetus against the cytolytic actions of Fas-bearing maternal lymphocytes in the 

IVS and in the placental bed.149 Placental cells also produce a lot of immune-suppressive 

molecules for sustained tolerance. For example, local production of indoleamine 2,3-

dioxygenase  (which catabolizes tryptophan) by trophoblasts and macrophages, suppresses T-

cell activity, and thus inhibits some immune cell responses.150 Placental trophoblasts also 

secrete high amounts of progesterone, a potent Th2 inducer that is thought to have an 

important role in maintenance of pregnancy.151, 152 In addition, placental exosomes have been 

found in the maternal circulation that are thought to have immune-suppressive properties by 

inhibiting T- and NK cells cytotoxicity and signaling,153-155 to mediate monocyte recruitment 

to the placenta,156 and to prime maternal immune cells to secrete various cytokines.157  

 

Immune activation and cytokine profile 

Pregnancy causes a number of physiological changes that affect the way the pregnant woman 

interacts with the developing fetus. The maternal immune system changes both locally in the 

placental environment and in the peripheral circulation. However, the immune response that is 

the best suited depends largely on where it takes place (i.e. in the circulation or at the 

placental compartment) and also by the stage of pregnancy. In the circulation, the maternal 

adaptive immune system is generally considered to be suppressed, while the innate arm is 

systemically activated and this is thought to be crucial for maintaining gestation.158 There are 

increased Treg cells in the circulation during pregnancy,159 and the monocytes are generally 

more activated with increased surface expression, increased phagocytic abilities and cytokine 

production,160 while NK cells are decreased and also their cytotoxic activity.129 The role of 

different T-cell subsets in successful pregnancy is debated.161 In the early 90´s Wegmann et 

al, postulated that pregnancy is purely a Th2 phenomenon, meaning that the Th1 cells that 

mediate cytotoxic responses are inhibited, while the number of Th2 cells are increased to 

support pregnancy.162 A shift in this balance would then lead to abortion or pregnancy 

complications. This idea received clinical support by the observation that women with RA 
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(cell-mediated response) experienced a temporary remission of their symptoms during 

pregnancy,163 while systemic lupus erythematosus (in which the principal pathology is 

mediated by excessive autoantibody production) tended to flare up during pregnancy.164, 165 

Although many studies since then supported this hypothesis, other studies argued against it. 

However, it has been clearly shown that the Th1/Th2 ratio is changed in the decidua during 

pregnancy, which is probably supported by increased progesterone levels that favor Th2 

differentiation and Th2 cytokine production such as IL-4, IL-5 and IL-10.166 Although a strict 

Th2 dominance throughout pregnancy does not seem to be essential since knockout studies 

for anti-inflammatory cytokines still results in normal breeding.167 Furthermore, a successful 

pregnancy has been shown to require help from cytokines that traditionally are considered to 

be associated with Th1 responses, as in the case of IFN-γ. This cytokine is considered as a 

potential harmful cytokine since excessive levels have been associated with pregnancy 

complications in humans,168, 169 but has, on the other hand, been shown in murine models to be 

needed for proper vascularization in the early stage of placental development.170 The 

contradictory results may be due to an oversimplification of the observations seen during 

pregnancy, since these studies evaluated pregnancy only as a single event when in fact a 

pregnancy has several different phases as discussed by Mor et al.171 In their paper, they 

suggest that a pregnancy has both pro-and anti-inflammatory phases, depending upon the 

gestational time i.e. early (Th1), middle (Th2) and late (Th1), which might be closer to the 

truth.   

 

In utero influences on neonatal immune responses 

Originally, it was thought that the placenta acted as a physical barrier separating the maternal 

and fetal blood systems and that this barrier was impermeable. Today, we know that there is a 

constant exchange of maternal and fetal factors, and there is growing evidence supporting the 

idea that the condition we face during our time in the womb may influence the newborn´s 

future health and disease development. For instance, small molecules such as antibodies, 

mainly IgG, passively diffuse through the placenta to enhance neonatal immunity that usually 

persists for up to 6 months after birth.172, 173 Whether there is a similar passive passage of 

cytokines is not entirely clear, however, some cytokines have been shown to cross the 

placenta.174, 175 In addition, studies have found that maternal cells are present at the fetal-

maternal interface and also in the newborn´s circulation.139, 176 Likewise, fetal cells such as 

trophoblasts have been found to leak into the maternal circulation.176, 177 This phenomenon of 
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foreign cells present in the body is called microchimerism, and has been shown to persist in 

the mother and child up to decades after pregnancy.178 In the case of malaria, studies have 

shown that in utero exposure to malarial antigens influence innate immune activation with 

impaired co-stimulatory abilities of DCs,179 and to modify TLR induced cytokine 

responses,180, 181 which may leave the neonate more susceptible for other infections, as in the 

case of HIV.182 
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RELATED BACKGROUND 

MALARIA 

Global burden of malaria  

Malaria is a major public health problem and remains one of the most common infectious 

diseases in the world today. In 2010, an estimate of 219 million cases of malaria was reported 

by the World Health Organization and despite endless efforts to prevent its spread 660,000 

people died from the infection that year.183 However, the same year, a systematic review 

evaluated the global malaria mortality rate and revealed numbers exceeding over 1.2 million 

deaths, so the true malaria burden might be underestimated.184 Although the numbers vary, 

there is a consensus that the malaria incidence over the last years has declined on a global 

scale.184 However, there are still hot-spots where the incidence has increased so the decline is 

not evenly distributed. Children under 5 years of age are the most vulnerable population, 

representing almost 90% of the malaria-attributable deaths. In addition, pregnant women and 

non-immune people (travelers) are also at the highest risk of severe disease.  

 

The malaria parasite 

Malaria is caused by a protozoan parasite of the genus Plasmodium and four species (P. 

falciparum, P. malariae, P. vivax and P. ovale) have been known for a long time to cause 

human malaria disease. A fifth Plasmodium species named P. knowlesi, that previously was 

known to only infect macaques, has also recently been shown to be able to infect humans.185 

P. falciparum is the species responsible for the majority of the morbidity and mortality in the 

world.186 The parasites are widely distributed in tropical and subtropical regions making 

African countries especially affected. 

 

The life cycle of the parasite 

The life cycle of P. falciparum is complex and involves both mosquitoes and the human host 

for successful replication and survival (Fig 7). The malaria parasite is transmitted to humans 

via the bite of an infected female Anopheles mosquito. The life cycle starts when an infected 

mosquito takes a blood meal, thereby injecting sporozoites into the human dermis, which 

penetrate the blood vessels and enter the blood circulation that facilitates their movement to 

the liver. Inside the liver, the sporozoites hide in hepatocytes and differentiate into massive 



39 

 

numbers of merozoites. After approximately one week, the hepatocytes burst and newly made 

merozoites are released into the circulation that can start to infect erythrocytes. Inside the 

erythrocytes, the merozoites mature and divide through a series of developmental stages (ring, 

trophozoite, and schizont) that finally result in the production of new merozoites. When the 

schizont ruptures, merozoites are released into the circulation and can re-infect erythrocytes 

and resume the cycle. This phase is called the erythrocytic cycle and is associated with many 

of the clinical manifestations often seen during malaria episodes such as fever and anemia. 

Depending on the Plasmodium species, this cycle of rupture and re-infection has a periodicity 

of 48-78 hours and gives rise to the typical fever peaks characteristic of malaria. Some 

parasites develop into female and male gametocytes that can be picked up by a new feeding 

mosquito. These gametocytes fuse inside the mosquito’s midgut and after a series of 

developmental stages new sporozoites are formed that migrate to the salivary glands and may 

continue the cycle once the mosquito feed again.  

 

 

Figure 7. The life cycle of Plasmodium falciparum parasites. Adapted from Ménard R, et 

al.187 Reprinted with permission of nature publishing group.  
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Hemoglobin degradation and Hemozoin formation 

The parasites spend a lot of its time hiding inside the erythrocyte where it undergoes several 

maturation steps. During this phase, the parasites main nutrient source is hemoglobin.188 This 

feeding process involves ingestion of large amounts of erythrocytic cytoplasm and proteolysis 

in digestive vacuoles, which results in the generation of free amino acids that the parasite uses 

for growth and maturation. However, this process also releases toxic free heme, which can 

damage cellular metabolism and create oxygen radicals. To protect itself, the parasite 

detoxifies this heme by polymerizing it into an insoluble crystal called hemozoin (Hz) or 

malaria pigment.188 Hz is easily phagocytosed by immune cells once released into the 

circulation when the infected erythrocyte (iE) bursts.   

 

Pathogenesis and clinical manifestations 

The virulence of P. falciparum parasites is thought to be related to the ability of the parasite to 

hide inside host cells, to evade host immunity through clonal antigenic variation and to adhere 

to tissues, thereby escaping clearance by the spleen, and preventing recognition by the 

immune system. During the late stage of development the iE express knob-like protrusions, 

which the parasites use to bind and adhere to various tissues in the human host.189, 190 This 

allows them to escape clearance by the spleen, since non-adherent iE are rapidly cleared. One 

of the best characterized protein that the parasites use to perform this cytoadherence is the P. 

falciparum erythrocyte membrane protein 1 (PfEMP1), encoded by the var multigene 

family.191 This protein mediates binding to several scavenger receptors on endothelial cells, 

causing sequestration of iE that may lead to various pathologies, for example, sequestration in 

the brain (causes cerebral malaria),192 and in the placenta (causes placental malaria).193 The 

clinical manifestations associated with exposure to the malaria parasites may differ 

significantly from one person to another depending on parasite species, age of the individual, 

host genetic factors, co-infections and transmission rate in the area, among other things. In 

immune adults, the infection usually causes flu-like symptoms, such as fever, chills, 

headache, malaise and nausea but rarely severe disease. Children (especially under the age of 

five years) who lack this immunity often bear the main burden of malaria and the infection 

may lead to severe and life-threatening diseases, which presents mainly as cerebral malaria, 

severe malaria anemia and acute respiratory distress. In the absence of treatment, severe 

malaria is almost always fatal. In malaria-endemic areas, it is mostly young children and 

pregnant women who experience the most severe complications. Severe anemia and cerebral 
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malaria are thought to be the major cause of morbidity and mortality in these children. In low-

malaria transmission areas, even adults may develop severe symptoms.  

 

Innate and adaptive immune responses 

Both the innate and the adaptive immune system regulate a malaria infection in distinct ways 

to protect the host. How this may be achieved is presented in a simplified way in Fig 8. It 

appears that activation of innate responses by the parasites effectively contribute not only to 

protection, but also to the priming and modulation of the subsequent adaptive immune 

responses, including both humoral and cellular immunity.194 Interactions between circulating 

parasites and neutrophils, macrophages, DCs, NK-, and γδ T cells seem to play an important 

role in the innate immune response early during infection in the initial limitation and control 

of parasite loads. This is mainly achieved via the secretion of several pro-inflammatory 

cytokines such as IL-12 and IFN-γ, which are critical for the development and regulation of 

Th1-type immune responses.195 The number of NK cells increases during early infection and 

their cytotoxicity has been shown to induce lysis of iE.196 Also the numbers of γδ T cells 

increase early during infection.197 Their protective role in P. falciparum infection has been 

attributed to the granule exocytosis-dependent cytotoxic pathway that requires granulysin that 

is able to inhibit parasite growth (the asexual blood stages).198, 199 Both of these cell types have 

been shown to induce rapid IFN-γ production upon contact with the parasites.200, 201 Increased 

circulating granzymes and perforins seen early during infection also indicate an important role 

for NK cells in innate host resistance.202 The APCs, especially DCs, become activated by 

parasite ligands that are recognized by TLRs, leading to subsequent up-regulation of their co-

stimulatory molecules and their capacity to secrete cytokines, in particular IL-12 increases. 

Likewise, activated macrophages secrete high levels of IL-12 and TNF, and increase their 

phagocytic abilities as well as cytokine and NO production. IL-12 efficiently activates naïve T 

cells to become Th1 cells that can secrete an array of cytokines involved in further activation 

of the innate immune system. The Th1 cells support B-cell activation for an efficient anti-

malarial specific antibody production and induction of effector cells of the adaptive immune 

system. They also produce IL-2, which further activates NK cells to produce IFN-γ that in 

turn activates macrophages. An increase in Treg cells has also been observed in humans 

infected with P. falciparum parasites.203  

 



42 

 

 

Figure 8. Proposed model for linking innate and adaptive immune responses to Plasmodium 

falciparum parasites. Adapted from Stevenson M.M and Riley M.E.194 Printed with 

permission of nature publishing group.  

 

Role of cytokines 

Cytokines are major mediators during P. falciparum infection but many contradictory results 

have been reported regarding their involvement in protection and/or pathology as a result of 

using different animal models and different Plasmodium strains. However, there seems to be a 

consensus regarding the requirement of an early production of pro-inflammatory Th1 

cytokines, including TNF, IL-12 and IFN-γ, which may limit the progression from 

uncomplicated malaria to severe and life-threatening complications. High levels of IFN-γ 

have been associated with a more favorable outcome in most animal models of malaria,204-206 

an effect that has been attributed to the monocyte/macrophage activating capacity of IFN-γ, 

and production of ROS and NO that efficiently kill blood stage parasites. In humans, high 

IFN-γ levels have been associated with resistance to re-infection in children,207 and to be 

increased in uncomplicated compared to severe malaria cases,208 further supporting a critical 

role for IFN-γ in limiting progression of the disease. An important role for IL-12 in the early 

responses against P. falciparum parasites has also been noticed. IL-12 appears to be critically 

linked to IFN-γ, thereby allowing an early and sustained Th1 response. Studies have shown 
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that mice administered with IL-12 before injection of Plasmodium parasites provided full 

protection through an IFN-γ mediated mechanism.209 In young Gabonese children, levels of 

IL-12 were found to be lower in children who presented with severe malaria as compared to 

mild malaria cases.210 On the other hand, pro-inflammatory cytokines may also play a role in 

determining pathology, especially in severe disease. For example, low levels of IL-10 or a low 

IL-10/TNF ratio have been associated with malaria anemia and cerebral malaria in 

children,211-213 which suggests that the clinical course of severe malaria is influenced by a 

relative imbalanced IL-10 and TNF levels. In addition, increased levels of TNF and IFN-γ and 

low levels of IL-4 and TGF-β have been found in patients with cerebral malaria.214 Elevated 

levels of IL-1ra and IL-1β have also been described in patients that developed cerebral 

malaria.215, 216 It is widely accepted that Th2 cytokines down-regulate the functions of Th1-

derived cytokines. In light of this, elevated levels of IL-10 have been reported in severe 

malaria cases.217 Thus, IL-10 appears to have important roles in counteracting excessive pro-

inflammatory responses elicited by malaria parasites. Also, a wide range of chemokines (IL-8, 

MIP-1α, MIP-1β) have been found to be elevated during malaria infection, possibly to 

amplify the immune response.218, 219 Overall, the outcome of P. falciparum infection might 

thus depend on a fine balance between pro- and anti-inflammatory cytokines.  

Role of antibodies 

The most direct evidence that antibodies are important mediators in protective immunity to 

malaria was shown in the classical passive transfer experiments by Cohen, McGregor and 

Carrington.220 In these studies it was demonstrated that IgG from immune adults, given to 

infected children, successfully reduced the parasite loads to nearby undetectable levels in 

these children. Several epidemiological studies since then have underlined the importance of 

having high circulating levels of malaria-specific antibodies, especially levels of IgG, in 

relation to protection against severe disease. This protection seems to be largely dependent on 

the balance between the cytophilic (IgG1 and IgG3) and the non-cytophilic (IgG2 and IgG4) 

antibodies.221 Antibodies of the IgG1 and IgG3 subtype are predominantly found in malaria-

endemic areas,222-226 and have been associated with protection against severe disease.224, 225, 227 

However, IgG2 responses in combination with certain genetic mutations in the FcγRIIa have 

been associated with reduced risk of P. falciparum infection, as the IgG2 then functions as a 

cytophilic antibody.228 These P. falciparum specific antibodies mediate their protective 

functions in several ways.229 They may inhibit hepatocyte and erythrocyte invasion by binding 

to the surface of free sporozoites or merozoites. They can also in cooperation with monocytes 



44 

 

induce antibody-dependent cellular inhibition via binding to Fc receptors on effector cells and 

subsequently induce production of TNF and NO.230 They can also opsonize whole iE or 

merozoites and thus enhance their uptake by monocytes and macrophages.231 Antibodies may 

also block parasites from binding to scavenger receptors, such as ICAM-1 and CD36, on 

endothelial cells to block parasite from binding, thereby preventing pathology.229 In addition, 

antibodies from sera collected from individuals in endemic areas have been shown to 

opsonize merozoites and induce ROS release in neutrophils in a process called antibody-

dependent respiratory burst. The magnitude of this burst was shown to correlate with 

protection against clinical disease.232   

 

MALARIA IN PREGNANCY 

Susceptibility of pregnant women to infectious diseases 

Most of the time, our immune system is efficient in eliminating pathogens. Therefore, the 

increased susceptibility to malaria seen during pregnancy is not completely understood. The 

fact that the pregnant woman down-regulates her cell-mediated immunity to protect the fetus 

was first thought as one explanation for this phenomenon. However, these changes do not 

lead to a significant immune impairment and pregnant women do not in general suffer from 

more diseases or infectious agents than other people. This explanation could also not explain 

some of the features associated with malaria during pregnancy, for example why the severity 

of the disease seems to decrease over successful pregnancies. Some time ago, other ideas 

emerged to explain this. It was proposed that a special receptor, chondroitin sulfate A (CSA) 

expressed on the ST, was selectively allowing a rare subpopulation of iE to bind and adhere to 

the placenta.193 This would favor parasite replication in the placental tissue and at the same 

time they would avoid clearance by the spleen, thereby establishing a successful infection. 

This placental binding of parasites is one of the hallmarks for malaria during pregnancy. 

 

Burden of malaria during pregnancy 

In Africa, approximately 25 million women become pregnant each year.233 They are all at risk 

of developing malaria during pregnancy, which can have serious consequences for both the 

mothers and their offspring,233 especially for primigravidae woman.234 Infection during 

pregnancy may lead to maternal anemia, spontaneous abortions and poor pregnancy outcomes 

such as low birth weight (LBW) babies.235 Up to 50% of all LBW deliveries are attributable to 
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malaria during pregnancy, leading to approximately 200.000 infant deaths annually,236 many 

of which are due to fetal growth restriction.237 P. falciparum infection during pregnancy may 

also increase neonatal deaths that extends into infancy.238, 239  

 

Placental malaria  

As mentioned earlier, one of the virulence factors that P. falciparum parasites possess is their 

remarkable ability to adhere and sequester. The severe outcomes of malaria in pregnancy are 

mediated by the sequestration of iE, via PfEMP1, and the subsequent local immunological 

responses that follows. Compelling evidence support the finding that PfEMP1 binds to CSA 

expressed by ST in the placenta and that this interaction is crucial for the development of 

placental malaria (PM).193, 240, 241 Other proteins, such as hyaluronic acid,242 and ICAM-1,243 

have also been suggested to mediate this binding, although CSA is the predominant protein 

facilitating this. Adults residing in malaria endemic areas acquire a wide range of antibodies 

towards these PfEMP1 antigens after multiple exposures and are therefore said to be semi-

immune. However, in the pregnant women, the development of a new organ (the placenta) 

creates a new niche to which iE can and will adhere.244 These parasites express a unique 

repertoire of PfEMP1 proteins that the pregnant women have not seen before, who therefore 

become infected. A particular variant of these PfEMP1, named var2CSA, has been shown to 

specifically bind to CSA expressed by the ST.193 The different susceptibility to malaria during 

pregnancy seen by women of different parity is due to the lack of these anti-adhesive 

antibodies in primigravidae women, which multigravidae women have aquired.245 

Importantly, these var2CSA specific antibodies have been shown to increase in relation to 

number of pregnancies, suggesting that they are acquired during pregnancy, and they have 

been shown to be associated with protection against LBW and maternal anemia in a number 

of studies.246-248 

 

Immune responses during placental malaria 

Binding of iE to CSA leads to physiological changes in the placenta, such as intervillous 

infiltrates of monocytes and macrophages, thickening of the trophoblastic membrane, loss of 

syncytial microvilli and deposition of Hz in phagocytic cells.249-252 The presence of parasites in 

the placenta is also thought to stimulate ST and resident macrophages to release various 

cytokines and chemokines. Elevated chemokines, such as IL-8, MCP-1, MIP-1α MIP-1β, MIF 
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and IP-10 have all been described in infected placentas,253-256 many of which are 

chemoattractants for monocytes and macrophages that aid in the inflammatory infiltration of 

cells into the placenta. As a result, inflammation occurs that might be necessary to eliminate 

the parasites. Fievet et al, demonstrated that PM induces both Th1 (IFN-γ, TNF, IL-1β) and 

Th2 responses (IL-6, IL-10), but with a bias towards Th1.257 Elevated levels of TNF and IFN-

γ have also been shown in placentas from infected women.258 On the other hand, excessive 

levels may lead to PM pathology and unwanted effects associated with PM. For example, 

monocytic infiltrations have been associated with anemia and LBW.251 Increased levels of IL-

8 and TNF in association with PM have also been associated with intrauterine growth 

retardation,259 and high levels of TNF have been shown to be a risk factor for LBW.260 

Recently, factors that regulate placental development and vascularization have been 

investigated in the context of PM, such as angiopoietins,261 vascular endothelial growth 

factors,262 and also complement factors.263   

 

A vaccine for (pregnancy-associated) malaria - not yet there 

Widespread efforts are being made to try to control the spread of malaria and the disease it 

causes. These efforts largely depend on insecticide-treated bed nets, indoor residual spraying, 

and on accurate diagnosis and treatment with the artemisinin-based combined therapies, the 

most effective treatment available today. Intermittent preventive treatment of malaria during 

pregnancy is also a strategy via which all pregnant women in endemic areas receive full 

curative doses of sulphadoxine-pyrimethamine. The fact that individuals after repeated 

exposure become semi-immune towards the disease has led researchers to believe that, even 

though extremely challenging, it might be possible to develop a vaccine against malaria. 

Different vaccine candidates exist that are classified according to their time of action in the 

Plasmodium life cycle such as pre-erythrocytic, blood stage and transmission blocking 

vaccines.264 The RTS,S/AS01 is the vaccine candidate that has reached furthest along in the 

development process and targets the pre-erythrocytic stage of the disease. It was engineered to 

contain a part of the P. falciparum parasite (circumsporozoite protein, PfCSP) and a portion 

of the hepatitis B virus together with an adjuvant to boost the immune response. This vaccine 

candidate has now finished phase III testing and reports show that clinical cases and severe 

disease decreased by around 56% and 47%, respectively in 5-17 months old and around 32% 

and 26%, respectively in infants participating in the trial. Recently, Hoffman et al, also 

published a paper showing protection against malaria by intravenous immunization with 
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attenuated sporozoites when administered four to six times in adults, setting the groundwork 

for new vaccine developmental approaches.265 The feasibility of a vaccine against pregnancy-

associated malaria is supported by the observation that women rapidly acquire immunity after 

one or two pregnancies. Duffy and Fried showed that this protection largely depends on 

antibodies targeting parasites binding in the placental tissue.193 Since then, work done by 

Salanti and others showed that this binding was mediated by PfEMP1 proteins encoded by the 

var2CSA genes.266 The full-length of this protein has now been sequenced,267 and work is 

underway to identify conserved regions of this protein to be used as vaccine candidates that 

should elicit broadly reactive anti-adhesive antibodies to prevent malaria during pregnancy. 

Although, others have reported that the CSA-adherent parasite lines may express antigenically 

distinct variant surface antigen (VSA), and may therefore not be as conserved as previously 

suggested, and levels of anti-VSA antibodies were not significantly associated with PM 

infection, indicating that immune responses towards VSA may not be sufficient to eliminate 

the parasites during pregnancy-associated malaria.268, 269 

 

MALARIA AND ETHNIC GROUPS IN WEST AFRICA 

The genetic and cultural background of Fulani and Dogon ethnic groups are by now very well 

established.270, 271 The Fulani are traditionally nomadic pastoralists that have been settled in the 

study area in Mali (presented in paper IV) for the last 200 years, but they have also settled in 

other countries, such as Burkina Faso, Sudan, Cameroon, Nigeria and Senegal.272 The Dogon, 

on the other hand, are farmers who lived with the Malinke ethnic group in the Malian empire 

until the 13
th

 century and moved to the present study area over 50 years ago. The two ethnic 

groups now live at the cliffs of Bandiagara (the study area) as sympatric ethnic groups i.e. 

they live under similar social, cultural and geographical conditions and there is no 

intermarriage between the two groups. The Fulani of West Africa is a particularly interesting 

ethnic group because of their lower incidence of malaria compared to other sympatric ethnic 

groups living in both Mali,270 and in Burkina Faso.271 They have repeatedly been shown to 

have lower parasite rates, less clinical symptoms, higher spleen rates and higher malaria-

specific antibody titres and circulating cytokine levels, as compared to their sympatric 

counterparts.270, 271, 273-276 They also exhibit higher frequencies of atypical memory-B cells, and 

P. falciparum infections have been shown to be associated with higher percentages of plasma 

B cells, compared to Dogon, findings that may account for the higher malaria-specific 

antibody titres seen in Fulani.277 Furthermore, Fulani also have increased numbers of malaria-
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specific IL-4 and IFN-γ producing cells,275 but lower frequencies of Treg cells,278 compared to 

their neighboring ethnic groups. In addition, Fulani and Dogon children have also been shown 

to respond differently in their APC-subset activation upon P. falciparum infection, as well as 

in the response to certain TLR ligands.279 A study investigating classical-malaria resistance 

genes in these groups, revealed that Fulani in contrast to what was thought, were shown to 

have lower frequencies of such genes (Hemoglobin S and C, α-thalassemia and glucose-6-

phosphate dehydrogenase deficiency), suggesting that various hemoglobinopathies are not the 

reason for Fulani’s lower susceptibility.280 A lot of focus has also been on the involvement of 

different polymorphic genes and their relationship to cytokine and antibody responses.228, 281-285 

Clearly, the two ethnic groups show different responses to malaria parasites, but the 

underlying reason/mechanism(s) for Fulani’s relative resistance to developing malaria is yet 

unknown.  
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PRESENT STUDY  

OBJECTIVES 

The overall aim of this thesis was to examine the impact of Plasmodium falciparum infection 

on inflammatory responses in pregnant women and children residing in African countries. 

 

Specific aims: 

 To carry out comprehensive analyses of inflammatory markers throughout pregnancy 

and at delivery in women naturally exposed to malaria, living in Tanzania (Paper I). 

 

 

 To further characterize cytokine profiles and cellular responses during pregnancy-

associated malaria in women living in Benin (Paper II). 

 

 

 To examine neutrophil functions during pregnancy-associated malaria in vivo and in 

vitro in terms of their activation and migration behavior and their response to parasite 

products (hemozoin) (Paper III). 

 

 

 To assess cytokines, chemokines and antibody titres in children, belonging to two 

African ethnic groups, living in Mali, with known different susceptibility to malaria. 

(Paper IV). 
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METHODS 

A general description of study cohorts, study subjects and experimental procedures will be 

described below and in more detail in each paper and/or in other published papers as indicated 

in the text. 

Study cohorts paper I, II and III 

A prospective longitudinal cohort study of pregnant women and their babies (only in Benin) 

was conducted in parallel in two study sites i.e. Tanzania and Benin from 2008 until 2010. 

The study is also known as “Strategies TO Prevent Pregnancy Associated Malaria” 

(STOPPAM). At both study sites, ~1000 pregnant women at ≤24 week’s gestational age were 

included both in Comé, located in the Mono province 70 km west of Cotonou, the economical 

capital of Benin, and in Korogwe, located in the Tanga region of north-eastern Tanzania. 

Transmission of malaria in the area of the Beninese study site is considered moderate-high,286 

while in Korogwe the transmission was historically high,287 but has rapidly declined during 

recent years and is now considered to be low.288 The STOPPAM study design in both 

Tanzania and Benin has been described in detail elsewhere.286, 289 The study populations 

presented in this thesis comprise sub-groups drawn from the cohorts of pregnant Tanzanian 

and Beninese women that participated in these studies, and the procedures used to select these 

women have been described elsewhere.290, 291 Women were included after ultrasound 

examination, to establish gestational age, and were followed up during pregnancy up until 

delivery, with a series of scheduled antenatal visits (ANV) along with ultrasound 

examinations and clinical and parasitological assessments. In paper I and III, a sub-group of 

121 Tanzanian women (42 infected and 79 uninfected), identified by having a positive rapid 

diagnostic test and presence of parasites in blood smears, were selected. Infected women were 

individually matched to 2 separate uninfected controls of similar age (±4 years), gestational 

age (±2 weeks) and the same gravidity. In paper II, samples from 131 and 111 Beninese 

women at inclusion and at delivery, respectively, were assessed. Infected women were 

identified by standard microscopical examination of blood smears and by qPCR to identify 

sub-microscopic “occult” infections and were matched to control, uninfected women (same 

criteria’s as mentioned above). The sub-microscopic infections were detected in 38/242 

women assessed. At inclusion, 52 women were uninfected, 61 had infections identified by 

microscopy and 18 had sub-microscopic infections identified by qPCR. At delivery, 54 

women were uninfected, 37 had infections detected by microscopy and 20 were identified as 

having sub-microscopic infections.  
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Study cohort paper IV 

A cross-sectional study was conducted from October to November 2008 in a rural area of the 

Dogon Valley located approximately 850 km from the capital of Bamako, in Mali. The 

malaria transmission in the area is meso-endemic. Samples were collected from two rural 

villages (Monteourou and Binédama) where people from Fulani and Dogon ethnic groups live 

in sympatry. The study area and the study population have been described elsewhere.270 After 

written informed consent was obtained, children between 2 and 10 years of age belonging to 

either the Fulani or the Dogon ethnic group were included in the study. In total, 40 children 

from Dogon (20 infected) and 37 Fulani (14 infected) defined by positive blood smears were 

recruited.  

 

Experimental procedures  

Paper I  

Peripheral blood samples from the pregnant women (from the Tanzanian study site) were 

collected at inclusion, at each of the three ANV at gestational age 26 (ANV2), 30 (ANV3) 

and 36 weeks (ANV4) and at delivery. Plasma samples were collected by centrifugation and 

stored at -80
o
C until used in assays. The plasma samples were evaluated for inflammatory 

markers (IL-1β, IL-6, IL-8, IL-10, IL-12p70, TNF, IFN-α, IFN-γ, RANTES, MIG, MCP-1, 

IP-10, vascular endothelial growth factor receptor (VEGF R1/Flt1), urokinase plasminogen 

activator receptor (uPAR), angiopoietins (Ang)-1 and Ang-2 by ELISAs or cytometric bead 

arrays. 

 

Paper II 

Peripheral blood samples from the pregnant women (from the Benin study site) were collected 

and plasma samples were analyzed for inflammatory markers (the above mentioned) and 

isolated peripheral blood mononuclear cells (PBMCs) were analyzed for cell surface markers 

for various cell types. BDCA-1 for mDCs, BDCA-2 for pDCs, CD14 for monocytes and 

CD19 for B cells and activation status on these cells were analyzed by HLA-DR and CD86 

expression. CD3, CD8, CD4 and CD56 were used for labelling T- and NK cells, and CD25, 

CD127 and intracellular FoxP3 were used for labelling Treg cells.  
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Paper III 

Peripheral blood samples from the Tanzanian cohort were analyzed for neutrophil numbers at 

the time the infection was identified and plasma samples from both peripheral- and placental 

blood were assessed for IL-8 concentrations. Placental biopsies from P. falciparum infected 

and uninfected women were investigated for presence of neutrophils, elastase and Hz by 

microscopy. To mimic the placental environment during infection, a placental cell line 

(BeWo) was co-cultured with P. falciparum parasites and the collected cell-culture 

supernatants were investigated for their content of cytokines with cytometric bead arrays 

and/or used in trans-well assays. In addition, neutrophils isolated from malaria-naïve 

individuals were in vitro stimulated with synthetic (s) or natural (n) Hz and their expression of 

activation markers and chemokine receptors as well as their migration ability towards IL-8 

was investigated by flow cytometry. Neutrophils were stained with CD66b, CD16 (pan 

markers), CD11b, CD62L (activation markers), CXCR1 and CXCR2 (chemokine receptors). 

 

Paper IV 

Peripheral blood samples collected from Dogon and Fulani children were centrifuged and 

plasma samples were collected and stored in -80
o
C until used in assays. The plasma samples 

were analyzed for the presence of inflammatory cytokines and chemokines (IL-1β, IL-6, IL-8, 

IL-10, IL-12p70, TNF, IFN-α, IFN-γ, RANTES, MIG, MCP-1 and IP-10) and antibody titres 

(malaria-specific total IgG, IgM and IgG subclasses [IgG1-IgG4]) using ELISAs or 

cytometric bead arrays. 
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RESULTS AND DISCUSSION 

Paper I 

Pregnancy is a unique state in life in which the women carries, nourishes and supports the 

growing fetus until it is time for delivery when the baby has fully developed. The mother’s 

immune system is strongly modulated in order to perform this task and the placenta has a key 

function in this process. A pregnant woman is in general not more susceptible to infectious 

diseases than a non-pregnant woman but in the case of malaria (and for some other parasitic 

and bacterial infections) this is not true.292 Pregnant women, especially primigravidae, are 

highly susceptible to develop severe malarial anemia, and the infection may also severely 

affect the growing fetus. This makes prompt and accurate diagnosis of pregnancy-associated 

malaria extremely important, but the combination of the asymptomatic nature of the infection 

and the frequent retention of iE from the peripheral blood smears makes diagnosis difficult. 

For this reason, investigating whether different biomarkers in peripheral blood could predict 

placental infection at delivery in the absence of circulating parasites would help in this matter. 

One study addressing this issue showed that biomarkers in peripheral blood may indeed 

improve the detection of PM when parasites are absent in the circulation.293 Also, a recent 

study from Cameroon,294 reported an association between plasma soluble TNF receptor-2 

levels and LBW in women with P. falciparum infection, suggesting that host biomarkers in 

peripheral blood might also discriminate women with poor pregnancy outcomes, as a function 

of malarial infection status. Since, PM induces a local host response in the placenta, and some 

of these factors might leak out into the peripheral circulation, investigating host proteins as 

possible candidate biomarkers might be a good way to detect PM. In this study we 

investigated several peripheral cytokine/chemokines and angiogenic factors on multiple 

occasions during pregnancy and their association with P. falciparum infection was assessed. 

The advantage of using a longitudinal prospective study design is that it gives a full picture of 

changes in the levels of such biomarkers as a function of both gestational age and of a defined 

infection rather than the “snapshot” image that a cross-sectional design provides. 

At the time when this study was performed, little was known about cytokine/chemokine levels 

during normal healthy pregnancies and baseline levels at different gestational ages in African 

population had, to our knowledge, not been reported. So we started out to investigate selected 

markers in peripheral blood of pregnant women who remained infection free during their 

entire pregnancy. We found that most of the factors we measured were relatively stable during 

the course of pregnancy with few fluctuations except at delivery. The fact that many of the 
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factors were stable, from inclusion and during pregnancy, suggests a tight regulation of these 

factors. In particular, factors previously associated with poor pregnancy outcomes, such as 

IFN-γ and IFN-α were stable, possibly to avoid harming the fetus. Of note is that other factors 

that we measured such as the levels of IL-6, IL-8, IP-10, uPAR and VEGF R1/Flt1 increased 

markedly at delivery compared to measurements at other time points. This is probably a result 

of the increased inflammation that takes place as part of initiating labor in order to deliver the 

baby.  

It is widely accepted that infection with P. falciparum during pregnancy can alter the 

cytokine/chemokine balance both in the periphery and in the placental compartment,253-257 and 

that this might lead to poor pregnancy outcomes.235, 251, 258-260  For this reason, we analyzed the 

influence of such infection on the investigated cytokine/chemokines to see any evidence of 

changes in the levels of these markers in our particular cohort. To do this, we analyzed the 

peripheral blood from the pregnant women at the time the infection was identified and 

compared that to matched uninfected controls at the same time point. As a result of P. 

falciparum infection, we observed increased levels of MIG, MCP-1 and IP-10 in infected 

women compared to uninfected controls, thus reflecting what other people already had 

shown.253, 254, 256  These are all chemokines that attract different immune cell populations to the 

site of infection. MIG and IP-10 are chemoattractants for activated T- and NK cells,116 while 

MCP-1 is a strong chemoattractant for monocytes.109 One fundamental feature often seen 

during PM is the massive infiltration of monocytes and macrophages into the infected 

placenta.250, 251 Our results suggest, in accordance with others, that chemokines (MIG, MCP-1 

and IP-10) might have important functions in the recruitment of these inflammatory cells into 

the placenta, in order to eliminate the parasites. Not so much is known regarding IP-10 and 

MIG in the context of PM, although IP-10 has been shown to be produced by inervillous 

mononuclear cells isolated from infected placentas,255 which could explain the increased 

levels of this chemokine detected in the infected women. High IP-10 levels have also been 

reported to be involved in the pathogenesis of cerebral malaria, both in mice,295 and in 

humans,296, 297 and to be a marker for cerebral malaria.303 Since none of our pregnant women 

was severely ill, the increased IP-10 seen might thus be a reflection of the general 

inflammation going on as a result of the infection. In support for this, we found that IP-10 was 

increased irrespective of gravidity, emphasizing its association with infection and supporting 

a role for this chemokine as a potential biomarker for pregnancy-associated malaria.  
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Out of all the markers we quantified, the level of RANTES was the only one that decreased 

upon P. falciparum infection. The role for RANTES during malaria is not completely 

understood, but low levels of RANTES have been reported in severe malaria cases.219, 297, 298 In 

addition, thrombocytopenia is frequent in severe malaria cases and is associated with 

increased mortality in children.299 Since, platelets are a major reservoir of RANTES in 

circulation,300 it has been speculated that the low levels of RANTES seen in patients of severe 

malaria may be due to parasite-induced thrombocytopenia. Of relevance to our study is that 

pregnant women with uncomplicated malaria more often develop thrombocytopenia than non-

pregnant women.301 So perhaps the relative decrease in RANTES levels might be due to lower 

levels of platelets in circulation of the pregnant women. It should also be stressed that all the 

pregnant women in this study were asymptomatic at the time of diagnosis, so the relevance of 

having decreased RANTES in women with P. falciparum infection during pregnancy needs 

further elucidation.   

Increased levels of IL-10 in the infected women compared to controls have been reported 

earlier.302 In our study we confirmed this and also, by using our longitudinal design, extended 

that finding by showing that IL-10, in tandem with IP-10, increased in infected women, 

irrespective of gestational age. IL-10 is a key cytokine both in the protection and in the 

pathogenesis of malaria. High levels might be beneficial for the host by reducing potential 

harmful pro-inflammatory responses, but it could, on the other hand, also suppress the 

protective anti-parasitic Th1-type responses that might leave the host vulnerable. This is also 

reflected in severe malaria cases in which a low IL-10 or a low IL-10/TNF ratio are associated 

with severe anemia in children, indicating that IL-10 is crucial for hampering the 

inflammation.213 Therefore, in our study, the increased IL-10 levels might thus play a role in 

down-regulating the anti-parasitic Th1-type responses in order to sustain pregnancy. IL-10 

blocks monocyte/macrophage functions such as the release of pro-inflammatory cytokines 

(IL-6, TNF and IL-1).303 These cytokines are all part of the acute phase response, which may 

explain the asymptomatic nature of our pregnant women, which could be a reflection of the 

increased IL-10. The increased IL-10 seen in asymptomatic Ghanaian pregnant women would 

also support our observation.304 The importance of IL-10 to sustain pregnancy can also be 

noticed by the increased IL-10 seen in normal healthy pregnancies compared to non-pregnant 

controls.305 Therefore, the increased IL-10 seen in our infected pregnant women was expected 

and is probably crucial for maintaining pregnancy. 
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The combination of biomarkers could be a useful way to provide better diagnostic or 

prognostic accuracy than only having a single marker. For this reason we performed a 

multiple logistic regression analysis to identify possible biomarker(s) of P. falciparum 

infection during pregnancy. Such analysis revealed that IL-10, IP-10, MIG and RANTES 

could be potentially useful in this regard. To further investigate this, we used a ROC curve 

analysis to determining predictive values. The conclusion from such analysis was that the 

combination of increased IL-10 and IP-10 together with decreased RANTES levels would be 

most predictive of an infection. The result from this study is promising, although the 

specificity of this combination of cytokines requires further detailed investigation in a larger 

sample cohort that should optimally include both symptomatic and asymptomatic P. 

falciparum infections and also be validated in other populations with different malaria 

endemicity.  

 

Paper II 

In paper I we investigated cytokine/chemokine levels at multiple occasions during pregnancy 

and at delivery, using our cohort material from the Tanzanian study site, in order to identify 

possible biomarkers for malaria during pregnancy. In paper II we followed up on these results 

and used material from the study site in Benin, where the malaria transmission is more intense 

and the women usually are infected at multiple times during pregnancy. Here, we again took 

the advantage of our longitudinal study design and used samples collected from two time 

points - inclusion and delivery – in a relatively larger number of women, rather than samples 

from consecutive time-points in a comparatively smaller number of women, as in the study of 

the Tanzanian cohort. In this study, in addition to the cytokine/chemokine measurements, we 

also investigated the frequencies of peripheral blood-cell types upon P. falciparum infection. 

Specifically, we wished to determine whether and how circulating plasma levels of cytokines 

and chemokines during pregnancy might be associated with peripheral blood-cell profiles in 

the same women and/or with the presence or absence of infection with P. falciparum. 

Multivariate analysis was done for comparing uninfected and infected women, and assessed 

the predictive values of variables measured at inclusion for pregnancy outcomes at delivery.  

One important difference between the analyses made here from those conducted with the data 

from the Tanzanian cohort of STOPPAM was the identification of sub-microscopic P. 

falciparum infections, which was assessed in this study. This was done, since very few 
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published studies concerning the effects of sub-microscopic infections during pregnancy at 

the time when the study was performed existed, and to our knowledge only one study has 

identified such infections to be associated with poor pregnancy outcomes, in this case, 

LBW.306 In that particular study, the authors showed that sub-microscopic and microscopic P. 

falciparum infection, but not inflammation (as detected by increased C-reactive protein 

levels) was associated with LBW. In our study cohort, we found that 38/342 women had sub-

microscopical infections, i.e. were positive with qPCR but negative by blood smear 

examination.  

We first investigated circulating levels of cytokines/chemokines according to the infection 

status of the women, in this case comparing the sub-microscopic group and the uninfected 

group. At inclusion, such analysis revealed that only the levels of IL-10 were higher in the 

group with the sub-microscopic infections compared to uninfected women, but otherwise 

there were no differences for any of the soluble mediators. The increased plasma levels of IL-

10 in infected pregnant women have consistently been reported by us and by others.304 

However, this finding only held true for the comparison between groups at inclusion and not 

at delivery. We speculate that this is a reflection of the fact that the infections present at 

delivery were recently acquired (as evident from our own parasite genotypic data, 

unpublished observations), which then do not provide enough time for the pathological 

inflammatory changes to appear in the placenta. In contrast, we hypothesize that the infection 

detected at inclusion is persistent (or chronic). In light of this, the presence of sub-

microscopic infections at delivery would not lead to any significant changes in the plasma 

levels of the measured cytokines/chemokines, whilst at inclusion, the significantly elevated 

levels of IL-10, but no difference in other parameters measured, might be an indicator that the 

infections were persistent in nature. Notably, all these data are derived from samples taken 

from women without any symptoms of malaria, which emphasizes that sub-clinical infections 

do have measurable effects on some recognized markers of pregnancy-associated malaria, 

although their specificity requires further verification. Although limited evidence of a 

modified immune status in the women with sub-microscopic infection were found (increased 

IL-10 levels), we merged the sub-microscopic group together with the group with infections 

detected by microscopy in all subsequent analyses. When grouping the women according to 

their infection status, irrespective of method used for detection, univariate analysis revealed 

significantly higher levels of IL-6, IL-10, MIG and IP-10 at inclusion in the infected 

compared to uninfected women, whilst at delivery, significantly higher levels of IL-10, MIG, 
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MCP-1 and IP-10 were observed in infected versus uninfected women. Some of these 

findings are in concordance with the results we found in the Tanzanian cohort, showing 

increased levels of IL-6, IL-10, MIG, MCP-1, and IP-10 in the infected as compared to 

uninfected women.290 From this it becomes evident that the only factors that are consistently 

increased upon an infection, in both study cohorts – irrespective of malaria endemicity, were 

IL-10, MIG and IP-10, suggesting that these are important factors during malaria attacks.  

As for the cytokines/chemokines, P. falciparum infections during pregnancy have also 

previously been reported to be associated with altered PBMC profiles.291 Here, we wished to 

assess if this also was the case when women were harboring sub-microscopic infections as 

detected by qPCR. In such analysis comparing the sub-microscopic infections and either of 

the two other groups, no significant differences were found for any of the variables analyzed. 

Therefore, we merged the sub-microscopic group together with the group with infections 

detected by microscopy in the subsequent analyses. Univariate analysis at inclusion revealed 

that the frequency of mDC expressing HLA-DR was significantly lower, whilst there were 

non-significant trends for more CD86
hi

 B cells in infected versus uninfected women. At 

delivery, similar analysis revealed significantly higher frequencies of CD86
hi

 B cells in 

infected compared to uninfected women. An earlier report from our Benin cohort study 

showing increased frequencies of activated B cells (CD86
hi

), regardless of the timing of the 

infection, was thus confirmed here both at inclusion and at delivery.291 The enhanced B-cell 

activity is consistent with the prominent up-regulation of B-cell related genes detected in 

infected placentas that are associated with the inflammatory response to iE in the placenta, 

reported by others.307 The finding of the increased B-cell activity might not be so surprising, 

since B cells are recognized for having multiple functions, not only as an APC and being 

potent antibody-producing cells, but they also secrete various cytokines, such as IL-10, that 

are known to be able to modulate DC maturation and function,308, 309 thus having a major 

influence on the subsequent responses to infections. The enhanced B-cell activity might also 

explain our increased IL-10 levels seen in the infected pregnant women. In light of the 

increased B-cell activity shown here, it is recognized that polyclonal activation of B cells 

occurs upon P. falciparum infection, a strategy that might be employed by the parasites to 

evade the immune system by masking the PfEMP1-specific IgG epitopes by non-specific 

IgM.310 

In order to determine independent associations between pregnancy-associated malaria and the 

different cytokines/chemokines and peripheral blood-cell populations (identified by univariate 



59 

 

analysis), we next included all the variables in multiple logistic regression analysis. The 

models tested not only included malaria infection status but also the variables: anemia, bed 

net possession, gravidity and maternal age, at inclusion and at delivery. When all the 

investigated parameters (cytokines/chemokines and PBMC data and the above mentioned 

factors) were included in this model, at inclusion, the risk of infection increased as a function 

of higher levels of IL-6, IL-10 and IP-10 and that of delivery, as a function of higher levels of 

IL-10 and IP-10 and a lower Treg/Teffector frequency. The combination of increased levels 

of IL-10 and IP-10 associated with infections during pregnancy we report here, after the 

multivariate analysis, is consistent with our data from the Tanzanian cohort, also showing 

increased IL-10 and IP-10 levels upon infection.290 This further strengthens these factors as 

potential biomarkers for pregnancy-associated malaria.  

As mentioned earlier, various cytokines/chemokines have been reported to be associated with 

the identification of infection with P. falciparum during pregnancy. For this reason, we were 

interested in knowing to what extent the different variables measured at inclusion, including 

PBMC profiles, might be predictive of maternal anemia, as one of the primary clinical 

outcomes identifiable at delivery. Multiple regression analysis revealed that increased 

circulating levels of IL-10 and lower levels of IL-1β in addition to increased frequencies of 

monocytes and activated Treg cells (FoxP3
hi

), detectable at inclusion, were all predictive of a 

higher risk for developing anemia at delivery. The increased Treg-cell frequencies might be a 

source of the increased IL-10, in addition to the B cells, and such anti-inflammatory activity 

could be a response to the increased pro-inflammatory activity seen, as reflected by the 

increased monocytes numbers. However, how these independent factors might lead to an 

enhanced risk for anemia, mechanistically, is still not known.  

Overall, the findings presented in this study add to the knowledge of the pathophysiological 

changes associated with P. falciparum infections associated with pregnancy. And they also 

strengthen the evidence for IL-10 and IP-10 as biomarkers for such infections.  
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Paper III 

As mentioned earlier, neutrophils play an important role in the immune response against 

invading pathogens, as being part of our non-specific defense. However, the role of 

neutrophils in the context of malaria during pregnancy has been poorly investigated. In this 

study, we therefore investigated the activation and functions of neutrophils during pregnancy-

associated malaria both in vivo and in in vitro experimental models. We investigated the same 

pregnant women as were assessed in paper I for our in vivo investigations. When analyzing 

the neutrophil blood counts in these pregnant women, we found that the infected pregnant 

women had reduced circulating neutrophils at the time of infection, compared to uninfected 

pregnant women. This made us wonder what happened with the neutrophils during infection. 

Since, malaria during pregnancy results in parasite sequestration in the placenta, we 

hypothesized that perhaps the neutrophils are able to infiltrate the placentas in order to 

phagocytose the parasites there. In light of this, we measured IL-8 levels in peripheral and 

placental blood from infected and uninfected women, as this chemokine is a strong 

chemoattractant for neutrophils. We found that, at the time of infection, the infected women 

showed reduced IL-8 levels in their peripheral blood, whilst having increased levels of IL-8 in 

their placental blood, compared to uninfected controls. This made us speculate that perhaps 

the neutrophils are indeed drawn out from the peripheral circulation and are infiltrating the 

infected placenta in order to reduce parasite loads localized to the infection, as in the case 

often seen for monocytes.250, 251 To further investigate this, we performed histological 

examinations of the placental biopsies. This revealed that neutrophils are present in the 

placentas from infected pregnant women, although their abundance was not elevated as 

compared to uninfected women. The reason for this could however be due to the lack of the 

presence of parasites in the investigated placentas, in this particular study. It could also be a 

result of the fact that neutrophil inflammation might have occurred at an earlier time point 

during pregnancy (since most infections occurred earlier in pregnancy in this particular study 

cohort), and is not evident anymore at the time of delivery. In support for this, we found Hz in 

the infected placentas, that is a known marker for past parasite exposure. There was also no 

difference in monocyte infiltration between infected and uninfected individuals, further 

arguing that the inflammation had already been resolved. To further investigate if the 

increased IL-8 seen in the placental blood could aid neutrophil migration, we set up an in vitro 

model using a placental cell line (BeWo) that was stimulated with iE. The collected 

supernatants were used in trans-well systems to investigate neutrophil migration. Such 

analysis revealed that neutrophil migration towards parasite-exposed BeWo cell supernatants 
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were increased compared to that seen with uninfected erythrocyte-exposed BeWo 

supernatants. When later investigating these supernatants for immune-regulatory proteins we 

found high levels of IL-8 in the supernatants generated from the parasite-exposed BeWo cells. 

Taken together, these data are indicative that placental cells are, upon contact with parasites, 

able to secrete factors that could aid neutrophil recruitment into the infected placenta.   

It is known that neutrophils are phagocytosing parasites in the circulation, as seen by the 

presence of Hz that persists inside the immune cell. Previous studies have shown that Hz has 

an immune-modulatory effect on monocytes,311-315 so we asked whether the neutrophils react 

similarly to Hz. Hz can be found in the infected placenta, as the infection continues, and 

would thus be easy accessible for neutrophils to phagocytose. Indeed, our placental staining 

clearly showed that neutrophils are able to phagocytose Hz. Therefore, we used Hz as a 

stimulus in our in vitro stimulation assays to investigate activation and migratory properties of 

neutrophils after ingestion. We used two different sources of Hz, an nHz made from parasite 

cultures and a sHz (β-haematin) made from hemin. The structures are similar,316 but the nHz 

also contains additional bioactive molecules that are absent in sHz.312, 317, 318 The first thing we 

noticed was that stimulation with sHz seemed to have a down-regulatory effect on most of the 

investigated receptors, which was not seen after stimulation with nHz. Both the percentages 

and the expression of CD62L (required for initial attachment of neutrophils to endothelial 

cells) and CD11b (needed for tight adhesion to endothelial cells) were reduced upon 

stimulation with sHz but not with nHz, which in contrast, resulted in an increased CD11b 

expression. Neutrophils were also shown to have impaired migration behavior after 

phagocytosing sHz, which was not the case when phagocytosing nHz. These data indicated 

that neutrophils need CD11b and CD62L in order to migrate. Furthermore, we investigated 

two important chemokine receptors for neutrophil migration: CXCR1 and CXCR2 upon 

stimulation with Hz. Both of these receptors bind IL-8, but CXCR2 can also bind other 

chemokines.319 Neutrophils phagocytosing bacteria have been shown to have reduced 

expression of both CXCR1 and CXCR2,320 illustrating their important role in neutrophil 

migration to the site of infection. In our in vitro assays, we could show that neutrophils 

phagocytosing sHz have reduced expression of both of these receptors and also produced high 

levels of IL-8 in the investigated supernatants. In contrast, neutrophils phagocytosing nHz 

resulted in decreased CXCR2, but no change in CXCR1 expression, and moderate levels of 

IL-8 was detected in the collected supernatants. According to one theory, CXCR1 functions as 

a more regulatory receptor, which desensitizes the neutrophil from further stimuli when the 
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signal is strong (for example high IL-8 levels). Our data would fit well with this hypothesis, 

since the high levels of IL-8 seen when stimulating the neutrophils with sHz might be 

considered as a strong signal for the CXCR1 receptor, which then would result in the 

internalization of the receptors, thus impeding migration. It could be speculated that when the 

neutrophils have reached the site of infection (high chemoattractant level), they switch off 

their migratory machinery and instead could focus on phagocytosing the pathogens and 

antimicrobial responses. However, if the signal is low, as was the case when using nHz as 

stimuli, the CXCR1 receptor is not internalized and the migration can still occur to allow 

neutrophil to locate the potential pathogens. Thus, neutrophil migration in our assays seems to 

be dependent on the expression of CXCR1.  

Interestingly, both sHz and nHz stimulations resulted in decreased CXCR2 expression. This is 

in concordance with another study on P. vivax infection showing reduced CXCR2 expression 

on circulating neutrophils.321 In the same study, the authors also found impaired migration 

behavior towards IL-8 in cells collected from the infected individuals. Here we could see the 

same pattern of impaired migration when only using sHz as stimulus. The reason for these 

differences seen when using sHz and nHz is not clear, but might be due to the non-heme 

compounds that are associated with nHz but not with the sHz. However, one should keep in 

mind that the parasites would never in real life be in contact with the sHz, so even though it is 

commonly used in in vitro assays, the results obtained from using such synthetic compound 

should be carefully interpreted. Another possibility for the different responses seen might be 

that the different Hz is not equally potent and/or toxic for the neutrophils. In our preliminary 

data on early apoptosis markers, we could see that nHz induced expression of early apoptosis 

markers, which was not the case when using sHz. If this is the case in vivo, it could also 

explain the lower neutrophil blood counts found in circulation in the infected women. Overall, 

these data show that neutrophils are markedly affected by P. falciparum infection, and that 

they seem to have an important function during pregnancy-associated malaria both in vivo and 

in vitro. Also, our in vitro stimulation assays indicated that neutrophils change their activation 

and migration properties upon phagocytosing Hz.  
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Paper IV 

Previous studies have found that Fulani are less susceptible to develop malarial disease, with 

fewer clinical symptoms and lower parasitaemias as compared to their neighboring ethnic 

group, the Dogon, despite living under similar social and geographical conditions.270, 271 

However, most of these studies have been done on cohorts comprising asymptomatic adults, 

which is why not so much is known about these responses in children from these ethnic 

groups. Children would be the most interesting group to study immunological differences in, 

since they have relatively little acquired immunity developed towards malaria in comparison 

to adults. The focus of this study was therefore to assess inflammatory and antibody responses 

in infected and uninfected children belonging to either the Fulani or the Dogon ethnic group, 

in order to investigate whether or not these differences seen in adults also could be evident 

during early childhood.  

Cytokines and chemokines are important mediators during P. falciparum infection and the 

balance between pro- and anti-inflammatory cytokines may be important in terms of the 

clinical outcome of the disease. When comparing all Fulani children to all Dogon children, 

higher levels of all detectable cytokines were found in the Fulani group, irrespective of 

infection. Similar results were also obtained when further subdividing the children into 

infected and uninfected children, in which uninfected Fulani children were found to have 

higher levels of IFN-α, IL-6, IL-8 and IL-12p70, compared to uninfected Dogon children. 

This indicates that Fulani children have higher baseline levels of the tested cytokines, which 

might make them more prepared to combat P. falciparum infections, as compared to Dogon 

children. Interestingly, when comparing infected children from both ethnic groups, IFN-γ was 

the only factor out of all tested that was significantly increased in infected Fulani compared to 

infected Dogon, and overall very few individuals in Dogon ethnic group had detectable levels 

of this cytokine. In agreement with the increased IFN-γ seen in Fulani, McCall et al,322 have 

reported that mononuclear cells isolated from Fulani individuals are able to mount a stronger 

IFN-γ response after stimulation with Plasmodium parasites. Studies in both humans and mice 

have demonstrated the importance of having an early IFN-γ response as a crucial determinant 

in the outcome of the infection.206, 207 Therefore, the increased IFN-γ levels seen in infected 

Fulani might be one contributing factor explaining Fulani’s relatively lower susceptibility to 

developing malarial disease. In addition, when comparing uninfected and infected Dogon 

children, both the levels of IL-6 and IL-12p70 were found to be higher in the infected group 

and these differences were not seen between uninfected and infected Fulani children. IL-6 is a 
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major mediator in the acute phase responses and IL-12p70 is important for induction of cell-

mediated immunity. Increased IL-6 levels have been associated with increased incidence of 

clinical episodes,323 and low levels of IL-12p70 have been reported in children with severe 

malarial disease.210, 324 The fact that both of these cytokines were unchanged in Fulani children 

upon infection, while the levels increased in Dogon children, suggests that these mediators are 

important in the pathogenesis of malaria.  

We also assessed the levels of chemokines in these children, as this, to our knowledge, had 

never been investigated before, neither in adults nor in children, from these ethnic groups. 

Interestingly, as in contrast to many of the tested cytokines, there was no difference between 

Dogon and Fulani children in most of the tested chemokines except for levels of MCP-1, in 

which Fulani had higher levels, irrespective of infection. When dividing the children into 

uninfected and infected, Fulani were found to have quite stable levels, even though infected, 

while infected Dogon showed increased levels, as in the case for MIG and IP-10 as well as 

MCP-1, although the latter did not reach statistical significance. These are all 

chemoattractants for immune cells, such as monocytes, macrophages and T cells, aiding 

recruitment to infected sites during inflammation. Many of these chemokines have, in high 

levels, been associated with severe malaria cases, especially cerebral malaria as in the case for 

MIG and IP-10.295, 297 All the children in this study were asymptomatic, so the relevance of 

these increased chemokines in terms of pathology in this particular study is yet to be 

determined. In contrast to the other chemokines, the levels of RANTES were upon infection 

reduced in Dogon, while this was not the case in infected Fulani compared to uninfected 

counterparts. Low levels of RANTES have previously been reported in association with 

mortality in children with severe malaria,219, 298 especially with cerebral malaria.325 Since 

Dogon, in general, suffer from more symptoms and have more parasites in their blood, it 

could be speculated that the lower levels of RANTES seen might be a reflection of this and 

perhaps an indicator of malarial disease. The more stable levels of the tested chemokines seen 

in Fulani as compared to Dogon might again be one of the reasons for Fulani’s relative 

resistance and that they are more prepared for infections.  

As a measure of exposure and level of acquired immunity, we measured malaria-specific 

antibody titres in plasma from these children. We could confirm higher titers of malaria-

specific antibodies in Fulani as compared to Dogon children, which have been reported earlier 

in adults.228, 274, 275, 326 Specifically, our results revealed significantly higher levels of malaria-

specific total IgG, IgM as well as higher levels of the IgG subclasses: IgG1, IgG2 and IgG3, 
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but not IgG4 in Fulani compared to Dogon, irrespective of infection. However, the levels of 

both IgG2 and IgG4 were relatively low compared to the other antibodies measured, so the 

results from the analyses should be carefully interpreted. Antibody titers can be correlated to 

age and also level of parasitaemia. In our study, there was no correlation between total IgG 

and parasitaemia for either Dogon or Fulani, probably because we only had few infected 

individuals with recorded parasitaemia. However, a correlation between total IgG and age 

showed increased antibody titres with increasing age in uninfected Dogon, whilst this was not 

seen in uninfected Fulani. Similar results were also obtained for IgG1 and IgG3 subclasses, 

suggesting that Fulani have higher titres, irrespective of age in this study population. It is 

known that the cytophilic IgG subclasses (IgG1 and IgG3) are more associated with 

protection against disease compared to the non-cytophilic (IgG2 and IgG4). They facilitate 

parasite clearance by binding to the surface of iE, thereby increase opsonization by 

monocytes. For this reason, it was not so surprising that these two subclasses (IgG1 and IgG3) 

were found in the highest concentrations in both Fulani and Dogon. The non-cytophilic 

antibodies are thought to inhibit the protective effects mediated by the cytophilic antibodies 

and could thus inhibit their neutralizing effect on the parasites. This might explain why we 

detected so low levels of IgG2 and IgG4 antibody subclasses in these children. Although, the 

role of IgG2 is debated, since studies have shown that this antibody may be protective if the 

individual carries a certain Fcγ receptor, and this polymorphism has been more frequently 

found in Fulani individuals compared to Dogon. In such cases, it is believed that the 

polymorphism causes the IgG2 antibodies to be more cytophilic.228 Overall, these results 

presented here in paper IV show that there are marked differences between Dogon and Fulani, 

regarding immune responses towards P. falciparum parasites, and that these difference are 

evident already in childhood. Such differences might be important for the relative protection 

against malarial disease seen in Fulani. However, the underlying mechanism(s) responsible 

for Fulani’s lower susceptibility needs further investigations, and such studies should 

preferably address differences in genes important for example inflammatory proteins or 

transcription factors and/or genetic modification patterns (epigenetics) that might be 

important and involved in Fulani’s relative resistance. 
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FUTURE PERSPECTIVES 

In light of the findings presented here, several aspects of the effects of P. falciparum infection 

in the pregnant women and in the Fulani and Dogon ethnic groups would be interesting to 

continue to investigate, such as: 

 

 Neutrophil functions in pregnant women living in areas where they are more 

frequently exposed to the malaria parasites (such as the study site in Benin) and in 

such material also investigate placental sections for presence of neutrophils. 

 

 Neutrophil functions in Swedish travelers contracting malaria, to see how/if they differ 

from chronic infections/naturally exposed individuals. 

 

 Investigate early and late apoptosis markers on neutrophils after Hz stimulation as 

well as on cells isolated from naturally exposed individuals. 

 

 Whether there is collaboration between neutrophils and B cells in the periphery and 

possible influences on antibody responses, since neutrophils in germinal centers have 

been shown to affect antibody class switching and maturation of B cells. 

 

 Neutrophil phenotype/functions in Fulani and Dogon individuals and also in pregnant 

women from these ethnic groups.  

 

 Investigate genetic differences in Fulani and Dogon individuals in key genes important 

for inflammatory proteins and transcription factors, and also investigate different 

hemoglobin/haptoglobin phenotypes, as we have indications that this might be of 

importance. 

 

 In vitro assays in which monocytes are incubated with IL-10 and/or IP-10 and later 

challenge these cells with parasites and investigate their migration abilities, receptor 

expression and cytokine production. 
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GENERAL CONCLUSIONS 

Our studies have shown that P. falciparum infection is associated with changes in plasma 

cytokine/chemokine profiles (paper I+II) as well as an altered cellular profile (paper II) in 

pregnant women. The results from those studies suggest that host biomarkers in peripheral 

blood may represent useful diagnostic makers for malaria during pregnancy. Also, neutrophil 

activation and migration during pregnancy-associated malaria was investigated both in vivo 

and in vitro (paper III). In this aspect, the neutrophil population was shown to be highly 

affected by the P. falciparum parasites and our in vitro assay using parasite-metabolites 

revealed distinct effects on neutrophils activation and migration properties upon exposure. In 

addition, inflammatory mediators (cytokines/chemokines and malaria-specific antibodies) 

were investigated in children from two ethnic groups with known different susceptibility to 

malaria (paper IV). Here, we show that established differences in cytokine and antibody titres 

seen in adults were also evident already at childhood age in these ethnic groups. Overall, this 

thesis presents work that will help to understand the immune responses elicited by P. 

falciparum parasites in the two most vulnerable populations being affected by malaria.  
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