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Abstract 
Multiple sclerosis (MS) is characterized by a dysregulated immune system leading to chronic 

inflammation in the central nervous system. Despite increasing number of treatments, many 

patients continue to deteriorate. A better understanding of the underlying disease mechanisms 

involved in driving disease is a pre-requisite for finding new biomarkers and new treatment 

targets. The improvement of MS during pregnancy, comparable to the beneficial effects of the 

most effective treatment, suggests that the transient and physiological immune tolerance 

established during pregnancy could serve as a model for successful immune regulation. Most 

likely the immune-endocrine alterations that take place during pregnancy to accommodate the 

presence of the semi-allogenic fetus contribute to the observed disease improvement.    

The aim of this thesis was to characterize the dysregulated immune system in MS and define 

potential factors and mechanisms established during pregnancy that could be involved in the 

pregnancy-induced effects in MS, focusing on CD4+ T cells as one of the main drivers in immunity 

and in the MS pathogenesis. Using a network-based modular approach based on gene expression 

profiling, we could show that CD4+ T cells from patients with MS displayed an altered dynamic 

gene response to activation, in line with a dysregulated immune system in MS. The resulting gene 

module disclosed cell activation and chemotaxis as central components in the deviating response, 

results that form a basis for further studies on its modulation during pregnancy. Moreover, a 

combination of secreted proteins (OPN+CXCL1-3+CXCL10-CCL2), identified from the module, 

could be used to separate patients and controls, predict disease activity after 2 years and 

discriminate between high and low responders to treatment, highlighting their potential use as 

biomarkers for predicting disease activity and response to treatment.  

The pregnancy hormone progesterone (P4), a potential factor involved in the pregnancy-induced 

amelioration of MS, was found to significantly dampen CD4+ T cell activation. Further detailed 

transcriptomic profiling revealed that P4 almost exclusively down-regulated immune-related 

pathways in activated T cells, several related to or downstream of T cell activation such as JAK-

STAT signaling, T cell receptor signaling and cytokine-cytokine receptor interaction. In particular, 

P4 significantly affected genes of relevance to diseases known to be modulated during pregnancy, 

where genes associated to MS were most significantly affected, supporting a role for P4 in the 

pregnancy-induced immunomodulation. By using another approach, the role of thymus in T cell 

regulation during pregnancy was assessed. Two established measures of thymic output, CD31 



   

 
 

expression and TREC content, were used and showed that thymic output of T cells is maintained 

during human pregnancy, or even possibly increased in terms of regulatory T cells.  

This thesis further supports a pivotal role for CD4+ T cells and T cell activation in the MS 

pathogenesis and adds to the knowledge of how they could be involved in driving disease. We 

identified a novel strategy for capturing central aspects of the deviating response to T cell 

activation that could be translated into potentially clinically relevant biomarkers. Further, P4 is 

emerging as a promising candidate for the pregnancy-induced immunomodulation that could be 

of importance as a future treatment option. Lastly, maintained thymic output of T cells during 

human pregnancy challenges the rodent-based dogma of an inactive thymus during pregnancy. 

Thymic dysfunction has been reported not only in MS but also in rheumatoid arthritis, another 

inflammatory disease that improves during pregnancy, which highlights a potential role for 

thymus in immune regulation that could be involved in the pregnancy-induced amelioration.  
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Sammanfattning 
Multipel skleros (MS) är en neurologisk sjukdom där kroppens egna immunförsvar angriper det 

centrala nervsystemet (hjärnan och ryggmärgen) och orsakar okontrollerad, kronisk inflammation 

som leder till symtom. Trots att nya bromsmediciner påtagligt förbättrat situationen så fortsätter 

ändå många patienter att försämras. För att kunna hitta nya behandlingsstrategier krävs ökad 

kunskap om de bakomliggande orsaker som driver sjukdomen. Vidare vore det önskvärt att kunna 

förutsäga prognos och effekt av olika läkemedel för att kunna skräddarsy behandling för den 

enskilda patienten. En outnyttjad källa till sådan kunskap är att studera MS under graviditet. 

Patienter med MS, liksom patienter med andra inflammatoriska sjukdomar, förbättras nämligen 

tillfälligt under graviditet, men med en övergående försämring efter förlossning. Graviditet utgör 

därför en perfekt modell för att både kunna studera faktorer som kan förklara hur sjukdomen kan 

förbättras men också för att hitta faktorer som kan leda till försämring. Förändringarna vid 

graviditet beror antagligen på de stora immunologiska och hormonella förändringar som sker för 

att mammans immunsystem ska kunna tolerera det till hälften främmande fostret (hälften av 

generna är från pappa).  

Det övergripande syftet med avhandlingen var att studera det avvikande immunsvar som ses vid 

MS samt att identifiera faktorer som skulle kunna förklara varför patienter med MS förbättras 

under graviditet. Avhandlingen fokuserar på en viss typ av vita blodkroppar, så kallade T hjälpar 

(TH) celler, som har visat sig vara viktiga för uppkomst och progression av sjukdom. Särskilt viktigt 

verkar aktivering av dessa celler att vara då ”felaktig” aktivering är en bidragande orsak till 

sjukdom. I första arbetet studerades i detalj på gennivå hur T cellerna svarar på aktivering hos 

patienter med MS. I andra och tredje arbetet undersöktes graviditetshormonet progesteron och 

tymus ”brässen” som potentiellt viktiga faktorer i den omställning som sker under graviditet och 

som skulle kunna bidra till förbättringen av MS.  

Genom att mäta uttrycket av tusentals gener samtidigt och med hjälp av systembiologiska 

metoder kunde vi i första arbetet visa att patienter med MS uppvisade ett avvikande immunsvar 

vid aktivering av TH celler. Vidare kunde detta avvikande svar detekteras på proteinnivå där 

förekomsten av osteopontin, CXCL1, CXCL10 och CCL2 tillsammans också kunde användas för att 

förutsäga sjukdomsaktivitet och svar på behandling. I andra arbetet kartlades effekten av 

progesteron på TH cellsaktivering på gennivå och vi fann att progesteron tydligt dämpade 

aktivering och immunsvaret. Vidare fann vi att progesteron särskilt påverkade gener som var 

kopplade till MS och andra inflammatoriska sjukdomar som påverkas under graviditet, vilket tyder 
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på att progesteron skulle kunna vara en bidragande orsak till förbättringen av MS under graviditet 

då progesteronnivåerna är särskilt höga. I det tredje och sista arbetet undersöktes det 

”bortglömda” organet, tymus, och dess roll under graviditet. Tymus är särskilt centralt i 

immunförsvaret eftersom TH cellerna utbildas där för att skilja mellan kroppseget och 

kroppsfrämmande innan de släpps ut för att patrullera i blodet. Till skillnad från studier i möss 

som visat en minskad roll av tymus under graviditet så visade våra resultat att hos människa 

verkar tymus fortsatt spela roll med bibehållet utflöde av TH celler under graviditet. 

Sammanfattningsvis stödjer våra resultat vikten av TH celler och T cellsaktivering vid MS och ger 

ökad kunskap om det avvikande immunsvar som bidrar till sjukdom. Vår metodik för att studera T 

cellsaktivering med hjälp av systembiologiska metoder kunde användas för att identifiera 

biomarkörer som är potentiellt användbara kliniskt, även om resultaten måste konfirmeras i nya 

studier. Progesteron framstår som en särskilt lovande kandidat för förbättringen av MS under 

graviditet eftersom immunsvar kopplade till MS var tydligt dämpande av progesteron och stödjer 

progesteron som ett framtida behandlingsalternativ. Vid MS har minskat utflöde av TH celler från 

tymus rapporterats och fynden av bibehållet utflöde av TH celler från tymus under graviditet 

stödjer en möjlig roll för tymus vid förbättringen av MS.  
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Introduction 

Pregnancy as a model of natural tolerance to understand immune 
regulation during chronic inflammation 

Multiple sclerosis (MS) is a complex disease, most likely of autoimmune origin, with both 

inflammatory and neurodegenerative components targeting the central nervous system (CNS). 

Despite recent progress in the development of new treatments, many patients continue to 

deteriorate with increased disability and further disease progression. Interestingly, patients with 

MS improve during pregnancy, comparable to the effects observed with the most effective MS 

treatment available, but with a temporary worsening postpartum (Confavreux et al. 1998). 

Pregnancy, in contrast to MS, represents a temporary state of immunological tolerance induced 

to avoid rejection of the semi-allogenic fetus. The protective effects behind the amelioration of 

MS during pregnancy remain unknown but are most likely a consequence of this transient 

tolerance. Thus, pregnancy can be viewed as a natural model of immunological tolerance that can 

be used to study cellular and molecular mechanisms that could be of importance for the 

improvement and worsening of MS. In this thesis, I will discuss the inflammatory response and 

immunological mechanisms in MS in view of the tolerance mechanisms induced during pregnancy 

that could contribute to the clinical phenomenon observed in patients during pregnancy. The 

primary focus will be on immune-mediated mechanisms related to CD4+ T helper cells (TH cells) as 

they constitute the switch between immunity and tolerance and are one of the main culprits in 

the MS pathogenesis.  

Multiple sclerosis 

Introductory remarks 

MS is a chronic inflammatory and neurodegenerative disease, characterized by the presence of 

multifocal demyelinating lesions in the CNS causing a variety of neurological manifestations. The 

inflammatory response appears to be directed towards the myelin sheaths (the fat-rich insulator 

that surrounds the axons), resulting in demyelination, axonal damage and gliosis. The onset of 

symptoms is referred to as a relapse. Within a few weeks, the local inflammatory response 

subsides and remyelination ensues, resulting in partial or complete recovery of function 

(remission). However, over time as axonal damage accumulates, clinical improvement after each 
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remission wanes, causing increased neurological disability and disease progression (Dendrou et al. 

2015).  

Globally, more than 2.3 million people are estimated to live with MS and it is the leading cause of 

non-traumatic disability in young adults (MSIF 2013). There is a trend towards increased 

prevalence and incidence of MS among the general population. The prevalence varies with sex 

and ethnicity and is highest in Northern Europe (188.9/100 000 in Sweden as compared to 33/100 

000 globally) (Ahlgren et al. 2011, MSIF 2013). Women are affected 2-3 times more often the men 

(Alonso and Hernan 2008, Ahlgren et al. 2011, Boström et al. 2013, Kingwell et al. 2013). Most 

people are diagnosed between 20-40 years of age, a time point in life decisive for career and 

family planning. Approximately 20 years after diagnosis, about 10% of patients require walking aid 

despite treatment (University of California San Francisco M. S. Epic Team et al. 2016). Hence, MS 

has a large socio-economic impact not only for the affected individuals and their families but also 

from a societal perspective. The estimated cost per patient (in Europe) for a mild-to-severe 

disease ranges from 22 800-57 500 € per year (Kobelt et al. 2017) and the economic burden for 

disease management and treatment is constantly rising.  

Disease course and symptoms  

MS can broadly be divided into three different phases: (1) a preclinical phase where 

environmental, lifestyle, genetic and epigenetic factors trigger CNS inflammation and promote 

disease, (2) a relapsing-remitting, and (3) a progressive clinical phase (Baecher-Allan et al. 2018; 

Figure 1). Each subtype can also be classified as active or not active depending on relapse 

occurrence and lesion activity. The disease course in MS is very heterogeneous, but for about 85% 

of patients the disease starts in a relapsing-remitting manner (RRMS) with an initial episode of 

neurological dysfunction (termed clinically isolated syndrome (CIS)), followed by recurring bouts 

of clinical exacerbations between which there are periods of complete or partial remission. The 

relapses coincide with focal inflammatory demyelinating white matter lesions in the CNS that can 

be visualized by magnetic resonance imaging (MRI; Figure 2). Characteristic lesions are found in 

the periventricular and juxtacortical regions, in addition to the brainstem, spinal cord, optic nerve 

and cerebellum (Polman et al. 2011). Depending on the size and anatomical location of the 

lesions, MS can give rise to a wide variety of neurological symptoms including visual, motor, 

sensory or autonomic disturbances of the bowel and bladder. In addition, patients can also 

experience cognitive impairment, mood disorders, pain and fatigue (non-focal manifestations) 
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that further contribute to functional impairment. Over time, as disability accumulates, the 

inflammatory lesions and periods of clinical relapses and remission become less pronounced and 

most patients eventually transition into a more progressive phase of the disease, secondary 

progressive MS (SPMS), characterized by increased axonal loss and brain atrophy (Figure 1 and 2). 

In SPMS, patients instead experience a steady increase in neurological disability, most commonly 

involving impaired ambulation, loss of bladder control and cognitive dysfunction. In contrast to 

RRMS and SPMS, about 10-15% of patients are diagnosed with primary progressive MS (PPMS) 

from onset, with progressive neurologic decline and absence of discernible relapses (Miller and 

Leary 2007).    

Diagnosis and prognosis  

There are no definite pathognomonic clinical features or diagnostic tests that can be used to 

diagnose MS with certainty. Instead, the diagnosis is based on a set of criteria that in the best way 

possible try to characterize the disease and differentiate MS from other diseases. The cornerstone 

for diagnosis rely on the demonstration of evidence of lesions in the CNS disseminated in space 

(involvement of multiple areas in the CNS) and in time (on more than one occasion) and for no 

better explanation of the presentation (Schumacher et al. 1965). The widely used McDonald 

         Figure 1. Disease course in MS.  
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Criteria for MS diagnosis relies on clinical evaluation together with paraclinical measurements; 

imaging (MRI) and laboratory findings (presence of oligoclonal bands in cerebrospinal fluid (CSF)) 

(McDonald et al. 2001, Polman et al. 2011, Thompson et al. 2018). One of the rationales of the 

criteria is to be able to diagnose MS as early as possible to initiate treatment early on in order to 

dampen disease activity and slow disease progression (Chalmer et al. 2018). 

The severity of MS varies a lot, where some patients have a more benign disease course with few 

relapses and minimal disease accumulation, while some have a rapidly evolving and debilitating 

disease. Several prognostic factors have been suggested (Bergamaschi 2006; Figure 3). Age at 

disease onset is a strong prognostic factor in MS; the median time to reach Expanded Disability 

Status Scale (EDSS) score 6 was 26 years for patients who were diagnosed around 20-29 years of 

age compared to only 7 years for patients over 50 years of age at disease onset (Confavreux et al. 

Figure 2. Multiple sclerosis pathology. The upper panel shows a cerebral MRI with cortical atrophy and 
periventricular white matter lesions in MS (as indicated by the arrows in the left and right panel, 
respectively). The lower panel depicts schematic lesion distribution and progression in patients with 
relapsing-remitting and progressive MS compared to healthy individuals. Upper picture used with 
permission from Center for Medical Image Science and Visualization (CMIV).  
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2003). Clinical factors such as symptoms at disease onset, initial disease course and lesion 

location also hold prognostic value, where polysymptomatic disease onset with symptoms related 

to motor, cerebellar or sphincter function together with high infratentorial and spinal lesion load 

indicate poorer prognosis. Furthermore, soluble biomarkers such as chitinase 3-like proteins and 

neurofilament light chain (NFL) have also been shown to have predictive prognostic power 

(Hinsinger et al. 2015, Håkansson et al. 2017, Sellebjerg et al. 2018).     

Risk factors 

The exact cause of MS remains unknown but it is thought to arise in genetically susceptible 

individuals, where the microbiome together with environmental and lifestyle factors determine 

disease development (Olsson et al. 2017; Figure 3). Siblings of an individual with MS have an 

almost 17-fold higher risk of developing disease. Monozygotic twins have a higher concordance 

rate compared with dizygotic twins, which provides support for a significant yet complex genetic 

etiology in MS (O'Gorman et al. 2013). Genetic variations account for about 30% of the overall 

disease risk and the disease-associated single nucleotide polymorphisms (SNPs) are most often 

located in genes regulating innate or adaptive immunity (Sawcer et al. 2011). The human 

leukocyte antigen (HLA)-locus on chromosome 6 accounts for more than 20% of the susceptibility, 

Figure 3. Risk factors, triggers and disease progression in MS.  
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particularly HLA class I and II genes, whose functions are to present antigens to T cells, a crucial 

step in adaptive immunity. This region has been implicated in the development of hundreds of 

diseases, many immune-mediated, which suggests common predisposing immunological 

processes. In MS, carriers of the HLA-DRB1*15:01 allele have an increased risk of MS (odds ratio 

(OR) ~3.9), whereas HLA-A*2 seems to confer protection (OR ~0.6) (Moutsianas et al. 2015). Large 

genome-wide association studies (GWAS) have identified more than 200 genetic variants 

associated with MS, including several non-HLA-associated genes e.g. interleukin (IL)-2RA, IL7R, 

and STAT3, although each variant only modestly influences MS risk (Sawcer et al. 2011, 

Patsopoulos 2017). Furthermore, most likely different combinations of these variants contribute 

to disease susceptibility in different patients. The present view of the functional importance of the 

genetic variants in MS is that variations in the HLA genes are mainly involved in altering the T cell 

repertoire. Non-HLA variants are more involved in shaping the immune response towards 

antigens by influencing the threshold of immune cell activation and thereby altering the likelihood 

of a targeted CNS inflammatory response (Dendrou et al. 2015). However, even though there is a 

clear genetic component to MS, the importance of genetic predisposition for acquiring disease is 

less clear.   

Regarding environmental factors, it has been shown that migrants moving from a low-risk to a 

high-risk country have a higher than expected MS prevalence and vice versa (Ahlgren et al. 2010, 

Ahlgren et al. 2012, Berg-Hansen and Celius 2015), which supports the importance of lifestyle and 

environmental factors in risk of developing MS. Indeed, several factors have been shown to 

increase the risk of MS (Waubant et al. 2019), in particular smoking and Epstein-Barr virus (EBV) 

infection (Hedström et al. 2013, Hedström et al. 2016, Tengvall et al. 2019; Figure 3). On the 

contrary, the use of oral tobacco, high coffee and alcohol consumption could reduce the risk. 

Several of these factors have been shown to interact with known HLA-risk genes (Olsson et al. 

2017). For example, smokers that have certain HLA-risk alleles have a much higher risk for MS 

compared to non-smokers. This has been speculated to be related to immune-mediated 

mechanisms (Olsson et al. 2017). Smoking has been shown to induce an enzyme that can alter the 

peptides that are displayed to T cells (Makrygiannakis et al. 2008). This could increase the 

likelihood that the T cells recognizing these peptides have not undergone clonal deletion in the 

thymus and are thus more likely to become autoreactive.  

More recently, the microbiome is receiving increasingly more attention as a potential source for 

influencing MS susceptibility (Probstel and Baranzini 2018). Our gut is inhabited by trillions of 
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microbes that can modulate the immune system by regulating both innate and adaptive immune 

responses in order to maintain homeostasis (Belkaid and Hand 2014). It is therefore not surprising 

that several diseases, including MS, appear to be associated with dysbiosis (Abrahamsson et al. 

2012, Jangi et al. 2016, Lynch and Pedersen 2016, Berer et al. 2017, Cekanaviciute et al. 2017). 

However, the functional importance of the microbiome in MS remains to be determined, as 

studies have not yet been able to show if the observed dysbiosis is the cause or merely a 

consequence of the disease.  

Treatments 

Today there are more than 10 disease-modifying treatments available for MS (seven approved for 

use in Sweden; www.lakemedelsverket.se; Figure 4) and more treatments are underway 

(clinicaltrials.gov). All of the available treatments affect the immune system and essentially all 

mainly target the inflammatory components of the disease, i.e. reducing relapse rate and 

contrast-enhancing lesions, which are most prominent during the relapsing stage of the disease 

(Comi et al. 2017). Traditionally, the treatments have been divided into first and second line 

drugs, although dividing into relapsing-remitting MS (first line) and relapsing-remitting with active 

disease (second line) is becoming more commonly used (Svenningsson 2016), because it might 

more accurately reflect the use and properties of the treatments. The injectable treatments (first 

line), including interferon beta and glatiramer acetate, reduce the annual relapse rate about one 

third (Ebers 1998, Mikol et al. 2008, O'Connor et al. 2009) and show a modest ability to reduce 

disease progression. The second line treatments have a higher efficacy (ranging from 45-70% 

reduction in relapse rate) and can also better affect disease progression. However, as many of 

these treatments induce sometimes quite severe immunosuppression, they are associated with 

more serious side effects compared to first line treatments (Comi et al. 2017). Therefore, deciding 

on which treatment any given patient should receive is a balance between effect and risk of 

treatment in relation to the disease activity. As disease activity during early disease has been 

shown to predict long-term disability, starting treatment as early as possible is important to delay 

disease progression and accumulation of disability (Kappos et al. 2009, Chalmer et al. 2018). 

Despite high efficacy, disease progression is not always stopped, even though different 

treatments are tested. This may require targeting more specifically the neurodegenerative 

component of the disease. Currently, there is only one treatment approved for progressive MS, 

the CD20+ B-cell depleting therapy ocrelizumab (Montalban et al. 2017), although long-term 

efficacy remains to be determined. 
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Interestingly, rituximab, another CD20+ B-cell depleting treatment, has been used extensively off-

label as second line treatment in RRMS in Sweden and shown good efficacy (Hauser et al. 2008, 

Granqvist et al. 2018, Spelman et al. 2018), which suggests a prominent role for B cells in the 

disease pathogenesis. 

The immune system and MS 

Much of the knowledge regarding the MS pathogenesis comes from studies in animal models, in 

particular experimental autoimmune encephalomyelitis (EAE) in mice, which has provided us with 

valuable insights into disease-promoting mechanisms. The current view of the disease processes 

in MS involves the migration of peripherally activated lymphocytes across a leaky and damaged 

blood-brain barrier, causing multifocal inflammation that results in demyelination, axonal loss and 

gliosis. The pathogenesis is very complex where basically every type of immune cell, both innate 

and adaptive immune responses, are involved in orchestrating the inflammatory demyelinating 

damage (Dendrou et al. 2015; Figure 5). However, both genetic and pathological studies point 

toward a more prominent role for the adaptive immune system in driving the disease processes 

Figure 4. Treatments in MS. First line treatments have a lower efficacy but are not associated with as 
many severe side effects in contrast to second line treatments. The figure shows the relative efficacy 
(based on reduction in relapse rate, disease progression and MRI activity) in comparison to common 
side-effects and serious adverse effects. Rituximab is not formally approved as treatment in MS but is 
commonly used in Sweden as second line treatment. Figure adapted from Hauser et al. Ann Neurol, 
2013.  
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(Patsopoulos et al. 2011, Sawcer et al. 2011, Lucchinetti et al. 2000). The fact that the 

inflammatory responses are only directed towards the CNS strongly suggests that T and B cells are 

specifically recruited by antigens that are only expressed in the CNS. As such, MS is often depicted 

as an autoimmune disease, although it does not readily fulfill the classic definition of an 

autoimmune disease since “a precise autoantigen present in all patients with the disease” has not 

yet been identified (Rodriguez 2009). Myelin has for long been considered as the putative 

autoantigen in MS, as it is a demyelinating disease. Several lines of evidence support the 

relevance of myelin-reactive CD4+ T cells although direct evidence is still missing (Hohlfeld et al. 

2016). Recently, other plausible autoantigens in MS have been suggested (Ayoglu et al. 2016, 

Planas et al. 2018), such as anoctamin 2, a Ca2+ activated chloride channel expressed in nerve cells 

(Ayoglu et al. 2016, Tengvall et al. 2019). Irrespective of target antigen, the presence of 

autoreactive lymphocytes, in combination with the strong major histocompatibility complex 

(MHC) association, implies that there is an autoimmune component to the disease.   

It is debated whether the inflammatory responses in MS stems from mechanisms intrinsic or 

extrinsic to the CNS, i.e. that processes within the CNS, independently of inflammation, serve as 

the initial event causing release of CNS antigens to the periphery or that the inflammatory 

responses originates outside of the CNS, caused for example by molecular mimicry or bystander 

activation (Stys et al. 2012). However, there are several lines of evidence that unequivocally 

support MS as being a primarily immune-mediated disease that is triggered outside of the CNS; 1) 

the overrepresentation of immune-related genes associated with MS (Patsopoulos et al. 2011, 

Sawcer et al. 2011); 2) few genetic associations shared between MS and other neurodegenerative 

conditions (Dendrou et al. 2015); 3) the observation that EAE can be induced in the periphery 

using myelin-derived proteins; 4) blocking lymphocyte infiltration into the CNS is one of the most 

effective treatments available (Comi et al. 2017) and 5) alterations in peripheral immune cells 

have been associated with disease activity (Jones et al. 2017). Taken together, these findings 

highlight the importance of peripheral mechanisms for triggering inflammatory responses that 

drive disease. Regardless of cause, peripheral activation of autoreactive lymphocytes is a key 

event in the disease pathogenesis. Once activated, these cells gain the ability to invade the CNS 

where they are re-activated by resident microglia cells presenting self-antigens on MHC class II. 
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Subsequently, the activated CD4+ T cells together with microglia, macrophages, CD8+ T cells, B 

cells and plasma cells are involved in mediating tissue damage that causes the demyelination, 

which ultimately leads to disrupted nerve cell signaling and resulting clinical symptoms (Molyneux 

et al. 1998, Breij et al. 2008). Over time, as the disease progresses, the invasion of peripheral 

immune cells wanes and the inflammatory processes become confined and compartmentalized 

behind a closed blood-brain barrier (Michel et al. 2015), which is also evident by the lack of 

efficacy with current treatments for treating MS in the progressive phase. The failure of most 

immuno-modulatory treatments in the progressive phase also reflects a more complex disease 

pathogenesis and that different pathophysiological mechanisms probably exist during relapsing 

and progressive disease (Dutta and Trapp 2014).    

The essential role of TH cells 

The MS pathogenesis has for long been dominated by a TH cell centric view, much due to studies 

in the EAE model in mice (Fletcher et al. 2010). EAE is induced by triggering immune responses 

against CNS antigens and captures many central aspects of the MS pathogenesis. Immunization of 

mice with myelin peptides or proteins causes presentation of antigens by MHC class II and 

peripheral activation of myelin-specific CD4+ T cells that enables them to migrate across the 

blood-brain barrier and cause inflammation and demyelination in the CNS. Disease can also, in 

some models, be induced by adoptive transfer of myelin-specific CD4+ T cells from a mouse with 

EAE to a healthy mouse, which further reinforces the view of MS as a T cell-mediated disease. 

Although we now know that this is a very simplified picture of the complex immunological 

processes that underlie disease initiation and propagation, there is an accumulating amount of 

evidence that supports a crucial role for CD4+ T cells in the disease pathogenesis such as the 

strong association with the TH-specific antigen-presenting molecule HLA Class II (DRB1*15:01) and 

the over-representation of T cell-associated genes in large MS GWAS (Patsopoulos et al. 2011, 

Sawcer et al. 2011). Furthermore, many of the non-HLA MS risk genes are involved in processes 

that are crucial for the generation and function of the TH cells like TH cell-associated cytokines, 

chemokines and their receptors (e.g.CXCR5, IL-12A, IL-12B, IL-2RA, IL-7RA, IL-12RB1 and IRF8), co-

stimulation (e.g. CD40, CD80, CD86, and CLECL1) and signal transduction (e.g. STAT3 and TYK2).  

Activation of autoreactive TH cells sets the stage for inflammation 

Activation of TH cells is a central process in the immune system and essential for shaping and 

directing the immune responses in the most efficient way to deal with potential threats (Abbas et 
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al. 2017). The initial TH cell activation mainly occurs in secondary lymphoid organs although both 

the respiratory and gastrointestinal tracts have been implicated as sites for initial priming of 

encephalitogenic, autoreactive T cells in mice (Berer et al. 2011, Odoardi et al. 2012, 

Cekanaviciute et al. 2017). For a CD4+ T cell to become activated it requires the presentation of 

antigens by antigen-presenting cells (APCs). Protein or peptide antigens captured by the APCs are 

processed and presented on MHC class II (Abbas et al. 2017). Dendritic cells (DCs) are the most 

prominent APCs during initial T cell activation, but macrophages and B cells can also present 

antigens to TH cells. Recognition of peptide-MHC II complexes by the T cell receptor (TCR) complex 

provides the initial signal for T cell activation (signal 1; Figure 6). The second signal required for 

proper T cell activation is provided through co-stimulation (signal 2), where engagement of CD28 

on the T cell with B7-1/B7-2 (CD80/CD86) on the APCs is the best characterized co-stimulatory 

pathway involved in T cell activation. Signals 1 and 2 act in concert to drive the clonal expansion of 

the autoreactive T cells, whereas the qualitative function of the cells is shaped by signal 3, 

determined by the cytokines produced mainly by the APC. The importance of this process in 

driving disease is elegantly demonstrated by blockade of receptors and ligands involved, which 

ameliorates/prevents EAE (Grewal et al. 1996, Oliveira-dos-Santos et al. 1999, Perrin et al. 1999).  

How the T cells specific towards CNS antigens become activated in the periphery still remains 

unclear, although mechanisms such as molecular mimicry, cross-reactivity, epitope spreading and 

bystander activation have been suggested (Riedhammer and Weissert 2015). A recent study 

suggests that immune reactivity toward an antigen associated with EBV, a common risk factor in 

MS, could speculatively contribute to disease through molecular mimicry with the proposed 

autoantigen anoctamin 2 (Tengvall et al. 2019). Nevertheless, peripheral activation of 

autoreactive TH cells sets the stage for the inflammatory response and changes in the proportion 

of activated TH cells have been associated with disease activity (Khoury et al. 2000, Jensen et al. 

2004), which further highlights the importance of T cell activation in the disease pathogenesis.  

Role of TH1 and TH17 in driving disease 

Upon contact with antigen, TH cells become activated, differentiate and acquire various effector 

phenotypes. Many of the genes that have been implicated in the susceptibility of MS play a major 

role in the differentiation process of naive TH cells into the different TH subsets (Sawcer et al. 

2011). TH cells can differentiate into three major established subsets depending on the 

surrounding cytokine environment: TH1, TH2 or TH17. Naive TH cells can also differentiate into 
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regulatory T (Treg) cells, which play a central role in preserving immune tolerance and regulating 

the magnitude of the immune responses (described in detail in later sections). The distinction of 

different TH subpopulations is most often an oversimplification, and under many circumstances, 

TH cells can display characteristics of one or more of the different TH subsets (Annunziato and 

Romagnani 2009, Zhu 2018).  

The different TH subsets have distinct effector functions for ensuring protective immunity. All TH 

subsets express lineage-specific master transcription factors that govern the most critical factors 

in the TH differentiation process (Zhu 2018). An overview of the different TH subsets and their 

phenotypic characteristics are shown in Figure 7. Briefly, TH1 cells are essential in the defense 

against intracellular pathogens but are also implicated in the development of certain autoimmune 

diseases. TH1 differentiation is induced by IL-12 and interferon (IFN)-γ. Tbet is the master 

transcription factor for TH1 differentiation, promoting IFN-γ production that activates 

macrophages, increasing their phagocytic activity that is necessary for destroying intracellular 

Figure 6. T cell activation. Once activated, the T cells start producing IL-2, which is required for continued 
proliferation and upregulation of different T cell surface activation markers that can be analyzed by flow 
cytometry as a measure of T cell activation. Expression of different activation markers reflect differences in 
the dynamics of the activation process, where some appear earlier and some later. APC, antigen-presenting 
cell; MHC, major histocompatibility complex; TCR, T cell receptor; TH, T helper cell.  
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pathogens. Furthermore, IFN-γ also induces Tbet expression, which positively amplifies the TH1 

responses (Zhu 2018). TH2 cells on the other hand are crucial for mediating immune responses 

against extracellular parasites but have also been associated with allergic diseases (Nakayama et 

al. 2017). TH2 cells are induced in response to IL-4 and the master regulator of TH2 differentiation 

is Gata3, which induces production of IL-4, IL-5 and IL-13. These cytokines promote IgE antibody 

responses and recruitment of eosinophils that are required for the defense against certain 

extracellular parasites. The third subset of TH cells, TH17, are essential for the defense against 

extracellular bacteria and fungi and involved in different forms of autoimmunity such as psoriasis, 

MS and rheumatoid arthritis (RA) (Crome et al. 2010). RORγT is the master transcription factor of 

TH17 cells and enhances the expression of the signature cytokines IL-17A and IL-17F. The major 

function of IL-17 is recruitment and activation of neutrophils, which is required for clearance of 

extracellular bacteria and fungi. The different TH subsets home to the site of infections where they 

perform their effector functions, and their migration pattern depends upon the chemokines 

produced in the tissue and the distribution of chemokine receptors on the TH cells. TH1 cells 

Figure 7. Schematic overview of the TH cell differentiation. Differentiation is induced in response to 
different cytokines in the surrounding environment, which activates the master transcription factors and 
the signaling transducer and activator of transcription (STAT) proteins that are required for TH cell fate 
determination and cytokine production. The different TH subsets secrete different characteristic cytokines 
and express different chemokine receptors that enables them to respond to different chemotactic signals 
produced at the site of inflammation.    
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express for example CXCR3 that binds CXCL9,10 and 11, induced in response to IFN-γ, and TH2 

cells are mainly characterized by the expression of CCR4 that binds CCL17 and CCL22 (Sallusto et 

al. 1998). TH17 cells express CCR6, which responds to CCL20 expression (Singh et al. 2008). The 

different functional characteristics of the TH subsets allow the immune system to tailor the 

immune responses to combat any incoming threats in the best way possible.     

Cytokines produced by different TH subsets are critical components in the inflammatory process 

and active players in disease development. Specifically, the TH1 and TH17 signature cytokines IFN-γ 

and IL-17 are believed to be the pathogenic initiators in MS (Baecher-Allan et al. 2018). 

Overexpression of both IFN-γ and IL-17 has been identified in MS brain lesions (Lock et al. 2002, 

Tzartos et al. 2008). Their importance in the MS pathogenesis is further supported by data from 

clinical trials where IFN-γ treatment exacerbated disease (Panitch et al. 1987), and treatment with 

IL-17 antagonist could hold potential therapeutic promise, as it has been shown to reduce lesion 

formation (Havrdova et al. 2016). Furthermore, several of the MS susceptibility genes are related 

to TH1 and TH17 differentiation. For example, IL-12, a heterodimer between IL-12A and IL-12B, is 

essential for the development of IFN-γ-producing TH1 cells and IL-12B is also part of IL-23 that is 

necessary for TH17 development. However, the relative importance of TH1 versus TH17 in the MS 

pathogenesis remains unclear, and the importance of the different subsets could vary across 

individuals as well as from disease initiation to relapse and disease progression (Arellano et al. 

2017, Frisullo et al. 2008). The importance of the different TH subsets is further complicated as for 

example TH cells expressing both IFN-γ and IL-17 have been identified in patients with MS (Kebir 

et al. 2009) and CCR6+ myelin-reactive CD4+ T cells from patients express higher levels of IFN-γ, IL-

17 and granulocyte-macrophage colony-stimulating factor (GM-CSF) compared to healthy 

controls (Cao et al. 2015). GM-CSF has been identified as critical factor in the pathogenicity of TH1 

and TH17 and GM-CSF deficient mice fail to induce neuroinflammation despite expression of both 

IL-17A and IFN-γ (Codarri et al. 2011, El-Behi et al. 2011), indicating that GM-CSF is a pivotal factor 

in disease development. GM-CSF producing TH cells are significantly increased in MS compared to 

non-inflammatory neurological disorders and associated with disease severity (Hartmann et al. 

2014). In a recent publication, using high-dimensional single cell mass cytometry, an MS-specific 

TH signature was identified, characterized by expression of GM-CSF, tumor necrosis factor (TNF), 

IL-2 and CXCR4 (Galli et al. 2019). Interestingly, this GM-CSF+ TH population was not restricted to 

any particular TH subset, as both TH1, TH2 as well as TH17 cells all contributed, albeit to different 

extent, to the GM-CSF expression. Since this population did not belong to any of the classical TH 



 INTRODUCTION
  
  

28 
 

subsets, TH cells may acquire properties that do not fall into the pre-defined categories of the 

different TH subsets during pathogenic conditions, further highlighting the complexity of the 

disease pathogenesis and importance of using more unbiased approaches to discover new 

disease mechanisms.   

Regulating TH cell responses is crucial for preventing autoimmunity   

CD4+ T cells are not only crucial for promoting immunity but also for ensuring immunological 

tolerance to avoid unwanted, potentially damaging immune responses. A breakdown of self-

tolerance is thought to be the first crucial step in the MS pathogenesis that enables the normal 

repertoire of circulating naive antigen-specific T cells to become activated (Goverman 2011). 

Tolerance can be ensured in the thymus during T cell development (central tolerance) and in 

peripheral tissue (peripheral tolerance). Failure in these crucial immune-regulatory check points 

could lead to loss of immunological tolerance and disease development.  

The thymus constitutes the first avenue for controlling autoreactive CD4+ T cells, where 

thymocytes that display an unacceptable level of self-reactivity are deleted (Takahama 2006). 

Mice lacking the thymic transcription factor autoimmune regulator (AIRE), which controls the 

transcription of genes encoding for the tissue restricted antigens in the thymus (Anderson et al. 

2002), are more susceptible to EAE than wild type mice (Aharoni et al. 2013), thus supporting the 

importance of thymus for maintaining tolerance. However, a link between loss of thymic 

tolerance and MS in humans remains to be determined. Even though there are numerous 

mechanisms operating to ensure that potentially self-reacting CD4+ T cells are eliminated already 

in the thymus, the presence of autoreactive cells in MS patients and in healthy controls clearly 

demonstrates that this process is not 100% efficient (Hellings et al. 2001, Saez-Torres et al. 2002).  

There are numerous peripheral mechanisms at place for maintaining tolerance such as induction 

of anergy, clonal deletion and suppression by Treg cells (Abbas et al. 2017). Under normal 

circumstances co-stimulatory molecules, such as CD80/CD86, CD28 and CD40, are absent or very 

lowly expressed on APCs, while being induced by various stimuli in response to for example 

microbial products. When naive TH cells encounter antigens in the absence of co-stimulation it 

results in anergy and the TH cells are rendered unresponsive. This is most often the case under 

normal steady-state conditions, when APCs continuously present self-antigens to patrolling TH 

cells. Several studies point towards a significant role for co-stimulatory mechanisms in MS as 

myelin-reactive T cells from MS patients seem to be less dependent on co-stimulation compared 
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to cells from healthy controls, potentially due to increased proportion of memory cells (Lovett-

Racke et al. 1998, Scholz et al. 1998, Cao et al. 2015). Another important avenue for controlling 

immune responses and maintaining immune homeostasis is through co-inhibitory check-point 

molecules. These molecules are expressed on activated T cells and regulate T cell responses by 

inhibiting T cell activation (Chen and Flies 2013). PD-1 has for example been shown to regulate 

disease severity in EAE and blockade of PD-1 results in an accelerated and more severe form of 

EAE (Salama et al. 2003). In humans, polymorphisms in the PD1 gene appear to be associated with 

disease progression (Kroner et al. 2005). Interestingly, low levels of the co-inhibitory molecules 

TIGIT and TIM-3 were suggested as unfavorable prognostic factors in MS (Lavon et al. 2019). 

Notably, attempts to restore peripheral tolerance in MS seem so far as a potentially promising 

treatment strategy (Lutterotti et al. 2013), where a recent phase 1b trial using autologous DCs 

loaded with myelin proteins induced a tolerogenic immune response with increased frequency of 

Treg cells (Zubizarreta et al. 2019). 

Regulatory T cells in MS 

The presence of autoreactive T cells in healthy individuals underscores the importance of efficient 

control of immune responses. Treg cells play a major role as key regulators of immune homeostasis 

and self-tolerance. In a seminal paper by Sakaguchi et al., Treg cells were shown to be instrumental 

for preventing autoimmune disease (Sakaguchi et al. 1995). The importance of Treg cells became 

apparent in patients with mutations in the Foxp3 gene, the lineage-defining transcription factor of 

Treg cells, who developed a severe and fatal systemic autoimmune disorder called 

polyendrocrinopathy, enteropathy, X-linked syndrome (Bennett et al. 2001). 

There are two main types of Treg cells: (1) thymic (also called natural) Tregs that develop in the 

thymus and believed to be important for suppressing autoreactive T cells and (2) induced (or 

peripheral) Tregs that are generated in the periphery from naive CD4+ T cells to limit potentially 

damaging immune reactions (Workman et al. 2009, Bluestone and Abbas 2003). Treg cells were 

originally defined, in mice, by CD4+CD25+ (Sakaguchi et al. 1995) and were later shown to be 

regulated by Foxp3 (Fontenot et al. 2003). The majority of Treg cells express the transcription 

factor Foxp3 and its expression correlates with their suppressive capacity (Miyara et al. 2009; 

Figure 7). There are no single markers that can accurately identify Treg cells as both CD25 and 

Foxp3 are transiently upregulated in activated non-suppressive TH cells (Wang et al. 2007, 

Kmieciak et al. 2009). Indeed, Foxp3+ CD4+ T cells can be divided into resting/naive 
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CD45RA+Foxp3lo (CD25++) and activated/memory CD45RA-Foxp3hi (CD25+++) Treg cells, which differ 

slightly in their suppressive capacity and a population of non-Treg cells, defined by CD45-Foxp3lo 

(CD25++), with no suppressive abilities (Miyara et al. 2009). In addition, CD127 (the IL-7 receptor 

α-chain) has been shown to inversely correlate with Foxp3 expression and suppressive capacity 

and thus, Tregs can additionally be defined as CD127lo (Liu et al. 2006). Furthermore, Treg cells also 

express several functional markers such as the co-inhibitory receptor CTLA-4 (Miyara et al. 2009) 

and CD39, an endonuclease that mediates immunosuppression by degrading ATP (Borsellino et al. 

2007), although the expression of these markers is not exclusive to Treg cells.  

Treg cells employ an arsenal of regulatory mechanisms for mediating their suppressive effects 

where some depend on cell-cell contact such as CTLA-4, while other work through soluble 

mediators such as secretion of immune regulatory cytokines like IL-10 and transforming growth 

factor (TGF)-β (Workman et al. 2009). Treg cells from MS patients have been shown to have a 

reduced suppressive capacity as compared to Treg cells from healthy controls (Viglietta et al. 2004, 

Haas et al. 2005, Venken et al. 2008, Baecher-Allan et al. 2011). However, the definition of 

CD4+CD25+ alone could lead to inclusion of non-suppressive activated TH cells, which could 

account for some of the results. Most studies have not found any differences in the proportion of 

circulating Treg cells (Viglietta et al. 2004, Haas et al. 2005), which suggests a more qualitative 

abnormality in the Treg cells rather than quantitative. The observed Treg dysfunction appears to not 

only result from a functional defect within the Treg compartment itself (Viglietta et al. 2004), as 

patient-derived TH cells have been shown to be more resistant to Treg-mediated suppression 

(Bhela et al. 2015), implying a more heterogenous cause of the observed Treg dysfunction in MS. 

Interestingly, reduced output of Tregs from the thymus has been observed in patients with MS 

(Haas et al. 2007, Venken et al. 2008, Haas et al. 2011) and thus, thymic dysfunction resulting in 

disturbed peripheral Treg homeostasis has been suggested as a possible explanation for the 

observed Treg defects (Venken et al. 2010).   

Immune regulation during pregnancy 

During pregnancy the intimate association between mother and the developing embryo creates a 

potential problem since the maternal immune system needs to tolerate the presence of paternal 

alloantigens (non-self) in order to allow the two genetically distinct individuals to co-exist for the 

duration of pregnancy. It was previously postulated that a successful pregnancy was dependent 

upon immunological inertness of the maternal immune system (Medawar 1953). However, the 
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presence of anti-placental and anti-paternal antibodies in sera from pregnant women 

demonstrates that the semi-allogenic fetus is indeed recognized by the maternal immune system 

(Power et al. 1983, Innes et al. 1990, Billington 1992). Furthermore, the maternal immune system 

does not only recognize the fetus but also responds to it in a way that can determine the success 

or failure of pregnancy (Raghupathy 1997, Bates et al. 2002). Many analogies have been made 

between organ transplantation and pregnancy, two conditions whose success depend upon the 

immunological response to a semi-allogenic presence. However, whereas the success of a 

transplantation requires sustained immunosuppression, applying the same approach in pregnancy 

can be detrimental and lead to pregnancy loss (Mor et al. 2017). Instead, a successful pregnancy 

requires a robust and dynamic response by the maternal immune system in order to establish an 

environment that reduces the likelihood of immune rejection of the fetus. Immune modulation 

and establishment of tolerance are essential to allow for embryo implantation and continued 

growth of the developing fetus. By the end of pregnancy, immune tolerance is broken, which 

initiates inflammation and parturition, further emphasizing the immune system’s role in 

regulating normal pregnancy. At the same time, a successful pregnancy also depends upon the 

ability of the maternal immune system to respond and protect both mother and fetus against 

environmental insults if necessary. Thus, pregnancy is a unique immunological condition, 

balancing the need for immunological tolerance whilst maintaining effective immunity (Mor and 

Cardenas 2010).  

Maternal immune adaptations at the fetal-maternal interface 

The immunological changes that take place during pregnancy are most pronounced at the fetal-

maternal interface, where the close proximity between maternal and fetal-derived cells in 

conjunction with the invasive nature of the trophoblasts require tight and precise regulation in 

order to avoid triggering unwanted maternal immune responses (Figure 8). The focus of the thesis 

is related to the changes induced during pregnancy at the systemic level and hence, the local 

immunological adaptations at the fetal-maternal interface will only be described briefly. During 

early pregnancy, there is an influx of leukocytes to the maternal endometrium (decidua), 

consisting of both innate and adaptive immune cells. The decidua eventually becomes populated  

by a unique composition of immune cells that have specialized functions in order to meet the 

particular requirements during pregnancy (Svensson-Arvelund et al. 2014). The majority of early 

human decidual leukocytes are innate immune cells, where specialized uterine decidual natural 

killer (NK) cells (~70% of all decidual leukocytes) and macrophages (~20%) make up the larger 
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Figure 8. The fetal-maternal interface. During pregnancy, the developing fetus is dependent upon the 
maternal circulation for the exchange of nutrients, oxygen and waste. The placenta is a temporary organ 
connecting mother and fetus through the umbilical cord that performs this function during pregnancy. It is 
a chimeric organ, consisting of both maternal cells and fetal-derived trophoblast cells, that together forms 
the fetal-maternal interface. The main component of the placenta, the placental villous tree, consists of 
highly branching chorionic villi, the intervillous space and the decidua. Villious trophoblasts cover the villi 
through which the metabolic exchange occurs. Extravillious trophoblasts invade deep into the uterine wall, 
forming spiral arteries to allow for greater transport of maternal blood into the intervillous space and to 
provide adequate nutrition to the growing fetus. The immune response to the partly foreign trophoblasts 
is controlled and regulated by unique populations of immune cells infiltrating the decidua during early 
pregnancy. NK, Natural killer; Treg, regulatory T cell. 
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populations whereas only about ~10% are T cells (Trundley and Moffett 2004). The immune cells 

present at the fetal-maternal interface display different phenotypic characteristics from their 

counterparts in blood and are more poised towards immune regulation and control of immune 

responses (Svensson-Arvelund et al. 2014). For example, the uterine decidual NK cells (CD56bright) 

are less cytotoxic compared to the CD56dim NK cells that dominate in the peripheral circulation 

(Koopman et al. 2003) and the macrophages display M2-like characteristics with more 

immunomodulatory properties (Lidström et al. 2003, Gustafsson et al. 2008, Svensson et al. 

2011). The importance of controlling immune responses during pregnancy is also evident by the 

relative exclusion of T cells at the fetal-maternal interface (Bulmer et al. 2010) as well by the 

enrichment of Treg cells in the decidua with a more pronounced suppressive phenotype (Tilburgs 

et al. 2008, Mjösberg et al. 2010), further limiting potentially harmful T cell responses. Although 

pregnancy is mainly described as a state of tolerance, it is becoming increasingly more recognized 

that inflammatory features are required, particularly for implantation and tissue remodeling 

during early pregnancy but also during initiation of labor (Mor et al. 2017). It is evident that the 

dynamic physiological processes that follow pregnancy pose an immense immunological 

challenge for the local maternal immune system. Failure to timely and accordingly adapt to the 

changes induced during pregnancy could result in pregnancy complications.   

The influence of pregnancy on systemic immunity 

Although not as pronounced as the changes that occur locally at the fetal-maternal interface, it is 

evident that systemic alterations in response to pregnancy do take place (Svensson-Arvelund et 

al. 2014). The changes that occur during pregnancy are most likely the result of placenta-derived 

factors including cytokines, growth factors, hormones and fetal-derived microvesicles that shape 

systemic immune responses.  

Characterization of peripheral immune cells throughout pregnancy has shown that the systemic 

changes induced by pregnancy are both gestational-age dependent and cell-type specific 

(Aghaeepour et al. 2017). Furthermore, the increased susceptibility to certain infections (Kourtis 

et al. 2014) and the improvement of some T cell-mediated diseases, like MS and RA (Confavreux 

et al. 1998, de Man et al. 2008) also confirm that 1) systemic adaptations in response to 

pregnancy occur and 2) it is not a general immune suppression but a tailored response to 

maintain the integrity of the maternal immune response while allowing tolerance towards fetal 

antigens.  
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It has since long been established that the innate immune system changes during pregnancy, with 

increased number of circulating monocytes and granulocytes (Kraus et al. 2012). Moreover, there 

is also substantial evidence that not only is the number of innate immune cells increased but that 

they also show evidence of an activated phenotype (Svensson-Arvelund et al. 2014). Neutrophils 

have for example been shown to have increased production of reactive oxygen species (Sacks et 

al. 1998) and increased phagocytic activity (Barriga et al. 1994). Interestingly, pregnant women 

show decreased NK cell responses to non-specific stimulation but increased response to influenza 

virus as compared to non-pregnant women, suggesting that only specific innate immune 

responses are exacerbated (Kay et al. 2014). The increased activation of innate immune responses 

has been suggested as a mechanism to protect the mother against infections to compensate for 

the weakened adaptive immunity observed in the circulation (Sacks et al. 1999).   

Pregnancy is evidently a much more dynamic state than “immunosuppressive”, however certain 

parts of adaptive immunity are clearly altered and suppressed systemically, particularly certain 

aspects of the T cell responses since triggering of fetal-specific T cell responses could be 

detrimental to pregnancy. During pregnancy, when systemic immune tolerance is most evident, 

the in vitro response to recall antigens is altered in pregnant as compared to non-pregnant 

women, with less IFN-γ and increased IL-10 production (Shah et al. 2017). Pregnant women have 

also been shown to have decreased T cell responses after non-specific stimulation (Kay et al. 

2014). Wegmann et al. originally proposed that healthy pregnancy is characterized by a decreased 

TH1/TH2 ratio (Wegmann et al. 1993) and since then pregnancy has been characterized as a “TH2 

phenomenon” where TH1 responses have been considered incompatible with successful 

pregnancy (Raghupathy 1997). However, no differences in IL-4 and IFN-γ-producing cells have 

been observed between pregnant and non-pregnant women (Kraus et al. 2012). Clearly the 

TH1/TH2 paradigm is a simplified view of pregnancy that needs to be revised (Chaouat et al. 2004) 

and expanded into the TH1/TH2/TH17 and Treg paradigm (Saito et al. 2010, Ernerudh et al. 2011). 

Although the switch between different TH subsets might be most clear at the fetal-maternal 

interface (Saito et al. 2010, Ernerudh et al. 2011), the fact that TH1/TH17-driven diseases like MS 

and RA improve during pregnancy suggests that alterations in these subsets also occur at a 

systemic level. Santner-Nanan et al. found decreased frequency of circulating TH17 cells during 

the third trimester as compared to non-pregnant women (Santner-Nanan et al. 2009), which 

correlates with the time point during pregnancy when MS improves the most (Confavreux et al. 

1998), whereas others have reported no differences (Nakashima et al. 2010, Toldi et al. 2011). 
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Despite the importance in controlling immune responses and promoting tolerance, circulating Treg 

numbers are unaltered or even decreased (Tilburgs et al. 2008, Mjösberg et al. 2009), which has 

been proposed to be due to specific migration of Treg cells to the decidua (Tilburgs et al. 2008).   

Endocrine regulation of immune cells during pregnancy 

Normal pregnancy is characterized by pronounced changes in pregnancy-related hormone 

concentrations, with elevated levels of several circulating steroid hormones which increase 

gradually throughout pregnancy (Figure 9). Progesterone (P4) is a naturally occurring steroid 

hormone, primarily produced by the corpus luteum during early pregnancy, but after about 8-12 

weeks the placenta takes over as the major source of P4. The by far highest concentrations of P4 

are found locally in the placental tissue and may exceed 10 µM in the third trimester (Stites and 

Siiteri 1983, Arck et al. 2007). In contrast, circulating levels of P4 are much lower, starting from 3 

nM in non-pregnant women to about 200-500 nM in late pregnancy (O'Leary et al. 1991, Soldin et 

al. 2005). P4 is essential for the establishment and maintenance of pregnancy as evident by the 

fact that administration of the P4-receptor antagonist Mifepristone (RU486) results in cessation of 

pregnancy (Couzinet et al. 1986). Furthermore, lowered circulating levels of P4 have been 

associated with several pregnancy complications (Arck et al. 2008, Okabe et al. 2014, Ku et al. 

2018), and therapeutic use of P4 in pregnancy has been shown to reduce the risk of preterm birth 

in certain risk groups (Jarde et al. 2019).  

Figure 9. Schematic figure of the relative concentrations of progesterone and estrogen before, during and 
after pregnancy. The figure applies to both local (in the placenta) and systemic alterations in hormonal 
levels, although there are differences in the actual concentrations of the hormones locally versus 
systemically.  
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In general, pregnancy hormones are believed to suppress maternal alloresponses while 

promoting fetal tolerance (Schumacher et al. 2014). Indeed, besides its effect on the uterus, it is 

becoming increasingly clear that P4 plays an important role in controlling immune-endocrine 

interactions that are essential for creating a tolerant immunological environment for the fetus. 

Indeed, P4 has been suggested as one of the main candidates for driving the “TH2 dominance” in 

pregnancy (Piccinni et al. 1995). P4 has been shown to enhance IL-4 production in human CD4+ T 

cells (Piccinni et al. 1995, Lissauer et al. 2015) and could possibly suppress TH1 differentiation 

(Miyaura and Iwata 2002, Lissauer et al. 2015). There are conflicting results as to whether P4 can 

affect Treg differentiation, which could be related to differences in experimental settings and the 

species studied (Mjösberg et al. 2009, Lee et al. 2011, Lee et al. 2012). In humans, adult 

peripheral T cells were found to be largely unresponsive to P4 (Lee et al. 2011), whereas adult 

naive T cells from mice were readily converted to Foxp3+ T cells upon exposure to P4 (Lee et al. 

2012). Furthermore, numerous studies have shown that P4 not only has the ability to affect T cell 

differentiation but that it can also modulate the activity of the T cells by dampening their 

activation (Clemens et al. 1979, Chien et al. 2006, Chien et al. 2007, Hughes et al. 2013, Lissauer 

et al. 2015). This could be crucial during pregnancy since aberrant T cell activation could be 

detrimental (Arenas-Hernandez et al. 2019). Interestingly, P4 does not only appear to shape the T 

cell responses through direct effects on the T cells themselves but possibly indirectly, by 

modulating other immune cells. P4 has for example been shown to reduce the expression of co-

stimulatory molecules on DCs and P4-treated DCs show reduced capacity to stimulate CD4+ T cells 

(Butts et al. 2007, Xu et al. 2011).  

The role of estrogen in the immune system and in the immunological tolerance established during 

pregnancy is less clear since estrogen seems to have both immune regulatory and immune 

activating properties (Straub 2007, Walker 2011, Khan and Ansar Ahmed 2015). The IFN-γ 

promoter contains estrogen response elements, suggesting that estrogen could be involved in 

driving IFN-γ production in T cells (Fox et al. 1991). Furthermore, ablation of the estrogen 

receptor-α attenuates the development of systemic lupus erythematosus (SLE) (Bynote et al. 

2008) and markedly limited the inflammatory potential of the CD4+ T cells in a colitis mice model 

(Mohammad et al. 2018). Suggestively, the effects mediated by estrogen could be concentration-

dependent (Priyanka et al. 2013).  

The differential actions of sex hormones on immune cells are attributed to varying expression of 

the target receptors. P4 appears to be a promiscuous hormone that can interact with many 
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different receptors: nuclear progesterone receptors (PR), membrane progesterone receptors 

(mPR) as well as glucocorticoid receptors (GR) (Dosiou et al. 2008, Engler et al. 2017. Tan et al. 

2012; Figure 10). There are diverging findings regarding both the expression of different 

progesterone receptors on CD4+ T cells and also whether P4 works mainly by slower genomic or 

more rapid non-genomic actions through the nuclear or membrane receptors, respectively (Chien 

et al. 2006, Dosiou et al. 2008, Lee et al. 2012, Ndiaye et al. 2012). In addition, the expression of 

progesterone receptors has been shown to be activation-dependent (Szekeres-Bartho et al. 

1985).   

 

The effect of pregnancy on the thymus 

The thymus is a crucial organ in T cell immunity and is essential for maintaining the TCR repertoire 

that provides a crucial framework for the defense against the numerous pathogens that bombard 

our immune system on a daily basis (Germain 2002). It also serves as an important avenue for 

immunological tolerance, not only because most self-reactive T cells are deleted in the thymus, 

but also because Tregs, which play a major role in peripheral tolerance, are generated there (Asano 

et al. 1996, Itoh et al. 1999, Cebula et al. 2013). As the thymus decreases in size with age, its 

Figure 10. Overview of progesterone targets that induces both genomic (slower) and non-genomic (faster) 
pathways. GR, glucocorticoid receptor; m, membrane; PR, progesterone receptor; PGRMC, progesterone 
receptor membrane component.  
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relative contribution to the peripheral T cell pool remains poorly understood. Several studies 

support a significant role for the thymus in T cell regeneration, even during aging, most evidently 

during certain T cell-lymphopenic conditions (Douek et al. 1998, Ferrando-Martinez et al. 2017). 

Also, increased mortality in elderly is associated with failure of thymic function (Ferrando-

Martinez et al. 2013), and early life thymectomy increases the risk for certain autoimmune 

diseases, infections, cancer and asthma (Gudmundsdottir et al. 2018). Additional evidence for a 

continued importance of thymus in maintaining peripheral tolerance comes from observations of 

increased occurrence of systemic autoimmune diseases after thymectomy (Gerli et al. 1999, Park 

et al. 2004), as well as from the role of thymus-derived Tregs in autoimmune diseases (Haas et al. 

2007, Chen et al. 2009) and in tolerance towards commensal microbiota (Cebula et al. 2013). 

During mammalian pregnancy, the thymus decreases in size (Clarke and Kendall 1994) and it has 

been speculated that this apparent evolutionary conserved mechanism reduces or alters the 

output of TH cells from the thymus, which could be an important component of maternal immune 

regulation (Tibbetts et al. 1999, Zoller et al. 2007). While thymic involution seems to be required 

for normal fertility in mice (Tibbetts et al. 1999), the functional importance of this pregnancy-

induced involution is unclear. Indeed, thymus function in mice appears to be maintained to some 

extent during pregnancy (Kendall and Clarke 2000). However, in mice the naive T cell pool is 

sustained almost exclusively by thymic output throughout life whereas in humans the 

maintenance mostly relies on homeostatic proliferation of the existing peripheral T cell pool (den 

Braber et al. 2012). Thus, these differences in kinetics suggest that data from mice models should 

be extrapolated with caution. A role for thymic-derived Treg cells has been suggested in pregnancy 

complications (Wagner et al. 2015, Wagner et al. 2016), which supports the importance of the 

thymus in immune regulation during pregnancy.  

Identifying T cells with recent thymic origin 

Thymic function can be estimated by analyzing the output of T cells from the thymus. The T cells 

that have most recently completed thymic development and egress to join the circulating pool of 

peripheral T cells are called recent thymic emigrants (RTEs) (Fink 2013). RTEs are phenotypically 

and functionally distinct from their circulating mature naive (MN) counterparts (Kimmig et al. 

2002, Berkley et al. 2013, Fink 2013). One of the major challenges in studying thymic output in 

humans has been the lack of unambiguous markers to reliably distinguish these cells from the rest 

of the peripheral T cell pool. To date, two markers have emerged as stable and consistent markers 
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of RTEs; the expression of the surface marker CD31 (PECAM-1) (Kimmig et al. 2002), and an 

enrichment of intracellular episomal DNA fragments, T cell receptor excision circles (TREC), 

generated during the T cell receptor rearrangement in the thymus (Douek et al. 1998; Figure 11). 

As TRECs are not duplicated during mitosis, they are diluted with each cell division. Post-thymic 

homeostatic proliferation and priming of RTEs into memory T cells cause decreased TREC content, 

which is also paralleled by a loss of CD31 expression. Consequently, CD31+ naive T cells with a 

recent thymic origin have a higher TREC content as compared to CD31- naive T cells (Kimmig et al. 

2002), which have persisted in the periphery for some time.  

  

Multiple sclerosis and pregnancy 
The view of pregnancy and MS has changed since the 1950´s, when women with MS were actually 

discouraged from having children and even recommended abortion in case of pregnancy because 

it was believed to worsen the disease (Sjögren and Lycke 2007). On the contrary, disease activity 

is typically decreased during pregnancy. In the seminal paper published in 1998 by Confavreux et 

al., the effect of pregnancy on disease activity in MS was investigated in a large prospective study, 

which revealed that pregnancy markedly reduced the relapse rate, particularly during the third 

trimester when there was an almost 70% reduction in relapse rate (mean 0.2 relapses/women 

/year as compared to 0.7 before pregnancy) (Confavreux et al. 1998; Figure 12). This is 

Figure 11. Dynamics of the circulating peripheral T cell pool.   
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comparable to the effect achieved with Natalizumab, one of the best available treatments for MS 

today (Polman et al. 2006). However, a temporary worsening in the three months following 

delivery was also observed (1.2 relapses/women/year), after which the relapse rate returned to 

the pre-pregnancy rate. Several studies have since confirmed these findings (Saraste et al. 2007, 

Finkelsztejn et al. 2011, Hughes et al. 2014), which became classic and virtually undisputable. 

However, recent studies show that the natural history of pregnancy and MS is changing in the 

evolving treatment era where the large positive effect of pregnancy on disease activity is less 

clear (Alroughani et al. 2018, Das et al. 2018) 

The long-term effects of parity in MS are less clear. Early observations showed protective effects 

of pregnancy on the risk of MS onset (Runmarker and Andersen 1995, D'Hooghe M et al. 2010), 

and parity has been associated with a better prognosis in MS (Runmarker and Andersen 1995, 

D'Hooghe M et al. 2010). However, other studies have failed to demonstrate long-term beneficial 

effects of pregnancy in MS (Thompson et al. 1986, Weinshenker et al. 1989, Stenager et al. 1994). 

One major caveat is that women with less severe disease choose to become pregnant more often 

than women with more severe disease, thus introducing a selection bias. However, a study 

including only women with a first demyelinating event still showed strong and significant effect of 

pregnancy to reduce the risk for subsequent development of MS (Ponsonby et al. 2012), although 

this was recently challenged (Zuluaga et al. 2019). Even though there are divergent findings 

regarding the effect of pregnancy in the long-term, it is at least evident that pregnancy does not 

have a negative long-term effect on the disease course. 

 

Figure 12. The natural history of MS during pregnancy (Confavreux et al. 1998). Picture printed with 
permission from Massachusetts Medical Society.   
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Why do patients with multiple sclerosis improve during pregnancy? 

It is evident from clinical data that pregnancy has a profound effect on the disease course, not 

only in MS but also in several other chronic inflammatory diseases (Confavreux et al. 1998, 

Raychaudhuri et al. 2003, de Man et al. 2008), which underscores the need to identify the 

underlying biological mechanisms responsible. The fact that autoimmune diseases like SLE may 

worsen during pregnancy (Petri et al. 1991) suggests that the beneficial effect of pregnancy on 

MS is most likely a consequence of immune-endocrine interactions and an altered maternal 

immune response during pregnancy. Indeed, there are many immunological changes that takes 

place during pregnancy that could be involved in mediating the pregnancy-induced effects such as 

the dramatic change in the levels of several hormones and changes in immune phenotype and 

function of many different immune cell populations (Patas et al. 2013). For example, a shift to 

more TH2 responses away from the disease-promoting TH1/TH17 responses have been suggested 

as a possible explanation (Al-Shammri et al. 2004, Gilmore et al. 2004, Airas et al. 2008). Several 

studies have shown that alterations in immunological systemic parameters occur during 

pregnancy in MS (Saraste et al. 2007, Iorio et al. 2009, Gilli et al. 2010, Iannello et al. 2018, 

Spadaro et al. 2019), although the importance of these changes remains to be determined. In this 

thesis, we are adding to the knowledge and investigating mechanisms related to the immune-

endocrine interactions and thymic regulation of CD4+ T cells that could potentially play a role in 

mediating some of the pregnancy-induced effects in the improvement of chronic inflammatory 

diseases like MS.    
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Aims 

The general aim of this thesis was to use pregnancy as a model of successful immune regulation 

to define mechanisms and factors responsible for the dysregulated immune system in MS to 

increase our understanding of how tolerance mechanisms induced during pregnancy could 

contribute to improvement of the disease. More specifically, the thesis focuses on immune 

regulatory mechanisms related to CD4+ TH cells.  

Specific aims 

• The aim of paper I was to characterize the response to CD4+ T cell activation in patients with 

MS to identify genes and molecules that were abnormally regulated upon activation. 

Furthermore, we aimed to investigate if activated cells revealed the same or a different 

pattern of aberrations as compared to resting cells.  

 
• The aim of paper II was to investigate how the pregnancy hormone progesterone affects CD4+ 

T cell activation to see if P4 promotes immune responses that could contribute to the 

pregnancy-induced improvement of MS. 

 
• The aim of paper III was to explore the role of thymus in pregnancy by investigating if the 

output of CD4+ conventional T cells and Treg cells is altered during pregnancy.  
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Study design and methodological considerations 

Subjects 

Subject characteristics 

In paper I, all MS patients (including early MS and CIS) were included at the Department of 

Neurology, Linköping University Hospital, Sweden. All patients with MS were diagnosed according 

to the McDonald criteria from 2010 (Polman et al. 2011). From the primary patient cohort, CD4+ T 

cells were isolated from 16 women (median age at inclusion 40.5 yrs, range 26-52). None of the 

patients had experienced a relapse within 3 months prior to sampling and none (except one) had 

received any immunomodulatory treatment for at least 2 months before. 16 age-matched 

controls, (median age 41.5, range 27-51) were recruited among healthy female blood donors at 

Linköping University Hospital. Plasma and/or CSF samples from three independent cohorts were 

used to validate the clinical relevance of our findings. The second cohort consisted of 41 patients 

with early MS (n=22, RRMS) or CIS (possible MS, n=19), median age 31 yrs (range 21-62) 

(Håkansson et al. 2017, Håkansson et al. 2018). None of the patients had received any previous 

treatment. The patients were followed for two years and classified into “no evidence of disease 

activity” (NEDA) (Rotstein et al. 2015) or not. Eleven age-matched controls (median age 30 yrs, 

range 22-47) were recruited among healthy blood donors. CSF samples from a third cohort of MS 

patients (n=15; median age 34 yrs, range 25-46) were included (from a larger cohort of ≈70 

patients, followed before and after treatment with Natalizumab, described in more detail in 

Mellergård et al. 2010, Mellergård et al. 2013, Gustafsson et al. 2014). Nine patients were chosen 

that did not fully respond to treatment (low responders) and were paired according to age, sex 

and EDSS to six patients that had not experienced a relapse at the follow-up after treatment with 

Natalizumab for 3 years (high responders). Further, an additional cohort of patients with RA 

(n=40), SLE (n=43) and healthy controls (n=40) were also included. Details regarding these 

patients have been described elsewhere (Ighe et al. 2015, Svärd et al. 2015). Further details 

regarding the study cohorts are found in paper I.      

In paper II, blood samples were collected from healthy non-pregnant women (n=13, median age 

32 yrs, range 25-43), recruited at Linköping University or Linköping University Hospital. None of 

the women were taking hormonal contraceptives or any other medications.  
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In paper III, blood samples were collected from 2nd trimester (n=30, median age 28 yrs, range 22-

34) and 3rd trimester (n=26, median age 28 yrs, range 19-35) healthy pregnant women, recruited 

at the maternity care unit at Vrinnevi Hospital, Norrköping. All women were healthy and showed 

no signs of pregnancy complications at the time of inclusion. Review of medical records after 

delivery, 3 women were excluded because they were not considered as normal pregnancies. 

Healthy non-pregnant women (n=30, median age 27.5 yrs, range 22-38) were recruited amongst 

students and personnel at Linköping University or Linköping University Hospital.  

Ethics statement 

Informed written consent was obtained from all participants prior to inclusion and sample 

collection. All the collected samples were anonymized (coded) and stored in biobanks owned by 

Region Östergötland. All results are presented at a group level and participants do not receive 

information regarding individual results. Any information about the study participants are handled 

in accordance with the General Data Protection Regulation (GDPR) and the subjects can at any 

time withdraw their participation from the study. All studies were approved by the Regional Ethics 

Committee in Linköping. 

Evaluation of disease status and activity 

In paper I, information regarding disease course and activity, past and current treatments was 

collected using medical records and the Swedish MS Registry. All included patients were clinically 

examined by a neurologist. EDSS was used to assess disability and multiple sclerosis severity score 

(MSSS) to determine disease severity. Disease scoring was performed in close proximity to 

inclusion except in the early MS/CIS cohort and in the response-to-treatment cohort where EDSS 

and MSSS were evaluated at multiple occasions following inclusion. Furthermore, patients 

included in the early MS/CIS cohort were also classified into NEDA (Rotstein et al. 2015) or not at 

the two-year follow-up.  

Expanded Disability Status Scale and Multiple Sclerosis Severity Score  

EDSS is one of the most commonly used method for measuring disease disability in MS (Kurtzke 

1983). The evaluation of EDSS is based upon eight Functional Systems (FS): pyramidal tract 

function, cerebellar function, brain stem function, sensory function, bowel and bladder function, 

visual function, higher cerebral function and other functions where scoring is done based upon 
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careful neurologic examination. The sum of the individual FS scores are used to define the actual 

EDSS score. The scale ranges from 0-10 where 0 is no sign of nerve damage and 10 is death 

caused by MS (Figure 13). The lower EDSS scores (0-4.5) refers to fully ambulatory patients and is 

based mainly on scoring of the FS whereas EDSS score 5.0-9.0 are defined as impairment in 

ambulation. Despite the general international acceptance of the EDSS, there are several 

limitations that needs to be taken into account (van Munster and Uitdehaag 2017). One caveat is 

that the clinical phenotypes are unevenly distributed across the scale and it is biased towards 

ambulatory function. Furthermore, there are several clinical symptoms that are not thoroughly 

assessed such as cognitive function and fatigue, common symptoms in MS patients. However, 

EDSS is still the most widely used outcome measure in clinical trials and if performed routinely at 

the clinic, it gives a rough estimate of the patient’s functional level and disability that can be used 

to for example estimate and follow disease activity in relation to treatment.        

MSSS is a measure that combines disease disability (as defined by EDSS) and disease duration to 

give an approximate rate of disease progression and severity (Roxburgh et al. 2005).  

No evidence of disease activity (NEDA) 

Disease-free status or NEDA is a currently evolving concept that has become a treatment goal and 

new outcome measure in MS (Rotstein et al. 2015). Clinically, NEDA status provides a valuable 

composite measure as an overall assessment of disease activity in individual patients, taking into 

account relapses, disability progression and MRI activity. NEDA is defined as the absence of new 

             Figure 13. The Expanded Disability Status Scale. 
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or enlarging T2 lesions or gadolinium enhancing lesions and no relapses or sustained EDSS score 

progression whereas patients with relapses, brain MRI activity or sustained disability worsening 

are classified as showing evidence of disease activity (EDA).         

Experimental design 

In the following sections, certain aspects of the experimental design and methods used in Paper I-

III will be described and discussed. An overview of the different methods used in the thesis are 

shown in Table I. More detailed information regarding experimental and statistical procedures are 

described in the respective papers.  

 

 

 

 

 

 

 

 

 

Peripheral blood as a tissue to study immunological mechanisms in MS 

In this thesis, we investigated peripheral mechanisms that could be involved in mediating the 

pregnancy-induced effects observed in MS. Although the detrimental inflammation occurs in the 

CNS, as previously mentioned there is ample evidence that during earlier stages of the disease, 

peripheral dysregulation of immune responses is a main driver of disease (Dendrou et al. 2015). 

Indeed, even though there has been an increasing need to identify more easily available 

biomarkers in blood as compared to CSF, it is clear that it is harder to identify biomarkers in 

peripheral blood that accurately reflect CNS inflammation (Hellberg et al. 2016, Håkansson et al. 

2017, Håkansson et al. 2018). Thus, one could question if and how well the inflammatory 

processes in the brain is reflected in the systemic circulation. Furthermore, the effects induced 

  Paper I Paper II Paper III 
MACS 

   

Blood CD4+ x x x 
FACS   x 
Flow cytometry x x x 
Multiplex Bead Assay x   
Proximity Extension Assay  x  
ELISA x   
RT-PCR   x 
Microarray x   
RNA sequencing  x  

Table I. Overview of the methods used throughout paper I-III 

ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; MACS, magnetic-
activated cell sorting; RT-PCR, real time polymerase chain reaction.  
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during pregnancy are most likely mainly confined to the peripheral circulation, although one 

cannot rule of that pregnancy could directly affect the CNS itself. However, from a clinical point of 

view it is important to identify peripheral mechanisms and biomarkers that are involved in 

promoting disease at the earlier stages because once the inflammatory response becomes 

confined behind a sealed blood-brain barrier it becomes harder to target. Initiating treatment as 

early as possible is crucial to dampen disease activity and halt disease progression (Chalmer et al. 

2018), which further supports the importance of peripheral mechanisms in driving disease as 

most current treatments mainly target the peripheral immune system. Thus, our overall design in 

the papers in the thesis allows us to identify and draw conclusions about potential peripheral 

mechanisms that could elucidate pathophysiological mechanisms in MS and why patients with MS 

improve during pregnancy. Although these mechanisms could be important for driving early 

disease, the design limits our ability to draw conclusions regarding possible CNS-related disease 

mechanisms or how systemic changes during pregnancy could affect the local inflammatory 

responses in the CNS.   

In vitro assay to study T cell activation 

In paper I and II, we established and optimized an in vitro model to study CD4+ T cell activation. 

Isolated CD4+ T cells were cultured unstimulated (unactivated) or stimulated (activated) through 

the TCR (anti-CD3 antibodies) and the co-stimulatory CD28 receptor (anti-CD28 antibodies), 

mimicking the in vivo activation of T cells by antigen-presenting cells (Bretscher 1999, Sharpe and 

Freeman 2002; Figure 14). The unactivated CD4+ T cells were included in all experiments to define 

baseline characteristics and to be able to determine changes induced by the T cell activation. We 

used a low-moderate level of stimulation, based mainly on the level of expression of the T cell 

activation marker CD69 (Simms and Ellis 1996). In MS, only a few CD4+ T cells are expected to be 

pathologically relevant and in pregnancy the situation of alloantigen “awareness” would be 

expected to result in a more moderate level of T cell activation. Thus, we aimed to mimic the level 

of activation that would be more physiologically relevant to both MS and pregnancy rather than 

inducing a strong and widespread activation of all T cells. One important aspect, particularly in 

paper I, is that we chose to use a generic T cell stimulation rather than an antigen-specific to 

study T cell activation. However, we hypothesized that patients with MS would display a 

dysregulated response to T cell activation irrespective of antigen-specificity. Furthermore, in MS, 

the nature of the disease-promoting T cells remains unclear and seems to vary between patients 

and hence, it is harder to study pathologically relevant T cell responses in an individual context.  
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The process of T cell activation, ranging from initial activation to proliferation and subsequent 

differentiation takes up to several days and depending on the length of stimulation the in vitro 

activation will reflect different aspects of this process. We stimulated the CD4+ T cells between 6-

24 hrs to capture the events that occur early in the T cell activation, a central step as it shapes the 

subsequent T cell responses (Yamane and Paul 2013). Furthermore, the short time span of 

activation allowed us to study responses that occur before the T cells start to proliferate (Wells et 

al. 1997, Soares et al. 2010), which reduces potential in vitro effects that could impact the 

interpretation and generalization of the results. However, the shorter time of stimulation limits 

our ability to draw conclusions about processes that occur later during the T cell activation.   

The relevance of using an in vitro model of T cell activation for studying in vivo processes is a 

central question. One major objection is that the in vitro model of isolated immune cells that we 

have used is an oversimplified system to mimic complex in vivo interactions, where many factors 

absent in vitro could play a major role in vivo. However, given the complexity of the immune 

system it would be difficult to capture and study all aspects simultaneously whilst also being able 

to pinpoint and draw conclusions about for example important disease-promoting mechanisms. 

Furthermore, the findings and the approaches we took in paper I validate the relevance of our in 

vitro model of T cell activation, as we were able to take our in vitro findings and validate them in 

more in vivo-like settings and in different patient cohorts. 

  

Figure 14. In vitro model of T cell activation. CD4+ T cells were isolated from peripheral blood and cultured 
for up to 24 hrs in the absence or presence of plate-bound anti-CD3 and anti-CD28 antibodies. The level of 
activation was determined based on flow cytometric analysis of CD69 expression.    
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T cell activation in the presence of progesterone 

In paper II, we used our established in vitro model to study T cell activation in the presence of P4. 

Freshly isolated CD4+ T cells were pre-incubated in the presence or absence of different 

concentrations of P4 prior to T cell activation (Figure 15). Many studies investigating the effect of 

P4 on T cells have performed the T cell activation while simultaneously adding P4 (Lee et al. 2012 

Mjösberg et al. 2009, Lissauer et al. 2015). We decided to pre-incubate the cells with P4 prior to 

activation to resemble more the in vivo situation where the cells would be constantly exposed to 

P4 prior to antigen challenge.  

We decided to use three different concentrations of P4 to be able to evaluate if P4 had a dose-

dependent effect on the CD4+ T cells. We used concentrations that are similar or slightly higher 

but still comparable to those found physiologically at the fetal-maternal interface during 

pregnancy (Arck et al. 2007). Of note, reliable information about local concentrations of P4 are 

scarce and most likely the concentrations in close proximity to the cells in the tissue are higher. 

We did observe an effect with the lowest concentration of P4 (10 µM), corresponding to the 

highest concentration reported in the literature during pregnancy, although the observed effect 

was more pronounced with increased concentrations. Thus, we chose to perform a more in-depth 

analysis on the cells exposed to the highest concentration of P4. Although high hormone 

concentrations were needed to see a clear effect, we do believe that the results are 

physiologically transferable, which is strengthened by the observed dose-dependent response. It 

should also be noted that in many instances translating in vivo concentrations to an in vitro setting 

is challenging, particularly when using isolated cells.   

Microarray and RNA sequencing to study gene expression 

In paper I and paper II, we wanted to investigate the global gene expression profile in CD4+ T cells, 

not analysing single or a few groups of genes but investigating the expression of thousands of 

genes simultaneously. We used two different technologies, microarray (paper I) and next 

generation RNA sequencing (RNA-seq; paper II) for this purpose. In paper I, we compared the 

gene expression profile of unactivated and activated CD4+ T cells separately between patients and 

controls. However, since we also wanted to capture a potential difference in response to 
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activation between the groups, the gene expression in unactivated cells was subtracted from the 

expression in activated cells to capture the dynamics of the response to the T cell activation. 

Similar reasoning was applied in paper II but instead changes in gene expression were compared 

between CD4+ T cells activated in the presence of P4 as compared to CD4+ T cells activated in the 

absence of P4.   

Since the beginning of large-scale gene expression studies, microarray has been the most widely 

used technique and allowed for interrogation of a large number of genes in a more unbiased 

manner than what was previously possible at the time (Zhao et al. 2014). One of the major 

drawbacks with microarray technologies is that it is limited to investigation only of the genes for 

which the probes are designed, which in turn is based upon a priori knowledge regarding the 

sequence of the human genome. Similar to microarray, RNA-seq also allows for investigation of 

gene expression on a large scale, although in an even more unbiased manner, since it is not based 

upon the current state of knowledge. RNA-seq is now the technique to use for whole-genome 

transcriptome profiling and is rapidly replacing microarray platforms. Furthermore, RNA-seq also 

avoids a lot of the technical bias associated with hybridization-based approaches like microarray, 

which allows for more direct comparisons across different experiments (Wang et al. 2009). To 

minimize the technical bias when using microarray (paper I), samples between groups were 

evenly distributed across the arrays, and although not all samples were analysed at the same 

time, the same batch of arrays and the same machine was used for all samples. Although we used 

similar statistical approaches to investigate differentially expressed genes for data generated by 

Figure 15. T cell activation in the presence of progesterone. Freshly isolated blood CD4+ T cells were pre-
incubated for 20 hrs with or without different concentrations of P4. Following pre-incubation, the cells were 
cultured unactivated or activated by plate-bound anti-CD3 and anti-CD28 antibodies in the absence or 
presence of P4 for 6, 24 and 72 hrs. 72 hrs were included for protein measurements only. Green colored cells 
represent those that were not exposed to P4, blue colored cells represent cells that have been exposed to P4 
and red cells represent activated cells. The response to activation was characterized by flow cytometry, RNA 
sequencing and proximity extension assay for secreted proteins in culture supernatants. P4, progesterone.   
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both platforms, RNA-seq data poses additional challenges as it requires more thorough pre-

processing of the data prior to analysis. Even though gene expression data is generated and 

processed in completely different ways between the two platforms there is still a high overlap in 

the identified differentially expressed genes (Marioni et al. 2008, Zhao et al. 2014). An overview of 

both microarray and RNA-seq is shown in Figure 16.  

Regarding the statistical analysis of the data, analysing such a large number of genes in 

combination with rather few replicates presents a significant challenge in terms of mass 

significance. We used false discovery rate (FDR) to reduce the risk of mass significance. However, 

this rather strict statistical approach also increases the risk of not finding biologically relevant 

differences. Indeed, in paper I, we used the nominally differentially expressed genes instead of 

the FDR corrected p-values because we decided to replace the single gene analysis by instead 

analysing groups of genes and their functional and biological significance from a network-based 

perspective.  

Technical aspects and pre-processing of RNA sequencing data 

RNA-seq generates millions and millions of short reads. The length of the reads is determined by 

what you are interested in studying but for expression profiling around 100-150 base pairs (bp) is 

commonly used, depending on the sequencing platform (https://support.illumina.com) 

(Chhangawala et al. 2015). The samples included in paper II were sequenced 2x100 bp on the 

NovaSeq6000 (Illumina) at Science for Life Laboratory, the National Genomics Infrastructure 

(NGI), Stockholm Sweden. Paired end sequencing was chosen over single end because as the 

fragments are sequenced from both ends it enables more accurate read alignment. Unlike 

microarray data that requires relatively little pre-processing of the raw data prior to differential 

expression analysis, data generated from RNA-seq requires extensive pre-processing. One should 

be aware that there are as many different variations on how to process the data as there are 

applications of the technology and that no single analysis pipeline can be used in all cases. 

Therefore, it is important to choose the analysis tools that are most suitable for the data type 

generated, and the type of biological questions asked and to be aware of the advantages and 

disadvantages of using different pre-processing pipelines.  The main components of the pre-
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processing are quality control of the reads (including adapter removal and trimming of low-quality 

reads), read alignment to the reference genome, transcript assembly and identification and 

transcript quantification (Conesa et al. 2016; Figure 17). We used the RNA-seq Best Practice 

Pipeline (NGI-RNAseq) developed by NGI at SciLifeLab in Stockholm for processing the data 

(https://github.com/nf-core/rnaseq). Briefly, FastQC was used for read quality control and Spliced 

Figure 16. Microarray and RNA sequencing. Microarray: mRNA is converted into cDNA and labelled with a 
fluorescent dye, Cy3, and hybridized to the array (one color array). The array consists of DNA fragments of genes 
where the fragments of a gene are assigned to a specific location on the array. The fluorescent cDNA will bind to 
the complementary spot (probe) on the array. Differences in gene expression are revealed by the fluorescent 
patterns on the array. RNA-seq: from total RNA, mRNA is selected using poly-A-selection before first and second 
strand cDNA synthesis. The 5’ and 3’ ends are repaired and prepared for adapters, which contain a unique 
barcode (required for multiplexing) and primer binding sites. The adapters present on the cDNA fragments are 
covalently bound to complementary oligonucleotides attached on the surface of the flow cell. Several rounds of 
PCR amplification (bridge amplification) generate clusters of cDNA fragments that can be sequenced with the 
addition of one nucleotide per cycle. Fluorescence intensity values for each nucleotide are converted to 
nucleotide identity.  
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Transcripts Alignment to a Reference (STAR) (Dobin et al. 2013) was used to align the reads to the 

human reference genome (Genome Reference Consortium Human Build 37, GRCh37). When 

aligning the reads to the reference genome, it is important to consider that reads aligned at exon-

exon junctions will be split into two fragments and that the aligner of choice should take this into 

account in order to accurately identify novel transcripts generated by alternative splicing. Stringtie 

(Pertea et al. 2015) was used for transcriptome reconstruction and abundance estimation of the 

transcripts. Important to consider is that the number of reads overlapping with a particular gene 

cannot be directly translated into gene expression levels because read counts depend on 1) the 

transcripts own expression, 2) its length, 3) sequencing depth and 4) the expression of all other 

genes within the sample. Therefore, read counts need to be normalized against the fraction of 

reads assigned to each gene relative to the total number of reads and with respect to the entire 

RNA repertoire. The purpose with normalizing the read counts is to eliminate variations between 

samples that are not related to the biological differences of interest.    

Networks and modules for identifying disease-relevant genes 

In paper I, we investigated the difference in response to T cell activation between MS patients and 

healthy controls by analysing changes in gene expression. Besides using a traditional bioinformatic 

approach to look for differentially expressed genes, we also decided to use a network-based 

approach to look for disease-relevant genes, thereby shifting the focus from single genes to 

groups of related genes instead. The reasoning behind using these types of bioinformatic tools is 

that complex diseases like MS are not the result of an abnormality in one or a few genes but 

instead rather reflect the interplay between many genes and their corresponding proteins. Genes 

do not operate as independent units but form complex interacting systems where the function of 

one gene is defined by its interactions with other genes. Networks are a graphical representation 

of these complex interactions, where genes and proteins are represented as nodes and the 

interactions between them as edges (Figure 18). Networks are generated computationally by 

mapping gene expression data onto the protein-protein interaction (PPI) network, meaning that 

each corresponding gene is mapped to its matching protein product. One important property 

regarding networks is that functionally related nodes tend to be highly interconnected and co-

localize within the network, forming distinct modules (Gustafsson et al. 2014). This is particularly 
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true for diseases where proteins that are encoded by disease-associated genes tend to co-localize 

more often than expected by random and form distinct disease modules (Figure 18), indicating a 

functional relationship (Goh et al. 2007). The major advantage with using network-based 

approaches is to identify functional relationships among genes that most likely have a higher 

biological significance than just looking at individually differentially expressed genes by 

conventional statistical methods. Furthermore, in our module we also included not only gene 

Figure 17. Pre-processing of RNA-seq data prior to differential expression analysis.  
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products that were functionally interconnected in the PPI network, but also other tightly 

interconnected proteins, which include genes that were not present in our list of differentially 

expressed genes but that could still be of biological importance due to their close interactions 

with other genes. However, even though using a systems biology approach to analyse large scale 

data sets is an attractive option that is becoming increasingly used, it is still important to motivate 

that using these kinds of statistical methods is reasonable from a biological perspective.  

There are several limitations in using networks based on the PPI network that should be 

considered when analysing and interpreting the results. One of the primary objections is that the 

networks rely on the PPI network which is estimated to cover about 20% of the complete 

interactome and thus, we are drawing conclusions regarding disease mechanisms based on a map 

of the interactome that is incomplete (Menche et al. 2015). Also, there is a large knowledge-bias 

where the interactome mainly reflects well-known, well-studied disease genes whereas unknown 

disease genes will be absent. However, despite the general incompleteness of the interactome, in 

terms of certain diseases like MS, the interactome seems to have sufficient coverage to allow for 

investigation of disease-related mechanisms (Menche et al. 2015).    

RT-PCR for measuring TREC content in CD4+ T cells 

In paper III, we optimized a Taqman RT-PCR assay, based on the method previously published by 

Sairafi et al. (Sairafi et al. 2012), to measure TREC content in flow cytometry sorted populations of 

naive and memory conventional T cells (Tconv) and Tregs. TCR rearrangement has been reported to 

take place for all TCR genes and since TRECs are generated following each rearrangement there 

are several aspects that need to be considered when defining the optimal target TRECs; (1) it 

should detectable in peripheral T cells,;(2) be representative of thymic output and (3) should not 

be substantially diluted before the T cells enter the peripheral circulation (Hazenberg et al. 2001). 

Figure 18. Networks and modules. Genes do not act as independent units but form intricate webs based on 
interactions with other genes, which are used as basis for constructing networks. Disease related genes/gene 
products form modules within the network that can be used to gain novel knowledge regarding disease 
mechanisms, biomarkers and potential treatment targets.    
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Therefore, TRECs generated during early rearrangement of the TCR are not suitable because of 

the massive thymocyte expansion that follows these events. For example, TCRB TRECs are 

strongly diluted in the thymus and therefore detected at considerably lower levels in the 

circulation than TRECs produced during the late TCR gene rearrangements such as deletion of the 

TCRD gene or TCRA gene rearrangement. In αβ-T cells, deletion of the TCRD gene with the TCRA 

locus is required for productive rearrangement of the TCRA gene. This rearrangement results in a 

δRec-ψJα signal joint TREC (sjTREC) and a coding joint TREC (Figure 19). These TRECs are 

generated in approximately 70% of the rearrangements (Verschuren et al. 1997) and thus 

constitute the most common TRECs in αβ- T cells, which makes them most suitable for assessing 

thymic output of this population. Also, the δRec-ψJα TRECs are only minimally diluted in the 

thymus, because of the limited proliferation that takes place between the TCRD deletion and 

TCRA rearrangement, and thereby making them relatively easy to detect in peripheral T cells 

(Douek et al. 1998). We chose to analyze the δRec-ψJα sjTREC content since current PCR-based 

TREC methods cannot accurately distinguish between the δRec-ψJα coding joint that is found on 

one allele on genomic DNA and the δRec-ψJα coding joint residing within the Vα-Jα sjTREC. The 

primers and probes used have previously been validated by others and developed for screening of 

immunodeficiencies in newborns (Douek et al. 2000, Nobile et al. 2004, Chan and Puck 2005, 

Baker et al. 2009, Sairafi et al. 2012). To validate the PCR assay, we analyzed TREC levels in a 

Figure 19. Molecular generation of δRec-ψJα signal joint TREC. Rearrangement of the TCRAD locus results in 
the generation of signal joint and coding joint TRECs. The primers and probes used for detection of the δRec-
ψJα signal joint TRECs are shown in the figure. TREC, T cell receptor excision circle.   
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subset of naive and memory Tconv and Treg cells to show that TREC levels are as expected higher in 

cells with a naive phenotype (Paper III, Figure 1C). Because TREC levels are considerably affected 

by proliferation we also analyzed Ki67 expression, as a marker of proliferation, by flow cytometry.         
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Results and Discussion 
 

Dysregulated response to CD4+ T cell activation in patients with 
MS 
CD4+ T cells are essential in the MS pathogenesis and T cell activation in itself is a crucial event for 

initiation and propagation of MS (Dendrou et al. 2015). Surprisingly, no studies have yet 

investigated the response to T cell activation in MS at the transcriptomic level, looking at changes 

in not only a few but on thousands of genes simultaneously. Previous gene expression profiling 

has mainly been performed on resting, i.e. unactivated immune cells, which has failed to show 

consistent results (Kemppinen et al. 2011). In paper I, we therefore decided to perform gene 

expression profiling of both unactivated and activated CD4+ T cells from MS patients and healthy 

controls as we hypothesized that the response to activation would better reveal new disease-

relevant genes that had not previously been discovered using conventional profiling of resting 

cells.  

Response to TCR-mediated stimulation in patients with MS 

Using an in vitro model of T cell activation, we investigated changes in gene expression in 

response to T cell activation in MS patients and healthy controls. There were no differences in 

response to activation based on the surface expression of CD69 (Figure 20A). There were many 

genes that were nominally differentially expressed (p<0.05, not corrected for multiple testing) 

between patients and controls upon activation, suggesting that even though the T cells “appear” 

to respond similarly to activation, according to CD69 expression, it induces changes at the 

transcriptomic level that could alter the T cell response in patients versus controls (Figure 20B). 

Furthermore, in order to assess the dynamic changes that occur in response to T cell activation, 

which are not captured adequately when solely taking into account the gene expression levels in 

unactivated and activated cells separately as this represents two end-point measures, the gene 

expression in unactivated cells was subtracted from the gene expression in activated cells to find 

what is hereon referred to as the dynamic response (DR) genes (Figure 20B). However, when 

adjusting for genome-wide testing, no differentially expressed genes (DEGs) were found for any of  
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the three gene sets, which is in agreement with previous studies (Ratzer et al. 2013, Brorson et al. 

2019), showing only few, if any, differences when comparing gene expression in CD4+ T cells from 

MS patients and controls.  

Differentially expressed genes in response to activation are enriched for MS-
associated GWAS genes  

The nominally DEGs were used to investigate differences in groups of genes and their biological 

significance rather than focusing on differences in single genes. The biological significance of the 

DEGs were investigated by using previously known risk genes associated with MS from a large 

GWAS (Sawcer et al. 2011). In order to increase the chance to detect potential differences, a 

moderate stringency cut off (p<10-5) was used, which resulted in the identification of 760 MS-

associated SNPs that mapped, through the closest transcription start site, to 216 unique MS 

genes. Both the unactivated and the DR genes were significantly enriched for these MS-associated 

genes (Figure 21). GWAS genes are associated with risk of developing disease and reasonably, 

considering we are studying patients with established disease, there are other genes that are not 

captured in the GWAS that could be central for propagation and progression of disease. However, 

as there is currently no consensus regarding which genes that are important during disease 

progression, which could also vary considering the large disease heterogeneity, using MS-GWAS 

genes that are derived from the interrogation of tens of thousands of patients and controls is the 

Figure 20. Characterization of the response to T cell activation in MS patients and healthy controls. (A) 
Flow cytometric characterization of the expression of the surface marker CD69 in unactivated and in anti-
CD3/CD28 antibody activated CD4+ T cells after 24 hrs. Student’s test was used to determine statistical 
differences between groups. Mean and standard deviations are shown. (B) Number of nominally 
differentially expressed genes determined by unpaired t-test (p<0.05, not FDR corrected) in the different 
gene sets (unactivated, activated and dynamic response) when comparing MS patients and controls. 
Dynamic response genes were calculated by subtracting the gene expression in the unactivated cells from 
the gene expression in the activated cells. n=14 patients and n=14 healthy controls. DEGs, differentially 
expressed genes; HC, healthy control; MS, multiple sclerosis.  
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most unbiased and feasible approach to establish disease relevance. Also, considering the 

dominance of TH-associated genes among the MS-GWAS genes, they are highly relevant in this 

context and disclose central disease processes. The enrichment of these genes among the 

identified DEGs highlights and supports their relevance in MS. Interestingly, the DR genes had the 

highest fold enrichment (Figure 21), supporting the hypothesis that taking into account the 

dynamic response to activation adds value in the understanding of the dysregulated response to 

activation in MS as compared to when investigating the steady state alone.  

A similar approach has been applied in Crohn’s disease, which also revealed more pronounced 

differences in gene expression following T cell activation (Quinn et al. 2015), further emphasizing 

that studying the response to T cell activation could be a better and more feasible approach for 

unveiling disease mechanisms. Speculatively, the activation of T cells could mirror the processes 

that occur in vivo in driving relapses, whereas the resting, unactivated cells would represent the 

steady-state condition during remission. Differences in gene expression during relapse and 

remission in peripheral immune cells have been found in patients with MS (Brynedal et al. 2010, 

Lindsey et al. 2011), although similar studies on isolated CD4+ T cells is, to our knowledge, missing.  

Figure 21. Enrichment of MS-associated GWAS genes. The differentially expressed genes from the three 
data sets were overlapped with 216 MS-associated genes (as determined by GWAS). Fold enrichment was 
calculated using Fisher’s exact test. The dynamic response genes were defined as the gene expression in the 
unactivated subtracted from the activated cells. DR, dynamic response; GWAS, genome wide association 
study; MS, multiple sclerosis. 
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A network-based modular approach identifies cell activation and chemotaxis as 
central components in the dysregulated response to T cell activation in MS 

A network-based modular approach was used to search for functionally related genes among the 

DR genes to broaden the biological significance and find relevant functional modules that could 

disclose central processes involved in driving the differential responses in patients versus controls. 

The resulting module consisted of 75 protein-coding genes that differed between patients and 

controls (Figure 22A and B). Pathway analysis revealed five submodules where the two largest 

submodules, containing the most significantly enriched pathways, were related to cell activation 

and chemotaxis. In line with our results, myelin-reactive CD4+ T cells have been shown to display a 

different transcriptomic profile in MS patients as compared to healthy controls (Cao et al. 2015). 

One significant difference is that we have investigated transcriptomic changes induced in 

response to general TCR-mediated stimulation and not antigen-specific. Using a generic 

stimulation could potentially make it more difficult to find significant differences between 

patients and controls, and also making it more difficult for direct comparisons with other studies 

where mostly myelin-reactive CD4+ T cell responses have been studied. Although it should also be 

noted that other auto-antigens of relevance to MS has been identified (Ayoglu et al. 2016, Planas 

et al. 2018). Nevertheless, the fact that cell activation appears as the largest submodule highlights 

its importance in the disease and suggests that there could be a more general dysregulated 

response to T cell activation in patients, not driven solely by antigen-specific responses. 

Interestingly, and less established, chemotaxis appeared in the module, which has not been 

suggested by previous GWAS analyses, but could be regarded as a downstream event of the T cell 

activation. Chemotaxis is a prerequisite for migration of T cells into the CNS  and a role for 

chemokines in MS is supported by other gene expression studies in T cells (Satoh et al. 2006, 

Corvol et al. 2008).  

Notably, the module itself was more significantly enriched for MS-associated GWAS genes than 

the actual DR genes (Figure 22C). One rational behind using a network-based approach to study 

differential gene expression is that it allows for investigation not only of the genes that are 

physically interconnected but also of other tightly interconnected genes. From the resulting 

module, two additional genes that were not present among the original DR genes were found: 

CXCL10 and FCGR2B. CXCL10 is highly relevant in MS considering its central role in the 

recruitment of CXCR3+ TH1 cells.   
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Module proteins discriminate between patients and controls with high accuracy 

Since proteins constitute the functional output of differential gene expression, a set of proteins 

from the module were measured to validate its biological significance and to test whether the 

module accurately captured central aspects of the dysregulated response to T cell activation in 

patients. Four proteins (out of the six measured) could be detected in the culture supernatants 

from unactivated and activated CD4+ T cells in patients and controls: osteopontin (OPN), CXCL1-3, 

CXCL10 and CCL2 (Figure 23). Only OPN was significantly different between patients and controls, 

which is in agreement with other studies showing increased levels in MS patients compared to 

Figure 22. Network-based module of the dynamic response genes. (A) The resulting module of 75 genes 
derived from the 932 dynamic response (DR) genes, which differed between MS patients and controls in 
response to T cell activation. The module was divided into 5 different submodules based on DAVID GO 
analysis and red rings denote MS-associated GWAS genes. The module was constructed using the human PPI 
STRING database (including only high confidence interactions, above 0.7). (B) Heatmap of the dynamic 
response genes (activated-unactivated gene expression) in patients and controls. (C) Fold enrichment of MS-
associated GWAS genes among the DR genes and in the module, calculated by Fisher’s exact test. DR, 
dynamic response; MS, multiple sclerosis.   
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controls (Agah et al. 2018). Interestingly, increased OPN levels have been associated with active 

disease compared to stable (Vogt et al. 2003, Comabella et al. 2005), highlighting again the 

reasoning of our in vitro model where activation could mimic relapsing, more active disease.  

Next, we investigated the potential disease association of the identified proteins and found that 

the combination of OPN, CXCL1-3, CXCL10 and CCL2 could classify patients and controls. Notably, 

OPN, CXCL1-3 and CXCL10 added to the disease score whereas CCL2 levels decreased it 

(OPN+CXCL1-3+CXCL10-CCL2), i.e. patients had a higher disease score than controls (Figure 24A). 

Using a combination of the four proteins outperformed the use of a single or combinations of two 

or three proteins. Out of the four proteins, OPN and CXCL10 had the highest overall contribution 

to the disease score, where the combination of OPN+CXCL10 had an area under the curve (AUC) 

of 0.81 as compared with 0.84 for all of the combined proteins, and OPN in itself had an AUC of 

0.75. The dominance of OPN and CXCL10 in comparison to the rest of the proteins is not 

surprising considering that they are both suggested as biomarkers in MS (Mahad et al. 2002, 

Håkansson et al. 2017, Agah et al. 2018). Interestingly, CCL2 was the only protein that contributed 

negatively to the combined disease score, suggesting a potential protective role of CCL2. Indeed, 

in line with what has been shown by others (Sorensen et al. 1999, Mahad et al. 2006, Moreira et 

al. 2006), CCL2 levels were lower in patients as compared to controls and could have a beneficial 

role in neuroinflammation (Kwon et al. 2015, Kaushansky et al. 2019). 

 

Figure 23. Protein levels in culture 
supernatants from CD4+ T cells 
from MS patients and controls. 
The levels of four secreted 
proteins from the module in 
culture supernatants measured by 
multiplex bead technology. Data is 
shown as the dynamic response 
levels, i.e. the levels from 
unactivated cells subtracted from 
the levels in cells activated with 
anti-CD3/CD28 antibodies. 
Statistical differences between 
groups were determined using 
Mann-Whitney test. n=16 in each 
group. HC, healthy control; MS, 
multiple sclerosis; OPN, 
osteopontin.  
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 One could question the relative importance of these four proteins in the MS pathogenesis 

considering that they were selected based on proteins that were known to be secreted and that 

could be measured by commercially available methods. Still, their importance was validated by 

comparison of diseases scores generated by the expression of eight other secreted proteins (GM-

CSF, IFN-γ, IL-10, IL-13, IL-17, CCL17, M-CSF and CCL20) that were not part of the original module 

but of immunological relevance (mean AUC=0.54). In further support, in a second cohort of 

patients with early MS, the combined disease score could still discriminate between patients and 

controls. However, it cannot be ruled out that other gene products in the module could add 

additional value to the overall understanding of the dysregulated response to activation. 

Interestingly, the same combination of proteins (OPN, CXCL10, CXCL1-3 and CCL2) could 

accurately classify patients and controls in two other autoimmune diseases, RA and SLE (see 

paper I), which suggests that these proteins are not specific to MS but might also reflect more 

general mechanisms of relevance in other autoimmune diseases.   

Disease-associated proteins can be used as potential biomarkers for predicting 
disease activity and response to treatment 

A lot of effort has been made into identifying proteins that could serve as potential biomarkers in 

MS (Comabella and Montalban 2014, Raphael et al. 2015), although previous work has mainly 

focused on biomarkers for detecting disease or ongoing disease activity rather than predicting 

disease activity. Biomarkers for prognosis would be extremely valuable when deciding treatment 

strategy for individual patients. To further validate the biological significance of the identified 

proteins and to evaluate their potential as biomarkers, we investigated their ability to predict 

disease activity and response to treatment. In a second cohort of patients with early MS, the 

combined score of OPN, CXCL10, CXCL1-3 and CCL2 could predict disease activity after two years 

(Figure 24C). There are several other proteins that have been suggested as potential biomarkers 

for predicting disease activity such as CXCL13 (Khademi et al. 2011, Alvarez et al. 2013), although 

the AUC for identifying CIS patients developing definite MS in 2 years was lower (AUC=0.64) 

(Brettschneider et al. 2010). We also sought to determine if the combined protein score was 

pertained specifically to MS or relevant for predicting disease activity also in other autoimmune 

diseases. Notably, the combined protein score could not predict disease activity in patients with 

RA and SLE (see paper I), suggesting that the correlation to later disease activity is limited to MS. 

Surprisingly, the combined protein score could also predict high or low response to Natalizumab  
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treatment in a third cohort of MS patients (Figure 24D), which suggests that proteins of relevance 

in the disease processes also hold prognostic value in terms of response to treatment.   

Progesterone as an immunomodulator of T cell activation 

The pregnancy-related improvement and subsequent worsening of MS coincides with the time 

points during and after pregnancy when P4 concentrations are highest and lowest, respectively. 

P4 has been shown to modulate T cell activity (Chien et al. 2006, Chien et al. 2007, Hughes et al. 

2013) and considering the central role of CD4+ T cells and T cell activation in the disease 

pathogenesis (Dendrou et al. 2015), P4 is a potential candidate for being involved in mediating the 

pregnancy-induced effects. Arguably, estrogen levels increase and decrease in a similar pattern as 

P4 during pregnancy but we chose to focus specifically on P4 because estrogen (1) seems to have 

both immune-regulatory and immune-activating properties (unpublished data Papapavlou et al., 

Straub 2007) and (2) has been suggested as a major factor explaining the increased occurrence of 

autoimmune diseases in women (Mohammad et al. 2018). There are currently no in-depth studies 

on the precise effect of P4 on T cell activation. Understanding the effect of P4 on T cell activation 

is central not only for understanding disease mechanisms in MS but also in pregnancy tolerance.  

Figure 24. Combined protein score of the secreted module proteins. Each subplot shows discrimination of 
different cohorts. The top panel shows box plot of the combined score (OPN+CXCL1-3+CXL10-CCL2) and the 
lower panel shows the receiver operating characteristics (ROC) curves. (A) The combined score in culture 
supernatants discriminated patients from controls (n=16 in each group). In a second cohort of patients with 
early MS the combined protein score, defined from the probability computed by leave-one-out cross-
validation and logistic regression of the four proteins, as measured in CSF discriminated between (B) 
patients (n=41) and controls (n=11) and (C) patients with signs of disease activity (EDA; n=27) from those 
with no evidence of disease activity (NEDA; n=12) at 2 year follow-up. (D) In a third cohort of MS patients 
the combined score discriminated between high (n=6) and low (n=9) responders to natalizumab treatment. 
AUC, area under the curve; HC, healthy control; MS, multiple sclerosis.  
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P4 dampens T cell activation and alters the transcriptomic profile in activated 
CD4+ T cells 

As in paper I, we used an in vitro model of T cell activation where isolated CD4+ T cells from 

healthy female blood donors were activated in the absence or presence of P4 (Figure 15). Upon 

activation, T cells upregulate their expression of various cell surface markers that are needed for 

their continued activation and proliferation. CD4+ T cells activated in the presence of P4 displayed 

lower levels of CD69 and CD25 (Figure 25A), indicating that T cell activation is significantly 

dampened in the presence of P4. This is in agreement with previous findings (Stites et al. 1983, 

Ehring et al. 1998), and further reinforces the view of P4 as an immunosuppressive hormone. This 

dampening effect on the T cell activation also resulted in large transcriptomic changes in the CD4+ 

T cells as evident from the clear clustering of cells activated in the presence or absence of P4 

(Figure 25B and C), with many DEGs at both 6 and 24 hrs (Figure 25D and E). These findings 

support a role for P4 during early T cell activation, which is central since it shapes the subsequent 

T cell responses.  

Immune-related pathways are significantly down-regulated by P4 

More in-depth analysis of the P4-induced DEGs revealed that at both 6 and 24 hrs, P4 mainly 

exerted a down-regulatory effect on immune-related pathways. Several of these pathways 

corroborated our initial findings of a dampening effect of P4 on T cell activation, as several 

pathways associated with, or down-stream of, T cell activation were significantly down-regulated 

by P4, such as T cell receptor signaling, JAK-STAT signaling and cytokine-cytokine receptor 

interactions (Figure 26). Many immune-associated disease pathways were also significantly down-

regulated by P4, many of them related to viral infections. Increased susceptibility or severity 

among pregnant women have been found for several of these diseases (Kourtis et al. 2014). 

Speculatively, P4 could be involved in down-regulating immune responses required to maintain 

proper defense against some of these infections. This could be a “side effect” resulting from the 

immunosuppressive properties of P4 that is required for promoting and maintaining fetal 

tolerance. We could also observe that several pathways related to T cell differentiation were also 

significantly affected by P4. Previous studies showed that P4 affects T cell differentiation and 
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Figure 25. Phenotypic and transcriptomic profiling of CD4+ T cells activated in the absence or presence 
of P4. (A) Expression of CD69 and CD25 was analyzed by flow cytometry. The upper panel shows 
percentages of cells and lower panel shows fold change in expression in CD4+ T cells activated in the 
presence as compared to absence of P4. Data was analyzed with one-way ANOVA with Dunnett’s 
multiple comparison test. *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. (B,C) Multidimensional 
scaling analysis of gene expression data generated by RNA sequencing. The groups have been 
highlighted for visual purposes. (D,E) Volcano plots of differentially expressed genes in CD4+ T cells 
activated in the presence of P4 as compared to absence of P4. Black dots FDR<0.05. P4, progesterone.   
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suggested to affect the polarization (Piccinni et al. 1995, Miyaura and Iwata 2002, Lee et al. 2012, 

Lissauer et al. 2015), although after only 24 hrs it is too early to draw any affirmative conclusions 

about the exact effects of P4. Strikingly, although there was an almost equal proportion of up-and 

down-regulated DEGs, very few pathways were significantly up-regulated by P4 (Figure 26). 

Perhaps even more surprising, none of the up-regulated were immune-related, clearly 

demonstrating that on the pathway-level, P4 mainly affects immune-related responses and that 

the effects are exclusively down-regulatory.     

 
To further understand how P4 affected the T cell activation, we investigated if P4 could oppose 

the changes induced during the activation, in line with our hypothesis that immune responses up-

regulated during T cell activation are down-regulated/dampened by P4. Genes that were up-

regulated during T cell activation (as compared to unactivated cells) were significantly down-

regulated by P4 and vice versa, showing that P4 significantly affects genes related to the actual T 

cell activation by mainly altering the changes induced during activation. Pathway analysis showed 

Figure 26. KEGG gene set enrichment analysis of differentially expressed genes induced by P4 (as 
compared to activation in the absence of P4) at (A) 6 and (B) 24 hrs. P4, progesterone.  
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clusters of immune-related pathways among the intersecting genes that were up-regulated 

during T cell activation and down-regulated by P4, whereas again, no immune-related pathways 

were found among the genes up-regulated by P4 (Figure 27). Many of the pathways present at 

the gene set enrichment (GSE) analysis of all P4-induced DEGs were also present in intersecting 

genes, indicating that the down-regulatory effect of P4 on the actual T cell activation plays a 

substantial role in the overall changes induced by P4. 

 

 
Genes associated with immune-related diseases are most significantly affected by 
P4 

The fact that P4 significantly dampened T cell activation suggests that P4 could be involved in the 

pregnancy-induced effects observed in patients with MS by modulating immune responses that 

could be central in the MS pathogenesis. The P4-induced genes were significantly enriched for 

MS-associated GWAS genes (Figure 28), showing that P4 significantly affects genes of relevance in 

Figure 27. Venn diagrams of the overlapping DEGs between (A) genes up-regulated during T cell activation 
and down-regulated by P4 and (B) genes down-regulated during T cell activation and up-regulated by P4, at 
6 and 24 hrs. Bar graphs of the top 10 most significant KEGG pathways of the intersecting genes. Bold 
pathways were also present during GSE analysis of all P4-induced DEGs. Overlap statistics was performed 
using Fisher’s exact test. DEGs, differentially expressed genes; GSE, gene set enrichment; OR, odds ratio; P4, 
progesterone.    
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MS. Because of the significant overlap and the predominance of immune-related pathways 

among the intersecting genes up-regulated during T cell activation and down-regulated by P4, we 

also specifically investigated if these genes were significantly enriched for MS-associated GWAS 

genes. Not surprisingly, these genes were even more enriched for MS-associated genes, which 

not only supports the importance of T cell activation in MS but also that T cell activation is a 

central process that is significantly affected by P4. In light of our results from paper I, we also 

tested if P4 affected the identified dysregulated dynamic response genes and the resulting 

module. However, we found no enrichment for these genes neither at 6 nor at 24 hrs. Further 

studies are needed to delineate the effect of pregnancy on the dysregulated dynamic response in 

MS.    

There are other diseases that are known to be affected during pregnancy (Piccinni et al. 2016) and 

to gain further insight and more support of a potential role for P4 in the pregnancy-induced 

modulation of autoimmune diseases, we investigated if P4 affected genes of relevance not only 

for other immune-mediated diseases, but also for neurodegenerative, psychiatric, cardiovascular 

and other diseases based on available GWAS data. The P4-induced genes were mostly enriched 

for immune-related diseases: MS, RA, Crohn’s disease (CD) and ulcerative colitis (UC), where 

genes associated with MS were most significantly enriched at both 6 and 24 hrs (Figure 29). Both 

RA and MS are diseases that are well-known to improve during pregnancy (Confavreux et al. 1998, 

de Man et al. 2008). In terms of CD and UC, there are conflicting results as to whether they 

improve or worsen, where disease activity prior to pregnancy has been suggested to influence the 

Figure 28. Enrichment of MS-associated GWAS genes. P-value and number of overlapping genes are 
shown in the graph. Enrichment was performed using Fisher’s exact test. Green bar, P4-induced DEGs 
(as compared to activation in the absence of P4). Orange bar, intersecting DEGs between genes up-
regulated during T cell activation and down-regulated by P4. The names of the overlapping genes are 
shown to the right. DEGs, differentially expressed genes; GWAS, genome-wide association studies; MS, 
multiple sclerosis; P4, progesterone. 
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disease course during pregnancy (Hashash and Kane 2015). Irrespectively, most studies indicate 

that the disease activity is modulated during pregnancy and thus, P4 seemingly affects diseases 

that are influenced by pregnancy, which further highlights P4 as a plausible candidate for being 

involved in these pregnancy-induced effects.   

The enrichment of disease-associated GWAS genes for MS and RA was even more significant in 

the intersecting genes that were upregulated during T cell activation but downregulated by P4, 

where again MS was most significantly enrichment for GWAS-associated genes (Figure 30). Both 

MS and RA are considered to be classical T cell-mediated diseases so it might not be so surprising 

that the genes involved in T cell activation are more significantly enriched for these two diseases 

but again, it reinforces the central role for T cell activation and that P4 significantly affect disease-

associated genes related to this process. The genes affected by P4 that did not overlap with the 

genes induced during T cell activation (exclusive P4 genes) were not significantly enriched for any 

of the diseases.  

Transcriptomic changes induced by P4 are mirrored at the protein level 

In order to verify central transcriptomic changes at the protein level, culture supernatants 

collected after 6, 24 and 72 hrs were analyzed for the presence of 92 inflammation-associated 

proteins (Olink inflammation panel: https://www.olink.com/products/inflammation/). Almost all 

Figure 29. Effect of P4 on disease-associated GWAS genes. Pathway scoring algorithm (PASCAL) was 
performed on 21 different GWAS studies on the P4-induced DEGs. Blue color represents the 
significant p-values, p<0.05.  
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of the proteins that were differentially expressed at any given time point were down-regulated, 

consistent with the transcriptomic findings, again showing a mainly dampening effect of P4 on 

immune responses (Figure 31). Many of the pathways that were significantly down-regulated at 

the transcriptomic level were also down-regulated at the protein level, which was particularly 

evident at 24 hrs (Figure 31A and B), showing that the changes induced by P4 at the 

transcriptomic level are also, on the pathway level, to some extent mirrored at the protein level. 

The changes induced by P4 in the profile of secreted proteins were maintained at 72 hrs (Figure 

31C), where all of the overlapping gene-protein pathways at 6 and 24 hrs were also present 

among the KEGG pathways at 72 hrs. Most of the proteins that were differentially expressed were 

overlapping with at least one other time point, also showing that most changes induced by P4 are 

preserved over the chosen time points. There were 6 proteins that were significantly down-

regulated at both 6, 24 and 72 hrs: CCL8, CXCL8, CXCL9, FLT3LG, IL17A and TNF (Figure 31D). 

Interestingly, IL-17A has been proposed as a major player in the MS pathogenesis and IL-17A 

blockade has been suggested as potential treatment (Setiadi et al. 2019). Taken together, it seems 

that most of the changes induced by P4 at the earlier stages 

Figure 30. Effect of P4 on disease-associated GWAS genes related to multiple sclerosis, rheumatoid 
arthritis, Crohn’s disease and ulcerative colitis. Disease enrichment was performed using the pathway 
scoring algorithm (PASCAL). Red bars, P4-induced DEGs (as compared to activation in the absence of P4); 
green bars, intersecting genes between genes up-regulated during T cell activation and down-regulated by 
P4; orange bars, genes that were down-regulated by P4 that did not overlap with T cell activation (exclusive 
P4 genes). GWAS, genome-wide association studies; P4, progesterone.   
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Figure 31. Protein levels in culture supernatants collected from CD4+ T cells activated in the absence or 
presence of 50 µM P4 for 6,24 and 72 hrs. The levels of proteins were measured by proximity extension 
assay. (A,B,C) The differentially secreted proteins, where the lines between proteins represents interactions 
that were denoted from the STRING database (only including the highest confidence interactions. Blue 
circles represent down-regulated protein expression and red circles represents up-regulated protein 
expression. For 6 and 24 hrs, overlapping KEGG pathways between the gene set enrichment analysis on the 
differential expressed genes induced by P4 and the differentially expressed proteins are shown below. The 
percentages were calculated based on how many of the protein pathways that were also found at the gene 
level. (D) Venn diagram of the overlapping proteins at 6, 24 and 72 hrs. Statistical differences were 
determined using Friedman test with Benjamini-Hochberg for FDR correction. FDR<0.05. n=9-10 paired 
samples in each group. GSE, gene set enrichment.  
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of the T cell activation are also still apparent after 72 hrs although one should take into account 

that we have measured a selected panel of proteins of which all are not secreted to a large extent 

by T cells.      

Re-evaluating the role of thymus during pregnancy 

It is generally believed that the thymic involution that in many species occurs during pregnancy 

leads to decreased thymic function, proposed as a mechanism to protect the fetus from 

potentially harmful TH cell responses. This general “dogma” is almost exclusively based on studies 

in mice where thymic involution has been paralleled with decreased thymic function (Zoller et al. 

2007, Laan et al. 2016). In contrast, there are conflicting results in humans, challenging the notion 

of the across-species thymic involution and function during pregnancy (Swami et al. 2012). 

Considering the central role of the thymus in both immunity and tolerance, its function during 

human pregnancy needs to be further clarified. Thus, in paper III, we investigated the role of the 

thymus in pregnancy by analyzing the output of Tconv and Treg from the thymus, utilizing both CD31 

and TREC as markers of TH cells with recent thymic origin.  

TREC levels are increased in naive Treg cells during 2nd trimester pregnancy 

As T cells with a more recent thymic origin have a higher TREC content as compared with the rest 

of the naive T cell pool (Kimmig et al. 2002), it can serve as an indirect measure of thymic function 

defined by the output of TH cells. Because different TH subpopulations can display differential 

output from the thymus and have very different functional characteristics, we decided to 

investigate the output of both Tconv cells and Treg cells. Speculatively, under different 

circumstances such as pregnancy, the output of one over the other may increase or decrease, 

which would not be accurately reflected by investigating the bulk CD4+ T cell population. Naive 

Tregs (defined as CD45RA+CD25++) from 2nd trimester pregnant women were found to have 

significantly higher TREC content as compared to healthy non-pregnant controls (Figure 32A), 

suggesting an increased output of Treg cells during pregnancy. On the other hand, there was no 

differences in the TREC levels in the naive Tconv cells (CD45RA+CD25-) (Figure 32B) between 

pregnant and non-pregnant women, which is line with a maintained output of this population 

during pregnancy.  



 RESULTS AND DISCUSSION
  
  

78 
 

Pregnancy does not alter the proportion or absolute numbers of CD31+ RTEs 

As an additional measure of thymic output, CD31 expression on naive CD45RA+ Tconv and Treg cells 

was analysed by flow cytometry (Figure 33A for gating strategy for identification of RTEs). There 

are several lines of evidence that support the use of CD31 as a marker of RTEs: (1) CD31+CD45+ T 

cells have a higher TREC content than CD45RA+ cells lacking CD31 expression (Kimmig et al. 2002); 

(2) CD31+CD45RA+ decreases with age in line with the decreased contribution of the thymus to 

the peripheral T cell pool (Kimmig et al. 2002) and (3) its expression is lost upon repetitive TCR 

stimulation in vitro (Demeure et al. 1996). Overall, pregnant women had similar proportions and 

absolute numbers of RTE Tconv cells as non-pregnant women (Figure 33), which suggests 

maintained output of the bulk of T cells during pregnancy. A significantly higher RTE Tconv cell 

count was observed in 3rd trimester pregnant women, although this most likely corresponds to 

the noted increase in total CD4+ T cell counts in the 3rd trimester (compared to 2nd trimester; data 

not shown). We found no differences in the proportion or absolute numbers of RTE Tregs between 

pregnant and non-pregnant women (Figure 33), in contrast to the TREC-based differences in Treg 

cells.  

In the pioneering studies by Wagner et al. (Wagner et al. 2015, Wagner et al. 2016), RTE Treg cells, 

defined by CD31 expression, were evaluated during pregnancy. However, their focus was on 

differences in the composition of subsets within the Treg population, rather than involving the 

global assessment of proportions and total numbers of both RTE Treg and Tconv cells that we 

Figure 32. TREC levels during pregnancy. TREC levels were measured by RT-PCR in flow cytometry sorted 
naive (A) Treg cells (non-pregnant n=14, 2nd trimester pregnant=20) and (B) Tconv cells (non-pregnant n=14, 
2nd trimester pregnant n=24). The TREC levels in each sample was calculated using the delta Ct-method 
where the Ct values for sjTREC was subtracted from the housekeeping gene glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), formula 2Ct GAPDH-Ct sjTREC. Statistical differences were determined using Mann 
Whitney U test. Median and interquartile ranges are shown. *p<0.05. Tconv, conventional T cell; TREC, T cell 
receptor excision circle; Treg, regulatory T cell. 
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performed. Also, we used TREC-based detection of RTEs in addition to the CD31-based approach. 

One notable difference in findings was that, in contrast to our finding of a possible maintained 

output of Treg cells, Wagner et al. reported a decreased proportion of RTE Treg cells within the Treg 

population during pregnancy (Wagner et al. 2015). In addition to the different approaches of the 

studies, one major difference is that we evaluated RTE frequencies in whole blood, and not in 

isolated lymphocytes. Unmanipulated whole blood more closely resembles the state of the 

circulating cells in vivo as compared to isolated mononuclear cells (Mallone et al. 2011), which 

may have contributed to the differences. Also, although the same definition of RTE was used, 

Figure 33. Recent thymic emigrants in pregnant and non-pregnant women. CD31+CD45RA+ RTEs was 
analyzed by flow cytometry in 2nd and 3rd trimester pregnant and healthy non-pregnant controls. (A) 
Representative dot plots of the gating strategies for phenotyping. Proportion and absolute numbers of RTE 
Tconv cells (B,C) and RTE Treg cells (D,E). Missing values are due to limited availability in the number of cells 
required for analysis. Statistical differences were determined by Student’s unpaired t-test, **P<0.01, mean 
and standard deviations are shown. MN, mature naive; RTE, recent thymic emigrants; Tconv, conventional T 
cell; Treg, regulatory T cell.  
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somewhat different gating strategies were used to avoid inclusion of non-suppressive Foxp3-

expressing cells, where we relied on the strategy according to Miyara et al. (Miyara et al. 2009, 

Boij et al. 2015). 

Peripheral consumption of TH cells does not affect the distribution of cells with 
recent thymic origin 

When evaluating thymic output by measures of TREC levels, it is important to also consider the 

peripheral cell turnover since TREC levels are largely affected by proliferation (Douek et al. 1998, 

Hazenberg et al. 2001). In healthy adults, however, the proliferation of naive T cells is assumed to 

be too low to significantly affect TREC content (Douek et al. 1998). During pregnancy, there are 

indications of an activated maternal immune system, for instance by findings of increased 

systemic soluble HLA-DR levels (Steinborn et al. 2003). We therefore evaluated proliferation in the 

naive CD4+ T cell subpopulations in terms of expression of the T cell proliferation marker Ki67. 

There was no increased expression of Ki67; hence, no signs of increased proliferation in the naive 

T cell subsets (Figure 34). The expression of Ki67 on RTE Tconv cells was significantly lower in 2nd 

and 3rd trimester pregnant women as compared to the non-pregnant state, albeit Ki67 expression 

was very low in all groups (Figure 34). Hence, a higher proliferation in non-pregnant women could 

Figure 34. Ki67 expression on CD4+ T cell subsets. Expression of the proliferation marker Ki67 analyzed in 
whole blood by flow cytometry on (A,B) mature naive and memory Tconv and Treg cells and (C,D) RTE Tconv  
and Treg cells. Statistical differences were determined by Student’s unpaired t-test. Mean and standard 
deviations are shown. *P < 0.05, ***P < 0.001, ****P < 0.0001. 
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potentially “dilute” the measured TREC levels, which could represent an underestimation of the 

“true” TREC levels and suggest a decreased output of Tconv cells, including potentially allo-reactive 

T cells, during pregnancy.  

Another factor that could also affect measured RTE frequencies, and thus also TREC content, is 

alterations in the peripheral homeostasis that could potentially be due to recruitment of cells 

from the circulation to the tissues, for example to important sites of immune regulation during 

pregnancy like the decidua, which would affect their distribution in blood. We and others have 

demonstrated an accumulation of Treg cells in the decidua (Tilburgs et al. 2006, Mjösberg et al. 

2010), and since they are preferentially recruited from blood (Tilburgs et al. 2008), the process 

could alter the balance in the circulating T cell pool. However, CD4+ T cells are scarce in the 

decidua (Vassiliadou and Bulmer 1996) and since the decidua makes up a small portion of tissue 

circulated by lymphocytes, it is unlikely that migration of cells to the decidua would have a major 

Figure 35. Proportion of TH cell subsets 
analyzed by flow cytometry in (A,B) mature 
naive Tconv and Treg cells, (C,D) memory Tconv 
and Treg cells and (E) non-suppressive 
Foxp3+ TH cells. MN, mature naive; Tconv, 
conventional T cell; TH, T helper cell; Treg, 
regulatory T cell.  
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impact of the distribution of cells in the circulation. The proportion of both Tconv and Treg subsets 

were unaltered during pregnancy, indicating that altered peripheral homeostasis did not 

significantly affect our findings.      

CD31 and TREC as markers of T cells with recent thymic origin 

The presence of CD31 and high TREC levels are the most well-established markers of cells with 

recent thymic origin (Fink 2013). We used both methods and obtained similar findings in that 

both methods falsified the general conception of decreased output of T cells during pregnancy. 

Instead, both measures showed maintained output of Tconv cells, and based on TREC levels even 

indicated an increased output of Treg cells. In general, in agreement with our findings, CD31 and 

TREC levels are known to correlate (Figure 36), for example both decline with age (Junge et al. 

2007, Ravkov et al. 2017). Nevertheless, there is a slight dis-concordance between CD31 and TREC 

during aging since the decrease in TREC levels is disproportionally greater compared with the 

decline in CD31+ naive T cells (Douek et al. 1998, Kilpatrick et al. 2008). Furthermore, TREC levels 

in CD31+ naive T cells also tend to decline with age, indicating different dynamics with a slower 

turnover of CD31 (Kilpatrick et al. 2008). Indeed, CD31 expression was shown to be maintained 

for several rounds of homeostatic proliferations, while proliferation would decrease TREC levels 

despite a maintained CD31 phenotype (Kilpatrick et al. 2008, Azevedo et al. 2009). Still, although 

CD31 and TREC show somewhat different dynamics, CD31+ naive T cells definitely reflect a recent 

Figure 36. Correlation between TREC levels and CD31 expression. TREC levels and CD31 expression in flow 
cytometry sorted (A) naive and memory Tconv cells (pregnant n=4, non-pregnant n=5), (B) naive and memory 
Treg cells (pregnant n=5, non-pregnant n=4). TREC levels were determined by RT-PCR and CD31 expression 
on naive (CD45RA+) and memory (CD45RA-) T cell subsets was analyzed by flow cytometry. Correlation 
analysis was performed using Spearman rank correlation. TREC, T cell receptor excision circles; Tconv, 
conventional T cells; Treg, regulatory T cell.  
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thymic origin, as shown for example by their decrease following neonatal thymectomy (den 

Braber et al. 2012), and after high dose chemotherapy with autologous hematopoietic stem-cell 

transplantation (Batorov et al. 2017). These differences in kinetics between the markers could 

explain the discrepancies in our findings and hence it is still plausible with a higher output of Tregs 

during pregnancy, than in the non-pregnant state.  
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Summary and future perspectives 
Today, there are more and more effective and targeted treatments for MS, which have improved 

the situation for many patients (Tintore et al. 2019). However, we are also faced with increased 

risk of serious adverse side effects and increasing costs of treatment. Furthermore, despite the 

array of treatments available, many patients still continue to deteriorate. Clearly, we do not yet 

have all the answers needed to give the best care and treatment for individual patients. One of 

the major obstacles is that MS is a very complex and heterogenous disease, both in terms of 

clinical presentation and disease course as well as in its pathophysiology (Lassmann et al. 2001). 

Furthermore, there are large inter-individual variations in response to treatment. We need a 

better understanding of the underlying disease mechanisms to find new treatment targets as well 

as biomarkers for personalized medicine.  

Why use pregnancy to understand MS and what can we learn from it? During pregnancy, the 

maternal immune system is faced with a tremendous immunological challenge, the presence of 

the semi-allogenic fetus (Mor et al. 2017). Balancing the need for tolerance whilst maintaining 

effective immunity can only be accurately described as an immunological paradox and the success 

of pregnancy requires extensive immune-endocrine interactions and an altered maternal immune 

response. Pregnancy therefore represents an excellent model of natural immunological tolerance 

and since MS improves and worsens during pregnancy (Finkelsztejn et al. 2011), it can also be 

viewed as a dynamic model of immunological changes that can be used to understand not only 

disease-alleviating but also disease-promoting mechanisms. Indeed, it is not only important to 

understand why patients improve, but also why there could be increased risk of worsening 

following delivery. This is not only relevant from a disease mechanistic perspective but also for a 

better understanding of how to manage patients in the post-pregnancy period. In this thesis, we 

chose to focus on one of the major central aspects in MS, T cell activation, to gain a deeper 

understanding of how CD4+ T cells can contribute to the disease pathogenesis (paper I) and how 

pregnancy-related mechanisms could be involved in altering disease activity in MS during 

pregnancy (paper II and III).  
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Deciphering the dynamic responses to T cell activation holds 
promise for the future 

We initially set out to investigate the response to T cell activation to understand, from a more 

global perspective, if MS patients responded differently to activation and if that could give insights 

into important disease-promoting mechanisms. Paper I was designed as a pilot, a benchmark 

study for understanding potentially important aspects of the disease pathogenesis and more 

importantly, how they are most accurately captured. From this, several important key aspects 

emerged: (1) as hypothesized, the dynamic response to activation is pivotal for studying deviating 

immune responses in MS; (2) using a network-based modular approach is central for identifying 

disease-relevant genes; (3) the above mentioned methodology can be used to give mechanistical 

insights about the disease pathogenesis that can be translated into potentially clinically useful 

biomarkers. Furthermore, our findings provide continued support of the importance of CD4+ T 

cells and T cell activation in MS. Future studies will be aimed at understanding how this 

dysregulated response is affected during pregnancy, where we hypothesize that the identified 

disease module will be normalized during pregnancy. We have a cohort of MS patients that have 

been followed prospectively and longitudinally before, during and after pregnancy together with a 

cohort of healthy pregnant women that will serve as the basis for these studies. In this cohort, we 

will not only study the dysregulated network identified here but also other changes that could 

give additional knowledge on how pregnancy alters the CD4+ T cells in MS. A similar approach was 

performed by Gilli et al., although they were studying gene expression changes before, during and 

after pregnancy in resting/unactivated PBMCs (Gilli et al. 2010). Based on our findings, it will be 

interesting to see how our network-based modular strategy of the dynamic response to T cell 

activation can give further insights. Furthermore, one of the major findings in paper I was that the 

dynamic response genes resulted in the identification of potential future biomarkers in MS. This is 

important since the implementation of personalized medicine in MS is limited by the lack of 

robust biomarkers and detailed understanding of the disease pathogenesis (Rotstein and 

Montalban 2019). Our identified biomarkers could not only distinguish between patients and 

controls but could also be used to predict disease activity and response to treatment, which are 

corner aspects in personalized medicine and needed to treat the right patient with the correct 

treatment at the appropriate time. The importance and relevance of our biomarkers will need to 

be verified in other settings but holds promise for the future. Currently, as in our study, 

biomarkers in CSF seems to, as of yet, be superior to potential biomarkers found in blood 
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(Håkansson et al. 2018). However, with the technical advances and increased sensitive of the 

available techniques it will be interesting to see if future studies will find promising blood 

biomarkers (Lycke and Zetterberg 2017, Håkansson et al. 2018).  

Progesterone as future treatment for multiple sclerosis? 

The prominent hormonal changes that occur during pregnancy are believed to play an important 

role in the pregnancy-induced effects observed in MS where P4 constitutes a likely candidate for 

playing a substantial role in this. Understanding how P4 can affect such a central process as T cell 

activation is crucial to get a deeper understanding on how P4 can be involved in shaping the 

immunological tolerance established during pregnancy and how that subsequently can influence 

mechanisms of importance to MS. To our knowledge, this is the first study (paper II) to show that 

P4 specifically affects T cell responses of relevance in MS, and also other immune-related diseases 

that are affected during pregnancy, which supports a role for P4 in the pregnancy-induced 

immunomodulation. Speculatively, since MS relapses are proposed to be initiated in the periphery 

(Brynedal et al. 2010), higher circulating P4 levels during pregnancy could make the pathogenic T 

cells less responsive to T cell activation and/or dampen their activation, which could make them 

less prone to enter the CNS and initiate inflammation.  

Our findings provide an incentive to continue to explore the effect of P4 on the immune system as 

it constitutes a very attractive potential treatment option that has not yet been fully explored. 

Administration of P4 significantly reduces disease severity in the EAE model (Garay et al. 2009, 

Yates et al. 2010) and has further been shown to have neuroprotective and repairing properties 

(El-Etr et al. 2015). The ability to affect processes in the CNS is an important component for future 

treatments in MS as current treatments seem unable to stop the ongoing neurodegenerative 

processes and hence, have little or no effect on the progressive disease state. There are many 

studies investigating the effect of hormonal contraceptives and MS, which could give indications 

of potential beneficial effect of use of P4 or synthetic progestins. However, the results are so far 

inconclusive (Hellwig et al. 2016, Zapata et al. 2016) and in most studies combined hormonal 

contraceptives are evaluated, containing both an estrogen and a progesterone component, which 

makes it harder to draw conclusions regarding the exclusive effects of P4. High dose of progestins 

as treatment for preventing post-partum relapses failed to show convincing results (Vukusic et al. 

2012). However, considering the overall dramatic changes in the immune system that occurs 

following delivery, it is not surprising that no clear effect was observed. As potential treatment, 
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hormonal therapy alone might not be sufficient but could be combined with current treatment 

regimens. Clearly, further studies are warranted, deciphering the potential beneficial role of P4 in 

MS and its potential use a treatment. Considering that progestins are more potent than 

progesterone, with varying properties but generally without serious side effects, they could make 

an even more attractive treatment option. We currently plan studies to see if synthetic progestins 

could mimic the effects of P4 observed here. Further, our study was limited to evaluating the 

direct effect of P4 on CD4+ T cells and further studies will need to address more specifically the 

effect of P4 and progestins in a broader sense. Our preliminary data suggests that P4 could affect 

both CD8+, CD56+ and CD19+ cells, whereas we have previously not seen any effect on 

macrophages (Svensson et al. 2011, unpublished data). Indeed, the effect of P4 on CD4+ T cells 

could even be further enhanced in the presence of other immune cells.  

Polarization of TH cells is important in the MS pathogenesis, where TH1/TH17 are clearly involved 

in driving the disease (Dendrou et al. 2015). Since P4 is suggested as one of the main candidates 

driving the “TH2-bias” during pregnancy while dampening TH1/TH17 responses (Polese et al. 2014), 

it could explain its role in the pregnancy-related alterations in MS. Indeed, a shift from TH1 to TH2 

has been observed in MS patients during pregnancy (Al-Shammri et al. 2004, Airas et al. 2008, 

Lopez et al. 2006). Our in vitro model of T cell activation was not designed with the purpose of 

evaluating the effect of P4 on TH polarization. Based on pathways analysis of the DEGs and protein 

expression, we did not see any indications of a polarizing effect of P4 although clearly, the short 

time span (6-72 hrs) plays a major role here. It is possible that even during early T cell activation, 

P4 could have a polarizing effect that is not evident from our analysis since it was not designed to 

specifically evaluate those aspects. One potential future application would be to do a more 

detailed investigation of our identified P4-induced DEGs to gain more insight into a possible 

polarizing ability of P4 already during the early T cell activation. Indeed, one could use publicly 

available RNA-seq data from differentiated T cells to define “TH-signatures” for each TH subset and 

investigate if one or some of these signatures appear to be more or less affected by P4. However, 

studying the effect of P4 on a longer time scale is desirable, going from early T cell activation to its 

effect during the later stages of T cell differentiation and polarization, to get a more complete 

picture of the role of P4. Speculatively, based on our data and others, the initial and early effect of 

P4 is mainly dampening the T cell activation, thereby making disease-promoting T cells less prone 

to become activated and to initiate inflammation. Further, in the longer perspective, T cells 

activated in the presence of P4 will possibly be less poised towards detrimental TH1/TH17 
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responses. Taken together, these mechanisms could collectively be involved in mediating some of 

the observed pregnancy-induced effects in MS.       

Importantly, our findings are not only limited to important immunomodulatory effects of P4 on T 

cells of potential relevance in MS but also for understanding normal pregnancy and pregnancy-

related complications. Low circulating levels of P4 have been associated with several pregnancy 

complications (Arck et al. 2008, Ku et al. 2018) and the importance of P4 for controlling T cell 

activation during pregnancy is evident as administration of P4 could prevent T cell activation-

induced preterm labor and birth in an animal model (Arenas-Hernandez et al. 2019). The benefit 

of using of progesterone as an intervention to prevent preterm birth are inconclusive (Norman et 

al. 2016, Jarde et al. 2019) and further studies regarding the role of P4 in pregnancy complications 

and as potential future treatment are needed.  

Thymus-the forgotten organ revisited 

The importance of the thymus throughout life has for a long time been overlooked simply 

because of its age-associated involution together with its decreased contribution to the 

peripheral T cell pool (Lynch et al. 2009). However, over the years it has become increasingly clear 

that the thymus still plays a significant role, also at a higher age, as evident for example from the 

increased prevalence of certain autoimmune diseases in children that underwent early 

thymectomy (Gudmundsdottir et al. 2018). In MS, disturbed T cell homeostasis as a result of 

thymic dysfunction has been reported (Haegert et al. 2011), where patients with MS have 

decreased frequency of circulating RTE Tregs (Haas et al. 2007, Venken et al. 2010). Considering the 

effect of pregnancy on MS, our finding of a maintained output of T cells during normal pregnancy 

offers a potential mechanism that could be important for the pregnancy-induced improvement. 

Indeed, decreased thymic output has also been reported in RA (Koetz et al. 2000), which lends 

additional support for a role of the thymus in the improvement of certain diseases during 

pregnancy. Hypothetically, the disturbed thymic output noted in MS and RA may be restored 

during pregnancy, which could play a role in the pregnancy-induced improvement. This will be 

further investigated in our prospective longitudinal cohort of MS patients followed throughout 

and after pregnancy.    

Previously, RTEs were considered functionally immature and simply “defective” versions of their 

mature counterparts. However, accumulating evidence suggests that RTEs could play an 

important role in maintaining immune tolerance (Cunningham et al. 2018). However, in humans, 
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studies on thymic function are limited due to the inaccessibility of the target organ and thus, 

much of the available information regarding functional characteristics of RTEs stems from animal 

models. Interestingly, single cell sequencing of isolated RTEs and MN T cells is an approach that 

have not yet been applied in humans and could provide more insight into potential functional 

differences of the RTEs in different contexts.  

Boosting thymic function is emerging as a concept to reduce the risk of infections and cancer 

associated with loss of regular thymic function (Holländer et al. 2010). Currently proposed 

strategies are aimed at reducing thymic atrophy, thereby enhancing the output T cells, which is 

essential for immune reconstitution. Several promising interventions have been tested such as IL-

7 (Majumdar and Nandi 2018). Potentially, in the future, stimulating thymus function could 

provide a potential therapeutic approach in MS.    
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Concluding remarks 
The profound effects of pregnancy on MS underscore its relevance as a model of natural 

tolerance for understanding important disease mechanisms in MS and how they can be improved. 

A deeper understanding of the MS pathogenesis is needed for identification of biomarkers and 

new treatment strategies. In this thesis we have studied the dysregulated immune system in MS 

and potential factors that could be involved in the pregnancy-induced improvement of MS. The 

findings are concluded below and shown in Figure 37.  

• In paper I, we show that CD4+ T cells display a dysregulated gene response upon activation in 

MS, further supporting the importance of CD4+ T cells and particularly, T cell activation, in the 

disease pathogenesis. A network-based modular approach disclosed chemotaxis and cell 

activation as central components in the dysregulated response. From the resulting module, a 

set of proteins were identified that could be measured and combined be used to classify 

patients and controls, predict disease activity after 2 years, and distinguish between high and 

low responders to treatment. Our results highlight the importance of studying the dynamic 

response to activation to find disease-relevant aberrations instead of steady state resting 

cells. Further, our study shows a useful principle for studying the dynamic response that could 

be translated into potentially clinically relevant biomarkers.   

• In paper II, progesterone was shown to significantly dampen T cell activation and immune 

responses, confirming its previously proposed role as an immunoregulatory hormone 

important for controlling T cells responses during pregnancy. Further, genes associated with 

inflammatory diseases that are known to be modulated during pregnancy were significantly 

affected by P4, in particular genes related to MS, which clearly points towards a prominent 

role for P4 in the immunomodulation of certain diseases, like MS, during pregnancy.   

• In paper III, we challenged the general dogma of an inactive thymus during pregnancy by 

showing that the output of both Tconv and Treg cells is maintained during pregnancy, instead 

supporting a maintained and important function of the thymus during pregnancy. The output 

of Tregs might even be increased, which would fit with the demand for fetal tolerance during 

pregnancy and could also speculatively be involved in the pregnancy-induced improvement of 

MS, which is associated with defects in thymic function.  
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This thesis adds and extends the knowledge of the importance of CD4+ T cell and T cell activation 

in MS and provides possible mechanisms that could be responsible for the pregnancy-related 

improvement of MS. Clearly, there are many changes induced during pregnancy where the 

studies included in this thesis only cover some of those aspects. Still, our results provide an 

important framework for continued investigations and further studies are needed to understand 

more specifically how these mechanisms can be used to for example identify new treatments and 

treatment targets.  

 

 

Figure 37. Graphical summary of the thesis projects. In paper I, a dysregulated dynamic gene response to 
CD4+ T cell activation in MS was found that could be translated into potentially clinically relevant 
biomarkers for predicting disease activity and response to treatment. We hypothesize that this aberrant 
response will be normalized during pregnancy, which in part could be a contributing factor to why patients 
with MS improve during pregnancy. Our findings of a dampening effect of T cell activation by progesterone 
in paper II together with the fact that progesterone significantly affected genes of relevance in MS, 
support its role in the pregnancy-induced modulation of MS. Speculatively the high levels of progesterone 
during pregnancy could make the pathogenic T cells less responsive to T cell activation, dampening their 
inflammatory disease-promoting capacity. The maintained output of T cells from the thymus during 
pregnancy observed in paper III offers an additional potential mechanism that could be of importance for 
the pregnancy-induced improvement as thymic dysfunction has been reported in MS.  
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under och efter studentlivet kan fortfarande ljusa upp en grå dag. Angeliqa (Alle, Iqa), vi har varit 

vänner sen långt innan vi kunde gå. Även om vi inte ses så ofta längre så finns du alltid där. Tack 

     Till ”nya” vänner, Anders och Hanna med lilla Walther, Jonas, Ida och sötaste Tyra för roliga 

stunder i livet både med och utan barn. Någon gång inom en överskådlig framtid kommer vi alla 
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sitta där i lugnan ro och dricka vin…nästa (eller näst näst nästa?) sommar…när barnen är större 

#barnblirintemindrejobbmedåren 

Till farmor och farfar, som var med när resan började men som tyvärr inte fick vara med till slutet. 

Tack för att ni var så nyfikna på vad jag pysslade med och alltid undrade hur det gick med 

forskeriet. Denna bok är till er. Ta hand om Sally!          

Stort tack till ”tarmor” Ingmari och ”dada” Stefan som alltid ställer upp som barnvakt i vått och 

torrt och till resten av klanen Ibbe/Jonsson-Hyllman för roliga äventyr genom åren.  

Till min familj mamma, pappa och Johan för att ni finns där och alltid undrar över vad jag sysslar 

med på jobbet och om vi hittat någon ny behandling. För hjälp och stöd i allt, smått som stort. 

Och tack till hela tjocka släkten: Berntsson, Stawreberg och Pettersson.  

Mathias, du är min klippa. Du hjälper mig att fokusera på det som är viktigt i livet och att se den 

stora bilden och inte fastna i de små detaljerna (vilket jag oftast gör). Tack för att du alltid lyssnar 

när jag pratar jobb, jobb och jobb vid köksbordet och för att du säger åt mig att hålla tyst ibland. 

Och kanske viktigast, att du får mig att skratta. Till Nils, du gör livet till ett äventyr. Att leva med 

dig i nuet är balsam för själen              

 

 

Goodbye..? 

Oh no, please. Can’t we go back to page one and do it all over again? 

Winnie the Pooh 
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