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”Be warned, my son, of anything in addition to them. Of 
making many books there is no end, and much study 
wearies the body.” 

Ecclesiastes 12:11 
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ABSTRACT 

Preeclampsia is a major challenge to obstetricians, due to its impact on maternal and 

fetal morbidity and mortality and the lack of preventive and treatment strategies. The 

overall aim of this thesis is to increase the knowledge of the pathogenesis of 

preeclampsia including the role of inflammation, angiogenesis and coagulation, both 

locally at the fetomaternal interface and in the maternal circulation. Uncompensated 

maternal endothelial inflammatory responses to factors from stressed trophoblasts 

seem to be a major contributor to the syndrome, together with an imbalance in 

angiogenesis and an activated coagulation system. An increasing amount of data 

indicates an involvement of the immune system with defect tolerance to the concep- 

tus as an integral part of the pathogenesis, at least in early-onset preeclampsia (EOP).                                                                                                                           

We showed that a single administration of human preeclampsia serum in pregnant IL-

10−/− mice induced the full spectrum of preeclampsia-like symptoms including 

hypoxic injury in uteroplacental tissues and endotheliosis in maternal kidneys. 

Importantly, preeclampsia serum, as early as 12 to 14 weeks of gestation, disrupted 

cross talk between trophoblasts and endothelial cells in an in vitro model of 

endovascular activity (Tube formation test). These results indicate that preeclamptic 

sera can be used to better understand the pathophysiology and to predict the disorder.                                                                                                                  

Preeclampsia has been associated with increased inflammation, aberrant angiogenesis 

and activated coagulation, but their correlation and relative contribution are 

unknown. We found that markers for all these mechanisms were independently 

associated with preeclampsia. Cytokines, chemokines, and complement factors seem 

all to be part of a Th1-associated inflammatory reaction in preeclampsia, more 

pronounced in EOP than in late-onset preeclampsia (LOP), in line with a more 

homogeneous pathogenesis in EOP as based on placental pathology. In women with 

intrauterine growth restriction (IUGR), with an anticipated pathologic placentation, 

only differences in levels for sFlt-1 and PlGF were found in comparison with mothers 

without IUGR. Thus, sFlt-1 and PlGF seem to be indicators of placental pathology, 
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while other biomarkers might also reflect maternal endothelial pathology. 

Chemokines, in contrast to cytokines, may prove to be useful markers in 

preeclampsia.                                                                                                                                  

A deficiency in regulatory T (Treg) cells causing reduced immune regulatory 

capacity has been proposed in preeclampsia. Utilizing recent advances in flow 

cytometry phenotyping, we found no major alterations in circulating Treg numbers in 

preeclamptic women compared with normal pregnant and non-pregnant women. 

However, preeclampsia was associated with increased fractions of CTLA-4+ and 

CCR4+ cells within Treg subpopulations, which is in line with a migratory defect of 

Treg cells, and potentially associated with a reduced number of suppressive Treg 

cells at the fetomaternal interface. As we found that corticosteroid treatment affected 

the results, it should be accounted for in studies of EOP.                             

Chemokines are supposed to be part of the immune adaptation in pregnancy. We 

found a decreased expression of CCL18 (Th2/Treg-associated), in trophoblasts from 

preeclamptic compared to normal pregnant women, indicating a local regulatory 

defect in preeclampsia, in line with our finding of a possible migratory defect of 

circulating Treg cells. Due to increased expression of CCL20 (Th17) and CCL22 

(Th2) in first trimester placenta and increased circulating levels of CXCL10 (Th1) 

and CCL20 (Th17) in third trimester preeclamptic women, we suggest that CCL20 

and CCL22 may be important for implantation and early placentation while in third 

trimester of a preeclamptic pregnancy CXCL10 and CCL20 mainly mirror maternal 

increased endothelial inflammation and aberrant angiogenesis.  In summary, we 

found that preeclampsia is associated with increased inflammation, aberrant 

angiogenesis and activated coagulation, caused by placental factors in maternal 

peripheral circulation, more pronounced in the early-onset form of preeclampsia. It 

also appears that there is a defective modulation of the immune system in 

preeclamptic pregnancies.	The results provide a better understanding of the 

pathogenesis of preeclampsia and have given suggestions to predictive markers for 

preeclampsia in the future. 

  



	 7	

Sammanfattning 

Havandeskapsförgiftning (preeklampsi) har stor betydelse för sjuklighet och 

dödlighet för mamma och barn i samband med graviditet och förlossning. Det finns 

inte någon etablerad profylax och inte heller någon behandling, annat än att förlösa 

mamman, ofta långt före planerad förlossningstid. Det övergripande syftet med denna 

avhandling var att öka kunskapen om varför gravida kvinnor får preeklampsi och 

mekanismer för sjukdomen, med den långsiktiga målsättningen att hitta markörer för 

tidig upptäckt och förbättrad behandling.  Inflammation i moderns blodkärl som en 

reaktion på faktorer i blodet som kommer från en skadad moderkaka, verkar vara en 

viktig bidragande orsak till preeklampsi, tillsammans med en nedsatt kärlnybildning 

och ett överaktivt koagulationssystem. Alltmer kunskap tyder på att mammans 

immunsystem i många fall bidrar till uppkomsten av preeklampsi.  

Vi kunde visa i vårt första arbete att serum från kvinnor med preeklampsi, kunde 

överföra sjukdomen till gravida möss genom en enda injektion av serum. Graden av 

preeklampsi blev mycket mer omfattande hos möss där man tagit bort förmågan att 

producera IL-10 (en anti-inflammatorisk cytokin) hos mössen. Man kunde konstatera 

typiska skador både i moderkaka och njurar. En intressant observation var att serum 

från kvinnor med preeklampsi, så tidigt som i 12:e till 14: e graviditetsveckan, visade 

avvikelser i ett in vitro test där påverkan på blodkärlsceller mättes (Tube Formation 

test). Dessa resultat tyder på att serum från kvinnor med preeklampsi kan användas 

för att bättre förstå varför man får denna komplikation och hur den kan förutses och 

förebyggas.  

Preeklampsi har förknippats med ökad inflammation, onormal kärlnybildning och 

aktiverad koagulation, men deras inbördes förhållande och relativa betydelse är 

okända. Vi fann i vårt andra arbete förhöjda nivåer i blod av markörer för alla dessa 

processer. Däremot var de inte kopplade till varandra, vilket talar för att det finns 

olika varianter av sjukdomen eller att proverna tagits vid olika tidpunkter i förloppet. 

Olika komponenter i immunsystemet (cytokiner, kemokiner och 

komplementfaktorer) verkade alla vara en del i en inflammatorisk reaktion i 

preeklampsi. Hos kvinnor med tillväxthämmat barn, med en förväntat defekt 
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moderkaka, var enda skillnaderna i blodnivåer för markörerna de två faktorer som 

speglar kärlnybildning, nämligen sFlt-1 och PIGF, när man jämförde med kvinnor 

som födde normalstora barn. Således är dessa biomarkörer goda indikatorer på defekt 

moderkaka, medan andra markörer lika gärna kan spegla inflammation i kvinnans 

blodkärl. Studien gav stöd för att några etablerade markörer är lämpliga för att 

förutsäga sjukdomen, men även förslag på nya markörer identifierades.  

Brist på regulatoriska T (Treg) celler, som kan dämpa immunsvaret, har föreslagits 

som förklaring till en ökad inflammation hos kvinnor med havandeskapsförgiftning. 

Vi använde nyutvecklade metoder för att identifiera Treg celler i vårt tredje arbete. Vi 

fann inga större förändringar i totala antalet Treg celler i blodcirkulationen hos 

kvinnor med havandeskapsförgiftning jämfört med normalt gravida och icke-gravida 

kvinnor. Däremot var Treg cellerna förändrade vid preeklampsi med ökat uttryck av 

vissa immunologiska molekyler (CTLA-4 och CCR4). Fynden är i linje med en 

minskad förflyttning av Treg celler till moderkakan vid havandeskapsförgiftning, 

vilket kan leda till ökad inflammation där.  

Kemokiner är en del av immunförsvaret och borde därmed också vara en del av den 

immunologiska omställningen under graviditeten. Vi fann i vårt fjärde arbete en 

minskad förekomst av CCL18 i moderkaksceller vid havandeskapsförgiftning jämfört 

med förekomsten i normal graviditet. CCL18 är ett skyddande kemokin som bland 

annat lockar till sig Treg celler till moderkakan. Fyndet stämmer med vad vi fann i 

vårt tredje arbete, nämligen att det verkar vara en minskad förflyttning av Treg till 

moderkakan vid havandeskapsförgiftning.  

Sammanfattningsvis har vi funnit att preeklampsi är förknippat med ökad 

inflammation, avvikande kärlnybildning och aktiverad koagulation vilket tycks bero 

på faktorer som är utsöndrade från moderkakan och som kan påvisas i mammans 

blodcirkulation. Det tycks också som en defekt omställning av immunförsvaret under 

graviditet bidrar till uppkomsten av preeklampsi. Resultaten ger en ökad kunskap om 

uppkomsten av preeklampsi och har gett förslag till markörer som i framtiden kan 

användas för att förutsäga havandeskapsförgiftning. 
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Introduction   

Relevance and definitions 

Gestational hypertension, intrauterine foetal growth restriction (IUGR), diabetes in 

pregnancy and premature delivery represent the major pregnancy complications 

causing maternal and foetal morbidity and mortality (2-4). Preeclampsia is clinically 

the most important form of gestational hypertension, sometimes combined with 

IUGR, and is a major cause of iatrogenic premature delivery, hence a major 

obstetrical problem. Preeclampsia is a leading cause of maternal 

and perinatal morbidity and mortality, affecting 3-10 percent of the pregnant 

population worldwide (3) and is a particular a problem in developing countries. In 

obstetrical practice, preeclampsia is one of the most challenging conditions since it is 

a serious threat to both the mother’s and the baby’s present and future health, 

especially when the onset is early in pregnancy. In fact, there is no treatment except 

to deliver the mother. There is as yet no established way to predict who will develop 

preeclampsia, nor is there an established and evidence-based prophylaxis. As a 

clinically active obstetrician I was therefore challenged to find out more about the 

pathophysiology of preeclampsia, by better identifying the pathogenetic mechanisms 

in order to contribute to identifying possible ways to predict, prevent, and hopefully 

treat the condition. 

Preeclampsia can also be divided into early-onset (EOP) and late-onset preeclampsia 

(LOP), depending on debut before or after 34 weeks of gestation (5), although also 32 

weeks has been used as a limit (6). In most cases, EOP means a severe preeclampsia 

while LOP more often is characterized by slow disease progress and less foetal 

impact. There is data indicating that EOP and LOP may, at least partly, represent two 

different conditions concerning both pathogenesis and clinical features. Whereas 

EOP in most cases is associated with low foetal birth weight and is probably caused 

by an underlying placental abnormality (placental preeclampsia), LOP may represent 

a syndrome with a mixture of conditions, ranging from mild preeclampsia with 

moderate placental affection to hypertensive conditions in pregnancy without 

placental dysfunction (maternal preeclampsia). A graph of foetal birth weight in LOP 
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has a U-shaped form with an overrepresentation of both small and big babies 

mirroring the heterogeneity of that condition clinically and etiologically (7).  
  
 
 
 

Pathogenesis of preeclampsia 
  
Preeclampsia is a syndrome (a pattern of clinical features), not one distinct disease, 

and the pathogenesis is probably as heterogeneous as the clinical presentation, and 

despite decades of research is still obscure and a subject of debate (8).  

In this thesis I will discuss the impact of increased systemic inflammation, activated 

coagulation and aberrant angiogenesis on the pathogenesis of preeclampsia, as well 

as the immunological background to these mechanisms.  

There is still no generally accepted aetiology of preeclampsia. An increasing body of 

evidence indicates, however, that an involvement of the immune system including 

maladaptation and defect tolerance to the conceptus is an integral part of the 

pathogenesis. This seems to be the fact for at least EOP with a placental origin, and 

probably some late-onset cases. Preeclampsia in general seems to be a result of 

imbalance between placental pro-inflammatory and anti-angiogenic factors and 

maternal adaptation to them. The placenta, but not the foetus, is a prerequisite for the 

syndrome since preeclampsia might be present in a woman with a molar pregnancy 

without a foetus, and delivery of the placenta is the only cure for the condition. 

Preeclampsia is seen more often in women with certain conditions that are related to 

Preeclampsia = onset of proteinuric hypertension after 20 weeks of gestation.  

Moderate (or mild) preeclampsia:                                                                               
diastolic blood pressure is # 90 mm Hg and <110 mm Hg and                                          
proteinuria > 0.3 g/l (albuminuria dipstick 1+) and < 5 g/24h.  

Severe preeclampsia:                                                                                                  
diastolic blood pressure # 110 mm Hg                                                                        
systolic blood pressure of # 160 or                                                                        
proteinuria > 5 g in a 24-hour urine specimen                                                                
including conditions with central nervous system or other central organ involvement(1).  

Eclampsia:                                                                                                                        
When there is a cerebral irritation resulting in generalized seizures in a preeclamptic 
woman it is called eclampsia. Preeclampsia is a condition thought to precede eclampsia. 
However, it is possible with eclampsia not preceded by preeclampsia, and most cases of 
preeclampsia cases do not end up in eclampsia (1). 
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an excess outflow of placental factors into the maternal circulation, such as twin 

pregnancies with double placentas. Moreover, it is also related to conditions with a 

feature of predisposing endothelial inflammation, e.g. chronic hypertension, diabetes 

mellitus, obesity, autoimmune diseases and renal diseases. Women with these latter 

conditions seem to be more sensitive to factors from the placenta that are harmful to 

the endothelium (9).                                                                                                                        

The pathogenesis of placental preeclampsia can be divided into three stages. The first 

and second stages involve a maternal maladaptation and lack of tolerance to the 

foetopaternal antigens.  In normal pregnancy there is a deviation of the immune 

system towards a T helper 2 (Th2)/regulatory T cell (Treg)-like response at the 

foetomaternal interface. In preeclampsia, there is, however, a tendency to a local 

inflammation of the Th1/Th17 type in the first stage, at least in severe preeclampsia 

(10-13). In a normal decidua, Treg and Th2 cells predominate over Th1 and Th17 

cells, while a skewing of this balance seems to be involved in complications of 

pregnancy (14). At the foetomaternal interface in a normal pregnancy decidua the 

number of Th17 cells is decreased but for Th2 cells, the number is unaltered or 

increased compared with the situation in peripheral circulation. Moderate Th1 and 

Th17 activity seems however to be a part of the early placental development during 

implantation, consistent with a mild inflammatory environment controlled by Treg 

cells (15).                                                                                                                       

In preeclampsia, an initial increased inflammation may trigger coagulation, 

contributing to apoptosis of trophoblasts and microthrombosis, and consequently 

defect trophoblast invasion of the spiral arteries with a defect remodelling These 

mechanisms lead to an underperfusion of the intervillous space, ending up in a 

shallow placentation. The result of this is local hypoxia in the placenta and oxidative 

and endoplasmatic reticulum (ER) stress, which represents the second stage of 

preeclampsia pathogenesis (9).  

Early after implantation, extravillous trophoblast cells (EVT) migrate into the lumens 

of the spiral arteries (uterine arteries supplying the placenta). These vessels are 

converted into flaccid conduits, with disappearance of the smooth muscle wall 
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resulting in very low resistance to blood flow. Initially, EVT occlude the spiral 

arteries and the embryo therefore develops in a relative hypoxic environment, where 

differentiating cells are protected from free potentially damaging oxygen radicals. As 

soon as the embryogenesis is complete, the maternal intervillous villous circulation 

becomes fully established, and the intraplacental oxygen concentration rises 

threefold. Onset of the circulation progress from the periphery to the centre of 

placenta, and high levels of oxidative stress in the periphery may contribute to the 

formation of the chorion laeve. Incomplete plugging of the spiral arteries with a 

premature onset of a widespread maternal intervillous circulation will be the result of 

a severely impaired trophoblast invasion. Extensive oxidative damage to the 

syncytiotrophoblast will follow, probably contributing to miscarriage. However, 

differing degrees of trophoblast invasion are possible with ongoing pregnancy, but 

conversion of the spiral arteries could be deficient with an ischemia-reperfusion-type 

phenomenon occurring. Impaired placental perfusion will then follow to a greater or 

lesser extent, and oxidative stress in the placenta will be generated contributing to 

preeclampsia (16).                                                                                                          

A successful pregnancy is dependent on the conversion of the spiral arteries, 

involving loss of smooth muscle and the elastic lamina from the vessel wall. This 

conversion is associated with a 5-10-fold dilation of the vessel. Failure of this 

conversion is involved in pregnancy complications, like EOP and IUGR. Dilation of 

the spiral arteries slows the rate of flow by a factor of approximately 200. In the 

absence of this conversion, blood will enter the intervillous space in a turbulent way. 

This might damage the villous architecture and rupture anchoring villi, creating cystic 

lesions containing trophoblast tissue (17). 



! "*!

 
Figure 1. Abnormal placentation in preeclampsia. In normal placental development, invasive 
cytotrophoblasts of fetal origin invade the spiral arteries, transforming them from small-caliber 
resistance to high-caliber capacitance vessels capable of providing placental perfusion adequate to 
sustain the growing fetus. In preeclampsia (at least early-onset), cytotrophoblasts fail to adopt an 
invasive endothelial phenotype. Instead, invasion of the spiral arteries is shallow. Figure reproduced 
with permission from Lam et al (18). 
 
This phenomenon has been has been demonstrated by ultrasound (19). Retention of 

smooth muscle will increase the risk of spontaneous vasoconstriction and ischemia-

reperfusion injury, generating oxidative stress. Incomplete remodelling of spiral 

arteries will change the uteroplacental perfusion from a constant low-pressure flow 

to a more pulsatile flow at higher pressure. This process will injure the chorionic villi, 

hydrodynamically and biochemically via ischemia-reperfusion (20, 21) (Figure 1-

2). However, dilation has a modest impact on total blood flow. Hence, both 

rheological damage and chronic hypoxia with oxidative stress seem to be the result of 

a deficient conversion of the spiral arteries (22).  
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Figure 2. Uterine and placental vasculature (red shading = arterial; blue shading = venous) in the 
non-pregnant, pregnant and immediate post-partum state. Normal pregnancy is characterized by the 
formation of large arterio-venous shunts that persist in the immediate post-partum period. By 
contrast minimal arterio-venous shunts, and thus narrower uterine arteries characterize pregnancies 
complicated by severe preeclampsia. Extravillous cytotrophoblast invasion in normal pregnancy 
extends beyond the decidua into the inner myometrium resulting in the formation of funnels at the 
discharging tips of the spiral arteries. Contrast with severe preeclampsia. (Prepared by Ms. Leslie 
Proctor, MSc.) Figure reproduced with permission from Burton et al (22). 

 
Another consequence of this changed blood flow due to incomplete remodelling of 

spiral arteries is an increase both in apoptosis of trophoblasts and in the number of 

micro- and nanovesicles released from placenta. Pro-inflammatory cytokines and 

chemokines and anti-angiogenic molecules are also enriched locally in the placenta 

(23, 24), leading to a shallow and defect placentation resulting in a high pressure 

pulsatile flow to the intervillous space with a risk of rapid changes in blood flow due 

to retained responsiveness to vasoconstrictors. These rapid changes can exacerbate 

oxidative stress further due to variations between a hypoxic state and reperfusion, 

with oxidation creating reactive oxygen species. The resulting oxidative stress, a 

feature of the preeclamptic placenta, is a potent pro-inflammatory state (25). 



! #"!

                                                                                                                                                                        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Establishing the intervillous circulation. Before 8 weeks, the spiral arteries are plugged by 
cytotrophoblast and there is no intervillous perfusion. During the next 4 weeks, the arteries 
progressively unplug. With inadequate trophoblast invasion of the placenta bed, unplugging 
happens prematurely. Then either miscarriage ensues or pregnancy continues with dysfunctional 
placental perfusion, which may lead to preeclampsia, depending of time of unplugging. Modified 
with permission from Burton and Jauniaux (20). 
 
LOP and particularly term and post-term pregnancies are rarely complicated with 

IUGR and there is no obvious macroscopic placental insult. Despite this, LOP is 

associated with increasing plasma levels of the anti-angiogenic factor soluble Fms-

like tyrosine kinase-1 (sFlt-1) and decreasing levels of the pro-angiogenic factor 

Placental Growth Factor (PlGF), indicating an increasing syncytiotrophoblast (STB) 

stress. Placental dysfunction in these cases has recently been suggested to be caused 

by villous overcrowding in the placenta, which is supported by the fact that 

preeclampsia becomes more frequent in post-term pregnancies. Uterine size might, in 

an intrinsic way, limit the placenta’s growth capacity and cause stress to trophoblasts, 

manifested by decreasing levels of PlGF. This model with extrinsic (poor 

placentation) and intrinsic (villous overcrowding) placental dysfunction can explain 

important features of late preeclampsia, while at the same time it raises questions 

about how antecedent medical risk factors such as chronic hypertension and obesity 

affect early and late subtypes of the condition. An interesting and possible 

consequence of this hypothesis might be that all pregnant women are destined to get 
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preeclampsia, but this outcome is averted by spontaneous or induced delivery for the 

majority of them (26).                                                                                              

Berthold Huppertz has recently challenged the hypothesis of a shallow placentation 

with poor infiltration of the spiral arteries as an obligate stage in the pathogenesis of 

preeclampsia, due to the fact that during the first trimester there is a limited flow of 

maternal blood cells into the intervillous space of the placenta (27). Still, there 

are predictive serum markers, e.g. PP13, for preeclampsia showing significant 

alterations in their concentrations as early as at seven gestational weeks. After 

implantation until about eight weeks of gestation, the spiral arteries are invaded and 

plugged by cytotrophoblasts. At around 11 to 12 gestational weeks the blocking plugs 

of extravillous trophoblasts are dislocated and the maternal blood flow towards the 

placenta opens up, which can be traced by the increase of oxygen from the first to the 

second trimester (27, 28). Thus, alterations in predictive serum markers can be 

demonstrated weeks before the onset of flow of maternal blood cells through the 

intervillous space. It seems thus, that early pathogenesis of preeclampsia seems to 

develop at the onset of placentation, somewhere around implantation. There may be 

different steps in the early stages of development of a placenta, where any insult 

could result in pregnancy complications such as preeclampsia and IUGR or 

miscarriage.                                                                                                           

Huppertz’ novel hypothesis is that early failure in placentation, involving villous 

trophoblasts, might end up in preeclampsia and IUGR. However, if there is only an 

insult of extravillous trophoblasts resulting in poorly invaded spiral arteries with 

decreased placental blood flow and less reperfusion and oxidative stress, IUGR 

without preeclampsia might result. In line with this, the pathophysiology of EOP, that 

almost always includes a certain degree of placental insufficiency, might include 

insults of both villous and extravillous trophoblasts due to a defect in immunological 

tolerance locally to the conceptus (28).                                                                                                                             

The clinical third phase of the pathogenesis of preeclampsia seems to be generated by 

a maternal systemic inflammatory reaction (SIR), which is unlikely to be alloantigen 

driven. Due to the hypoxia and the oxidative and endoplasmatic stress in the 



	 23	

trophoblasts and in addition a rheological damage to villi, there is a release of 

different factors, e.g. anti-angiogenic factors, reactive oxygen species, micro- and 

nanovesicles, pro-inflammatory cytokines and chemokines and also free heme (29, 

30). Heme is a degradation product of haemoglobin, which is pro-inflammatory and 

strongly pro-oxidant and shows increased expression in preeclamptic placenta 

(31). When these pro-inflammatory and pro-oxidant factors are released into the 

maternal circulation they cause a generalized systemic inflammatory response and a 

general activation in the endothelial lining of blood vessels which is probably 

resulting in the clinical features of preeclampsia; hypertension and 

glomerular endotheliosis with proteinuria (9, 30). Leakage of these factors to the 

maternal circulation increases with placental size. That is why clinical preeclampsia 

predominantly occurs in the third trimester and why the condition is more frequent in 

pregnancies with large placentas, for example multiple pregnancies (9). Activation of 

coagulation is an integral part of any inflammatory response and might contribute to 

pathogenesis not only by a direct thrombotic effect on the placenta, but also by 

stimulation of inflammation and production of anti-angiogenic molecules. Activated 

complement components also seem to be an integral factor of the increased 

inflammation seen in preeclampsia and IUGR (32). Thus, this third stage of the 

pathogenesis of preeclampsia gives us the potential to identify factors in peripheral 

circulation to be used as biomarkers of placental pathology associated with 

preeclampsia. 
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Relevance for thesis 

The three-stage pathophysiology for preeclampsia seems to be relevant for early-

onset preeclampsia with associated placental insufficiency, whereas in late-onset 

preeclampsia, a placental insult is not always obvious. It is still not fully clear why 

the same placental insult results in IUGR, sometimes associated with and sometimes 

without preeclampsia. In what way the immunological mechanisms in the first stage 

end up in the defective invasion of EVT in the spiral arteries in the second stage is 

not well described and clarified. The third stage of pathogenesis depends on the 

release of placental pro-inflammatory and anti-angiogenic factors, but still it is 

unclear if there is one major responsible factor or if there are several placental 

factors with a combined effect on maternal endothelium, resulting in the clinical 

syndrome. In studies on the pathophysiology of preeclampsia there is always a 

problem distinguishing between the cause of the syndrome and the effects of it. 
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Immunological mechanisms in preeclampsia 
	
 
Pre-conceptual mechanisms  
 
Preeclampsia, especially EOP, with placental insufficiency seems to be the result of 

an unsuccessful adaptation of the immune system to the foetoplacental unit. An 

observation that supports the importance of the immune system is that risk for 

preeclampsia is increased for primipara, and decreased for every consecutive 

pregnancy. However, a long inter-pregnancy interval increases the risk to the same 

level as for primipara. A short interval between first coitus and conception with the 

same partner also increases the risk of preeclampsia (33). These features suggest that 

exposure to paternal sperm or seminal fluid tolerizes the mother to foetopaternal 

alloantigens. Failure of this immunoregulation increases the risk of preeclampsia. 

Hence, a pre-conceptual phase involves maternal tolerization to paternal antigens by 

seminal fluid. Maternal contacts with factors in seminal fluid induce regulatory T 

cells (Treg cells) with the ability to induce tolerance to the foetoplacental antigens. In 

particular the seminal plasma, and not the sperm, is important since the seminal 

plasma is enriched with paternal antigens and high concentrations of transforming 

growth factor-beta (TGF-β) with the ability to induce Treg cells. However, in a more 

pro-inflammatory environment, Th17 cells are instead induced. Exposure to seminal 

fluid in mice induces tolerance to paternal alloantigens and an accumulation 

of Treg cells in the uterine draining lymph nodes, which may facilitate later 

implantation, at least in mice (34). The importance of pre-conceptual exposure to 

semen can explain why artificial insemination with donor sperm, intracytoplasmic 

sperm injection (ICSI), or barrier methods of contraception, are all associated with 

increased risks of preeclampsia (35).  
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Failure of immunological mechanisms  

Even though foetal cells can escape to the maternal blood circulation, the main 

tolerance must take place at the foetal-maternal interface, involving maternal immune 

cells in the decidua. If this fails to happen, it may result in pregnancy failure 

(36). Hence, a healthy pregnancy is a model of successful tolerance. Complete failure 

of the above-described immunological mechanisms would cause a rejection of 

the foetoplacental unit, resulting in miscarriage, while partial failure would instead 

cause a poor and shallow placentation with an impaired uteroplacental perfusion. 

This model gives an explanation for the first pregnancy preponderance that 

characterizes preeclampsia and also why a degree of placental insufficiency is a 

common clinical feature in early-onset (placental) preeclampsia (9). The 

immunological mechanisms resulting in shallow placentation and defect trophoblast 

invasion of the spiral arteries are, however, still only partially mapped. 

 
Relevance for thesis  

Failure of immunological mechanisms may result in a complicated pregnancy with 

either miscarriage or preeclampsia with or without IUGR. However, in LOP without 

placental insufficiency the impact of immunological failure is not obvious, and in 

certain cases the cause of preeclampsia might be an increase in placental factors in 

maternal circulation due to a large placenta or a pre-existing affected maternal 

endothelium. Therefore, a stratified analysis of primipara and multipara might be of 

interest, in order to investigate whether mechanisms differ with increasing parity. 

The difference in mechanisms between IUGR with and without preeclampsia would 
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also be interesting to analyse since they share the same placental insult but result in 

different clinical conditions.  
 

Natural killer cells (NK cells)                                                                                                                   

NK cells are the most abundant of the leukocytes in the decidua and constitute 50 - 

90 % of the leukocytes in first trimester (37). NK cells provide rapid responses to 

viral-infected cells and respond to tumour formation. Typically,  they detect a 

downregulated expression of major histocompability complex (MHC) presented on 

infected cell surfaces, causing lysis or apoptosis of the target cell, and also triggering 

cytokine release. NK cells are unique as they have the ability to recognize stressed 

cells with lowered MHC class I expression and with a fast immune reaction. 

However, NK cells have both activating and inhibitory receptors that play important 

roles, including self-tolerance and sustaining NK cell activity (38). During 

pregnancy, uterine NK cells are found in intimate contact with the extravillous 

trophoblast at the implantation site. The trophoblastic invasion is highly regulated, 

and the increase in the uterine NK cells in early pregnancy as well as the strong 

proximity to the extravillous trophoblasts suggest that they play a role in trophoblast 

invasion and development of the placenta. NK cells can be divided into a major 

subset of CD56dimCD16bright containing approximately 90% of circulating NK cells 

and a smaller (≈10%) population of CD56brightCD16dim cells (39), which differ in 

several aspects, including cytotoxic potential, cytokine production, and expression of 

cell surface markers (40). The CD56brightCD16dim population could be referred to as 

regulatory because of its reduced cytotoxic capacity and increased potential to 

produce cytokines (39, 40). NK cells in the decidua seem to be a unique subset, 

different from both CD56dim and CD56bright blood NK cells (37). Even though 

they express NK cell-activating receptors (41, 42) and cytolytic granules (37, 43), 

making them potentially cytotoxic, their cytotoxic ability is significantly reduced 

(37). The interaction of inhibitory receptors and MHC class I molecules (Human 

Leukocyte Antigen-C (HLA-C) and HLA-G) on trophoblasts seems to cause a lack of 

cytotoxic ability in these NK cells (44, 45). Foetopaternal HLA-C 
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on extravillous trophoblasts can be recognized by decidual NK cells that express 

killer immunoglobulin-like receptors (KIR) for which HLA-C is the dominant ligand. 

Both HLA-C and KIR are oligomorphic gene systems, which is why local maternal–

foetal immune recognition differs across individuals. The interaction between 

trophoblast HLA and maternal KIR can lead to stimulatory or inhibiting effects on 

NK cells´ ability to secrete chemokines and angiogenic cytokines, and these effects 

guide trophoblast invasion. A dysregulated process might increase the risk for 

preeclampsia (46, 47).                                                                                                                                                  

A key characteristic of early placental development in human pregnancy is the 

remodelling of the spiral arteries. The NK cells are often clustered around the spiral 

arteries and arterioles during the early phase of pregnancy. This distribution may 

reflect the role NK cells play in mediating vascular changes during pregnancy. In 

vitro studies have demonstrated the interaction between the trophoblasts and the 

uterine NK cells, including the production of several cytokines and angiogenic 

factors (41, 48). The recruitment of EVT by NK cells occurs via secretion of C-X-C 

motif ligand 8 (CXCL8) (interleukin 8;IL-8) and CXCL10, for which EVTs express 

the receptors CXCR1 and CXCR3 (41). Decidual NK cells may contribute to spiral 

artery remodelling also through production of pro-angiogenic factors such as vascular 

endothelial growth factor (VEGF), PlGF, and angiopoietins (41, 49, 50). Collectively, 

proper decidual NK cell activation is a prerequisite for a normal placentation, 

including adequate trophoblast invasion and spiral artery remodelling (45). Failure of 

these mechanisms might be part of the pathophysiology in preeclampsia and IUGR 

(45, 51, 52). 
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Relevance for thesis 

In the pathogenesis of preeclampsia, an increasing amount of data indicates that 

immunological mechanisms are important for both increased inflammation and 

aberrant angiogenesis. Since both foetopaternal HLA-C on extravillous trophoblasts 

and KIR on NK cells are oligimorphic gene systems, both hereditary and acquired 

aberrations in these mechanisms could be involved in the pathophysiology of 

preeclampsia, ending up in defect angiogenesis and trophoblast invasion. It is 

however not clear if this is a common mechanism in preeclampsia and IUGR. Since 

decidual NK cells secrete cytokines and chemokines that promote trophoblast 

invasion (CXCL8 and CXCL10) and pro-angiogenetic factors (e.g. PlGF), studies on 

their role in preeclampsia (and IUGR) can contribute to illuminating the role of NK 

cells in preeclampsia. 
 
Macrophages    

Decidual macrophages are enriched at the foetal–maternal interface, making up 

approximately 20 % of the decidual leukocytes in the first trimester 

(53). Macrophages in general are classified as M1 (classically activated) or M2 

(alternatively activated) macrophages, where M1 macrophages are induced by 

interferon γ (IFNγ), alone or together with lipopolysaccharides (LPS) and tumour 

necrosis factors (TNF), while alternatively activated macrophages initially were 

found to be induced by interleukin 4 (IL-4) and IL-13 (54, 55). However, M2 

macrophages can also be induced by anti-inflammatory cytokines such as M-CSF and 

IL-10 (56). Recent studies have shown that decidual M2 macrophages are mainly 

induced by macrophage colony-stimulating factor (M-CSF) and IL-10 (57). Global 

gene expression analysis of decidual macrophages shows that they mainly adapt an 

M2 polarization status with functions predominantly associated with immune 

regulation and tissue remodelling (57). The phenotype, with expression of CD163, 

CD206 and CD209, is typical for M2 macrophages. 

These macrophages produce predominantly immune-suppressive cytokines including 

IL-10 and IL-35 and less pro-inflammatory cytokines, like IL-12, IL-23 and TNF 

compared to M2 macrophages (57). Hence, they are involved in immune regulation 
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and support tolerance and tissue homeostasis. They inhibit the cytolysis of 

trophoblasts by uterine NK cells and limit activation of T cells. As an important 

source of chemokines they are major regulators of cell trafficking at the 

foetomaternal interface and they induce the expansion of Treg cells but not of Th1, 

Th2 and Th17 cells by producing high levels of the monocyte- and Treg cell-

associated chemokines C-C motif ligand 2 (CCL2) and CCL18, but low levels of 

Th1, Th2 and Th17-recruiting chemokines, thereby creating tolerance and adaptation. 

Besides these functions, decidual macrophages are also involved in the recognition 

and clearance of infections and support spiral artery remodelling, by producing 

angiogenic factors. By phagocytosing apoptotic cells and debris they also contribute 

to maintaining a homeostatic tissue environment (58-60).  

  

Relevance for thesis 

Decidual M2 polarized macrophages, induced by M-CSF and IL-10, producing 

immune suppressive cytokines (e.g. IL-10 and IL-35) and chemokines (e.g. CCL18 

and CCL2) seem to be important for immune regulation and tissue remodelling at the 

foetomaternal interface. The impact of macrophages in preeclampsia has not been 

widely studied but a maladaptation of the immune system involving macrophages as 

an integrated part of the first stages of preeclampsia is possible and might be 

reflected by decreased expression of certain cytokines and chemokines, e.g. CCL18.  
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Figure 4. NK 
cells, 
Macrophages 
and Regulatory 
T cells at the 
foetomaternal 
interface. Figure 
reproduced with 
permission from 
Svensson-
Arvelund et al. 
(18) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Regulatory T Cells   

The T helper cells (Th cells) play an important role in the immune system by helping, 

directing, the activity of other immune cells by releasing cytokines. Mature Th cells 

express the surface protein CD4 and are referred to as CD4+ T cells. Regulatory T 

cells (Treg cells) consist of one T helper lineage derived from thymus (natural Treg 

cells) and another that is induced in the periphery (induced Treg cells). Treg cells 

maintain tolerance to selfantigens and prevent autoimmune diseases. Treg cells are 

immunosuppressive and generally suppress or downregulate the induction and 

proliferation of effector T cells (61). Treg cells express CD4, Forkhead box P3 

(FOXP3), CD25 and lack the expression of CD127. Treg cells can be defined in 

different ways depending on the molecules expressed either on the cell surface (CD4, 

CD25) or intracellularily (FoxP3). Subpopulations of Treg cells, as active and resting 
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Treg cells, can be defined depending on expression of CD45RA on the cell surface 

(62). After conception, Treg cells may interact with M2 macrophages, which induce 

an expansion of the Treg cells. Treg cells are induced by IL-10 and TGF-β and the 

enzyme indoleamine 2,3-dioxygenase (IDO) and they secrete suppressive cytokines 

as IL-10, TGF-β and IL-35 (63). IDO is involved in the catabolism of tryptophan, an 

important immune regulator. By catabolic depletion of tryptophan, IDO causes 

´starvation´ of T cells, which promotes their differentiation into Treg cells. Since IDO 

is particularly strongly expressed in invasive cytotrophoblasts (EVTs) it may be an 

important factor in creating tolerance in early pregnancy, and consequently, lack of 

IDO might be one of the pathogenetic factors of the early stages of preeclampsia. 

IDO is best studied in mice but Nishizawa et al. were able to show low IDO activity 

in placentas from preeclamptic compared to normal pregnant women and moreover 

that the enzyme activity inversely correlated with the blood pressure of the patients 

(64, 65).                                                                                                                                      

Studies have demonstrated an enrichment of regulatory T cells in the decidua, 

probably contributing to local immunological tolerance and adaptation (66, 67). Treg 

cells are enriched in decidua, regardless of whether they are defined as 

CD4dimCD25high, CD4+FOXP3+, CD4+FOXP3high, CD25highCD127low or 

CD4+CD25highFOXP3high (67). This adaptation seems to be absent or less pronounced 

in preeclamptic women. In murine pregnancy, Treg cells play a crucial role in 

implantation and maintenance, as shown in models of normal (68) and complicated 

pregnancy (36). Early human pregnancy decidua contains an abundance of Treg cells, 

which express cytotoxic T-lymphocyte-associated protein 4 (CTLA‐4), a marker of 

suppressive function. CTLA-4 mediates potent inhibition of T‐cell proliferation in a 

dose‐dependent fashion. This suppressive function of Treg cells requires cell‐to‐cell 

contact. The proportion of decidual Treg cells has been shown to be lower in decidua 

from women with spontaneous abortion compared to decidua from women with 

induced abortions (69). In preeclampsia, decreased numbers of Treg cells have been 

reported at the foetomaternal interface (66, 67), contributing to a less tolerogenic 

environment and defective anti-inflammatory regulation.                                                                                                                  



	 33	

Schumacher et al. have demonstrated that Treg cells may be attracted by human 

choriogonadotropin (hCG)-producing trophoblasts in human placenta. Treg cells, 

attracted by hCG, may hence migrate to the foetomaternal site. There, contact occurs 

between paternal antigens and maternal immune cells, and immune tolerance towards 

the foetoplacental tissue can be ensured (70).                                                                                                              

Some studies have demonstrated increased numbers of peripheral blood Treg cells 

during pregnancy However, other and more recent studies have shown that levels of 

peripheral blood Treg cells are not altered or even decreased during pregnancy (66, 

67), indicating that their suppressive and tolerogenic function is more pronounced 

locally(71, 72). Some authors have shown that in preeclampsia the number of 

circulating Treg cells is decreased compared with healthy pregnant women (12, 73), 

while others could not confirm these results (74, 75). The inconsistencies 

regarding Treg cells may refer to how they were defined (67). Treg cells are not only 

enriched in the decidua, they also show a more pronounced suppressive and a 

much more homogenous phenotype than in blood with regard to expression of 

CTLA-4, FoxP3, CD25, and TGF-ß (71, 72). In addition, the decidual enrichment 

of Treg cells may be a result of local proliferation since they have a higher expression 

of proliferation marker Ki-67 (72). Local maturation has also been suggested in 

normal pregnancy where they could demonstrate a local accumulation of decidual 

CD4+ CD25- Foxp3+ cells, suggesting an additional reservoir of Foxp3+ natural 

(resting) Treg cells that can be converted to 'classical' Treg cells in the uterus (71, 

72). Hence, local expansion of Treg cells may occur in the decidua. This might also 

be accompanied by recruitment of Treg cells from the circulation, via pathways such 

as CCL2-CCR2, CCL22-CCR4, CCL17-CCR4 or CCL18-CCR8, which remains to 

be determined.                                                                                                                 

The amounts of Treg cells and Th17 cells in the decidua seem to be related, 

Treg cells being enriched and Th17 cells being barely detectable, however results are 

conflicting dependent on simulated or non-stimulated decidua (72, 76). Recent data 

show the reciprocal development of pathways between Th17/Treg subsets, and an 

imbalance of Th17/Treg development has been reported in preeclampsia (76). Th17 
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cells activity might still be important for the first stages of implantation and 

placentation that are associated with inflammation, but it seems that this activity 

needs to be balanced by Treg cells. (77). Treg cells, which induce tolerance, and 

Th17 cells, which induce inflammation or rejection, appear to arise from common 

precursors, on exposure to either TGF-β alone (induced Treg cells) or TGF-β and the 

proinflammatory cytokines IL-1β or IL-6 (Th17) (72, 77, 78). TGF-β seems to 

promote Treg cell augmentation in the decidua, which fits well with the general view 

of this Treg cytokine as a pregnancy facilitator (79). This could explain why seminal 

fluid, with a high TGF-β content has been found to promote expansion of the Treg 

cell compartment (34). Treg cells are also induced by IL-10 and TNF-related 

apoptosis-inducing ligand (TRAIL) in the decidua (58).                                                                                                                                                                                                                            

Protection from preeclampsia has relatively short-term partner specificity(33). This 

could imply that decidual Treg cells recognize paternal HLA-C, which can 

downregulate anti-paternal responses (66, 80). The stability of Treg cell memory is 

still to be determined. Natural (resting) Treg cells seem to be stable whereas induced 

(activated) Treg cells probably are less long-lived (81). Natural (resting) cells are 

differentiated into induced (activated) Treg cells at activation. It is therefore likely 

that decidual Treg cells might give, at least, short-term memory that could protect 

from preeclampsia in a second pregnancy with a short inter-pregnancy interval, but 

this needs further investigation (9).  
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Relevance for thesis 

Treg cells seem to be of importance for a normal pregnancy but the role of Treg cells 

in normal pregnancy and preeclampsia is still controversial since studies have shown 

divergent results, which might depend on the chosen definition of Treg cells and 

whether Treg cells are studied in peripheral circulation or locally at the 

foetomaternal interface. It is not fully clear if EOP and LOP differ in this aspect, and 

the effect of corticosteroids, routinely used for foetal lung maturation in the case of 

EOP, have not been taken into account for in previous studies. Treg cells can be 

divided into subpopulations of resting and activated Treg cells. Resting Treg cells are 

recent thymic emigrants displaying a resting phenotype and residing in secondary 

lymphoid tissues, while activated Treg cells are stimulated by their T cell receptor 

(TCR) to be activated and reside in non-lymphoid tissues. Resting and activated Treg 

cells have not been studied in preeclampsia. 
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Cytokines and chemokines  

Cytokines are a category of small proteins that are important in cell signalling, for 

example regulating immune responses. Their release has an effect after binding to 

receptors on cells around them, although they can also have remote effects. A broad 

range of cells produces cytokines, including all immune cells as well as endothelial 

cells, epithelial cells, fat cells, fibroblasts and various stromal cells. A given cytokine 

may be produced by more than one type of cell (82). Virtually all known cytokines 

have been demonstrated to be expressed in the placenta during normal gestation (83). 

Besides modulating immunological function, cytokines, together with other growth 

factors produced in the placenta and in extra-placental membranes, seem to be 

involved in both implantation and placental development. Imbalances in the 

intrauterine cytokine milieu during pregnancy may cause both early pregnancy failure 

and abnormal trophoblast development seen in complicated pregnancies such as those 

involving EOP and IUGR. Cytokines thus appear to be a critical factor within the 

foetomaternal interface to establish a successful pregnancy. Moreover, cytokines are 

involved in regulation of placental growth during all stages of pregnancy as well as 

the protection from pathological organisms (83).                                                                                                                                             

As mentioned, immunological mechanisms are involved in establishment of normal 

and pathological pregnancies. Several studies have indicated a shift of the immune 

system in normal pregnancies towards the Th2/Treg subset, categorized by typical 

secretion of the cytokines IL-4, IL-10, and TGF-β possibly supported by 

progesterone. In preeclampsia, the immune system has been suggested to be more 

associated with a Th1/Th17 predominant profile with pro-inflammatory cytokines 

such as such as IL-6, tumour necrosis factor (TNF), IFN-γ and IL-17 (11, 84, 85). 

However, the pregnancy-associated Th1/Th2 paradigm is an over-simplification. The 

existing data are more suggestive of a system involving timing and tuning of different 

cytokines and chemokines in a complex way during pregnancy (85). Cytokines such 

as M-CSF and IL-10, are for example involved in the process of polarization of 

decidual macrophages to M2 macrophages in normal pregnancy (58). In contrast, 

decidual expression of granulocyte-macrophage colony-stimulating factor (GM-CSF) 
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has been reported to be increased in preeclamptic pregnancies (31,34). A 

foetomaternal relationship is not simply maternal tolerance of a foreign tissue, but a 

series of intricate cytokine interactions governing immune regulation and control of 

the adhesion and vascularisation processes (86).                                                                                           

Chemokines are a family of small cytokines (or signalling proteins) that in addition to 

recruitment of immune cells also have regulatory functions, such as maintaining 

suppression and homeostasis and induction of apoptosis (87). Since chemokines 

recruit immune subsets specifically, they contribute to forming the local immune 

environment, for example by recruitment of different subsets of T helper cells. 

Chemokines are part of the adaptation of the immune system during pregnancy. 

Examples of chemokines associated with different CD4 subsets (see table II) are 1) 

CXCL9-11, associated with Th1, 2) CCL17-18, associated with Th2 (+ Treg for 

CCL18), 3) CCL20, associated with Th17, and 4) CCL22, associated with Th2/Treg. 

There is still a paucity of studies of local and systemic chemokines in preeclampsia.  

CXCL10 is a chemokine of the CXC family. It has pronounced anti-angiogenic 

activity, which includes regulation and control of the basal homeostasis and 

inflammatory leukocyte migration (88, 89). Moreover, despite its anti-angiogenic role 

it promotes adhesion, migration and invasion of trophoblast cells, possibly due to its 

pro-inflammatory properties (90). The biological functions of CXCL10 are mediated 

through the interaction with the receptor CXC chemokine receptor 3 (CXCR3) (91). 

Analysis of polarized T lymphocytes has demonstrated high CXCR3 expression on 

Th1 cells and low on Th2 cells, and therefore this receptor has been proposed as a 

useful marker of circulating Th1-type cells (92).  CXCL10 expression is induced by 

extravillous trophoblasts (EVT) and IFN-γ (93). CXCL10 has been found to be 

involved in conditions characterized by prominent T cell responses, particularly when 

a Th1/Th2 imbalance is involved (94). Increased levels of circulating CXCL10 have 

been shown in preeclamptic compared with normal pregnant women. Levels of 

CXCL10 were also increased in preeclamptic women when compared to women with 

IUGR delivering SGA (small for gestational age) babies. Moreover, pregnant women 

have a significantly higher serum concentration of CXCL10 than non-pregnant 
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women (95).                                                                                                                                  

Lee et al. showed that serum CXCL10 levels were higher in foetuses with placental 

lesions associated with maternal anti-foetal rejection than in those without such 

lesions (96).  Preeclampsia is an anti-angiogenic condition. Since CXCL10 has anti-

angiogenic properties, a feature of preeclampsia, elevated CXCL10 in maternal 

serum concentrations, may contribute to generating an anti-angiogenic state along 

with sFlt-1 and endoglin (97).                 

CCL18 is a chemokine associated with Th2/Treg, induced by the Th2-associated 

cytokines IL-4 and IL-13 and also by IL-10. CCL18 is associated with Th2 immunity 

and its biological function is associated with suppression and homeostasis exerted 

mainly by binding to CCR8 (98). There are few studies of the role of CCL18 in 

normal and pathological pregnancy. We have previously shown that CCL18 is 

secreted by placental macrophages in normal human pregnancies (58, 99). Tranquilli 

et al. found that expression of CCL18 was significantly decreased in placentas from 

women experiencing HELLP compared with placentas from normal pregnancy (100).   

CCL20 is a chemoattractant for Th17 cells. It is induced by the Th17-associated 

cytokine IL-17 and exerts its function by binding to CCR6 (101).  There is a paucity 

of information about CCL20 in human pregnancy. One study with a small sample 

size suggests no change in maternal serum CCL20 concentrations in women with 

preterm labour and delivery compared with either preterm controls or women at term 

in labour (102). In another study, expression of CCL20 was increased in decidual 

biopsies in patients with preeclampsia compared to normal controls at the time of 

delivery (103). Hamill et al. were able to demonstrate increased levels of CCL20 in 

amniotic fluid (AF) during pregnancy with an increased bioavailability of AF CCL20 

in spontaneous labour (term and preterm).  

 

 

 



	 39	

Table I Chemokines associated to different CD4 subsets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemok
ine 

Other 
name 

Induced 
by 

Secreted by Effect CD4 
subset  

Recep
tor 

CXCL9 MIG IFN-ɣ Monocytes 
Endothelial cells 
Fibroblasts 

T cell 
chemoattractant 

Th1 CXC
R3 

CXCL10 IP-10 IFN-ɣ Monocytes 
Endothelial cells 
Fibroblasts 

Induction of 
apoptosis and 
chemotaxis. 
Inhibition of bone 
marrow and 
angiogenesis 
Promoting 
antitumor activity 
and adhesion, 
migration and 
invasion of 
trophoblast cells  

Th1 CXC
R3 

CXCL11 I-TAC IFN-ɣ  
IFN-β 

Leucocytes, 
pancreas, RES 
and lungs 

Chemoattractant 
for activated T 
cells 

Th1 CXC
R3 

CCL17 TARC IL-4, IL-
13 

Thymus Chemoattractant 
for T cells (and 
fibroblasts) 

Th2 CCR4 

CCL18 PARC 
AMAC
-1 
DC-
CK1 
MIP-4 

IL-4, IL-
10, IL-13 
 

DC, monocytes, 
macrophages 

Suppression, 
Homeostasis, 
Chemoattractant 
for Th2 and Treg 
cells 

Th2/Tr
eg  

CCR8 

CCL20 LARC 
MIP3A 

IL-17  Lymphocytes, 
lymph nodes, 
liver, appendix  

Chemoattractant 
for Th17 cells 
Chemoattractant 
for lymphocytes  
(strongly) and 
neutrophils 
(weakly) 

Th17 CCR6 

CCL22 MDC IL-4 
IL-13 

Macrophages, 
monocyte-
derived 
dendritic cells, 
activated natural 
killer (NK) cells 
activated T 
cells, epithelial 
cells 

Chemoattractant 
for Th2 and Treg 
cells 

Th2/Tr
eg 

CCR4 



! %+!

In the case of an intra-amniotic infection, a dramatic elevation in the CCL20 

concentration was found, suggesting that this chemokine participates in the host 

response to infection (104). 

CCL22, a Treg-associated chemokine that is an chemoattractant for Th2 and Treg 

cells, is induced by IL-4 and IL-13 and exerts its function by binding to CCR4 (56). 

CCL22 has recently been found in the human first trimester placenta by 

immunohistochemistry but decidual expression was only observed in miscarriage 

conditions and correlated with Treg infiltration. CCL22 seems to play a role in 

human pregnancy and may occur as a negative feedback response to pro-

inflammatory events during miscarriage conditions (105). In another study, a 

decrease was found in serum levels of CCL22 as pregnancy progressed, in line with a 

maternal shift during pregnancy away from a Th2-biased immune reaction towards an 

inflammatory and counter-regulatory Th1-biased type (106).  
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Relevance for thesis                                                                                          

Cytokines and chemokines are important parts of the immune system, and are 

indicated to be involved in the pathogenesis of preeclampsia. Levels of circulating 

cytokines and chemokines show an immunological adaptation to normal pregnancy 

and maladaption in preeclampsia. However, it is not fully clear if they mirror the 

state in maternal endothelium or a placental insult. Hence, placental expression and 

plasma levels might not be correlated. Plasma levels and placental expression of 

cytokines and chemokines might increase or decrease during gestation depending on 

their function, indicating that the impact of the immune system is not constant, and 

the tuning of different cytokines and chemokines during different phases of gestation 

is a complex and vital function. This might explain why studies on plasma levels of 

cytokines in preeclampsia and normal pregnancy show divergent and partly 

conflicting results. Since in normal routines all EOP women are treated with 

corticosteroids for foetal lung maturation, there might be a bias in plasma levels of 

immune factors in connection to this treatment. The role of chemokines in 

preeclampsia has not been well studied. 

Increased inflammation in preeclampsia  

 

Preeclampsia has been described as a generalized maternal endothelial cell 

dysfunction as a part of a systemic inflammatory response (SIR) involving leukocytes 

as well as complement factors and the clotting system. Moreover, such an 

inflammatory response already exists in normal pregnancy, probably as a 

compensatory mechanism for the suppressed T cell function in pregnancy, which is 

due to immune modulation to avoid rejection of the foetoplacental unit (107). Normal 

pregnancy seems to be more like preeclampsia in this aspect than a non-

pregnant state. In the case of an uncompensated maternal intravascular inflammatory 

response to placental factors, preeclampsia might be the consequence if the stimulus 

or the maternal response is too strong. This excludes a specific cause for 

preeclampsia that could explain all cases of the syndrome. Instead the syndrome can 

be considered as an extreme maternal adaptation to pregnancy (30, 108). The clinical 



	 42	

syndrome of preeclampsia represents the third stage in pathogenesis of placental 

preeclampsia. It is believed to be generated, not by reactivity to foetal alloantigens, 

but as a non-specific vascular inflammatory reaction in the maternal endothelium 

secondary to placental factors (30). Due to the local hypoxia and the oxidative 

and endoplasmatic stress in placenta caused by an altered and impaired 

uteroplacental blood flow, there is a release of different factors into the maternal 

circulation. These factors are predominantly anti-angiogenic, such as soluble 

receptors of growth factors, and pro-inflammatory, such as reactive oxygen species, 

micro- and nanovesicles and pro-inflammatory cytokines and chemokines (108). 

The consequence of these placental factors in maternal circulation is a systemic 

inflammatory response and a general activation in the endothelial lining of blood 

vessels causing the clinical features of preeclampsia. These factors should be released 

during all pregnancies and should be particularly increased when there are 

stressed trophoblasts (108, 109).                                                                                                                     

The cellular, subcellular and molecular debris from the syncytial surface of the 

placenta is shed into the maternal circulation and is part of the systemic inflammatory 

stimulus during pregnancy. This debris is detected in the plasma of normal pregnant 

women and is significantly increased in preeclampsia. Microparticles (MPs) are 

cellular, membrane-bound vesicles that are shed into body fluids. MPs include a 

range of subcellular particles produced during apoptosis or cellular activation, usually 

100–200 nm in diameter. In general, the largest are necrotic fragments, whereas 

smaller MPs are formed directly by blebbing of cell membranes after activation. One 

form of small MPs called exosomes has an immunosuppresive function via cell-cell 

contact (110, 111). MPs can be detected in the circulations of both normal pregnant 

and pregnant women. In the former, MPs are increased in conditions with systemic 

inflammation such as sepsis or metabolic syndrome. Even during normal pregnancy 

MPs are increased, but are further increased in preeclampsia. They include not only 

MPs derived from platelets, endothelium and various leukocytes but also 

syncytiotrophoblast-derived MPs (often called STBMs). STBMs interact with both 

endothelial and immune cells and may contribute to the systemic inflammation of 
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both normal and preeclamptic pregnancies. STBMs resulting from turnover and 

renewal of the syncytial surface of the chorionic villi are included in this process. In 

vitro hypoxia induces apoptosis of cultured human cytotrophoblasts 

human cytotrophoblasts. Apoptosis of syncytial trophoblasts is significantly increased 

in preeclampsia, with syncytiotrophoblast microparticles as the sign of apoptosis. 

Also other markers of apoptotic debris, including cytokeratin and soluble 

foetal DNA, are increased in preeclampsia (112). Normal pregnancy is characterized 

by a mild systemic inflammatory response, observed not only during pregnancy but 

already during the luteal phase of the menstrual cycle before implantation. A 

local inflammatory response is an important feature of normal placentation and 

occurs early in pregnancy (113). However, inflammatory biomarkers indicate an 

increased inflammation throughout pregnancy. In preeclampsia, a similar response, 

but of greater intensity, occurs (30). Thus, preeclampsia is not an independent and 

separate condition but the extreme end of a continuum of maternal systemic 

inflammatory responses to pregnancy itself. Preeclampsia occurs when there is a 

decompensation of one or other maternal systems due to inflammation (114).                                                                                                                                                

The primary inflammatory cells are monocytes, neutrophil granulocytes, dendritic 

cells and NK cells. Endothelial cells can stimulate or be stimulated by inflammatory 

leukocytes and produce pro-inflammatory cytokines. A variety of components, 

including platelets and complement factors and the clotting cascade are part of an 

inflammatory response that includes tissue cells, which are not normally considered 

to be inflammatory, such as hepatocytes and adipocytes. Thus, the systemic 

inflammatory response is complex and synergistic, containing cross-regulating 

pathways. Oxidative stress and chronic inflammation seem to be related phenomena 

as inflammation always generates oxidative stress. Activated phagocytes undergo a 

respiratory burst, releasing reactive oxygen intermediates into the microenvironment. 

Moreover, oxidative stress products, such as lipid peroxides, are in fact pro-

inflammatory. The oxidative stress of preeclampsia is an expected component of the 

systemic inflammatory response and is intensified in preeclampsia relative to normal 

pregnancy. When the clinical features of preeclampsia are established, the oxidative 
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stress is not localized to the placenta but disseminated in the maternal peripheral 

circulation (114).                                                                                                   

Women who are pregnant with unusually large placentas, e.g. twin pregnancies, have 

an excessively large inflammatory stimulus and they are also more susceptible to 

preeclampsia. Moreover, women with chronic inflammation due to obesity (115), 

hypertension or diabetes are particularly susceptible to preeclampsia. Many of the 

metabolic features of normal and preeclamptic pregnancies, including insulin 

resistance, hyperlipidemia, increased blood coagulability or hypoalbuminemia, 

previously seen as isolated phenomena being hormonally induced, could instead be 

different consequences of a systemic inflammatory response (9).   
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Relevance for thesis 

Preeclampsia is obviously a condition of increased inflammation and so is normal 

pregnancy. In an individual case of preeclampsia it is still unclear to what degree 

inflammation is caused by placental or maternal factors. It is not clear if placental 

factors from stressed trophoblasts are different if placental dysfunction is extrinsic 

(poor placentation) or intrinsic (villous overcrowding). The difference between EOP 

and LOP in this respect, and between primi- and multipara needs further elucidation. 

The impact on inflammatory biomarkers of corticosteroid medication used by EOP 

women should be evaluated. Whether maternal endothelial inflammation is 

independent of the aberrant angiogenesis and activated coagulation in preeclampsia 

needs to be clarified. 
 
 

Role of complement component factors 

 

Complement factors are often a part of the inflammatory process. Studies in mouse 

models of pregnancy indicate that complement activation targeted to the placenta 

drives angiogenic imbalance, placental insufficiency, and endothelial injury. If 

regulators of complement components such as membrane cofactor 

protein (MCP), complement factor I (CFI; FI), also known 

as C3b/C4b inactivator, or complement factor H (CFH; FH) are dysfunctional, 

excessive complement activation occurs.  This may result in placental damage, 

thrombosis and release of anti-angiogenic factors, culminating in preeclampsia. One 

study has demonstrated that in a group of pregnant women with SLE or the 

antiphosfolipid syndrome, 18 % of the women with preeclampsia had mutations for 

these regulatory proteins compared to none in the group without preeclampsia. When 

the authors examined preeclamptic women without autoimmunity, 10 % of these 

women had the same mutations (116). Complement C5a-C5a receptor interactions 

trigger release of sFlt-1 in vitro, which is associated with a preeclampsia-

like condition in rodents and elevated in the circulation of pregnant women destined 

for preeclampsia. The alternative complement pathway amplifies foetoplacental 
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injury in mice with abnormal pregnancies (116). Elevated levels of the alternative 

pathway complement activation fragment Bb in the first 20 weeks of pregnancy were 

recently found to be associated with preeclampsia (117). Hence, complement 

component factors, particularly the alternative pathway, might be of importance in 

this syndrome.                                                                                                               

In another study, women with severe preeclampsia had increased levels of C5a and 

terminal complement complex, compared to a normal pregnant group at 

delivery. Derszy et al. found that the complement system is activated through the 

classical or alternative pathway with increased terminal complex formation in the 

third trimester of normal human pregnancy, and further increased in preeclampsia, as 

shown by the elevated amounts of activation markers in the systemic circulation. 

Excessive activation of the terminal pathway was associated with foetal growth 

restriction in preeclamptic women in the same study (32). The role of complement 

factors in the pathogenesis is however still controversial, since other studies have not 

found an association between elevated levels of complement factors and pregnancies 

complicated by preeclampsia.                                                                                          

Burwick and Feinberg presented a case of severe preeclampsia and HELLP in 

gestational week 26 where treatment with Eculizumab, an inhibitor of complement 

factor C5, resulted in a prolongation of pregnancy by 17 days, indicating an important 

role of complements at least in this specific case of EOP/HELLP (118). 
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Relevance for thesis 

Complement component factors seem to be involved in the inflammatory reaction in 

preeclampsia. It has not been clearly shown if complement components are primarily 

involved in the placental insult or if they are a part of the maternal systemic 

inflammatory response or both. If complement components participate in the 

placental insult they should be more increased in EOP compared to LOP and in 

IUGR compared to normal pregnancies, which needs to be clarified. The effect of 

corticosteroid medication for foetal lung maturation must be taken into account when 

evaluating levels of complement components in EOP. The high frequency of 

mutations for complement components indicates that increased levels can be a 

causative factor and not only an effect of preeclampsia 
 
Activated coagulation in preeclampsia 

 

In normal pregnancy there are changes in the coagulation and fibrinolytic systems. 

These changes include both increases in a number of pro-coagulant and clotting 

factors (I, II, VII, VIII, IX and XII and von Willebrand factor) which a maximum 

around term and a decrease in protein S levels and there is also an inhibition of 

fibrinolysis. As gestation progresses, there is also a fall in the activity of activated 

protein C, an important anticoagulant. All these changes create a hypercoagulable 

state (119, 120) associated with an increase in prothrombin fragments and thrombin–

antithrombin complexes. In preeclampsia, at least in the severe and early-onset 

form, levels of anticoagulants such as protein C and antithrombin (AT) seem to be 

decreased, creating an even more hypercoagulable state. Abnormality in 

antithrombin activity is a marker of hypercoagulation and begins more than 

two weeks before the development of clinical signs of preeclampsia(121). 

The overall fibrinolytic activity is impaired during pregnancy, but returns rapidly to 

normal following delivery (122). While these physiological changes may be 

important for minimising intrapartum blood loss, they entail an increased risk of 

thromboembolism during pregnancy and the post-partum period.                                                                                  

Local haemostasis at the placental trophoblast level is characterized by increased 
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tissue factor (TF) expression and low expression of the inhibitor tissue factor 

pathway inhibitor (TFPI) (123). Invasion of the decidua by extravascular trophoblasts 

is accompanied by thrombin generation from TF from decidual cells. TF protects 

against haemorrhage as extravascular trophoblasts invade and remodel spiral arteries 

and arterioles by breaching capillaries. Via binding of plasma-derived factor VII TF 

forms a “haemostatic envelope” that gives protection against haemorrhage following 

vascular injury (124). Many cases of preeclampsia are associated with decidual 

haemorrhage and maternal thrombophilias, which form excess thrombin from 

decidual cells. Thrombin affects several cell functions by binding to protease-

activated receptors. In first trimester decidual cells it enhances expression of 

soluble fms-like tyrosine kinase-1 (sFlt-1), a potent inhibitor of angiogenesis, 

which can block the angiogenic effects of VEGF and PlGF. Thrombin also 

increases monocyte-recruiting chemokine expression together with IL-1β and TNF 

leading to macrophage excess in the preeclamptic decidua (125). Immune cells and 

inflammatory mediators are capable of modifying haemostasis, while molecules in 

coagulation pathway have considerable immunomodulatory effects. T cells, NK cells 

and macrophages all seem to be involved in this process (126).                                                                                                                       

Activation of the coagulation cascade occurs early in the course of preeclampsia, 

often antedating clinically recognizable disease as a part of a systematic 

inflammatory response caused by the endothelium harming factors from the placenta. 

Since endothelial cell injury reduces the synthesis of vasorelaxing agents, increases 

the production of vasoconstrictors, impairs synthesis of endogenous anticoagulants 

and increases pro-coagulant production, endothelial cells are likely to be implicated 

in the pathophysiology of preeclampsia. Activated protein C (APC) resistance can 

explain coagulation activation in pregnancy, while activated coagulation in 

preeclampsia results, in part, from an increased thrombin generating capacity of 

plasma that is independent of APC resistance (127). Microparticles from placenta can 

injure the maternal endothelium although in one study there was no difference in 

thrombin generation from microparticles in preeclamptic compared to normal 
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pregnant women, indicating that circulating microparticles are not directly involved 

in activation of coagulation in preeclampsia (127).  

Thrombophilia is an inherited or acquired predisposition to thrombosis and embolism 

due to inherited or acquired changes in the coagulation system. Inherited thrombo- 

philia is a congenital deficit of blood coagulation factors that inhibit or increased 

amount of factors that stimulate fibrogenesis and clot formation (128). During 

pregnancy, the thrombogenic influence of these conditions is amplified due to a 

pregnancy-related increase of the amount of most of the coagulation factors. 

Activated protein C resistance is more pronounced during the second and third 

trimesters (129). Thrombin has an inflammatory effect that is balanced by APC 

and thrombomodulin (TM), which are both potent anti-inflammatory factors (130, 

131). Thrombophilia has been considered a risk factor for pregnancy complications 

such as preeclampsia and placental insufficiency, but studies have shown conflicting 

results. Some studies have found that inherited thrombophilias, for example factor V 

Leiden mutation and prothrombin gene mutation, are significant risk factors for 

preeclampsia (132, 133) but results are divergent. In thrombophilia an increased 

tendency for microthrombosis in the placenta might be an additional mechanism in 

the pathogenesis of preeclampsia.  
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Relevance for thesis 

In normal pregnancy, coagulation is activated as an integrated part of the increased 

inflammation occuring in pregnancy. It seems that coagulation is further activated in 

preeclampsia. It is not clear if this is a part of the systemic inflammatory response in 

pregnancy or an independent mechanism due to hormonal or other physiological 

changes during pregnancy, nor is it clear if activated coagulation is an effect of 

preeclampsia or if it could be an independent part of the pathophysiology. It is not 

fully clear if thrombophilia is an independent risk factor for preeclampsia. EOP and 

LOP might differ in this respect which needs to be examined. 
 
 
 
 
Aberrant angiogenesis in preeclampsia  

 

Developmental growth and the remodelling and regeneration of adult tissues can only 

occur accompanied by blood vessel formation. Endothelial cells can give rise to 

several types of functionally and morphologically distinct vessels. 

Upon angiogenic stimuli, endothelial cells can migrate, forming capillary sprouts that 

project into the perivascular stroma, and subsequently differentiate to form new 

vessels that are functionally adapted to their tissue environment. Angiogenesis 

depends on the tightly controlled processes of endothelial cell proliferation, 

migration, differentiation, and survival. There are endothelial cell-specific growth 

factors and receptors that may be primarily responsible for the stimulation of 

endothelial cell growth, differentiation, and differentiated functions. The best studied 

of these is vascular endothelial growth factor (VEGF). Four VEGF variants 

(VEGF A-D) appear to be equally capable of stimulating mitogenesis of endothelial 

cells. Only endothelial cells have been reported to proliferate in response to VEGF 

and endothelial cells from different sources show different responses. Two receptors 

for VEGF have been characterized, VEGFR-1/FIt-1 (fms-like tyrosine kinase-1) and 

VEGFR-2/Kdr/Flk-1 (134). The first receptor also exists in a soluble form (sFlt-1), 

which can bind and neutralize the effect of VEGF, thereby acting in an anti-
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angiogenic manner. Another related angiogenic growth factor is placental growth 

factor (PlGF), which is important for placental development. Although PIGF is not a 

major mitogen for most endothelial cells, it potentiates the mitogenic activity of low 

concentrations of VEGF, whereas at higher VEGF concentrations PIGF has no 

additional effect (135). VEGF and its receptors act in a paracrine and cooperative 

manner to regulate the differentiation of endothelial cells and neovascularization of 

tissues. VEGF expression in cultured cells has been shown to be elevated by hypoxia. 

Thus, the hypoxic environment in early placentation can stimulate the expression of 

VEGF and thereby facilitate angiogenesis (136). Studies have shown 

that angiogenic factors such as VEGF and PlGF are dysregulated in preeclampsia due 

to high levels of sFlt-1 (sVEGFR-1), which leads to impaired placental angiogenesis. 

Analysis of supernatants taken from preeclamptic placental villous 

explants has shown a four-fold increase in sFlt-1 compared to normal pregnancies.  In 

the same study the relative ratios of VEGF to sFlt-1 and PlGF to sFlt-1 released from 

explants decreased by 53% and 70%, respectively, in preeclampsia compared with 

normal pregnancies. This was demonstrated by a procedure where normal villous 

explants were exposed to hypoxia compared with exposition to the tissue to 

normoxia. Conditioned medium (CM) from villous explants from normal 

placentas induced endothelial cell migration and in vitro tube formation. Both of 

these mechanisms were attenuated by pre-incubation with exogenous sFlt-1. 

Endothelial cells treated with preeclamptic CM showed significantly reduced 

angiogenesis compared with treatment with normal CM. Removal of sFlt-1 by 

immunoprecipitation from preeclamptic CM restored migration and tube formation to 

levels comparable to that induced by normal CM, demonstrating that angiogenesis is 

inhibited in preeclampsia due to elevated levels of sFlt-1 (137).  

In a study with morphometric measures of villous development and capillarization, 

foetoplacental angiogenesis and capillary lumen remodelling in normal pregnancies 

and pregnancies complicated with IUGR and/or preeclampsia, IUGR was associated 

with abnormal growth of villi and foetal capillaries. Reduced villous growth was not 

accompanied by changes in measures of villous capillarization or maturation or 
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changes in lumen calibre or shape. In contrast, PE without IUGR (a high percentage 

of late-onset preeclampsia cases) was not associated with any effects on placental 

morphometry. The conclusion was that IUGR, but not PE without concomitant 

IUGR, is associated with impoverished villous development and foetoplacental 

angiogenesis (138). There is in fact an increasing amount of data that supports the 

hypothesis that placental insufficiency triggers an imbalance in the placental release 

of angiogenesis regulatory factors to the maternal circulation. This is characterized by 

elevated concentrations of anti-angiogenic factors such as sFlt-1 and decreased 

concentrations of pro-angiogenic factors such as PlGF (139).                                                                                                                                                  

Several studies have shown an imbalance of circulating angiogenic factors in 

preeclampsia with increased levels of sFlt-1 and decreased levels of PlGF, and this is 

demonstrated before the clinical onset of the syndrome. This imbalance has been 

shown both for EOP and LOP (140, 141). The sFlt-1/PlGF ratio has even been used 

clinically for prediction and diagnosis of preeclampsia but it cannot predict 

preeclampsia with acceptable specificity and sensibility before the second trimester 

(142).  
 
 
 

Figure 5. (Im) balance between pro- 
and    anti-angiogenesis in 
preeclampsia. VEGF= Vascular 
Endothelial Growth Factor. PlGF = 
Placental Growth Factor. sFlt-1 = 
soluble Fms-like tyrosine kinase-1. 
sEndoglin=soluble Endoglin 
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Relevance for thesis 

There is an imbalance in angiogenesis in preeclampsia with increased anti-

angiogenic factors such as sFlt-1 and decreased levels of pro-angiogenic factors 

such as PlGF. Whether this imbalance is primarily at the placental level or an 

integrated part of the maternal reaction is not clear, nor is it clear if angiogenesis is 

an independent mechanism from increased inflammation and activated coagulation. 

If aberrant angiogenesis is primarily a placental phenomenon, we could expect anti-

angiogenic factors to be significantly more increased in EOP and probably also in 

IUGR compared to LOP without placental insufficiency, which has to be clarified. 

Moreover, it is not clear if this angiogenic imbalance in maternal serum of 

preeclamptic women is the major pathogenetic mechanism in the pathogenesis of the 

condition. 
 
Prediction, prevention and treatment  

The aim of much preeclampsia research is to find a way to predict and prevent and 

hopefully also treat the condition. Knowledge of the pathogenesis is therefore of 

outmost importance in order to find biomarkers and measures that can predict the 
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condition with as high sensitivity and specificity as possible. The aim of predicting 

preeclampsia is primarily to be able to prevent the condition before the clinical onset, 

but it is also valuable to be aware of an increased risk for preeclampsia in planning 

for pregnancy monitoring. Since there actually is no effective treatment except 

delivery for preeclampsia, prophylaxis of the condition is of highest interest. 

Prophylaxis could theoretically be anything interfering with the described pathogenic 

conditions as inflammation, coagulation and angiogenesis or even with the 

immunological process that precedes the clinical condition. Prophylaxis must be safe 

for the pregnant woman without any major side effects, since many would have a 

normal pregnancy even without prophylactic treatment. If possible, also treatment of 

the established condition is highly interesting and even that purpose necessitates 

mapping of the pathogenetic mechanisms of the condition. Since inflammation, 

coagulation and angiogenesis seem to be involved in the pathogenesis of 

preeclampsia early in pregnancy, before there are any clinical signs of the 

condition, biomarkers of these conditions could be used for prediction of 

preeclampsia together with other measures as ultrasound, measurements of 

mean blood pressure and a carefully analyzed medical history including genetic 

predisposing factors (143). An effective prediction is a prerequisite if prophylaxis 

against the condition is to be used. Prophylactic treatments with Aspirin and/or low 

molecular weight heparin (LMWH) both interact with inflammation, coagulation and 

angiogenesis, and preliminary results from studies with prophylactic treatment to 

high risk groups are promising for both these alternatives(144-147). 

In the future, treatment of established preeclampsia will hopefully be an option. 

Already studies are ongoing on treatment with statins, which have an effect on 

inflammation, coagulation and angiogenesis, and at least in mice they seem to 

work(148, 149). Treatment of very early-onset preeclampsia with antithrombin has 

also been able to prolong gestation (150, 151). 
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Hypotheses and Aims  
The hypotheses of this thesis are: 

1. Increased inflammation, abnormal coagulation and aberrant angiogenesis are 

independently involved mechanisms in the pathogenesis of preeclampsia. 

2. Placental factors in maternal serum are responsible for maternal symptoms and 

could function as blueprints of the condition in preeclampsia. 

3. A defect tolerance of the semiallogeneic foetus, manifested as an imbalance in 

regulating cells and molecules, is involved in the pathogenesis of preeclampsia.  

The overall aim is to increase knowledge of the pathogenesis of and immunological 

background to preeclampsia including the role of inflammation, angiogenesis and 

coagulation, both locally at the foetomaternal interface and in the maternal 

circulation. A secondary aim is to identify candidate factors or a test that can 

effectively predict preeclampsia, for a future prevention of the condition. 

Specific aims 

1. The aim of Paper I was to determine if sera from preeclamptic women can 

function as blueprints of the condition and elicit symptoms of preeclampsia in 

mice and provide a basis for an in vitro predictive assay.  

2. The aim of Paper II was to assess the involvement of and correlation between 

systemic inflammation, aberrant angiogenesis and activated coagulation in early- 

and late-onset preeclampsia by using a broad panel of biomarkers in a large 

sample of pregnant women. 

3. The aim of Paper III was to determine whether the frequency and phenotype of 

circulating Treg cells differ in women with preeclampsia compared with pregnant 

and non-pregnant controls when using a set of updated Treg phenotype markers. 

4. The aim of Paper IV was to analyse and compare placental expression and plasma 

levels of chemokines associated with different T helper subsets in normal and pre-

eclamptic pregnancies to determine if aberrant chemokine levels are associated 

with preeclampsia and if systemic chemokine levels reflect local expression. 	
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Material and Methods 

Subjects 

Demographic background 

In the south-east region of Sweden approximately 10000 women gave birth annually 

during the period between 2003 and 2007. Of these women, almost 3 % received the 

diagnosis of preeclampsia, of which cases 1/3 were defined as severe and 2/3 as 

moderate. 0.2-0.3 % of these delivered at a gestational age of < 34 gestational weeks 

(GW), an approximation for early-onset preeclampsia. The annual number of 

deliveries during the time of the study was approximately 1800 at the County 

Hospital Ryhov in Jönköping and 2500 at the University Hospital in Linköping. Most 

cases (95%) of preeclampsia were recruited from these hospitals. During the study 

period, the total number of preeclampsia cases at these two hospitals was 

approximately 500 according to obstetrical databases, corresponding to 3.8% of 

deliveries. This prevalence is based on the referral status of these hospitals; most 

women with preeclampsia before 36 weeks of pregnancy are transferred to these 

hospitals 

Study group and control group (Paper I, II and IV) 

In a group of 114 women from the region with the diagnosis of preeclampsia (Table 

II), blood samples were drawn in connection to admission to the hospital and 

placental biopsies were collected post-partum.  

The same measurements were taken in a control group of 100 women with normal 

pregnancies. As we planned to measure many different biomarkers it was difficult to 

calculate an exact power for the study, so we chose a large sample size. The 

preeclamptic women were recruited from the departments of obstetrics at the County 

Hospital Ryhov in Jönköping (n = 84), the University Hospital in Linköping (n = 24), 

and the County Hospital in Kalmar (n = 6). The control group was recruited from 

antenatal care centres and maternity wards in Jönköping (n = 63) and Linköping (n = 
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20) and from the maternity ward at the County Hospital Vrinnevi in Norrköping (n = 

17). All four major hospitals in the region were thus involved. Collection of blood 

samples was carried out during the years 2003-2007  

Inclusion with written informed consent and blood sampling was performed during 

the daytime soon after admission to hospital for preeclamptic women, irrespective of 

gestational length. For the control group, the women were included similarly when 

they appeared for their regular visits at antenatal care centres or were admitted for 

elective caesarean section (CS) for other reasons than preeclampsia or IUGR. Blood 

sampling was carried out by midwives, and the samples were immediately sent to the 

laboratory for centrifugation, separation into plasma and serum samples, and storage 

in a -80° freezer. 
  
Table II Clinical Spectrum of Preeclampsia Cases (Percentage within Brackets) 
SGA, Small for gestational age; EOP, early onset preeclampsia; LOP, late onset preeclampsia; 

 
 
 
 
 
 

 
Women with diabetes, kidney diseases, multiple pregnancies, and essential 

hypertension were excluded and so were women on anticoagulant or continuous 

steroid medication. Two cases were excluded from the control group because of 

foetal growth restriction and foetal death. In the preeclampsia group, four women 

were excluded because of diabetes, six because of twin pregnancy, one because of 

pregnancy-induced hypertension, one because of systemic lupus erythematosus (SLE) 

with steroid medication, and one because of prophylactic treatment with low 

molecular weight heparin (LMWH) during pregnancy. Preeclampsia was defined as 

new onset of proteinuric hypertension after 20 weeks of gestation. Moderate and 

severe preeclampsia diagnoses were made according to guidelines of American 

Congress of Obstetricians and Gynecologists (ACOG) (152). Preeclampsia was 

defined as EOP when onset was before 32 gestational weeks and LOP when onset 

was after. For the clinical spectrum of preeclampsia, see Table II. The control group 

was matched for maternal and gestational age with no significant difference between 

 SGA 
baby 

HELLP 
syndrome 

Eclampsia Moderate PE Severe PE 

EOP (n=31) 14 (45.2)  7  (22.6) 1 (3.2)   6 (19.4) 25 (80.6) 
LOP (n=83)   6 (7.2)  3   (3.6) 1 (1.2) 63 (75.9) 20 (24.1) 
PE    (n=114) 20 (17.5) 10  (8.8) 2 (1.8) 69 (60.5) 45 (39.5) 
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neither maternal nor gestational age. 

In the immunohistochemistry study in paper IV we also included five placental 

biopsies from women after elective surgical abortion in first trimester. These 

pregnancies were all dated by ultrasonography. We examined placental but did not 

use fetal tissue. 
 

Figure 6. Flow chart showing participants in Part I, II and IV. IHC = 
Immunohistochemistry. SLE = Systemic Lupus Erythematosus. LMWH = Low 
molecular Weight Heparin. IUFD = Intrauterine Fetal Death. IUGR = Intrauterine 
Growth Retardation. EOP = Early-onset preeclampsia. LOP = Late-onset 
preeclampsia 
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Study group and control groups (Paper III) 

Eighteen women with de novo proteinuria and hypertension appearing after 

gestational week 20 were included (Table III). The inclusion criteria were either 

severe or early-onset preeclampsia. Severe preeclampsia was defined as highest 

measured blood pressure ≥ 160/110 mm Hg and/or with signs of renal (oliguria or 

proteinuria ≥ 5 g/d), hepatic or neurological impairment or thrombocytopenia, while 

early-onset preeclampsia was defined by onset at gestational age of less than 34 

weeks. Included patients had either severe (n=1) or early-onset (n=1) preeclampsia or 

both (n=16). Women with diabetes, BMI > 35, chronic hypertension, thrombophilia 

and twin pregnancies were excluded. The majority (72.2 %) of preeclampsia patients 

delivered babies that were small for gestational age (SGA), which was a sign of 

placental involvement. SGA is in a Swedish context defined as a weight of 2 standard 

deviation scores below the mean foetal weight for gestational age or less, which 

means approximately < -21%.  

  
Table III	Clinical data on the preeclamptic women included in paper III.                                               
* Highest value of measured BP. GW = gestational weeks; FW = fetal weight; HELLP = 
Hemolysis, Elevated Liver enzymes and Low Platelet count	

 Age BP* Proteinuria   
(dipstick) 

Onset (GW) FW deviation % Corticosteroid 
treatment 

Complications 

1 27 160/105 1+ 29+0 -28.1 Yes  

2 26 170/125 3+ 28+0 -33.3 Yes  

3 28 180/105 2+ 30+6 -38.0 Yes Abrubtio placentae 

4 36 170/120 3+ 31+2 -19.4 Yes  

5 34 200/120 3+ 33+4 -26.4 No  

6 31 185/115 3+ 26+3 -28.3 No  

7 17 190/120 3+ 23+0 -13.8 No  

8 21 180/110 3+ 27+0 -27.4 Yes Eclampsia 

9 46 195/115 3+ 31+3 -31.7 No Oliguria 

10 35 170/105 3+ 30+0 -6.0 Yes HELLP 

11 27 180/110 3+ 27+0 -6.7 Yes  

12 24 200/120 3+ 30+0 -32.9 Yes  

13 38 220/120 3+ 29+4 -33.0 Yes  

14 31 160/90 3+ 30+0 -34.8 No  

15 39 180/100 3+ 35+0 -20.0 No  

16 31 170/100 3+ 30+1 -24.8 No  

17 38 140/90 3+ 34+0 -15.3 No  

18 27 140/95 1+ 29+4 -32.7 Yes Thrombocytopenia 
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Treatment with antenatal betamethasone for foetal lung maturity was started prior to 

blood sampling in 10 out of 18 preeclamptic women in close proximity to blood 

sampling. The patients were recruited from the obstetrical departments of Linköping 

University Hospital and County Hospital Ryhov in Jönköping. As controls, 20 

women with normal pregnancy and 20 healthy non-pregnant women were included 

(Table IV). The normal pregnant women were included (gestational week 24-27) at 

their regular second trimester control at the antenatal clinic. Ten of the normal 

pregnant and ten of the non-pregnant women were also included in research reported 

in a previous paper (67). There was no significant difference across the three groups 

with regard to age, parity and body mass index, whereas the gestational age was 

significantly lower (p<0.001) in the normal pregnant compared with the preeclamptic 

women. Inclusion in the study with blood sampling was carried out during the period 

2007-2011. 

Table IV Demographic and clinical data for women included in paper III, as median (range within 
brackets) or as categorical data. 

 

 

 

 

Subject	characteristics	 Preeclamptic	
women	
(n=18)	

Healthy	pregnant	
women	
(n=20)	

Non-pregnant	
women	
(n=20)	

Age	at	inclusion	 31(17-46)	 28	(19-38)	 26.5	(20-36)	
Blood	pressure	 177/108							

(140/95	-	
220/120)	

115/70		
(110/60-130/80)		

no	information	

Proteinuria	(dipstick)				
(grading)	

3+																									
(1+	-	3+)	

no	proteinuria	 no	information	

Gestational	week	at	
inclusion	(weeks)	

29	(23-33)	 25	(24-27)	 NA	

Partus	(weeks)	 30	(26-37)	 41	(35-42)	 NA	
Previous	pregnancies	
(n)	

2	(1-5)	 0	(0-2)	 0	(0-2)	

Previous	births	(n)	 0	(0-2)	 0	(0-1)	 0	(0-2)	
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Figure 7. Flow chart showing subjects in paper III. EOP= Early-onset preeclampsia. LMWH = Low 
Molecular Weight Heparin. BMI = Body Mass Index 
 
Ethical consideration 

The studies in my thesis have all been ethically approved by the regional ethical 

review board in Linköping and the study in paper I has also been approved by a local 

ethical review board in Providence. In line with the Swedish ethical standards 

informed consent was obtained from the pregnant women who participated, 

concerning blood sampling and placental biopsies. The studies were well designed 

for its purpose even if exact power was difficult to calculate. Ethical concerns in 

paper II-IV is mostly about blood sampling and placental biopsies. Blood sampling is 

not associated with any significant risks for the participating women’s health but it 

could be inconvenient and for some women all forms of use of needles are associated 

with discomfort and sometimes even anxiety. Participation was, however, voluntary, 

and care of the woman was not affected if they denied to participate. After the 

delivering women has been shown the placenta directly post partum they normally 

never see it again. Thus, taking a biopsy from placenta is not associated with any 

discomfort or risk. However, the use of animal studies in paper I and samples from 
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first trimester women undergoing elective abortions in paper IV raises some special 

ethical concerns.  

 
Animal experiments  
 
Animal research has made a pivotal contribution to a large number of scientific 

advances of the past century and continues to aid our understanding of various 

diseases (153). However, since animal experiments can cause harm and suffering for 

the involved animals, this type of research has been questioned for ethical reasons. 

Therefore, different ethical concepts have been developed in this field of research. 

Russel and Burch defined the “3Rs” concept in 1959, i.e., that all efforts to replace, 

reduce, and refine experiments must be undertaken (154, 155). The licensing of 

animal experiments normally requires an ethical evaluation process, often undertaken 

by ethics committees (156) and in this case our study was approved by the Lifespan 

Institutional Animal Care and Use Committee in United States. Important ethical 

aspects concern whether there are reasonable expectations that the research will result 

in increased scientific knowledge and also will increase understanding of the species 

under study or provide results that could improve the quality of health or welfare of 

humans or other animals. Since preeclampsia is a condition that globally is a major 

cause of maternal morbidity and mortality we consider that animal research that can 

contribute to find ways to predict and prevent this condition is justified. Another 

important aspect is that species chosen for study should be the best suited to answer 

the questions posed, and there is no species that is more suitable to study in 

reproductive research than the mouse, due to its similarities to human placentation 

and its short gestational age. Moreover, a good experimental design helps in reducing 

the number of animals used in research since it allows collection of data using the 

minimum number of animals. However, a sufficient number must be used to enable 

precise statistical analysis and results (153). All individuals who used animals at the 

lab had received instruction in experimental methods and in the care, maintenance, 

and handling of mice. It is also important to carefully assess the method of 

administration and the effects of the substance on the animal, and the amount of 
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handling and restraint required. For this reason and to avoid a negative impact of 

stress on the results, we chose to inject serum into mice intraperitoneally, since it is 

less traumatic than intravenous injection. Moreover, surgical procedures require close 

supervision and attention to humane considerations by the scientist and use of 

sufficient anaesthesia, which means that all surgical procedures and anesthetization 

should be conducted under the direct supervision of a person who is competent in the 

use of the procedures, which was the case in this study. Aseptic techniques must be 

used on laboratory animals whenever possible and in this lab the mice were kept 

under strict aseptic conditions.  

Legislation on animal experimentation in modern societies is based on the 

supposition that this is ethically acceptable when certain more-or-less defined formal 

demands and ethical principles are met (157).  
	

First trimester samples 

We used placental samples from five first trimester women undergoing elective 

surgical abortions. In our study we only used trophoblasts from placenta but no foetal 

tissue. That means that the aborted foetus was treated according to ordinary clinical 

guidelines and with respect. Whether it is ethically correct to ask vulnerable women 

considering an abortion to participate in a study is another important ethical 

consideration. To deal with this, the medical staff was informed not to include 

women if they found it inappropriate. Moreover, the women were all given oral and 

written information about the study, and this information was given after a final 

decision to undertake the abortion procedure. Participation was always voluntary and 

it was made clear that present and future treatment would not be affected by their 

decision, which could at any moment be withdrawn. Normally the women had 

several weeks to consider their decision during the time between when the 

information was given until the procedure was performed. Most women agreed to 

participate as they felt they were contributing to something good.                                                                                                                                          

There are some other concerns about using samples from first trimester human 

placentas. Since the outcome of pregnancy is unknown it is possible that some of 
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these pregnancies would have ended up with pregnancy complications such as 

preeclampsia, IUGR, IUFD or premature delivery. Since some pregnancy 

complications with onset late in pregnancy are caused by placental insult, we do not 

know if our first trimester samples represented normal placentas. Nevertheless, the 

vast majority (>90 %) of the first trimester pregnant women will end up in a normal 

pregnancy without the mentioned complications, so the impact from samples that 

would have ended up in a complication should be limited.                                                                                                                   

There are not many alternatives if one wishes to study human first trimester placenta. 

However, new approaches might add some options. First trimester decidual tissue can 

be obtained during chorionic villous sampling, which is done for diagnosis of 

chromosomal abnormalities. Since in most cases it is associated with an ongoing 

pregnancy, the outcome of pregnancy can be correlated with the result of examination 

of the sample. One limitation is the small amount of tissue obtained and another is the 

limited number of patients undergoing this procedure. Another option could be to use 

artery Doppler ultrasound to define first trimester pregnancies with a high pulsatile 

index, which is associated with defect spiral artery remodelling that is common in 

early-onset preeclampsia and IUGR. This will, however, only approximate the risk of 

a certain complication, and moreover it will necessitate an extra examination of the 

woman considering an abortion.  

Material 
	

Blood sampling 

The blood samples for Parts I, II and IV were drawn into EDTA and Na-citrate tubes. 

For isolation of plasma, blood samples were centrifuged within 1 h after sampling, 

and serum and plasma samples were immediately frozen and stored at -70 °C until 

analysed at the laboratory at the University Hospital in Linköping, except for 

complement measurements, which were carried out at a laboratory at the Linneaus 

University in Kalmar, and cortisone measurements, which were carried out at the 

Doping Control Laboratory, Karolinska University Hospital, Huddinge, Stockholm. 
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Placental biopsies 

Placental tissues were collected from the majority of the preeclamptic and healthy 

pregnant women included in Parts I, II and IV. They were collected at birth by cutting 

a cube, approximately 1 x 1 x 1 cm in size on the maternal side of the placenta, using 

a scalpel and fixated in formalin for further transport to the Department of Clinical 

Pathology at the University Hospital in Linköping to be embedded in paraffin. For 

the immunohistochemistry (IHC) study (Paper IV) we chose to study placental 

samples from three groups, early- and late-onset preeclamptic women and normal 

pregnant women (Figure 9). Professor Heriberto Rodriguez-Martinez, who has great 

experience in immunohistochemistry helped us to find placental slides of acceptable 

quality. We preferred placental samples from women delivered by elective caesarean 

section to avoid the impact of labour, which was possible for early-onset 

preeclampsia and normal pregnant women, but for late-onset preeclampsia a large 

majority were delivered vaginally so we had to accept that some were delivered by 

acute CS and some were spontaneously vaginally delivered. We chose also to avoid 

biopsies from preeclamptic women pre-treated with corticosteroids antenatally before 

blood sampling. Probably, the vast majority of the early-onset women were at some 

point treated with corticosteroids in line with medical routines at the involved 

hospitals. We were able to identify nine samples in the early-onset PE group, 12 in 

the late-onset PE group and 15 in the normal pregnancy control group fulfilling the 

above-mentioned criteria. The tissue samples were sectioned (4 µm) and 

deparaffinised. The immunohistochemistry study was performed as described in 

Paper IV.                                                                                                                      

The samples for the IHC study were obtained from the department of obstetrics at the 

University Hospital in Linköping (two early-onset) and the County Hospital Ryhov in 

Jönköping (seven early-onset; 12, late-onset; two normal pregnancy). The rest of the 

control group samples were collected from the maternity ward at the County Hospital 

Vrinnevi in Norrköping (13 normal pregnancy). 
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Methods 
The methods used in Paper I-IV are described in detail in the Material and Methods 

section in each paper. In this part of the thesis I will describe the methods that has 

been used with emphasis on strengths and weaknesses. 

Animal experiments 

The reproductive immunology research team at Linköping University has for many 

years been involved in cooperation with a research laboratory at the Women and 

Infants Hospital of Rhode Island under the direction of Professor Surendra Sharma. 

As a part of our preeclampsia project we sent some of the collected serum samples to 

Providence (Figure 6) to be used in research involving mice studies and a tube 

formation test, which is described in Paper I of this thesis. The laboratory has much 

experience in mice experiments and all animal protocols were approved by the 

Lifespan Institutional Animal Care and Use Committee, which means that all the 

requirements for conducting animal studies were met. Both C57BL/6 wild type and 

IL-10 knockout mice were housed and mated in a specific pathogen-free facility 

under the care of the Central Research Department of Rhode Island Hospital. All 

mating experiments were repeated at least three times, with at least four to six mice 

per treatment.                                                                                                                  

The mice were treated with intraperitoneal injections (to minimise stress from 

injections) of serum from women with moderate or severe preeclampsia or normal 

pregnancy. Blood pressure was measured during pregnancy, which lasted for 

approximately 20 days, and urine was assessed for proteinuria. Kidney tissue and 

uteroplacental units were harvested for histopathological examination and evaluated 

for tissue hypoxia. Finally, blood samples were drawn via cardiac puncture. All this 

is described in more detail in Paper I.  
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Animal studies - Strengths and weaknesses                                                                                                                                                                         

Animal studies have many advantages. Most important is that it is possible to test a 

hypothesis directly in vivo as in our study, which for ethical reasons is impossible on 

humans. The gestational length in a murine pregnancy is only 20 days, which 

facilitates studying what happens during pregnancy. Moreover, animals can be 

genetically manipulated by knocking out certain genes, which gives the opportunity 

to test what happens when certain proteins are not produced, for example IL-10 in 

some mice in the actual study. Weaknesses in animal studies are that there are 

differences in anatomy and physiology between animals and humans, and pregnancy 

differs in many ways. The placenta is one of the organs with the highest evolutionary 

diversity among animal species. In consequence, an animal model that exactly 

reflects human placentation does not exist. However, the mouse is the most 

frequently used animal model for placenta and pregnancy research. Like humans, 

mice possess a discoid haemochorial placenta, but there are also differences between 

the human and murine placenta. In the mouse placenta, the trophospongium is located 

at the bottom of the placental disc that is built up by wandering giant cells that 

infiltrate the maternal tissue and eventually come into contact with maternal blood 

vessels, which they open up, thereby creating the haemochorial state.  The major 

portion of the placental disc is the placental labyrinth composed of 

syncytiotrophoblasts and cytotrophoblasts where very thin foetal capillaries are 

surrounded by trophoblasts bathed in the maternal sinusoidal blood as in a 

haemochorial placenta (158) (Figure 8). In the mouse the placenta is much thinner 

than the human placenta and it is not uncommon to have > 10 foetuses.                                                                                                                                                

Hence, results from murine studies must be interpreted with caution. Another 

problem with animal studies is the ethical dilemma that the studies induce disease and 

suffering and eventually death for the mice, which must be balanced against the 

benefits of the study. Ethical considerations regarding animal experiments have 

already been highlighted (see “Ethical considerations”). 
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Figure 8. The murine compared to the human placenta (159). Figure reproduced with permission 
from Janet Rossant and James Cross. 

Tube formation test 

In the laboratory in Providence, a serum-based three-dimensional dual cell culture 

model to study endovascular activity involving trophoblasts and endothelial cells has 

been established called the Tube formation test (160), which I have had the 

opportunity to work with. This model was used to evaluate the differential effects of 

pregnancy serum. Briefly, trophoblasts or endothelial cells (2.5 ( 104), labelled with 

cell tracker green CMFDA or cell tracker red CMTMR (Molecular Probes, Eugene, 

OR), respectively, were co-cultured on matrigel coated plates in the presence of 

serum from normal pregnancy or preeclampsia. Serum-initiated endothelial cell-

directed tube formation by trophoblasts was monitored and recorded as described in a 

previous study (160).  Based on the initial dose-related findings, we routinely used 10 

% of normal pregnancy serum or preeclampsia serum for majority of studies unless 

specified. To evaluate the system to predict the onset of preeclampsia, serum samples 

from 12 to 14 (n = 18), 24 to 27 (n = 5), and 32 to 36 (n = 22) weeks of gestation 

were tested and compared with gestational age-matched normal pregnancy serum. 

The average number of tubes/vacuoles formed was quantified in a fluorescence 

microscope as described earlier (50, 160, 161).  
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Figure 9 Fluorescence microscopy 
demonstrating tube formations in a 
co-culture of endothelial cells (EC; 
green colour) and trophoblast cells 
(HTR-8; red colour) in normal 
pregnancy serum (NPS) on 
matrigel.  
!

 

 

Tube formation test – strengths and weaknesses 

                                                                                                                                                       

The tube formation test has the advantage of being a test in a laboratory, which might 

be valuable for prediction of preeclampsia. Another advantage is the possibility to 

test the effect on tube formations of different molecules, e.g. pro- and anti-

inflammatory cytokines, complement components, anti-angiogenic factors, heparin 

and LMWH, hCG, heme and other molecules with a potential effect on placental 

angiogenesis. Thus, the test can be utilized to better explore the mechanisms in the 

pathogenesis in preeclampsia and moreover, the effects of potential drugs can be 

tested. An obvious weakness is that it is an in vitro test and its results might not be 

valid in vivo. Therefore, the results from the tests so far are mainly hypothesis-

creating. There is still no data concerning specificity and sensibility as predictive tests 

for preeclampsia. Another disadvantage is that a fluorescence microscope is 

expensive and the method requires experience of working with immortal cell lines. 

Coagulation tests 

All coagulation analyses were performed on citrated plasma (1/10 volume 0.13 mol/L 

citrate) on an automated coagulation instrument, ACL Top. For a more detailed 

description see the section on coagulation tests in Paper II. Coagulation tests are done 
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in a highly standardized way with a continuous evaluation of the methods in 

laboratories that serve both clinical health care and research. The strengths and 

weaknesses of this test depend mainly on the cost-effectiveness of the equipment.                                                                                                                                           

The problem with analysis of coagulation tests during pregnancy is that there are no 

generally accepted reference values correlated to gestational age, which means that 

for an individual woman it could be difficult to find out if a coagulation test is 

pathologic or just dependent on pregnancy. Inherited thrombophilia, e.g. factor V 

Leiden mutation is, however, a condition that exists before pregnancy and does not 

depend on pregnancy.  

ELISA (for complement, angiogenetic factors and PTX3)  

An ELISA is typically performed in a polystyrene plate with wells, which will 

passively bind antibodies and proteins. This binding and immobilization of reagents 

makes the ELISA easy to design and perform. When the reactants of the ELISA are 

immobilized to the microplate surface it is easy to separate bound from non-bound 

material during the assay. This ability to wash away non-specifically bound materials 

makes the ELISA a powerful tool for measuring specific analytes within a crude 

preparation.                                                                                                                        

A detection enzyme or other tag can be linked directly to the primary antibody, to a 

secondary antibody that recognizes the primary antibody, or to a protein such as 

streptavidin if the primary antibody is biotin labelled. The most commonly used 

enzyme labels are horseradish peroxidase (HRP) and alkaline phosphatase (AP). A 

large selection of substrates are available for performing the ELISA with an HRP or 

AP conjugate. The choice of substrate depends upon the instrumentation available for 

signal detection and the required assay sensitivity. An ELISA can be performed with 

modifications to the basic procedure. Immobilization of the antigen can be achieved 

by direct adsorption to the plate or indirectly via a capture antibody attached to the 

plate. The antigen is then detected either directly (labelled a primary antibody) or 

indirectly (labelled a secondary antibody). Direct detection is not widely used but is 

quite common for immunohistochemical staining of tissues and cells. A sandwich 
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ELISA, which we have used, is a powerful ELISA format. It is called a “sandwich” 

assay because the analyte to be measured is bound between two primary antibodies – 

the capture antibody and the detection antibody. The sandwich format is used because 

it is sensitive and robust, since it is the detection step that largely determines the 

sensitivity of an ELISA. The antigen to be measured must contain at least two 

antigenic epitopes capable of binding to antibodies, since at least two antibodies act 

in the sandwich (162), see Figure 10.!!

  

 

 

Figure 10 Illustration of Sandwich ELISA method.!
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ELISA – strengths and weaknesses 

The main advantages of the ELISA is that it is a quick and convenient method and 

that antigens of very low or unknown concentration can be detected since a capture 

antibody only grabs a specific antigen. It is generally safe, and does not require 

radioactive substances, contains diluted sulfuric acid, and is used in wide variety of 

tests.                                                                                                                 A 

disadvantage of the ELISA might be if a monoclonal antibody, that recognize one 

specific binding site also called epitope, has to be used for matched pairs, since 

monoclonal antibodies are more expensive and more difficult to find than polyclonal 

antibodies. Polyclonal antibodies are a mix of antibodies that recognize several 

epitopes, while monoclonal antibodies are specific to a single epitope. However, it is 

quite common to use a polyclonal antibody for detection. Another problem is if a 

negative control by binding to open sites in a well indicates a positive result due to an 

ineffective blocking solution. Moreover, enzyme/substrate reaction is short-term, 

while microwells must be read as soon as possible.  There are several advantages to 

the sandwich ELISA and one is the high specificity, since two antibodies are used, 

the antigen/analyte is specifically captured and detected. The method is suitable for 

complex samples, since the antigen does not require purification prior to 

measurement. 

Multiplex bead array (MBIA) (for cytokines and chemokines) 

Multiplex arrays have been developed from traditional ELISA assays with the 

purpose of measuring multiple cytokines in the same sample at the same time. They 

are available in several different formats based on the utilization of flow cytometry, 

chemiluminescence, or electrochemiluminescence technology. Flow cytometric 

multiplex arrays, also known as bead-based multiplex assays, represent probably the 

most commonly used format at the present time. The Luminex multi-analyte profiling 

(xMAP) technology from Luminex (www.luminexcorp.com) employs a proprietary 

bead set, which is distinguishable under flow cytometry by a red laser that excites the 
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red dyes of the bead and classifies the bead by a special type of light emission, which 

can be recorded. Each bead set is coated with a specific capture antibody, and 

fluorescence or streptavidin-labelled detection antibodies bind to the specific 

cytokine-capture antibody complex on the bead set. Green laser excites the reporter 

fluorochrome and quantifies the analyte. Multiple cytokines and chemokines in a 

biological liquid sample can thus be recognized and measured by the differences in 

the bead set, with chromogenic or fluorogenic emissions detected using flow 

cytometric analysis. Commercially available bead-conjugated antibodies permit the 

measurement of up to 25 different cytokines and chemokines in the same sample. 

However, this number can be greatly expanded if the investigator is willing to 

custom-conjugate antibodies of interest to one of nearly 100 different available beads 

(163, 164).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11!The capture monoclonal antibody is coupled to the bead (microsphere). After binding of 
the analyte a second biotinylated antibody is added. After addition of a streptavidin-phycoerythrin 
conjugate, dyes embedded in the beads and phycoerythrin are excited (wavy lines) and both 
compounds give two types of light emission. Modified with permission from Barrios et al. (163) 
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Multiplex bead arrays – strengths and weaknesses 

The development of new multiplexed panels fills a great demand for this instrument, 

which can analyse many different cytokines and chemokines simultaneously, but 

special attention must be paid when this method reports absolute values. The 

acceptance of this technique depends on comparable results to those achieved by 

using classical techniques, accepted as the “gold standard” in the laboratory (165, 

166). A limitation in some MBIAs is the interpretation and reporting of analyte 

values at extremely low concentrations. One of the possible advantages of this assay 

is that the dynamic range is much broader than classical ELISAs. However, many 

sensitivity issues in the very low range of concentrations remain unresolved (165, 

167), especially for several cytokines. Therefore, the improvement in the detection of 

determined parameters that are present at low levels in serum is a challenge for the 

investigators and the MBIA manufacturers. These methods have an excellent 

accuracy and reliability, together with an excellent sensitivity for most analytes. 

Another important aspect is the improvement of specificity for some parameters, 

which is essentially limited by the quality of antibodies employed in the MBIA (164).  

Flow cytometry 

Flow cytometry is a technology that is used to analyse the physical and chemical 

characteristics of particles in a fluid as it passes through at least one laser. Cell 

components are fluorescently labelled and then excited by the laser to emit light at 

varying wavelengths. The fluorescence can be measured to determine various 

properties of the studied particles, which are usually cells. Thousands of particles per 

second can be measured as they pass through the liquid stream to determine their 

relative granularity, size and fluorescence intensity as well as their internal 

complexity. An optical-to-electronic coupling system is used to record the 

fluorescence emitted by a particle and how it scatters incident light from the laser. 

Three main systems make up the flow cytometer instrument:                                                         

1. The fluidics                                                                                                                                       

2. The optics                                                                                                                                       
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3. The electronics                                                                                                                              

The purpose of the fluidics system is to transport the particles in a stream of fluid to 

the laser beam where they are interrogated. Any cell or particle that is 0.2 to 150 µm 

in size can be analysed. Cells from solid tissue require disaggregation before analysis. 

The section of the fluid stream that contains the particles is referred to as the sample 

core. The optics system is made up of lasers, which illuminate the particles in the 

stream as they pass through and scatter light from the laser. Any fluorescent 

molecules that are on the particle emit fluorescence, which is detected by carefully 

positioned lenses. Generally, the light scattered from up to six or more sources of 

fluorescences is determined for two different angles. Optical filters and beam splitters 

then direct the light signals to the detectors, which emit electronic signals 

proportional to the signals that hit them. Data can be collected on each particle or 

event and the characteristics of those events or particles are determined based on their 

fluorescent and light scattering properties. The analysis of the measurements is 

performed using software in an attached computer. The data generated by flow 

cytometers can be plotted in a single dimension, to produce a histogram, or in two-

dimensional dot plots or even in three dimensions. The plots can be divided into 

regions depending on the intensity of the fluorescence, to create a series of subset 

extractions called gates. The plots are often made on logarithmic scales. Because 

different fluorescent dyes' emission spectra overlap, signals received by the detectors 

have to be compensated electronically as well as computationally. Data accumulated 

using the flow cytometer can be analysed using software, Once the data is collected, 

there is no need to stay connected to the flow cytometer and analysis is usually 

performed on a separate computer (168). 

Figure 13. A two dimensional “dot plot” with data from    
flow cytometry analysed on a computer and presented as 
frequencies of CD3 and CD4 
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Figure 12 Principles of flow cytometry, published with permission from O'Neill et al. (169) 

  

Flow Cytometry- Strengths and weaknesses 

Flow cytometry is a sensitive and powerful method for simultaneously obtaining 

information on cellular processes, including expression of surface markers, signaling 

proteins and intracellular cytokines. These characteristics are measured on each cell 

individually in a high-throughput fashion and the method is excellent in 

characterizing heterogeneous cell populations.                                                                                                                                    

There are however some severe limitations and weaknesses in using this scientific 

technique. Data resulting from flow cytometric analysis is at an aggregate level, and 

therefore it is not easy to observe and measure individual cell behaviour. Flow 

cytometry is restricted to cell suspension solutions since it requires the passing of the 

cells through a fluid stream making information on tissue architecture and cell-cell 

interactions unavailable. 

Cell subpopulations with similar marker expression are difficult to differentiate and 

analyses that employ more fluorophores are subject to signal spillover. Another 
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disadvantage is the low cell throughput rate. A flow cytometer has very sophisticated 

instrumentation, which is why only skilled and highly trained operators can run it and 

get any acceptable levels of performance from such apparatus, which is also a 

disadvantage. Experience is also necessary to be able to define the different described 

gates even if that can be computerized. Finally flow cytometers are expensive (170).  

 
Immunohistochemistry 
 
Background	
	
Immunohistochemistry (IHC) refers to the process of detecting antigens (e.g. 

proteins) in a tissue section by using the principle of antibodies binding specifically 

to antigens in biological tissues.  It is a method that has been used for more than 70 

years, particularly in examination of malignant tumours. Immunohistochemistry is 

widely used in basic research to understand the distribution and localization of 

biomarkers in different parts of a biological tissue. Visualising an antibody-antigen 

interaction can be accomplished in a number of ways (171).   

 
Sample preparation 

Sample preparation is critical to maintain cell morphology, tissue architecture and the 

antigenicity of target epitopes. Therefore proper tissue sampling, fixation and 

sectioning is very important. If not examined directly, the sample needs to be 

embedded in medium, e.g. paraffin. The tissue is then normally sliced by a 

microtome to a width in the range of 4-40 µm. The next step is to mount the slices on 

slides and dehydrate using alcohol washes of increasing concentrations (50 %, 75 %, 

90 %, 95 %, 100 %). Before incubating the samples with antibodies they need to be 

deparaffinised with Histoclear or another medium containing Xylene, and rehydrated 

using alcohol in the reverse order. Thereafter, retrieval of antigen with heat is 

necessary. These steps may make the difference between the target antigens staining 

or not staining. Dependent on the tissue type and the method of antigen detection, 

endogenous biotin or enzymes need to be blocked or suppressed, prior to antibody 

staining. Antibodies might show preferential avidity for non-specific proteins that are 



! (*!

similar to the binding sites on the target antigen. A great amount of non-specific 

binding causes high background staining which will mask the detection of the target 

antigen. To reduce background staining in IHC, samples are incubated with a buffer, 

e.g. normal goat serum, which blocks the reactive sites to which the primary or 

secondary antibodies may otherwise bind. Methods to eliminate background staining 

include dilution of the primary or secondary antibodies, modifying the time or 

temperature of incubation or using a different primary antibody. Quality control 

should include a tissue known to express the antigen as a positive control, and 

negative controls of tissue with the test tissue treated in the same way, with omission 

of the primary antibody (171, 172). 

Antibody types 

The antibodies used for specific detection can be polyclonal or monoclonal. 

Polyclonal antibodies are made by injecting animals with the actual protein, or a part 

of it and, after a secondary immune response they are stimulated, isolating antibodies 

from serum. Polyclonal antibodies are therefore a mix of antibodies that recognize 

several epitopes while monoclonal antibodies are specific to a single epitope. For 

detection strategies, antibodies are classified as primary or secondary. Primary 

antibodies are raised against an antigen of interest and are typically unlabelled, while 

secondary antibodies are raised against immunoglobulins of the primary antibody 

species. The secondary antibody is thus usually conjugated to a linker molecule, 

which either recruits reporter molecules, or is directly bound to the reporter molecule 

(171, 172).!

                                                                                                                                                                
Figure 14 The indirect method of 
immunohistochemical staining. One 
primary antibody against the antigen 
being probed for, and a second 
labelled, antibody against the 
primary. 
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Reporter molecules 

Reporter molecules vary based on whether the detection method is chromogenic or 

fluorescence detection, mediated either by an enzyme or a fluorophore. With 

chromogenic reporters, an enzyme label reacts with a substrate to yield a coloured 

product that can be analysed with an ordinary light microscope. Different substrates 

are available for use, e.g. DAB, which produces a brown staining, wherever the 

enzymes are bound. Reaction with DAB can be enhanced with nickel that gives a 

deep purple/black staining. For chromogenic and fluorescent detection methods, 

analysis of the signal, either manually or with the assistance of digitalised analysis, 

can provide semi- and acceptable quantitative data, to correlate the level of reporter 

signal to the level of protein expression (171, 172).                                                

Antigen detection methods  

The direct method is a one-step staining method and involves a labelled 

antibody reacting directly with the antigen in tissue samples. This technique, utilizing 

only one antibody, is simple and rapid. However, the sensitivity is lower, due to little 

signal amplification, in contrast to the indirect method, which therefore is used more 

frequently. The indirect method utilizes an unlabelled primary antibody that binds to 

the target tissue antigen and a labelled secondary that reacts with the primary 

antibody. The secondary antibody must be raised against the IgG of the animal 

species in which the primary antibody has been raised. This method is more sensitive 

due to the binding of several secondary antibodies to each primary antibody, which 

will amplify the signal. If the secondary antibody is conjugated to biotin molecules, 

e.g. avidin, it can recruit complexes of avidin-bound enzyme with further 

amplification as a result. Another advantage of the indirect method besides its greater 

sensitivity is that only a limited number of standard labelled secondary antibodies 

need to be produced. For example, a secondary antibody raised against rabbit IgG is 

useful with any primary antibody raised in rabbit, while with the direct method, it 

would be necessary to label each primary antibody for every antigen of interest. 
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Counterstain 

After staining of the target antigen, a second stain is often of value to provide contrast 

that helps the primary stain stand out. For example, the hematoxylin stain is used for 

this purpose since it has specificity for the cell nucleus (171, 172). 

  

 

 

Figure 15. Placental samples showing terminal villi with syncytiotrophoblasts. Brown DAB 
staining differ due to different expression of the biomarker. First sample shows expression of 
CCL18 in trophoblasts from a normal pregnancy, while the other two samples show expression of 
CCL22 I n first and third trimester trophoblasts in normal pregnancy. Cell nucleuses are blue due to 
staining with hematoxylin 

Immunohistochemistry – strengths and weaknesses  

The most important strength of the method is that it can detect the analysed protein 

directly in the tissue, which can provide much information on both the expression of 

the measured protein and the functions since expression can vary greatly between 

different parts of the examined tissue sample, e.g. between the decidua and 

trophoblasts. The major problems include strong background staining, weak target 

antigen staining and autofluorescence. Endogenous biotin or reporter enzymes or 

primary/secondary antibody crossreactivity are examples of strong background 

staining, while weak staining may be due to poor enzyme activity or insufficient 

primary antibody potency. Moreover, autofluorescence may be due to the nature of 

the tissue or the method of fixation. These aspects of the immunohistochemistry 

method need to be systematically addressed to identify and overcome staining issues. 

Another weakness is the semi-quantitative nature of the method, even if digitalised 

analysis is used (171, 172). 
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Statistical methods 

Details regarding the statistical methods used are provided in each paper.  

In paper I we used both a parametric test for normally distributed data and a non-

parametric test for non-normally distributed data after performing normality 

diagnostics. Statistical analyses were performed using Microsoft Excel software 

version 11.1.1 and Jump version 8.0.2. P values < 0.05 were considered significant. 

In paper II we performed our statistical analyses by using SPSS and GraphPad Prism 

5.0 Statistical. A Mann–Whitney non-parametric test was used to compare 

preeclamptic women with healthy controls except for coagulation factors, where we 

used Student’s unpaired t-test, because these factors were normally distributed. 

Subgroup analyses were performed for EOP and LOP using the same statistical 

method. A university statistician supported us by performing a multivariate logistic 

regression test for the impact of gestational and maternal age, cortisone treatment, 

blood sampling during active labour or the peripartal period for all biomarkers, 

because all these factors, including timing of blood sampling, could potentially affect 

the result. A Chi-square test was used to compare occurrence of lupus anticoagulant 

or mutation for factor V Leiden between the PE group and the control group. 

Stratified analysis for parity was performed for the women from Jönköping, who 

represented approximately 2/3 of the included women. We considered adjustment of 

the significance level based on the numerous comparisons but because we only report 

differences after multivariate logistic regression test, we perceive that to be 

statistically sufficient. Using the most significant marker within each group we 

employed a Spearman’s rank correlation test to analyse the correlations between 

coagulation, inflammation, and angiogenesis. In paper III we also used SPSS and 

GraphPad Prism 5.0 Statistical for the analyses. As the majority of the data sets 

followed a Gaussian distribution, data were analysed using an ANOVA followed by a 

Student’s unpaired t-test if the ANOVA indicated p≤0.05. For correlation analyses, 

Pearson’s correlation test was used. In paper IV all statistical tests were performed on 

GraphPad Prism 5.0 Statistical Analysis. Since the data set comprised small groups in 

IHC and some of the data on plasma did not follow Gaussian distribution, non-
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parametrical tests were consistently used (Kruskal-Wallis and if p<0.05 followed by 

Mann-Whitney U test). Statistical significance was defined as p<0.05. A Chi-Square 

test was used for comparison of the detection rate in plasma, and Spearman’s 

Correlation test was used for bivariate correlations.  
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Results and discussion  
Paper I 

In this study we tested the hypothesis that serum could blueprint the symptoms of 

preeclampsia. We did this by injecting serum from preeclamptic and normal pregnant 

women into pregnant wild type and IL-10-/- mice, and, as controls, non-pregnant 

mice. In vivo effects of human preeclampsia serum on foetal weight, blood pressure, 

proteinuria, renal pathology and production of sFlt-1 and sEng were studied by 

injecting the mice with serum from women with moderate and severe preeclampsia 

intraperitoneally on gestational day 10, while a control group received normal 

pregnancy serum. The mice were sacrificed after seven days. Similarly non-pregnant 

female mice were injected for comparative analysis after seven days. The mode of 

administration intraperitoneally was chosen to minimise stress, since that might 

otherwise negatively interfere with pregnancy. The time for injection was chosen 

after an optimising test in the laboratory. Injection earlier resulted in increased 

pregnancy loss and injection later had less impact on pregnancy.                                                                                                                               

Serum from women with preeclampsia showed higher average values of sFlt-1 and 

sEng compared to normal pregnancy serum samples. However, we did not observe a 

cross-sectional relationship with the incidence of preeclampsia, as several serum 

samples from this group had comparable values to normal pregnancy samples, 

suggesting that other factors contribute to induction of this disorder in humans.                                                                                       

Injection of severe preeclampsia serum resulted in elevated blood pressure and 

proteinuria in both IL-10-/- mice and their wild type counterparts. However, elevated 

blood pressure and proteinuria were observed only in IL-10-/- mice in response to mild 

preeclampsia serum samples, suggesting that IL-10-deficient mice are more 

susceptible to developing preeclampsia when challenged with serum from 

preeclamptic patients. Treatment of pregnant IL-10-/- mice with serum from severely 

preeclamptic women invariably resulted in IUGR, a phenomenon not observed with 

samples from mild preeclampsia. Foetal weights were not significantly affected in 

wild type mice by even severe preeclampsia samples. The effects of preeclampsia 
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serum cannot be directly attributed to human sFlt-1 and sEng because their absolute 

values in the 100 µl samples were relatively low. Similarly, our observations could 

not confirm previous studies that found preeclampsia was associated with the 

presence of angiotensin II type 1 receptor autoantibody (AT1-AA) in serum because 

co-treatment with AT-receptor antagonist losartan or neutralizing AT1 receptor 

epitope in IL-10-/- mice did not reverse the abnormalities in foetal weight, blood 

pressure and proteinuria. Mild preeclampsia resembles late-onset preeclampsia 

without obvious early pregnancy placental insult, and there might be some serum 

factors in severe preeclampsia from an insulted placenta that affect even wild type 

mice, and together with a deficiency of the anti-inflammatory cytokine IL-10 causes 

IUGR. Alternatively, it may be an effect dependent on serum level. It is also possible 

that IL-10-/- mice already had a minor placental insult that was worsened by the 

impact of anti-angiogenic factors in preeclamptic serum.                                                                                                                                           

Interestingly, there were no effects of normal pregnancy serum, confirming the 

hypothesis of preeclampsia serum as a blueprint of the condition. The non-pregnant 

mice were not affected by either the normal pregnancy or preeclampsia serum 

injection, suggesting that there must be a placental factor involved in the condition. 

Our data for the first time provide evidence for the induction of pregnancy-specific 

preeclampsia-like systemic symptoms, as serum from patients with preeclampsia did 

not cause any effects in non-pregnant mice irrespective if they were wild type or IL-

10-/-. This implies the crucial role of the placenta in regulating the onset of 

preeclampsia in response to the administration of preeclampsia serum. This further 

implies that onset of placental pathology is essential for release of soluble anti-

angiogenic factors or other inflammatory regulators that are likely to cause maternal 

symptoms of hypertension and proteinuria. Previous studies have shown that the 

administration of AT1-AAs from human preeclampsia serum samples could promote 

excess production of sFlt-1 leading to preeclampsia-like symptoms in mice (173, 

174). We could not confirm this mechanism in this study since the AT1 receptor 

antagonist losartan potassium or neutralizing seven-amino acid epitope binding 

peptide did not relieve serum-induced IUGR, hypertension, and proteinuria in IL-10-/-



	 87	

pregnant mice.                                                                                                                               

Glomerular endotheliosis and impaired renal function are cardinal features of 

preeclampsia. To assess whether preeclampsia serum samples cause renal pathology, 

kidney tissue was harvested from the different treatment groups, stained and 

examined for the presence of endotheliosis, which was observed in both IL-10-/- mice 

and wild type animals in response to preeclampsia serum. Similar changes were 

observed in the pregnant mice treated with high doses of sFlt-1and/or sEng (data not 

shown) suggesting that glomerular endotheliosis is a result of anti-angiogenic 

activity.  The assessment of the kidneys was blinded for the examiner. The fact that 

only serum from the severe patients, but not mild preeclampsia or normal pregnancy, 

caused renal pathology in both wild type and IL-10-/- mice suggests that intrinsic 

interactions are able to impart graded pathology in response to causative factors. The 

differential activity of serum samples from mild or severe preeclampsia could, 

however, not be attributed to the varying concentrations of sFlt-1 and sEng because 

several preeclampsia serum samples showed values of these factors at same levels as 

the samples from normal pregnancy. This indicates that more than one serum factor is 

causative for the manifestations of preeclampsia. Pregnant mice treated with normal 

pregnancy serum did not show any signs of kidney pathology. Treatment with mild 

preeclampsia serum did not result in severe kidney pathology (data not shown); a 

possible explanation for the only moderate proteinuria readings observed. The 

glomerular endotheliosis noted after administration of severe preeclampsia serum was 

consistent in all experiments and parallels the observations seen in renal biopsies in 

human preeclampsia (175).                                                                                                                                        

The excess presence of sFlt-1 in circulation, possibly released by the placenta, has 

been detected in a significant proportion of patients with preeclampsia. It has been 

thought to be associated with endothelial dysfunction, hypertension, and proteinuria 

(176). Moreover, sEng has been shown to act synergistically with sFlt-1 in causing 

preeclampsia-like features in an experimental model (177). It is possible that 

injection of preeclampsia serum in wild type or IL-10−/− mice triggers excess 

production of these anti-angiogenic factors. Thus, we assessed the effect of 
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preeclampsia serum on the circulating levels of mouse sFlt-1 and sEng by using a 

mouse-specific ELISA. Injection of severe preeclampsia serum significantly elevated 

the levels of mouse sFlt-1 in IL-10−/− mice without affecting its production in the wild 

type counterparts. However, the serum levels of mouse sEng were significantly 

elevated both in wild type and IL-10−/− mice in response to a single injection of 

severe preeclampsia serum. In IL-10−/−mice, mild preeclampsia serum treatment led 

to a relatively significant increase in sEng but not sFlt-1. In addition, this treatment 

did not cause sFlt-1 or sEng production in wild type animals. In this context, sEng 

has been shown to induce hypertension and proteinuria. However, foetal growth 

restriction in pregnant rats was observed only when sFlt-1 was co-administered with 

sEng, suggesting an association between sFlt-1 and placental insult while sEng is 

more associated with the manifestation of maternal inflammation. Moreover, these 

observations suggest that combined elevation of both sFlt-1 and sEng in IL-10 

deficient mice contributes to severe pathology affecting all maternal symptoms.                                             

Preeclampsia is considered to be characterized by placental hypoperfusion due to 

defective spiral artery remodelling, causing hypoxic/ischemic injury to the placenta 

and resulting in excess production of soluble factors that contribute to the maternal 

syndrome (178). We hypothesized that treatment with severe preeclampsia serum 

could cause hypoxic injury in IL-10−/− mice and employed a widely used method of 

hypoxia detection by EF5 (179).  Preeclampsia serum was associated with significant 

hypoxic injury in uteroplacental tissue when compared with normal pregnancy serum 

treatment, as suggested by intense immuno-fluorescent staining for EF5. Since the 

response to hypoxia is regulated by hypoxia-inducible factors, we evaluated HIF 1α 

protein levels by Western blotting in IL-10−/− uteroplacental tissue collected on gd 12. 

Treatment with preeclampsia serum significantly induced the protein levels of HIF 

1α. These results suggest that preeclampsia serum induces significant hypoxia at the 

maternal-foetal interface in IL-10−/− mice, which means that preeclampsia serum not 

only affects the maternal endothelium but also seems to cause a placental insult. 

Several studies have shown that hypoxia could be an upstream factor that promotes 

placental pathology, including apoptosis, increase in oxidative stress, shedding of 



	 89	

villous microparticles, and elevated production of anti-angiogenic factors such as 

sFlt-1 and sEng (180, 181). Hypoxia-induced HIF 1α accumulation in the placenta is 

associated with defective trophoblast invasion into spiral arteries, possibly resulting 

in remodelling defects and further ischemia (182). Moreover, HIF 1α has been shown 

to be expressed in the placenta from preeclamptic subjects (183). Hypoxia has also 

been shown to affect cytokine balance by reducing IL-10 production and promoting 

IL-6 and CXCL8 (however, mice lack CXCL8(184)) in placental explants and 

trophoblasts (185, 186). As evident from our studies, preeclampsia serum was indeed 

associated with placental hypoxia, as indicated by EF5 incorporation in the decidua 

basalis and the junctional zone with significant induction of HIF 1α in IL-10−/− mice. 

We did not, however, observe a similar effect in the wild type counterparts. Hypoxia 

has been shown to trigger HIF 1α expression with excess production of sFlt-1 and 

sEng in trophoblasts from preeclamptic placenta (187). Thus, placental hypoxic 

injury with preeclampsia serum could be a possible cause for production of sFlt-1 and 

sEng in IL-10−/− mice.                                                                                                                                                                 

Spiral artery transformation is an essential feature of normal pregnancy that ensures 

the enhanced flow of nutrients and blood to the foetus. Poor remodelling of spiral 

arteries is a common histopathological feature of placentation in preeclampsia, 

IUGR, and preterm birth associated with preeclampsia. We assessed the 

morphological changes in the uteroplacental sections after staining with H&E. The 

histological sections, marked mesometrium, decidua basalis, placenta, and spiral 

arteries, are shown in Figure 16A (upper panel, ×4 magnification). The average area 

of spiral arteries in wild type and IL-10−/− mice was quantified and is shown in Figure 

16B. Treatment with severe preeclampsia serum but not normal pregnancy serum 

significantly reduced the circumference of the modified spiral arteries and the total 

number of transformed spiral arteries in the mesometrial region in IL-10−/− mice. 

There was a statistically insignificant effect of different treatments in the wild type 

animals, as shown in Figure 16B. Morphometric analysis of the spiral arteries at 

higher magnification (×40) using One Spot software (Figure 16A, lower panel) 
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clearly showed that treatment of IL-10!/! mice with severe preeclampsia serum 

significantly blocked the transformation of the spiral arteries.                                                           

 

 

 

 

 

 

 

 

Figure 16. A: H&E staining of a uteroplacental section from one representative NPS- or sPE-
treated pregnant IL-10!/! mouse is shown (upper panel; original magnification, (4), and the 
representative morphometry of a spiral artery indicated by a dotted circle is shown at higher 
magnification ((40, lower panel). The lengths and widths of spiral arteries expressed in 
micrometres (µm) were measured and stamped by using SPOT Advanced software. Treatment with 
sPE resulted in poor remodelling of spiral arteries as indicated by their reduced size compared with 
NPS-treated control animals. B represents the average area of the spiral arteries of at least six spiral 
arteries per placental unit from three independent animals per treatment group. **P < 0.05 
compared with the NPS-treated group. M, mesometrium; D, decidua basalis; P, placenta. 

It is possible that in preeclampsia serum-treated mice, dysregulated cross talk 

between uterine natural killer cells and endothelial cells as a result of hypoxic injury 

or altered angiogenesis-cytokine machinery, not trophoblast invasion, may be a major 

regulator of spiral artery remodelling.                                                                                                                                      

Since preeclampsia serum impaired spiral artery remodelling and induced production 

of anti-angiogenic factors, we hypothesized that these serum samples would disrupt 

the endovascular interaction between endothelial cells and trophoblasts. We used 

an in vitro model that we have established (160) to assess serum samples from 

women with preeclampsia. These samples were collected at 32 to 36 weeks and we 

then compared them with gestational age-matched serum from normal pregnancies 

for their effect on endovascular interaction between endothelial cells and trophoblasts 

on matrigel. Normal pregnancy serum supported the endothelial cell-guided tube 

formation by first trimester trophoblast HTR8 cells (Figure 17A). In contrast, serum 
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from severe or mild preeclampsia disrupted the endovascular cross talk between 

endothelial cells and trophoblasts (Figure 17B). Interestingly, the endovascular 

disrupting activity was independent of the serum levels of human sFlt-1 and sEng. 

Normal pregnancy serum spiked with amounts of recombinant sFlt-1 or sEng equal to 

that found in preeclampsia serum samples did not perturb tube formation. However, it 

should be pointed out that endogenous sFlt-1 or sEng could differ from their 

recombinant counterparts in functional potency. We also ruled out the disruption of 

endovascular interaction by apoptotic cell death induced by serum. We analysed the 

cytotoxic potential of the serum samples on endothelial cells and first trimester HTR8 

trophoblast cells by FACS analysis. As shown in (Figure 17C), the preeclampsia 

serum did not induce significant cell death as compared with normal pregnancy 

serum in either of the cell types.                                                                                                                    
 

Table IV. Results of injecting mice intraperitoneally with serum from pregnant women. 
PE=preeclampsia. NP=normal pregnancy. BP=Blood Pressure. IUGR=IntraUterine Growth 
retardation. sFlt-1= soluble Fms-like tyrosine kinase-1. sEng=soluble Endoglin. EF-5= a hypoxia-
associated derivative of etanidazole. HIF1-α=Hypoxia Induced Factor alfa. !=diameter  

 
 
Thus, in the context of human pregnancy, we have been able to demonstrate an in 

vitro model of impaired cross talk between trophoblasts and endothelial cells caused 

by preeclampsia serum. In this model, extravillous trophoblasts from the first 

trimester uniquely fingerprint the endothelial cell-guided tube formation in the 

pregnancy milieu provided by normal pregnancy serum. Under identical conditions, 

preeclampsia serum from both mild and severe conditions consistently disrupted this 

endovascular cross talk. The disruption of tube formation by preeclampsia serum was 

Serum 
from 
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with 

Mouse 
type 

BP Protein
-uria 

IUG
R 

Endo- 
theliosis 

sFlt-1 sEng EF-5 HIF1-α Spiral 
artery 
!  

Severe PE IL10-/- + Yes Yes Yes + + + + - 
Severe PE wild type + Yes No Yes n + n n n 
Severe PE non-pregn. n No No No n n n n n 
Mild PE IL10-/- + Yes No No n + n n n 
Mild PE wild type n No No No n n n n n 
Mild PE non-pregn. n No No No n n n n n 
NP IL10-/- n No No No n n n n n 
NP wild type n No No No n n n n n 
NP non-pregn. n No No No n n n n n 
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graded according to the severity of the disease and was, at least partly, independent of 

the serum levels of sFlt-1, sEng, vascular endothelial growth factor, or PlGF (data not 

shown). Importantly, using this bioassay with samples from a longitudinal study, we 

demonstrated the disruption of endovascular trophoblast interaction by serum 

samples from patients with preeclampsia collected as early as 12 to 14 weeks of 

pregnancy. This observation is significant in view of the fact that the disease 

clinically manifests as symptoms that typically occur only in the third trimester of 

pregnancy. Moreover, the heterogeneous nature of the disease has hampered the 

search for discovery of “biomarkers” applicable to the majority of the patient 

population. In this regard, our in vitro predictive assay using serum from pregnant 

women is likely to provide a robust approach to study disease-related changes and to 

blueprint placental pathology. Longitudinal studies and a larger collection of patient 

serum samples that validate the bioassay may have the potential to identify a 

functional biomarker.                                                                                              

Collectively, our data support the “blueprint” concept of preeclampsia serum as 

demonstrated here in a novel semi-humanized mouse model of preeclampsia and in 

an in vitro bioassay for predicting the onset of preeclampsia. Since a multifactorial 

aetiology has been widely discussed for preeclampsia, we propose that the 

pregnancy-specific IL-10−/− mouse model that closely mirrors the human condition is 

now suitable for studying the myriad of molecular events, and for testing novel 

therapeutic interventions. This model could be further improved by using the 

telemetry approach in place of the tail cuff blood pressure measuring device and by 

better characterizing the renal histology using electron microscopy. Our results also 

suggest that a possible role of IL-10 should be investigated in preeclampsia in 

humans 
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Figure 17A:  Representative figures of EC-directed (EC; labeled red) tube formation by HTR8 cells 
(HTR8; labeled green) are shown. NPS significantly supported tube formation, whereas sPE and 
mPE serum disrupted this interaction, albeit in a mild or severe pathology-dependent 
manner. B shows the quantification of dual cell endovascular tube formation in response to different 
serum samples. C: Cytotoxic potential of NPS and sPE on EC and HTR8 by propidium iodide (PI) 
staining analyzed by FACS as % PI positive cells. Treatment with sPE or NPS did not induce 
cytotoxicity in either EC or HTR8. D: Longitudinal studies involving pregnancy serum samples 
from women who were later diagnosed with preeclampsia from weeks 12 to 14 (n = 18), 24 to 27 
(n = 5), or 32 to 36 (n = 22) weeks of gestation were tested for supporting tube formation. Data 
represented as a comparative analysis between these samples and those from gestational age-
matched normal pregnancies. The average number of tubes/vacuoles formed was quantified and 
plotted. As seen in D, unlike NPS, the tube disrupting activity in preeclampsia serum could be 
traced back to 12 to 14 weeks of pregnancy. All values expressed as the mean ± SD. *P < 0.01 or 
**P < 0.05 compared with the respective control NPS-treated group. 

 

Paper II 

Although preeclampsia pathology has been associated with inflammation and 

coagulation as well as angiogenesis, their relative contributions are unknown. It is 

also not clear if these mechanisms are all parts of a systemic inflammatory response 

or if they represent independent pathogenic mechanisms. We therefore measured 32 

biomarkers involved in these systems in a large sample of women with preeclampsia 

and normal pregnancy. We were able to demonstrate that markers for increased 

inflammation, activated coagulation, and aberrant angiogenesis were all associated 

with preeclampsia. Notably, these factors were not intercorrelated in preeclampsia, 

suggesting that they reflect different parts or phases of the pathogenesis. By 
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simultaneously comparing several systems, we were able to show that preeclampsia 

was particularly associated with pro- and anti-angiogenic factors and a Th1-

associated chemokine and complement activation profile, whereas cytokines showed 

weaker associations. 

 

Coagulation parameters  

Coagulation is activated in preeclampsia but it has not been clarified if that is only a 

result of a systemic inflammatory response in preeclampsia or if activated 

coagulation can contribute to the pathogenesis of the syndrome. We were able to 

show that the antithrombin (AT) levels (p=0.002) were lower in the preeclampsia 

group than in healthy controls (Table V), confirmed by multivariate logistic 

regression. We also performed a stratified analysis for parity, showing reduced levels 

of the coagulation factor AT for preeclamptic compared to normal pregnant women 

in both nulliparous and multiparous women (p< 0.001 for both groups). The 

difference in AT levels was also more pronounced in the EOP than in the LOP group 

(p=0.006). Our expected high correlation between AT as a marker for activated 

coagulation and inflammation markers such as pentraxin-3 and Th1-related CXCL10 

was not corroborated. Therefore, the activated coagulation found in preeclampsia 

may be at least in part an independent pathogenic mechanism and not only a mirror of 

the systemic inflammation, at least at the time point investigated in this study. 

Table V. Coagulation factors in preeclampsia and normal pregnancy 
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Interestingly, mutation for factor V Leiden was more frequent in EOP compared to 

the controls (chi2-test, p=0.045) but no difference was found between the entire 

preeclampsia group and the controls. This is in line with previous studies that have 

not found an increased risk for preeclampsia for women with factor V Leiden, where 

there was no subgroup analysis of EOP and LOP. Since the mutation exists before the 

pregnancy starts it cannot be an effect of preeclampsia. Hence, it seems that activated 

coagulation is a part of the pathophysiology involved in the development of clinically 

manifest preeclampsia, at least for EOP, and that inherited thrombophilia might be a 

risk factor for pathological placentation and thus for early-onset preeclampsia. We 

did not find any differences in levels of either cardiolipin antibodies (no cardiolipin 

antibodies found in any of the groups) or lupus anticoagulant between the groups. 

The concentrations of protein S and fibrinogen as well as INR values were similar in 

the preeclampsia and control group. Significantly increased D-Dimer levels 

(p=0.001) and decreased numbers of platelets (p=0.026) and reduced concentration of 

protein C  (p=0.045) in women with preeclampsia compared to healthy controls could 

not be confirmed with a multivariate logistic regression test.                                                                                                                        

For the complete results of measurement of coagulation factors see table V.  

Complement components and activation products                                          

                                                                                                                                           

The C3a levels (p < 0.001) were elevated in the preeclampsia group as compared with 

the control group, confirmed with a multivariate logistic regression test (p = 0.020), 

which also showed a more pronounced elevation in EOP (p = 0.003) than in LOP 

(Figure 18), which is in line with complement component involvement in placental 

insufficiency typical for EOP.  Preeclampsia was also associated with increased 

sC5b-9 levels (p = 0.026), which were more pronounced for EOP (p = 0.036), 

although these differences did not remain after multivariate logistic regression. No 

differences were found for C3 and factor H. Data on measurements of complement 

components and activation products are found in Figure 18 and Table VI. 
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Figure 18 Plasma levels of C3a in women with early onset (EOP) and late onset preeclampsia 
(LOP) as well as in normal pregnancies (NP). Medians and interquartile ranges are indicated. *p < 
0.05, **p < 0.01, ***p < 0.001.  
 

The increased concentration of C3a and sC5b-9 in preeclamptic compared to healthy 

women demonstrates that also the complement system is involved in the 

inflammatory reaction in preeclampsia. Because the first step in the generation of 

sC5b-9 is the cleavage of C5 to C5a and C5b, this observation is in agreement with 

others who have suggested that C5a-dependent mechanisms might be of interest in 

placental pathology in preeclampsia (188, 189). In the stratified analysis for parity, 

the activation of the complement system could not be demonstrated for multiparous 

women. For nulliparous women, however, the levels of C3a (p = 0.001) and TCC (p 

= 0.034) were elevated as well as the C3a/C3 ratio (p = 0.02) in the preeclampsia 

group with a tendency for elevated levels of factor H (p = 0.059).                                                                                       

In agreement with the cytokine, chemokine, and pentraxin-3 data, this might indicate 

a less intense inflammatory response in multiparous compared to nulliparous women, 

possibly related to the immune regulatory effects of previous pregnancies. C3a (p = 
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0.001) and TCC (p = 0.034) were elevated as well as the C3a/C3 ratio (p = 0.020) in 

the preeclampsia group with a tendency to elevated levels of factor H (p = 0.059). In 

agreement with the cytokine, chemokine, and pentraxin-3 data, this might indicate a 

less intense inflammatory response in multiparous compared to nulliparous women, 

possibly related to immune regulatory effects of previous pregnancies.  

Table VI Complement components and activation products, inflammation marker and anti- and 

pro-angiogenic factors in early- and late-onset preeclampsia and normal pregnancy.  

 

  

 

Inflammation markers 

Cytokines and chemokines!

The IL-4 levels were lower in preeclamptic than in healthy women (p = 0.020), with a 

significant difference for the EOP (p = 0.003) but not the LOP group as compared to 

the control group. Levels of GM-CSF were also lower in the EOP group while all 

other cytokine levels showed no difference when comparing preeclampsia and 

control women (Table VII). A multivariate logistic regression test confirmed a 

tendency for lower levels of IL-4 in the preeclampsia group (p = 0.058), but this was 

not the case for GM-CSF. 

The levels of the Th1-associated chemokine CXCL10 (p < 0.001) were increased in 

the preeclampsia group compared to the controls, and EOP was associated with 

elevated levels of the Th1-associated chemokine CXCL11, both confirmed with 

multivariate logistic regression tests (for CXCL10 p = 0.001 and for CXCL11 p = 

0.038, Figure 19). Although the levels of the Th2-associated chemokine CCL17 were 

increased in the EOP group, this was not confirmed with the multivariate logistic 

regression test. CCL22 (also Th2-associated) levels were similar in women with and 
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without preeclampsia (see Table VII). Several studies have demonstrated a shift from 

Th2 to Th1 in preeclampsia with an increase in pro-inflammatory and a decrease in 

anti-inflammatory cytokines (84, 190-192). We failed to demonstrate this suggested 

shift by mere cytokine analysis, although levels of the Th2 cytokine IL-4 were 

decreased in preeclamptic women. However, in chemokine analysis a shift was 

obvious towards a predominant inflammatory activity, with elevated levels of two 

Th1-associated chemokines and no clear increase in two Th2-associated chemokines 

in the preeclampsia group. Circulating Th1- and Th2-associated chemokine levels can 

be used as markers for the Th1/Th2 balance (193, 194). Thus, Th1 responses increase 

the levels of the CXCR3 ligands CXCL10 and CXCL11, while Th2 responses 

enhance the levels of the CCR4 ligands CCL17 and CCL22 (56). CXCR3 is 

preferentially expressed on Th1 cells and CCR4 on Th2 cells, thus further amplifying 

Th1 and Th2 immunity, respectively (195). Several previous studies have shown a 

Th1-like pattern of cytokines in preeclampsia. However, some of them have been 

rather small and in general they were not controlled for gestational age and cortisone 

treatment, commonly used in EOP (84, 192, 196). As other studies have failed to 

show differences in levels of cytokines between normotensive and preeclamptic 

pregnancies (197, 198), the previous results are inconsistent. There might also be a 

publishing bias for studies showing this Th1/Th2-cytokine shift.  

Cytokines could also be difficult to measure in the circulation because their function 

is mainly in paracrine interactions between cells in different tissues, whereas 

chemokines also mediate effects over longer distances. Thus, chemokines might be 

more suitable markers for immunological changes during pregnancy and for 

preeclampsia because of their stability and presence in higher levels in the 

circulation, whereas circulating levels of cytokines seem less useful for monitoring 

preeclampsia. 
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Figure 19. The plasma levels of CXCL10 in women with early onset (EOP) and late onset 
preeclampsia (LOP) as well as normal pregnancies (NP). Medians are indicated. *P < 0.05, **P < 
0.01, ***P < 0.001. Mann–Whitney nonparametric test is used.  
 
 

However, this has to be proved by multiple evaluations throughout pregnancy. 

Furthermore, local cytokine levels at the maternal–foetal interface are probably 

strongly associated with preeclampsia, although not reflected in the circulation, while 

circulating levels of third trimester chemokines might mirror systemic inflammatory 

response in maternal endothelium. Stratifying for parity showed, for chemokines, that 

the CCXL10 levels were more dramatically elevated in nulliparous (p< 0.001) than in 

multiparous women (p = 0.048) for preeclampsia compared with the controls. 

However, the levels of cytokines showed no differences between the preeclampsia 

and control group for multiparous women, while for nulliparous women, IL-4 levels 

(p = 0.005) were lower in the preeclampsia group. Again, this difference between 

nulli- and multiparous women indicated protection against intense inflammatory 

response by previous pregnancies. 
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Table VII Cytokines and chemokines in preeclamptic and normal pregnant women  

!

!

!

!
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Pentraxin-3 

The pentraxin-3 levels were increased in the PE group compared to the controls (p < 

0.001), and the levels tended to be higher in the EOP than the LOP group (p = 0.061), 

see Figure 16 and Table VI. A multivariate logistic regression test confirmed these 

associations by analysis of quartiles (p = 0.001). Stratifying for parity showed, 

surprisingly, that pentraxin-3 levels were higher in the preeclampsia group compared 

to the controls among multiparous (p = 0.004) but not nulliparous women (p = 

0.096), which might indicate that levels of pentraxin-3 are not only indicators of the 

intensity of the inflammatory response but might also reflect the status of the 

maternal endothelium that might be more affected after repeated pregnancies.  

The increased levels of Pentraxin-3 underscore clearly the inflammatory status that is 

typical for preeclampsia, and which is more pronounced in early-onset preeclampsia, 

suggesting that placental inflammatory factors are released into circulation much 

earlier in early-onset due to a placental insult. 
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Figure 20 The plasma levels of Pentraxin-3 (b), in women with early onset (EOP) and late onset 
preeclampsia (LOP) as well as normal pregnancy (NP). Medians and interquartile ranges are 
indicated.  
*P < 0.05, **P < 0.01, ***P < 0.001. Mann–Whitney nonparametric test is used.  

 

Angiogenesis factors 

In accordance with several previous studies, we found a highly significant increase in 

the anti-angiogenic factor sFlt-1 (p < 0.001) and a decrease in the pro-angiogenic 

factor PlGF (p < 0.001) in women with preeclampsia compared to normal pregnant 

women, both for nulliparous and for multiparous women (199-201). The differences 

were more pronounced in the EOP compared with the LOP group, both for sFlt-1 (p 

= 0.003) and for PlGF (p = 0.012), see Fig. 16 and Table VI. This was confirmed 

with a multivariate logistic regression test (p < 0.001 for sFlt-1 and p < 0.001 for 

PlGF) and stratified analysis did not show any difference between nulli- and 

multipara. 

Even if there is a highly significant difference between preeclamptic and normal 

pregnancies for both pro- and anti-angiogenic factors, it is not clear if this mirrors 

stressed trophoblasts or a systemic inflammatory response in the maternal 
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endothelium or both. The decreased level of PlGF also occurs in women with 

IntraUterin Growth Restriction (IUGR) without preeclampsia, indicating that low 

levels of PlGF mirror placental insult and stressed trophoblasts.   

However, no obvious correlation was found between these factors and markers for 

coagulation and inflammation, suggesting that these pathogenic mechanisms are in 

part independent or separated in time. Correlation tests were performed to compare 

selected markers for coagulation, inflammation, and angiogenesis. AT, C3a, IL-4, 

CXCL10, pentraxin-3, sFlt-1, and PlGF were used. We chose the marker in each 

group (coagulation factors, complement, cytokines, chemokines, inflammation, and 

angiogenesis markers), which both showed the most significant association and also 

remained after multiple logistic regression. The correlation coefficients (rho) between 

these markers ranged from -0.18 to 0.27 in the preeclampsia group. The strengths of 

the correlations were even smaller when subgroup analysis for EOP and LOP was 

performed. 
 

 
 
 
Figure 21 The plasma PlGF levels in early onset (EOP) and late onset preeclampsia (LOP) as well 
as in normal pregnancies (NP). Medians are indicated.                                                              *P < 
0.05, **P < 0.01, ***P < 0.001. Mann–Whitney nonparametric test is used PlGF, placental growth 
factor. 
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Concommitant placental insufficiency 

A subgroup analysis was also performed to separately analyse women who gave birth 

to Small for Gestational Age (SGA) and Appropriate for Gestational Age (AGA) 

babies. Levels of s-Flt were increased (p = 0.006) and for PlGF decreased (p = 0.013) 

in the case of SGA, but for cytokines, chemokines, pentraxin-3, complement 

components and activation products, there were no differences between the two 

groups. Thus, pro- and anti-angiogenic factors seem to be good indicators of 

placental pathology, while other biomarkers might also indicate maternal endothelial 

pathology. Both women giving birth to AGA and SGA babies were included in the 

preeclampsia group. 

Conclusions 

EOP was associated with more pronounced differences in the levels of almost all of 

these markers of increased inflammation, activated coagulation and aberrant 

angiogenesis as compared with LOP. Thus, EOP might be a more homogenous 

condition based on placental pathology.  

The strengths of the study are the large sample and the fact that a substantial 

proportion of the preeclamptic women in a specific region were involved in the study. 

The described mechanisms have each been studied separately by others, but never 

simultaneously in the same sample, thus giving us the possibility to analyse the 

relative contributions and correlations between these mechanisms. In contrast to 

previous studies, the results of the analyses were controlled by multivariate logistic 

regression for maternal and gestational age, peripartal blood sampling, and steroid 

treatment, which all might influence the result. As the pathogenesis for EOP and LOP 

might differ, subgroup analyses of these conditions are valuable. 

The limitations of this study include the fact that samples were drawn from a quite 

homogenous population with an internationally low prevalence of preeclampsia. The 

prevalence of both preeclampsia and congenital thrombophilia differ between 

different regions for hereditary or other reasons. Also, the correlations between the 

described mechanisms may be temporally displaced. Thus, correlations might not be 
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apparent from measurement of these biomarkers at a particular moment. Also, the 

cross-sectional design does not allow conclusions regarding causal relationships. 

In conclusion, markers for hypercoagulation, increased inflammation, and aberrant 

angiogenesis were independently associated with preeclampsia. Cytokines, 

chemokines, and complement factors seem to be part of a Th1-associated 

inflammatory reaction in preeclampsia. Most of the differences were more 

pronounced for EOP than for LOP, suggesting a more homogeneous pathogenesis in 

EOP. Chemokines, in contrast to cytokines, may prove to be useful markers in 

preeclampsia, in addition to established markers. 

 
Paper III 
 
In this study, we used different up-to-date phenotyping strategies to assess Treg 

frequencies in early-onset and severe preeclampsia. Most previous studies on Treg 

cells in preeclampsia have reported decreased frequencies compared with normal 

pregnancy (202). Factors that may affect results and explain divergent findings 

include flow cytometry strategy and markers of Treg phenotyping, patient selection, 

and influence of corticosteroid treatment. 

The total numbers of lymphocytes, CD3+ cells, and CD4+ cells (expressed as cells/lL 

of whole blood) were similar in non-pregnant, normal pregnant, and preeclamptic 

women (p=0.59–0.70, data not shown). Thus, Treg populations could safely be 

reported as the proportion of CD4+ cells (expressed as percentage of CD3+CD4+ 

cells). Corticosteroid treatment neither affected the total number of lymphocytes nor 

the number of CD3+ or CD4+ cells (p=0.67–0.84) when comparing corticosteroid-

treated (n=10) and untreated (n=8) women. 

Although there is still no perfect marker of Treg cells, there has been a gradual 

improvement in phenotyping strategies and markers to both define Treg cell 

subpopulations and exclude non-suppressive CD4+ cells that express FOXP3 and 

CD25 after activation. A major breakthrough was the report by Miyara et al., 

demonstrating that by combining FOXP3 with 

CD45RA, Treg cells could be classified as either resting (FOXP3dim CD45RA+) or 
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activated (FOXP3high CD45RA-), while at the same time, FOXP3dim CD45RA+ cells 

could be classified as activated non-suppressive Th cells (‘false positive’ FOXP3 

expression) and therefore correctly excluded from the Treg cell enumeration (62, 202, 

203), 

When using this strategy, we found no major alterations in circulating Treg 

frequencies in preeclamptic compared with healthy pregnant and non-pregnant 

women (Figure 22). Also, when adding the resting and activated Treg populations, as 

well as when defining Treg cells by CD127low combined with CD25 or FOXP3, there 

were no differences between groups. When Treg cells were defined as 

CD4dimCD25bright (67) pregnant women, both with preeclampsia and healthy 

pregnancy, showed lower Treg frequencies as compared with non-pregnant women 

(Figure 22 d). 

Due to the early onset of the disease and the high risk of premature birth, ten of the 

preeclamptic women in our study received the potent glucocorticoid betamethasone, 

which was given in almost all cases in close proximity to blood sampling. This 

treatment is normally started directly on the admission of a patient with early-onset 

preeclampsia. The women in the preeclampsia group were recruited at the County 

Hospital Ryhov in Jönköping and the University Hospital in Linköping, but several 

women were transferred from smaller hospitals and corticosteroid treatment had 

already been started on admission. Importantly, we found that the corticosteroid-

treated group showed significantly decreased frequencies of resting Treg cells, and 

corticosteroid treatment also affected the composition of Treg subpopulations (Figure 

23 and 24). 
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Figure 22.!Proportions (%) of Treg subpopulations in non-pregnant (non-P; n=20), normal pregnant 
(P; n=20) and preeclamptic (PE; n=18) women: (a) resting Treg cells (FOXP3dimCD45RA+); (b) 
activated Treg cells (FOXP3highCD45RA-);(c) non-suppressive FOXP3+ Th cells 
(FOXP3dimCD45RA-)  (d) Treg cells defined as CD4dimCD25bright cells. Lines indicate mean values. 
Empty circles indicate corticosteroid treated preeclamptic women.  
* p< 0.05; **p<0.01 by Student’s unpaired t-test if the ANOVA indicated p ) 0.05 
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Figure 23. Proportions (%) of Treg subpopulations in non-pregnant (non-P; n=20), normal pregnant 
(P; n=20), non-corticosteroid treated preeclamptic (PEcort-; n=8) and corticosteroid treated 
(PEcort+; n=10) women: (a) resting Treg cells (FOXP3dimCD45RA); (b) activated Treg cells 
(FOXP3highCD45RA-); (c) non-suppressive FOXP3+ T cells (FOXP3dimCD45RA-); (d) ratio 
between the sum of resting and activated Treg defined as in a-b, divided by the proportion of non-
suppressive FOXP3+ T cells (e) Treg cells defined as CD4dimCD25bright cells. Lines indicate mean 
values.                  
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As can be seen in Figure 22 (unfilled versus filled circles in the preeclampsia group), 

the Treg populations seemed to be differently distributed in corticosteroid-treated 

versus non-treated women. We therefore stratified the preeclampsia group according 

to the status of corticosteroid treatment given prior to blood sampling (Figure 22). 

Thereby, among preeclamptic women, corticosteroid treatment was associated with a 

reduced proportion of resting Treg cells (Fig. 22 a), whereas there were no significant 

differences with regard to activated Treg cells (Figure 22 b) or the activated non-

suppressive FOXP3dimCD45RA- population (Figure 22 c). In humans, dexamethasone 

has been shown to promote Treg cells (204-206), while BALB/c mice treated with 

dexamethasone showed enhanced CD4+CD25+ but suppressed CD4+FOXP3+ Treg 

cell numbers (207). Further, Treg cell numbers were unaffected by hydrocortisone in 

a murine model of autoimmune disease (208). Obviously, the glucocorticoid effects 

on Treg cells are complex and related to the dose and duration of the treatment. 

Hence, using samples from non-glucocorticoid-treated women is desirable. In 

previous studies, the use of corticosteroid treatment was in general not reported, and 

its effects on Treg cells have not been previously evaluated in preeclamptic women.           

However, in an attempt to relate the Treg cells to the effector CD4 cells, we found 

that the ratio (Figure 23 d) between the sum of resting and activated Treg 

(FOXP3dimCD45RA+ and FOXP3highCD45RA-) and the activated non-suppressive 

FOXP3dim CD45RA- population was significantly higher in non-corticosteroid-treated 

preeclamptic women compared with normal pregnant women. This difference was 

also found in the entire group of preeclamptic women (P = 0.01), while there was no 

significant increase in the corticosteroid-treated preeclamptic women compared with 

normal pregnant women. Non-pregnant women had a higher ratio than normal 

pregnant women (Figure 23 d). Finally, the CD4dimCD25bright Treg population was 

lower in the corticosteroid-treated group, but not in the untreated group, as compared 

with non-pregnant women (Figure 23 e).                                                                                              

Our findings do not support the majority of previous studies that in general showed 

lower frequencies of Treg cells in the blood of preeclamptic as opposed to healthy 
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pregnant women (12, 73, 209-214), although some previous studies did not show a 

difference between these group(74, 75, 215). In a more recent study using an updated 

phenotyping strategy, Steinborn et al. (211) did not find any differences with regard 

to the whole Treg cell population, while alterations in the preeclampsia group were 

found in Treg subpopulations, in line with our findings. Taken together, the 

phenotyping strategy has a major impact on Treg cell frequencies and must be taken 

into account when evaluating previous studies that may have included activated non-

suppressive FOXP3+ or CD25+ cells. In addition to the phenotyping strategy, the 

selection of material can affect findings. Although previous studies have enrolled 

patients with mainly moderate to severe preeclampsia, none has focused on early-

onset disease, and in several studies, the findings were not related to gestational age. 

Hence, some of the Treg disturbances reported previously may have been confined to 

the group of women presenting with late-onset preeclampsia, possibly having had a 

subclinical disease for a long time, and the findings could therefore reflect the effect 

of, rather than the cause of the disease. We focused our attention on women with 

severe or early-onset preeclampsia, hypothesizing that this would provide us with a 

homogenous group of diseased women presenting with a more distinct placental 

disease (7, 215). This is also the patient group suffering the most severe 

consequences of their disease, but our findings do not support a numerical defect in 

Treg cells in early-onset preeclampsia.                                                                                                         

However, by analysing the expression of functional and migratory markers (CTLA-4 

and CCR4) within subpopulations, we found that the proportions of CTLA-4+ and 

CCR4+ were higher both in resting and in activated Treg populations (Figure 24 a–d) 

in untreated preeclamptic compared with normal pregnant women. In contrast, 

normal pregnancy was associated with lower proportions of CTLA-4+ (Figure 24 b) 

and CCR4+ cells (Figure 24 d) within the activated Treg population as compared with 

non-pregnant women. Thus, differences in CTLA-4 and CCR4 expression within 

Treg populations were found in preeclamptic women. However, these differences 

were confined to the non-corticosteroid-treated group, again indicating an influence 

of corticosteroid treatment on the Treg phenotype 
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Figure 24. Proportions (%) of CTLA-4+ and CCR4+ cells within (a, c) resting (FOXP3dimCD45RO-) 
and (b, d) activated (FOXP3brightCD45RO+) Treg subpopulations in non-pregnant (non-P; n=20), 
normal pregnant (P; n=20), non-corticosteroid treated preeclamptic (PEcort-; n=8) and 
corticosteroid treated (PEcort+; n=10) women. Lines indicate mean values. *p< 0.05; **p<0.01 by 
Student’s unpaired t-test if the ANOVA indicated p ) 0.05 
 
 

In normal pregnancy compared with the non-pregnant state, we found a reduced 

frequency in the blood of both CTLA-4+ and CCR4+ cells within the activated Treg 

population (FOXP3highCD45RO+). This reduction in blood is in line with an 

accumulation of suppressive Treg cells in the decidua, as reported previously (66). 

Consequently, the presently noted increase in preeclampsia of the CTLA+ and CCR4+ 

proportions of Treg cells could reflect a failure to accumulate Treg cells in the 

decidua, hence leading to a lack of anti-inflammatory regulation at the foetal–

maternal interface. Indeed, a reduced frequency of Treg cells in the decidua has been 

found in preeclampsia (210, 216). In an attempt to relate the Treg cell frequency to 

effector CD4 cells, we used the resting plus the activated Treg cells as reliable 
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measures of true Treg cells, and the activated non-suppressive CD4 population as an 

established activated population (62). When making a ratio between resting and 

activated Treg cells divided by the effector T cells, we found a higher ratio in non-

corticosteroid-treated women compared with both normal pregnant and 

corticosteroid-treated women. This finding is in line with a possible migratory defect 

of Treg cells in preeclampsia, by which Treg cells do not properly reach their 

destination in the uterus, while the effector cells are recruited to the uterus, hence 

occurring at a lower level in the circulation relative to the Treg cells. It should be 

noted that the differences in the ratio must be interpreted with great caution, as there 

were no significant differences when evaluating the proportions one by one.                                                                     

A limitation of our study is that we have only studied Treg cell frequency in 

peripheral blood and not locally in the decidua. A strength of the study is that only 

women with early-onset or severe preeclampsia with clear signs of placental 

pathology were included and another strength is our stratifying for corticosteroid 

treatment as well as the use of an updated phenotyping panel assessing Treg 

subpopulations and excluding non-suppressive activated FOXP3-expressing cells. 

The sample size is quite modest but is similar to most previous studies that have 

noted differences in Treg cell frequencies. When stratifying for corticosteroid 

treatment, the subgroups are rather small and our findings need to be confirmed. 

However, significant differences were still noted and they are sufficient to draw 

attention to the issue of corticosteroid treatment in future studies. There was also a 

difference of approximately four weeks in mean gestational age between the group of 

preeclamptic women and the normal pregnant women. Steinborn et al. (211) found 

that the suppressive action of Treg cells was quite stable after 20 weeks of pregnancy 

until close to labour. None of the women in the study were close to spontaneous 

labour in the study, and we therefore believe that this difference has not affected the 

results in any significant way.                                                                                                           

In conclusion, although we found no major alterations in circulating Treg numbers, 

the increased proportions of CTLA-4 and CCR4+ cells within Treg subpopulations 

are in line with a migratory defect of Treg cells in preeclampsia, potentially 
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associated with a reduced number of suppressive Treg cells at the foetal–maternal 

interface. As corticosteroid treatment seems to affect the distribution of Treg 

subpopulations, this variable should be accounted for in studies of Treg cells in 

preeclampsia 

Paper IV 
 
An increasing amount of data indicates an involvement of the immune system in the 

pathogenesis of preeclampsia and chemokines are an important part of the immune 

system. We aimed to elucidate a possible role of chemokines in the pathogenesis of 

preeclampsia by investigating if expression of chemokines in trophoblasts differed 

between placentas from preeclamptic and normal pregnancies. We therefore used 

immunohistochemistry to quantify the expression of a set of chemokines representing 

different immune profiles; CXCL10 (Th1), CCL22 (Th2), CCL20 (Th17) and CCL18 

(Th2 and Treg). We also studied first trimester placentas from women with 

terminated pregnancies to find out if there was a change in expression during 

pregnancy. In addition, we measured the plasma levels of these chemokines to see 

whether they correlated with the expression in trophoblasts and whether they differed 

in preeclampsia versus normal pregnancy. The blood samples from these subjects 

have previously been used in paper II (217), which included CXCL10 (Th1) and 

CCL22 (Th2), but now we also included CCL18 and CCL20 to study a broader 

spectrum of immune profiles. 

Immunohistochemistry part 

We examined chemokine expression in trophoblasts in terminal villi. A main finding 

was the decreased expression of CCL18, a chemokine associated with Th2/Treg, in 

trophoblasts from preeclamptic women compared to normal pregnancies, indicating a 

local regulatory defect in preeclampsia. When analysed separately, both placentas 

from women with EOP and LOP expressed significantly less CCL18 than those from 

women with normal pregnancies (Figure 25a). The finding is in line with the reported 

decreased presence of Tregs at the foetomaternal interface in preeclampsia (66, 67), 

which is also in accordance with our previous finding of a possible migratory defect 
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of circulating Treg cells based on the phenotype in paper III (218). Furthermore, the 

lack of CCL18 might also skew local immunity from Th2/Treg towards Th1/Th17 in 

preeclampsia (14, 219, 220). There are few studies of the role of CCL18 in normal 

and pathological pregnancy. We have previously shown that CCL18 is secreted by 

placental macrophages in human normal pregnancies, thereby contributing to a 

tolerogenic immune environment (58, 99). In line with our present finding, Tranquilli 

et al. using microarray analysis, confirmed by PCR, found that placental expression 

of CCL18 was significantly decreased in women with HELLP syndrome compared 

with normal pregnant women (100). We did not find any differences in placental 

CCL18 expression between first and third trimester placentas, indicating that CCL18 

plays an important role throughout pregnancy, and the finding also indicates that the 

low CCL18 expression in EOP was not due to the lower gestational length in EOP 

compared with the controls.                                                                                                   

We found no differences in trophoblast expression of the Th17-associated chemokine 

CCL20 in normal compared with preeclamptic women (Figure 25 b), which is in 

contrast to one previous study showing increased CCL20 expression in the decidua 

basalis of placental bed biopsies from preeclamptic women compared with normal 

pregnant controls (103). The main reason for the discrepancy between studies could 

be the location studied; trophoblasts versus decidua. At present it is not known which 

compartment is quantitatively most important for CCL20 production. Also, the 

normal function of CCL20 and Th17 immunity in pregnancy is not known. Our 

finding of an increased CCL20 expression in first trimester placenta compared with 

placentas from third trimester pregnancies supports the theory that there is a 

physiological role for Th17 immunity in early pregnancy. Although earlier studies 

showed inconsistent data on Th17 presence in the decidua, probably due to whether 

or not there was stimulation of the decidual cells(72, 76), it was recently shown that 

decidual stromal cells through CCL20 production can recruit IL-17 secreting Th17 

cells to the foetomaternal interface to promote proliferation and invasion of human 

trophoblast cells (221).                                                                                                                                     

Despite a prominent role for CXCL10 in trophoblast and immune cell migration (90, 



	 114	

222, 223), endometrial - blastocyst interactions (224) and spiral artery remodelling 

(93), we could not demonstrate a clear role for CXCL10 in the placental pathology in 

preeclampsia since there were no differences between normal and preeclamptic 

pregnancies (Figure 25c). This does not rule out a role for CXCL10 in the placenta at 

an earlier stage, and also, aberrant CXCL10 production may occur at the decidual 

locus.                                                                                                                                 

The finding of CCL22, a chemoattractant for Th2 cells, being present in trophoblasts 

of first trimester placenta but not in third trimester placenta (Figure 26) suggests also 

that CCL22 is important in particular in the early placentation. This is corroborated 

by Freier et al (105), showing expression of CCL22 in trophoblasts in first trimester 

placentas, but it was not investigated in term placentas. In addition to CCL22, there 

are other chemokines associated with Th2, in particular CCL17, which would be of 

interest to study in preeclampsia. In further support of a role for Th2 chemokines in 

pregnancy complications, an aberrant expression of CCL22, correlating with Treg 

infiltration, was observed in miscarriage conditions (105).          
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Figure 25.Trophoblast expression of CCL18 (a), CCL20 (b) and CXCL10 (c) in placental biopsies 
from women with preeclampsia (PE) and normal pregnancy (NP) (left panel), and PE, divided into 
early-onset preeclampsia (EOP) and late-onset preeclampsia (LOP) in the right panel, where also 
expression in first trimester placentas (T1) is shown. Mann-Whitney U test was used for 
comparison between two groups, in multiple-group comparisons Kruskal-Wallis < 0.05 was a 
prerequisite for two-group comparisons. Lines denote medians. Empty circles indicate vaginal 
delivery and circles with a dot indicate acute caesarean sectio. 
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Figure 26. Placental biopsies inoculated with 

antibodies against CCL22 from a preeclamptic 

pregnancy (A), a first trimester placenta (B) and a 

third trimester normal pregnancy (C).      

 

 

 

 

 

Plasma levels of chemokines 

There were no differences in CCL18 levels in plasma, either between normal 

pregnant and preeclamptic mothers or between women with EOP and LOP (Table 

VIII). While CCL20 was not detectable in the majority of samples, detectable CCL20 

levels were found significantly more frequently in the preeclampsia (17.8 %) than in 

the normal pregnancy (NP) group (6.5%; p<0.02), particularly for EOP (28.6%; 

p<0.01), while for LOP there was only a trend (13.7%; p=0.051). Also, the median 

plasma level was significantly increased in the EOP group compared with normal 

pregnant women (Table VIII). We could not show any difference in plasma levels 

between preeclamptic and normal pregnant women for CCL22 (Table VIII, 

measurements were done in paper II (217)). Plasma levels of CXCL10 were higher in 

both EOP and LOP compared with normal pregnant women, with similar levels in the 

EOP and LOP group (Table VIII, measurements were done in paper II (217)). For all 

four chemokines there were no differences in the EOP group between women treated 

with corticosteroids before blood sampling (n = 8) compared with women who were 

not treated at the time of sampling (n = 20). There was no correlation between local 

expression and plasma level for CCL18 (r=-0.15; p=0.47) or CXCL10 (r=-0.22; 

p=0.23). For CCL22 we did not find any placental expression in the third trimester 
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and CCL20 was not detectable in the majority of the plasma samples. Correlation 

tests were therefore not performed for these chemokines.                                                                                                                  

The systemic chemokine levels indicate a pro-inflammatory profile with increases in 

Th1 (CXCL10) and Th17 (CCL20) chemokines in preeclampsia. Our finding of 

increased CCL20 is in line with a previously reported increase in IL-17A-producing 

CD4+ cells in the circulation of preeclamptic women (12). A possible role of CCL20 

was also proposed in spontaneous term and preterm labour (term and preterm) (104), 

although no changes in serum CCL20 levels in women with preterm labour and 

delivery were reported in one study (102).  The role of circulating CCL20 levels in 

preeclampsia is still uncertain, although increased levels are in line with the general 

view of systemic inflammation in preeclampsia. The increase in plasma levels of the 

Th1-associated chemokine CXCL10 in preeclamptic compared to normal pregnant 

women is in line with a previous study that showed increased serum levels of 

CXCL10 in preeclamptic women compared with normal pregnant women but also in 

comparison with mothers who have small for gestational age (SGA) neonates without 

preeclampsia. Since the increase in CXCL10 levels does not differ between EOP and 

LOP in our study, but between preeclampsia and IUGR (95), it is more likely to 

reflect an anti-angiogenic state and an enhanced systemic inflammatory response in 

the maternal endothelium than a placental insult. This is in line with the fact that we 

could not show any difference in placental expression of CXCL10 between normal 

and preeclamptic pregnancies. As shallow placentation with deficient modulation of 

spiral arteries is a placental insult shared for IUGR and early-onset preeclampsia, it is 

possible that the increased plasma level of CXCL10 in preeclampsia, but not in 

IUGR, may contribute to the clinical presentation of preeclampsia due to its pro-

inflammatory and anti-angiogenic properties on maternal endothelium (95, 217). 

Moreover, CXCL10 has been found to be involved in conditions where a Th1/Th2 

imbalance is involved (94). The plasma levels of CXCL10 and CCL22 presented in 

the present paper are the same as presented previously in paper II (217). We chose to 

show these results also in this study since they allowed us to compare local and 

systemic levels. Circulating levels of CCL22 have previously been measured only in 
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normal pregnancy (217, 225), indicating a role for CCL22 in earlier stages of 

pregnancy.                                                                                                       A major 

aim of the study was to establish whether local immunity (in this case related to 

chemokines) is mirrored systemically. Overall, there were no correlations between 

local expression and systemic levels of chemokines, indicating that the compartments 

are not directly inter-related, a finding that is also pertinent to Treg cells (78) and 

important to keep in mind to avoid misunderstandings and misinterpretations of data.                                            

Women with EOP were treated with corticosteroids in two doses shortly after they 

were diagnosed with preeclampsia, but this was not done for women with LOP. We 

have previously shown that corticosteroids can affect the frequency and phenotype of 

Treg cells when administrated in close proximity to blood sampling. In the IHC 

study, however, placental samples were taken post-partum when most of the effects 

of corticosteroids could have disappeared. We did not see many differences between 

EOP and LOP in the IHC study, which may have two explanations: either there was 

no major effect left of the corticosteroid treatment, or the corticosteroid treatment had 

dampened the increased inflammation in EOP.                                                                                                                             

There are several potential imitations of the study. CS versus vaginal delivery can 

potentially affect immune parameters in the placenta. While all women in the EOP 

and NP groups were delivered by elective CS (so selected to avoid influence of 

vaginal delivery), there were three women delivered vaginally and five women 

delivered by acute CS in the LOP group. However, the findings were similar in this 

small group, suggesting that mode of delivery did not skew the results.  Another 

weakness is that we do not know if first trimester placenta represent normal 

pregnancies since the pregnancies were terminated, although this should not have any 

major influence and is indeed unavoidable. It should be noted that we only studied 

four chemokines, although they were chosen due to their association with different 

immune profiles. In addition, we measured expression in trophoblasts but we do not 

know if that correlates to the amount of secreted chemokines. A strength of the study 

is that we studied chemokines both in peripheral blood and locally in trophoblasts in 

the same pregnant women. Another advantage of the study is that women with early 
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and late-onset preeclampsia with possibly different pathophysiologies were analysed 

separately.                                                                                                                                           

Table VIII. Plasma levels of chemokines. Median values with min and max values within brackets. 
Values for CXCL10 and CCL22 are from a previous study (217).  

Chemokine Early-onset 
preeclampsia 

Late-onset 
preeclampsia 

Normal 
pregnancy 

Detectable  

CXCL10 86** 
(62-160) 

115**** 
(80-161) 

70 
(51-99) 

100 % 

CCL18 48815 
(16115 -161120) 

43282 
(25822 - 86548) 

46227 
(22747 -128810) 

100 % 

CCL20 9.8** 
(4.9 – 45.7) 

8.7 
(4.9-207.6) 

6.4 
(4.9 - 77.1) 

12.4 % 

CCL22 106.6 
(72 - 142) 

97.5 
(67 - 130) 

93.4 
(68 - 117) 

100 % 

*p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001 

In conclusion, systemic and local studies in preeclampsia on CCL18, CCL20, CCL22 

and CXCL10, show decreased expression of CCL18 in placentas from preeclamptic 

compared with normal pregnant women, indicating a defect local tolerance with a 

skewing of the immune system towards Th1 instead of Th2/Treg in preeclampsia. 

Increased expression of CCL20 and CCL22 in first trimester placenta suggest that 

these chemokines are important for implantation and early placentation, while 

increased third trimester plasma levels of CCL20 and CXCL10 in preeclamptic 

women mainly seem to mirror the state of maternal systemic increased endothelial 

inflammation and aberrant angiogenesis typical for preeclampsia. 
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Summary and conclusions 

Preeclampsia is still one of the most challenging conditions in obstetrics due to its 

impact on maternal and foetal morbidity and mortality, and the lack of evidence-

based prevention and treatment strategies.                                                                                                                                       

The pathogenesis of preeclampsia is still not clear but there is an increasing amount 

of data indicating that the condition is a result of uncompensated maternal endothelial 

systemic inflammatory response to factors from stressed trophoblasts due to either 

placental insult (extrinsic dysfunction) or villous overcrowding (intrinsic 

dysfunction). An increasing body of evidence indicates that an involvement of the 

immune system, including maladaptation and defect tolerance to the conceptus, is an 

integral part of the pathogenesis, at least in early-onset preeclampsia (EOP), resulting 

in a shallow placentation with defect trophoblast invasion in the uterine spiral 

arteries. Based on the hypothesis that sera from patients with preeclampsia could 

function as a “blueprint” of causative factors, we describe in paper I a serum-based 

pregnancy-specific mouse model that closely mirrors the human condition, as well as 

an in vitro predictive assay. We were able to show that a single administration of 

human preeclampsia serum in pregnant IL-10−/− mice induced the full spectrum of 

preeclampsia-like symptoms, caused hypoxic injury in uteroplacental tissues and 

endotheliosis in maternal kidneys, and also elevated soluble fms-like tyrosine kinase 

1(sFlt-1) and soluble endoglin (sEng) in maternal mice serum, markers related to the 

disease. The same serum samples induced a partial preeclampsia phenotype in wild 

type mice. Importantly, preeclampsia serum disrupted cross talk between trophoblasts 

and endothelial cells in an in vitro model of endovascular activity (Tube formation 

test). Disruption of endovascular activity could be documented in serum samples, 

after only 12 to 14 weeks of gestation, from patients who subsequently developed 

preeclampsia. These results indicate that preeclampsia patient sera can be used to 

understand the pregnancy-specific disease pathology in mice and can predict the 

disorder.                                                                                                                          

Although preeclampsia has been associated with increased inflammation, aberrant 

angiogenesis and activated coagulation, their correlation and relative contributions to 
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the pathogenesis are unknown. In paper II we found that markers for increased 

inflammation, hypercoagulation and aberrant angiogenesis were independently 

associated with preeclampsia. Cytokines, chemokines, and complement factors seem 

to be part of a Th1-associated inflammatory reaction in preeclampsia. Most of the 

differences were more pronounced in EOP than in LOP, suggesting a more 

homogeneous pathogenesis in EOP, which is in line with findings based on placental 

pathology. In women giving birth to SGA babies, where a pathologic placentation 

can be anticipated, we found differences in levels of biomarkers only for sFlt-1 and 

PlGF compared to mothers with appropriate for gestational age (AGA) babies. Thus, 

these biomarkers seem to be relevant indicators of placental pathology, while other 

biomarkers might also indicate maternal endothelial pathology. Chemokines, in 

contrast to cytokines, may prove to be useful markers in preeclampsia, in addition to 

established markers.                                                                                                                     

A deficiency in Treg cells causing reduced immune regulatory capacity has been 

proposed in preeclampsia. Utilizing recent advances in flow cytometry phenotyping, 

we found (paper III) no major alterations in circulating Treg numbers in preeclamptic 

women compared to normal pregnant and non-pregnant women. Instead we found 

increased proportions of CTLA-4+ and CCR4+ cells within Treg subpopulations. This 

is in line with a migratory defect of Treg cells in preeclampsia, potentially associated 

with a reduced number of suppressive Treg cells at the foetal–maternal interface. As 

corticosteroid treatment seems to affect the distribution of Treg subpopulations, this 

variable should be accounted for in studies of Treg cells in preeclampsia.                                                                                                                      

Chemokines are supposed to be part of the immune adaptation in pregnancy and since 

they form the immune response by recruiting certain T helper (Th) cells, they are 

suitable as markers of different Th-associated immune profiles. We found in paper IV 

a decreased expression of CCL18, a chemokine associated to Th2/Treg, in 

trophoblasts from preeclamptic women, as compared to normal pregnancies, 

indicating a local regulatory defect in preeclampsia, in line with a reported decreased 

presence of Tregs at the foetomaternal interface in preeclampsia. This is also in 

accordance with our finding (paper II) of a possible migratory defect of circulating 



	 123	

Treg cells based on the phenotype. The increased expression of CCL20 and CCL22 

in first trimester placenta suggest that these chemokines may be important for 

implantation and early placentation, while increased circulating levels of CXCL10 

and CCL20 in third trimester preeclamptic women probably mirror the state of 

maternal systemic increased endothelial inflammation and aberrant angiogenesis 

typical for preeclampsia.                                                                                                             

In summary, our data suggest that placental factors in serum from preeclamptic 

women affect the maternal endothelium, resulting in increased inflammation, 

activated coagulation and aberrant angiogenesis, in particular for EOP, and that the 

immune system is involved in the pathogenesis with an unbalanced local and 

systemic immune profile involving a lack of regulation and a skewing towards 

Th1/Th17 in preeclampsia. These findings add to the understanding of the 

pathogenesis in preeclampsia and emphasize that factors in serum are involved in the 

pathogenesis and may serve as biomarkers for early detection and monitoring of 

preeclampsia. 
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Future perspectives 

This thesis has presented data that further elucidate the complicated pathogenic 

mechanisms in preeclampsia. The overall objective for research in this area is to find 

a method for effective prediction and prevention of the condition. From a clinical 

view the priority must be to predict and prevent EOP and IUGR since these 

conditions have a significant impact on maternal and foetal morbidity and mortality, 

as well as on iatrogenic prematurity. This impact is not so pronounced in LOP. Since 

pathophysiology seems to be, at least in part, different in EOP compared to LOP, 

prediction of preeclampsia might be more difficult in LOP, which from a clinical 

perspective is not a big issue since it is much more important to predict and prevent 

EOP. The placental insult associated with both EOP and IUGR increases the 

likelihood of finding an effective method of prediction and prevention. An effective 

prevention method should interact with one or more or the pathogenetic mechanisms 

described for preeclampsia, including increased inflammation, activated coagulation 

and aberrant angiogenesis. This is true for the preventive drugs, e.g. aspirin and 

LMWH, whose use has been suggested, if an effective predictive algorithm can be 

introduced in the first trimester with acceptable sensibility and specificity. The 

described Tube formation test in paper I might be a useful tool for testing the 

potential of such drugs to reverse the adverse effects of serum factors on the 

formation of capillary tubes. A placental insult causing both IUGR and EOP 

represents a serious risk for both increased morbidity and mortality in the actual 

pregnancy but also for an increased future risk of cardiovascular morbidity, and 

increased risk of developing the metabolic syndrome for the child later in life due to 

intrauterine malnutrition stress. If an effective prediction and prevention method for 

EOP and IUGR can be established this may have great benefits for the future health 

of both mother and child, and may also lead to reduced health care spending due to 

reduced costs for neonatal care. Even with an effective prediction and prevention 

method we will still have cases of severe early-onset preeclampsia constituting a 

threat to both the health of the mother and the child; therefore, treatment of an 

established preeclamptic condition is also of vital interest. Studies on treatment with 



	 126	

statins (Pravastatin) are already ongoing. Statins are of interest since they interact 

with inflammation, coagulation and angiogenesis, and murine studies are promising. 

Another mechanism described in this thesis is activated coagulation due to low levels 

of antithrombin, which precedes preeclampsia by several weeks. Studies have shown 

that it is possible to prolong pregnancies with a debut of severe preeclampsia very 

early in pregnancy by treatment with antithrombin intravenously, and there are 

ongoing studies to see if this could be an alternative in certain cases (PRESERVE-1 

Trial).                                                                                                                         It 

has still not been satisfactory clarified why a placental insult of similar type 

sometimes results in EOP combined with a placental insufficiency and sometimes 

only in IUGR without preeclampsia. This is an area for future research. One 

hypothesis is that impaired placental blood flow without reperfusion causes hypoxia 

but not oxidative stress, and hence causes IUGR without preeclampsia, but this has 

not been clarified.                                                                                                   

Another new exciting area of research is the association between infection and 

preeclampsia. Studies have shown that certain chronic and recurrent infections are 

associated with preeclampsia but the pathophysiologic mechanisms are not clear. 

Both effects on the placental microbiome leading to changes in the immune profile as 

well as an influence on inflammatory status of maternal endothelium are possible 

mechanisms. In the future we might discover that we can avoid preeclampsia by 

eradication of certain chronic infections such as periodontitis, Helicobacter pylorus 

positive gastritis, malaria or recurrent urinary tract infections.                                                                             

Due to a global high maternal mortality in preeclampsia and a major neonatal 

problem with prematurely delivered babies due to preeclampsia and IUGR there is an 

urgent need, after decades of research, for an obstetrical breakthrough with 

establishment of an effective prediction and prevention method for both preeclampsia 

and IUGR. 
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